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Much of our knowledge about the neural mechanisms of valence processing stems from 

classical fear or reward paradigms.  Iconic images of fear and reward learning include rats 

learning to associate a tone with footshock or pressing a protruding lever to retrieve sugar 

rewards.  Due to the robustness and repeatability of these paradigms, they became the well-

accepted ‘standard’ and gained popularity throughout the history of learning and memory 

research.  These standardized protocols have contributed immensely to our understanding of the 

molecular, cellular, and systems mechanisms of learning and memory.   However, we are merely 

beginning to unravel the neural networks involved in fear and reward learning, and it is crucial to 

question how these two forms of learning differ.  Will it be possible to compare these two forms 

of learning given the substantial modality and procedural differences which exist between the 

classical shock and reward paradigms?  For my dissertation, we have generated a behavioral and 

physiological paradigm to dissect aversive and appetitive learning using maximally similar 



experimental procedures.  We chronically implanted adult Long Evans rats with custom-

designed intraoral cannulae, and trained them to associate an odor with either an infusion of 

sweet (rewarding) or bitter (aversive) tastant (saccharin or quinine respectively).  Rats 

demonstrated the ability to express appetitive or aversive conditioned responses (e.g. rapid 

mouth movement, flailing, and longer odor investigation) following odor presentation, indicating 

that they associated the odor CS with the hedonically positive or negative tastant.  Rat 

demonstrated broader generalization following aversive conditioning, but not following 

appetitive, backward-paired, or odor controls.  I then measured olfactory perceptual processing 

changes following reward or aversive learning, and olfactory and valence circuitries by mapping 

immediate-early gene Egr-1 expression.   

Significant differences in response to the aversively conditioned odorant were observed 

in specific subregions of the anterior olfactory nucleus and anterior piriform cortex.  The 

differential patterns of immunoreactivity were dependent on the rostrocaudal sampling location 

of each region, and there were statistically significant interactions between the large number of 

chemosensory and valence brain regions quantified and treatment groups.  
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LIST OF FIGURES 

Figure 1. Intraoral cannula design and implantation placement schematic.  
A. A schematic of the intraoral cannula design and associated materials; 

cannulae were hand-constructed from PE-100 tubing, and washers made 

from Teflon and natural latex material.  The tip of the PE tubing was 

briefly melted to prevent the washers from loosening.  B. Schematic of 

inner washer placement within the mouth of the rat.  See methods for 

precise placement details.  C. Schematic of external tubing placement 

following implantation. The exposed portion of the cannulae was 

connected to an automated infusion pump via three feet of PE-100 

tubing. 

 

30 

Figure 2. Habituation/cross-habituation paradigm and apparatus schematic. 

A. A schematic of the habituation/cross-habituation paradigm used 

before and after conditioning.  Animals were acclimated to the test cage 

for 10 minutes prior to the start of the assay.  Rats were presented with 

three trials of mineral oil which allowed them to acclimate to the weigh-

boat receptacle and odor additions. Each presentation/trial was 50 

seconds long, with a 5 minute intertrial interval (ITI).  Subsequently, 

they were presented with four trials of (+)-limonene (odor CS during 

conditioning session), and three trials of either (+)-limonene, (-)-

limonene (a perceptually similar enantiomer), or n-amyl-acetate (control 

odor; a dissimilar odor). B. Schematic of the assay set up. We used 

clean, rat-size home cages for this task.  Sixty µl of odorant was placed 

on a 1 inch x 2 inch Kim-wipe within a plastic disposable weigh boat. 

The weigh boat was raised above the lid-bars to prevent 

chewing/grabbing etc. Only active odor investigation was measured in 

this assay (defined as investigation of the weigh boat within 1 cm 

distance). 

 

34 

Figure 3. Odor and taste conditioning chamber.  
A. A schematic of the conditioning chamber specifically designed for 

odor-taste conditioning.  The clear Plexiglas chamber was used to 

enable complete visualization of taste reactivity and other CRs.  Four 

cameras were devoted per chamber which enabled footage from three 

side and bottom views.  To minimize place learning, the odor CS was 

delivered via two odor ports on opposite side of the cage.  During the 

non-odor delivery times, filtered-air was delivered to all four ports.  A 

vacuum was attached to the top surface of the chamber to minimize 

odor build-up.  External PE-100 tubing which delivered tastants/water 

to the animals were attached to the chamber lid, which allowed animals 

to move freely across the chamber without strain or tension to their 

chronically implanted cannulae.  

 

   39 

Figure 4. Experimental timeline and groups.  42 
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A. Schematic of experimental timeline.  Animals were acclimated to the 

research environment for one week prior to intraoral implantation 

surgery. Rats were given two weeks for complete recovery.  All animals 

began with a habituation/cross-habituation behavioral assay to assess 

pre-training habituation and discrimination acuity.  They were 

acclimated to the testing chamber for three days to fully acclimate to 

auditory and visual novelties (e.g. olfactometer, infusion pump, clear 

Plexiglas chamber).  They were infused with water for five days to 

completely acclimate to solution delivery/consumption via intraoral 

cannulae.  Conditioning began on day 31, for three days total.  

Following conditioning, animals were given the same habituation/cross-

habituation assay.  Twenty-four hours later, all rats were stimulated with 

the odor CS, and sacrificed precisely 60 minutes later.  B. Schematic of 

the six experimental groups.  There were 6 groups total: [1] Forward-

appetitive conditioning (Fapp), [2] Forward-aversive conditioning 

(Favr), [3] Backward-appetitive conditioning (Bapp), [4] Backward-

aversive conditioning (Bavr), [5] Odor-familiarity control (Fam), and 

[6] Odor-novelty control (Novel). 

 

Figure 5. Habituation/cross-habituation pre- and post- conditioning.  
A. Habituation/cross-habituation profile prior to conditioning.  During 

the task, rats were presented with odors placed in a weigh boat 

receptacle above the test cage.  They were given 50 seconds to 

investigate the odor, with a 5 minute ITI.  During the pre-test, rats 

successfully habituated to mineral oil [trials M1-M3; statistically 

significant decrease in active investigation times] and the habituation 

odor [trials H1-H4; odor CS during conditioning], and discriminated the 

habituation odor [T (+)] from the similar odor [T(-); enantiomer; (-)-

limonene] and dissimilar odor [T(C); n-amyl-acetate].  Rats investigated 

the dissimilar odor [T(C)] more compared to prior trials.  B. Pre- and 

post- habituation/odor exposure profiles for all groups. Following Favr 

conditioning, rats demonstrated broader generalization; there was no 

significant difference between the habituation odor and the similar odor 

during test trial [T(+) and T(-)], and no statistical difference between the 

similar and dissimilar odor [T(-) and T(C)].   For the Novel group, the 

dissimilar odor was investigated more compared to the habituation 

[T(+)] and similar odors [T(-)] during the test trial.  Pre- and post-test 

profiles were not statistically different for Fapp, Bapp, Bavr, or Fam 

groups. 

 

52 

Figure 6. Odor-induced CRs during conditioning.   

A. Normalized and averaged number of gape bouts across the three 

conditioning days.  These gape bout frequencies were quantified during 

the odor phase of each trial (15 trials/day), and averaged across the 15 

trials to generate an averaged frequency per day. The Favr group gaped 

more compared to all groups, but less than the Bavr group.  The Bavr 
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group also expressed more gaping compared to all groups.  Even though 

the odor was delivered 15 seconds following the quinine offset, we 

speculated that there may be quinine residue in the mouth (see methods 

and discussion for more details).  There was more gaping on day 1 

compared to days 2 and 3. Gaping on day 3 was less compared to 2.  B. 

Normalized and averaged flail bouts. The Favr group failed more 

compared to all groups.  The Bavr group failed more compared to all 

groups, but less compared to Favr.  There was more failing on day 1 

compared to day 2. Day 3 was greater compared to day 2.C. Normalized 

and averaged mouth movement duration. The Fapp group demonstrated 

longer mouth movements compared to Favr, Fam, and Novel groups.  

The Bapp group also demonstrated longer mouth movements compared 

to Favr, Fam, and Novel.  Fapp was not different compared to Bapp.  D. 

Normalized and averaged mouth movement episodes. Fapp 

demonstrated greater number of episodes compared to Favr, Bavr, Fam, 

and Novel.  Fapp was not different compared to the Bapp group. 

E. Normalized mean active odor investigation duration. Favr group 

investigated less compared to Fapp and Bavr.  The Fapp group 

investigated more compared to Favr, Bapp, Fam, and Novel.  F. 

Normalized mean active investigation bouts.  Favr animals investigated 

less frequently (less bouts) compared to Fapp and Bavr.  Fapp animals 

investigated more compared to Bapp, Fam and Novel. The Bavr group 

investigated more compared to Favr, Bapp, Fam and Novel. 

 

Figure 7. Schematic of IEG induction paradigm and chamber.  

A. Twenty-four hours following the habituation/cross-habituation post-

test, rats were stimulated with the odor CS ((+)-limonene) to induce 

Egr-1 expression.  (A) is a schematic of the odor-retrieval timeline used 

to induce Egr-1 expression.  Rats were initially acclimated to the odor 

stimulation chamber for 30 minutes prior to odor onset.  Odor CS was 

presented for 5 minutes for three blocks with 5 minute intertrial 

intervals (ITIs).  Following conditioning, they were placed in a clean 

rodent cage and returned to the vivarium for precisely 60 minutes prior 

to sacrifice.  Thus, the total duration between initial acclimation and 

sacrifice is precisely 90 minutes.  B. A schematic of the odor-retrieval 

chamber constructed from a polypropylene rat cage, a fitted Plexiglas 

lid, with an odor input and output region connected to a vacuum.  Odor 

CS was delivered into the chamber via an in-house designed 

olfactometer. 

 

71 

Figure 8. Egr-1 expression in the main olfactory bulb (MOB).  

A. A 10 µm thick, coronal section of the MOB immunostained for Egr-1 

protein expression.  The histomicrograph was a true representation of 

the annotation process during the immunoexpression quantification 

process.  The annotated lines represent the separate layers of MOB 

(glomerular layer (GL); external plexiform layer (EPL); mitral cell layer 
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(MCL) and granule cell layer (GCL)) are labeled.  B. Enlarged coronal 

section of MOB.  The glomeruli highlighted by the black box in the GL 

represent a representative ‘activated glomeruli’ in MOB. Their 

activation is indicated by the large number of activated juxtaglomerular 

cells (JCs) encircling the glomeruli.  Black arrows in the EPL 

highlighted the activated cell-types observed.  C. and D.  Enlarged and 

high resolution images of GL, EPL and GCL to highlight the nuclear 

expression of activated neurons. 

 

Figure 9. 
 

Egr-1 expression in the main olfactory bulb (MOB) following 

appetitive and aversive learning.  

A.  Mean Egr-1 immunopositive nuclei/mm
2
 in the glomerular layer 

(GL), external plexiform layer (EPL), and mitral/granule cell layer 

(MC/GCL).  Expression in the MT/GCL, GL, and EPL were 

significantly different, and there was an interaction between MOB 

sublayers and experimental treatment.  Post hoc comparisons suggested 

that MC/GCL expression was significantly different from GL and EPL. 

B.  Mean Egr-1 expression in the GL; however, there were no group 

differences. C.  Mean immunoreactivity in the EPL; however, there 

were no group differences.  D.  Mean Egr-1 density in MC/GCL. Within 

the MCL/GCL, Egr-1 expression for the Novel group was greater 

compared to all groups, except for Fam.  Moreover Bapp expression 

was less than all groups, except for Bavr.   
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Figure 10. Rostrocaudal Egr-1 expression in the anterior olfactory nucleus 

(AON).  

A.  Representative 10 µm coronal section of most-rostral AON 

(interaural <15.12 mm).  Sampling box was placed in pars lateralis of 

AON (AONl).  According to Paxinos and Watson’s Rat Brain Atlas (6
th

 

Ed.), the other subregions of AON are not visible. Please see text for 

details.  B.  Representative 10 µm coronal section of rostral AON 

(interaural 15.12 mm).  Sampling box placements for pars 

ventroposterioralis (AONvp), pars lateralis (AONl), pars dorsalis 

(AONd), and pars medialis (AONm) compartments are depicted within 

the whole AON annotation.  Sampling locations remained consistent for 

all sections in rostral AON.  Please see methods for details on sampling 

box location criteria and literature references.  C. Representative 

coronal section of mid AON sections with box placements for subregion 

of interest (interaural 14.64 mm). D.  Representative box placements for 

caudal AON (13.68 mm) with box placements. Please refer to Chapter 3 

for more details regarding annotation criteria and anatomical brain 

region references.  
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Figure 11. Mid-AON subregion Egr-1 expression.  

Egr-1 immunoexpression density measurements were quantified for mid 

AON subregions (pars lateralis (AONl), ventroposterioralis (AONVP), 
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medialis (AONm), and dorsalis (AONd)).  The AON subregions and 

treatment groups were statistically different from each other, and there 

was a significant interaction between subregion and treatment groups.  

Post hoc comparisons suggested that AONl was statistically more 

elevated compared to AONVP, AONm, and AONd.  Moreover, AONVP was 

higher than AONm and AONd. Expression in AONm was statistically 

lower than AONd.  In summary, the pattern of expression in mid AON 

was AONl > AONVP > AONd > AONm.  Post hoc analyses suggested that 

in AONd, Novel expression was greater compared to Fapp, Bapp, Bavr, 

and Fam; Novel and Favr groups were not statistically significant.  In 

AONl, Novel expression was statistically significant compared to Fapp, 

Bapp, Bavr, and Fam.  Favr expression was statistically more elevated 

compared to Fapp and Bavr.  In AONm, Novel expression was also 

greater than Fapp, Bapp, and Bavr.  In AONvp, the Novel group had 

greater expression compared to all groups, except for Favr.  The Favr 

group had greater expression compared to Bavr and Fam groups. 

 

Figure 12. Egr-1 expression in caudal AON subregions.  

Egr-1 immunoexpression density measurements were quantified for 

caudal AON subregions (pars lateralis (AONl), ventroposterioralis 

(AONVP), medialis (AONm), and dorsalis (AONd)).  The caudal AON 

subregions were significantly different from each other, and there was 

an interaction between caudal AON subregion and treatment groups.  

However, treatment groups as a variable were not statistically 

significant.  Post hoc comparisons suggested that expression in the AONl 

was higher compared to other subregions.  AONm expression was higher 

compared to AONd.  In summary, the pattern of expression in the caudal 

AON was: AONl > AONVP > AONm > AONd.  Subsequent post hoc 

analyses suggested that in AONd and AONm, there were no significant 

differences between groups. However, in AONl, Favr expression was 

significantly different than Bapp and Bavr. In AONvp, Favr expression 

was statistically greater compared to all groups.  Novel group expression 

was greater than the Bavr group. 
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Figure 13. Coronal rat sections of anterior piriform cortex (aPCx) along the 

rostrocaudal gradient.  

A. Coronal section illustrating most-rostral aPCx (interaural 13.20 mm). 

Image was obtained from the annotation software, and true 

representation of annotation procedures. The blue annotation defined the 

area of analysis for layers I/II/III of aPCx.  The maroon annotation 

defined the area of nuclear quantification for layer II of aPCx.  B and 

C. Coronal sections illustrated rostral aPCx (interaural 12.24-12.72 

mm). The blue and maroon annotations defined the area of nuclear 

quantifications for layers I/II/III combined and also layer II.  D. Coronal 

section of caudal aPCx (interaural >10.80 mm). E to H. Sampling box 

locations on most-rostral to caudal aPCx sections. Black boxes 
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represented medial aPCx quantification (aPCxm), red colored boxes 

represented lateral aPCx (aPCxl), green colored boxes represented 

dorsal aPCx (aPCxd), and blue colored boxes represented ventral aPCx 

(aPCxv). 

 

Figure 14. Coronal rat sections of posterior piriform cortex (pPCx) expressing 

Egr-1 protein.   

A.  Enlarged pPCx coronal section with Egr-1 protein marker 

expression.  B.  Coronal rat brain section (interaural 8.76 mm).  Image 

(A) was an enlarged image of the dotted box.  C. The blue annotation 

represented the defined area of analysis for layers I/II/III in the pPCx.  

Note that most of the expression was in layer II of the cortex, but less in 

layer III.  The red annotation defined the area of analysis for layer II. 

The three layers of pPCx were labeled on this image.  D. Enlarged 

posterior pPCx coronal section with Egr-1 protein marker expression. E.  

Coronal rat brain section (interaural 6.84 mm).  Image (D) was an 

enlargement of the area in the dotted box. F.  Blue and red annotations 

represented the defined area of analysis for layer II and layers I/II/III in 

the pPCx. 
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Figure 15. Egr-1 expression in aPCx across the rostrocaudal axis.  

Our analyses for layers I/II/III indicated that there was a significant 

effect of groups and PCx location along the rostrocaudal axis.  

Expression in most-rostral, rostral, and caudal aPCx layers were 

significantly higher than pPCx. We examined most rostral, rostral, 

caudal aPCx, and pPCx individually for group significance.  A. 

Immunoexpression density (mean nuclei/mm
2
) in most-rostral aPCx.  

We failed to find an effect of treatment group.  B.  In rostral aPCx, we 

found a significant effect of group.  Post hoc analyses suggested that the 

Novel group was more elevated compared to Fapp, Bapp, Bavr, and 

Fam groups; Novel and Favr groups were not significantly different.  C. 

In the caudal aPCx, there was a significant treatment group effect; the 

Novel group was significantly greater than Bapp, Bavr, and Fam groups.  

Interestingly, Novel was not significantly different from Fapp and Favr 

groups.  D.  In pPCx, Novel group expression was not statistically 

different from any other groups.  Fapp and Favr groups were more 

activated compared to Bapp and Fam groups.  Fapp and Favr groups 

were not statistically different from each other. 
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Figure 16. Mediolateral and dorsoventral Egr-1 expression in aPCx.  

A. Most-rostral aPCx was subdivided into medial (aPCxm), lateral 

(aPCxl), dorsal (aPCxd), and ventral (aPCxv) subdivisions.  The 

subdivisions were statistically different, and there was an interaction 

between sampling location and groups.  Expression in aPCxm was 

higher compared to aPCxl, aPCxd, and aPCxv.  Expression in the aPCxl 

and aPCxv was greater than aPCxd. Post hoc analyses suggested that 
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there were no significant group differences in aPCxm, aPCxl, aPCxd and 

aPCxv subregions. B.  In rostral aPCx, there was also an effect of spatial 

location, groups, and interaction between location and groups.  

Expression in the aPCxm region was higher than aPCxl, aPCxd, and 

aPCxv.  Expression in aPCxl and aPCxv was higher than aPCxd.  

Expression in the aPCxv was higher than aPCxl.  Post hoc analyses 

suggested that in aPCxd region, there were no significant differences 

between groups.  In the aPCxl region, Novel and Fam were significantly 

different than Bavr.  In aPCxm region, Novel and Favr groups were 

statistically different from Bapp, Bavr, and Fam. Fapp and Bapp groups 

were greater than Bavr.  In the aPCxv region, the Novel group was 

significantly greater than Bapp and Bavr.  Fapp and Favr groups were 

greater than Bavr.  C. In caudal aPCx, there was an effect of spatial 

location and interaction between location and groups.  Expression in 

aPCxm was higher compared to all other orientations.  Expression in 

aPCxd was significantly less compared to the regions.  Post hoc analyses 

suggested that there were no significant group differences in the aPCxd 

region.  In the aPCxl region, Novel expression was greater than Bavr.  In 

the aPCxm region, the Novel expression was significantly greater than 

Bapp, Bavr, and Fam.  Fapp and Favr groups had greater expression 

compared to Bavr and Fam.  In the aPCxv region, Novel group 

expression was significantly different compared to Bapp and Bavr 

groups. 

 

Figure 17. Representative coronal sections of agranular insular cortex (aIC) 

along the rostrocaudal axis.  

A. Representative coronal section of most-rostral aIC (interaural 

12.00mm).  Rectangular box placements indicate sampling location. 

Boxes were placed in between dorsal and ventral aIC.  B. 

Representative coronal section of rostral aIC (interaural 11.76 mm). C. 

Representative coronal sections of caudal aIC sampling regions 

(interaural 11.28 mm). 
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Figure 18. Egr-1 expression in the agranular insular cortex (aIC) along the 

rostrocaudal axis.   

The aIC was approximated using standardized 1.0 mm x 0.5 mm x 0.5 

mm sampling boxes to avoid imprecise boundary delineations.  The 

boxes were placed in the midpoint of dorsal and ventral aIC.  There was 

a difference in Egr-1 expression along the rostrocaudal axis, effect of 

treatment groups, and interaction between spatial location on the 

rostrocaudal axis and treatment groups.  Expression in the most-rostral 

and rostral aIC were higher compared to caudal aIC.  Overall, 

expression for the Novel group was higher compared to Bapp, Bavr, and 

Fam groups.  Fapp and Favr were not different from the Novel group.  

Furthermore, post hoc analyses suggested that within the most-rostral 

aIC, immunoexpression in the Favr group was greater compared to 
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Bavr and Fam.  Novel group expression was significantly more robust 

compared to Fapp, Bapp, Bavr, and Fam groups; however, the Novel 

group was not significantly different than Favr.  In rostral aIC, Novel 

expression was greater than Bapp, Bavr, and Fam groups.  There were 

no significant differences between groups in caudal aIC. 
 

Figure 19. Coronal brain sections stained for Egr-1 protein expression in the 

neocortex and sampling box locations for orbitofrontal (OFC), 

prelimbic (PLC), and infralimbic (ILC) cortices.  

A. Coronal section illustrating the most-rostral OFC sampling locations 

(interaural 15.12 mm) with boxes (0.3 mm x 0.3 mm x 0.3 mm) placed 

in subregions of interest (lateral orbitofrontal, (OFCLO); ventral 

orbitofrontal (OFCVO), and medial orbitofrontal (OFCMO)).  Please refer 

to analytical methods for more information on anatomical references for 

precise categorization (e.g. posterior MOB and rostral AON). B. Coronal 

section representing rostral OFC sampling locations (interaural 14.64 

mm).  In this coronal plane, the dorsolateral orbitofrontal (OFCDLO) 

emerges. C, D and E. Coronal sections (interaural 13.20-14.16 mm) 

representing box placements for mid OFC, and rostral prelimbic cortex 

(PLCr). F. Coronal section illustrating the ventrolateral orbitofrontal 

(OFCVLO) cortex sampling location, and sub analysis with lateral 

(OFCLO) and ventral (OFCVO) orientations. The caudal prelimbic 

(PLCc) and rostral infralimbic (ILCr) are displayed. G. Representation 

of a more posterior coronal section on this plane. The OFCVO, OFCLO, 

and OFCVLO are no longer visible; box locations for PLCc and ILCc 

regions are illustrated. H. Coronal image with PLCc and ILCc box 

placements (interaural 11.28 mm). 
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Figure 20. Egr-1 expression in the OFC along the rostrocaudal axis.   
A. There was an effect of OFC subregion and interaction between 

subregion and treatment groups in rostral OFC. OFCLO expression was 

significantly greater compared to OFCDLO, OFCMO, and OFCVO.  OFCVO 

had higher expression compared to OFCMO and OFCDLO.  OFCMO and 

OFCDLO were not statistically different.  In rostral OFC, post hoc 

analyses further showed that in OFCVO, Novel group expression was 

statistically greater than Fapp and Bavr. B. There was an effect of 

subregion and interaction between subregion and treatment groups in 

mid OFC.  Expression in OFCLO and OFCVO was greater compared to 

OFCDLO and OFCMO; however, OFCLO and OFCVO were not statistically 

different.  OFCDLO had higher expression compared to OFCMO. In mid 

OFC, post hoc analyses showed in the OFCDLO, Fapp expression was 

greater than Fam.  In the OFCLO, Fapp expression was greater than 

Bapp, Bavr, and Fam.  Favr expression was greater than Bapp and Fam. 

No groups were significantly different in the OFCMO and OFCLO.  C.  

There was an effect of subregion, and interaction between subregion and 

treatment groups in caudal OFC.  Expression in OFCMO was less 
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compared to rostral and caudal OFCLO and OFCVO.  Rostral OFCVO 

expression was greater compared to OFCLO.  Caudal OFCVO was greater 

than OFCLO.  Post hoc analyses suggested that in OFCMO, Novel group 

expression was greater than Favr.  In rostral OFCLO, the Novel group 

had significantly greater expression in Bapp, Bavr, and Fam.  In rostral 

OFCVO, the Novel group had greater expression compared to Bapp and 

Bavr.  Both Fapp and Favr groups had greater expression compared to 

Bapp. In caudal OFCLO, Favr and Bapp groups had significantly greater 

expression than Fam.  In caudal OFCVO, Bapp and Novel expression 

was greater than Fam.  Favr group was significantly greater than the 

Bavr and Fam groups. 

 

Figure 21. Egr-1 expression in OFCVLO.  

A. Averaged densities (mean nuclei/mm
2
) for rostral and caudal 

OFCVLO.  There was a significant interaction between OFCVLO 

rostrocaudal location and groups.  Within rostral OFCVLO, 

immunoexpression in the Novel group was significantly different than 

Bapp, Bavr, and Fam groups; however, it was not statistically different 

from Fapp and Favr.  However, in caudal OFCVLO, Novel expression 

was no longer statistically different than other groups.  Bapp expression 

was greater than Fapp and Fam groups.  B. OFCVLO nuclear expression 

was further divided into rostral and caudal OFCVO and OFCLO.  See 

methods for sub-sampling function and criteria.  There was an effect of 

rostrocaudal location, and interaction between location and treatment 

groups.  Expression in rostral OFCVO was greater compared to OFCLO, 

and caudal OFCVO was greater than OFCLO.  Overall, expression was 

greater for both rostral and caudal OFCVO compared to rostral and 

caudal OFCLO. 

 

148 

Figure 22. Egr-1 expression in prelimbic (PLC) and infralimbic cortices (ILC).   
There was an effect of brain region and rostrocaudal location, and 

interaction between these regions and groups.  Expression in the rostral 

PLC was greater than rostral and caudal ILC.  Moreover caudal PLC 

was significantly greater compared to rostral and caudal ILC.  Post hoc 

analyses suggested that within the PLCr, immunoexpression in the Favr 

group was significantly greater compared to Bapp and Bavr.  Within the 

PLCc, immunoexpression in Favr was significantly greater compared to 

Bavr.  There were no significant group effects within ILCr.   However, 

within ILCc, Favr expression was greater compared to Bavr. 
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Figure 23. Coronal sections of caudate putamen (CPu) and nucleus accumbens 

(NAc) along the rostrocaudal axis.  

A. Representative histomicrograph of a coronal, most-rostral striatum 

(interaural 11.76) section. The CPu, NAc shell and NAc core are 

depicted in black.  See Methods for delineation and boundary 

definitions. B. Representative coronal section of rostral striatum 
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(interaural 11.28). The CPu, NAc shell and NAc core are depicted in 

black. Compared to (A), the CPu has increased substantially.  C. 

Representative sample of mid striatum (interaural 10.92). The CPu, NAc 

shell and NAc core are depicted in black. D. Representative section of 

caudal striatum (interaural 9.96 mm). The CPu, NAc shell and NAc core 

are depicted in black. The NAc has reduced in size, and only a remnant 

of NAc shell and NAc core are visible. 

 

Figure 24. Egr-1 expression in caudate putamen (CPu).   

There was an effect of rostrocaudal location and interaction between 

CPu location and treatment groups.  CPu expression in rostral and mid 

striatal regions were significantly less compared to caudal CPu.  

Immunoexpression in the rostral and mid CPu was not significantly 

different.  However, expression in the rostral and mid CPu was not 

significantly different.  Post-hoc analyses suggested that within rostral 

CPu, Favr expression was significantly less compared to Fapp, Bapp, 

and Novel groups.  Bapp expression was significantly greater than Bavr 

and Fam.  In mid CPu, Novel expression was greater compared to Fapp, 

Bapp, and Bavr.  In the caudal CPu, Fapp and Novel expression was 

greater compared to Bapp and Bavr groups; however, Fapp and Novel 

groups were not statistically significant.  Favr expression was greater 

compared to Bavr.   
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Figure 25. Egr-1 expression in rostral and mid nucleus accumbens (NAc).  

A. Egr-1 density measurements in rostral and mid NAc.  There was an 

interaction between rostrocaudal location and treatment groups; 

however, groups and rostrocaudal NAc location was not statistically 

significant. In rostral NAc whole, immunoexpression in the Fapp group 

was significantly greater compared to Bavr and Fam.  Moreover Bapp 

expression was greater compared to Bavr.  In mid NAc whole, 

immunoexpression in Fapp was significantly greater than Bapp.  Novel 

group expression was greater than Bapp and Bavr.   B. For NAc core, 

there was a significant interaction between rostrocaudal location and 

treatment groups.  In the rostral NAc core, Fapp expression was greater 

than Bavr.  In mid NAc core, Fapp group was significantly different 

than Bapp, and Novel was also different than Bapp.  C. For the NAc 

shell, there was a significant interaction between rostrocaudal location 

and treatment groups. In the rostral NAc shell, Fapp expression was 

significantly different than Bavr.  Novel expression was greater than 

Bavr and Fam.  In mid NAc shell, expression in the Novel group was 

different than the Bapp group. 
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Figure 26. Coronal sections of olfactory tubercle (OT).  

A. Representative 10 µm sections of most-rostral OT (interaural 12.00-

12.24 mm).  Dotted boxes on coronal slice highlight the OT in reference 

to the rostral aPCx.  B. Representative rostral OT coronal section 
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(interaural 11.5 mm). The green outline highlights Layers I/II/III of OT, 

blue outline highlights layer II, and red outlines show Islands of Calleja 

(ICj). Due to the visibility of the OT borders, we analyzed the OT using 

a whole area approach.  C. Representative image of caudal OT 

(interaural 10.20 mm). The colored lines represent annotations for layer 

I/II/III, layer II, and ICj analyses (see above for color associations.) D. 

Representative images of ICjs (red) in rostral and caudal OT.  Due to the 

differential size of OT cells, they were excluded from layer II or layers 

I/II/III analyses and were analyzed separately. 

 

Figure 27. Egr-1 expression in the olfactory tubercle (OT).  
A.  Egr-1 expression in layers I/II/III of OT along the rostrocaudal axis.  

Due to the definable borders of the OT, we used a whole area 

quantification method.  ICjs were excluded from layers I/II/III 

quantifications and analyzed separately.  There was an effect of 

rostrocaudal location, and interaction between rostrocaudal location and 

treatment.  Most-rostral OT expression was greater compared to rostral 

and caudal OT. Within the most-rostral OT, immunoexpression for the 

Favr group was greater compared to Bapp and Bavr.  In rostral OT, 

Novel expression was greater compared to Bavr. Group activity in the 

caudal OT was not statistically significant.  B.  Egr-1 expression in layer 

II of rostral OT.  Expression in the Novel group was greater compared to 

Bapp, Bavr, and Fam groups.  Novel expression was not statistically 

different from Fapp and Favr. C.  ICj expression in rostral OT.  ICj 

expression was greater for Novel group compared to Bapp and Bavr.  

However, it was not different compared to Fapp, Favr, and Fam. 
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Figure 28. Representative coronal slices of hippocampus and hippocampal 

subfields.  
A. Coronal section of hippocampus (interaural 6.24 mm). Inset 

annotation represents annotations of CA1 (navy blue), CA3 (sky blue) 

and DG (red). An enlarged version of the dotted box is shown in B. B. 

An enlarged image of CA3 and DG. C. An enlarged cells in CA1. D. An 

enlarged view of DG. E. An enlarged view of CA3. 
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Figure 29. Density measurements for hippocampal subfields.  

A. Egr-1 density measurements in CA1, CA3, and DG.  There was an 

effect of hippocampal subfields and interaction between subfields and 

treatment groups.  CA1 expression was greater compared to CA3 and 

DG, and DG expression was greater than CA3.  Within CA1, all groups 

had greater Egr-1 expression compared to the Fam group.  Additionally, 

the Favr group had significantly greater expression compared to the 

Novel group.  B. Egr-1 density measurements for CA3; treatment groups 

were not statistically different.  C.  Egr-1 density measurements for DG; 

treatment groups were not statistically different.   
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Figure 30. Representative basolateral nucleus of amygdala (BLA) coronal 

section with box sampling placement locations.  

The BLA (outlined in maroon) is further divided into basal and lateral 

subnuclei (BA and LA). BA (dark-green) and LA (yellow-green) 

sampling location were included to demonstrate the sampling approach 

for AMG. 
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Figure 31. Density measurements for basolateral, basal, and lateral nuclei of 

amygdala (BLA, BA, and LA).  

A. Egr-1 density measurements for AMG subnuclei.  There was an 

effect of subnuclei and interaction between subnuclei and groups.  

Expression in LA was significantly greater compared to BA or BLA.  

Groups as a factor were not statistically significant. Post hoc analyses 

within LA showed that expression in the Fam group was less than all 

groups.  However, there were no significant differences within BA or 

BLA subnuclei. B.  Expression for BLA only was not significant.   
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Figure 32. A schematic of linear mixed-effects model results.  
We incorporated subregions and treatment groups as main effects, and 

subregions*treatment group interaction.  Yellow represented 

significance (P<0.05), and gray denoted non interpretable results.  For a 

majority of the structures examined, our results suggested that there 

were changes across the subregions. The treatment group factor was 

significant for a large proportion of the chemosensory structures 

examined.  With the inclusion of the subregion and treatment group 

interaction, our results suggested that there was interdependence 

between subregion and treatment groups. The effect or role of the 

treatment group factor would not have been detected in valence regions 

with subregion and treatment group main effects only. 
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Figure 33. Brain regions and response patterns.  

We organized the data into the following classifications: [1] Not 

interpretable, [2] Novel, [3] Novel and aversive, [4] Aversive, [5] 

Appetitive, aversive, and novel, [6] Appetitive and aversive, [7] 

Appetitive, and [8] Forward/backward pairings & novelty.  We 

implemented a stringent list of criteria during the classification 

procedure; thus, a large number of interesting trends did not fit the 

criteria.  Subregions were classified as [1] Not interpretable when either 

statistical significance was present between treatment groups, but we 

were not able to place them into the predefined categories, or groups 

were not statistically significant.  Regions were defined as [2] Novel if 

expression in the Novel group was greater than all the other groups.  

Regions were defined as [3] Novel and aversive if Egr-1 expression for 

the Novel group was greater than all, except for the Favr group.  Favr 

must also be significantly greater than Fapp and Bavr.  Regions were 

defined as [4] Aversive if the expression in the Favr group was greater 
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than Fapp and Bavr.  Regions were defined as [5] Appetitive, aversive, 

and novel if the Novel group had greater expression compared to all 

groups, except for Fapp and Favr.  Favr must also be statistically 

different from Fapp and Bavr, and Fapp must be different compared to 

Bapp.  Regions were assigned as [6] Appetitive and aversive if they 

were not statistically different from each other, but different compared 

to backward-paired counterparts, Fam, and Novel control.  We defined a 

region as [7] Appetitive if Fapp group expression was greater than Favr 

and Bapp.  Lastly, brain regions were assigned to the [8] 

Forward/backward pairings/novel if regions demonstrated effects from 

associations (both forward and backward paired), and Novel exposure.  

Using the classification procedure outlined above, Favr group 

immunoexpression was most robust in mid AONl and caudal AONvp.  

There were statistical significance for the other groups of interest (e.g. 

Novel), but we failed to find statistical support according to the criteria 

previously outlined.  In addition, rostral aPCx also had elevated Favr 

group immunoactivity compared to Fapp and Bavr groups.  Lastly, both 

CA1 and LA were classified into the Forward/backward pairings/novel 

group; all groups were significantly greater than Fam.  Please see results 

sections for further statistical details.   

 

Figure 34. Odor-fear conditioning and odor-stimulation chamber.  

A.  Schematic of the odor-fear conditioning chamber. The conditioning 

chamber consisted of two clear Plexiglas and two metallic walls. Three 

video cameras were attached to each chamber, which allowed a top view 

and two side views.  Odor was delivered via a single odor port and 

outlet tubing was connected to a exterior ceiling vacuum to remove 

excess odor buildup.  B.  Schematic of odor stimulation chamber.  The 

chamber was constructed entirely from clear Plexiglas, with one odor 

port and a ceiling vacuum to prevent odor build-up. Three cameras were 

attached, which provided a clear top view and two view views.  C.  

Schematic of conditioning and odor stimulation paradigm prior to 

sacrifice.  Animals were acclimated in the chamber for 5 minutes prior 

to the start of the first trial. There were 10 trials total with 60-120 

second ITIs.  During odor stimulation session (24 hours post 

conditioning), an identical paradigm was implemented without the 

shock overlapping with the end of the odor phase.  See methods for 

conditioning and group details.  Following the last trial, there was a 5 

minutes post acclimation. 
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Figure 35. Odor-shock experimental timeline and groups.   

A.  Animals were acclimated to the animal vivarium, researchers, and 

daily handling for 7 days prior to experimentation.  Subsequently, they 

were habituated to the two chambers used in the study on alternating 

days (i.e. conditioning and odor stimulation).  Once they were 

completely acclimated, they were conditioned for one day, stimulated 
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with the odor CS 24 hours later, and sacrificed 90 minutes from the start 

of the stimulation session.  B. There were four groups: [1] Standard 

training (Standard) [2] Pseudo-training (Pseudo) [3] Odor-familiarity 

control (Fam), and [4] Odor-novelty control (Novel).  The Standard 

group received 10 paired odor- 0.5 mA shock trials (the odor CS was 

presented for 8 seconds per trial, with 1 second of odor-shock overlap). 

The Pseudo group received 10 odor-only trials and 10 shock-odor only 

trials (presented in pseudo-random order). The shock 

duration/amplitude and the total odor CS exposure matched the 

Standard group.  The Fam group received 10 odor trials only, and the 

Novel group was not exposure to the odor CS during conditioning.  

They were exposure to the odor CS prior to sacrifice. 

 

Figure 36. Odor-induced freezing behavior during conditioning and odor-

induced retrieval.   

A. Freezing count (episodes) during conditioning.  The Standard group 

demonstrated more freezing bouts compared to Novel and Fam. 

However, it was not statistically different from Pseudo. The Pseudo 

group also demonstrated greater bouts of freezing compared to Novel 

and Fam.  There was more freezing bouts during bin 2 (last 5 trials) 

compared to bin 1 (first five trials).  B. Freezing duration during 

conditioning. The Standard group demonstrated longer freezing 

durations compared to Novel and Fam; however, it was not different 

compared to Pseudo group.  There were longer freezing episodes in bin 

2 compared to bin 1.  C. Mean distance travelled during conditioning. 

The distance travelled was farther in bin 1 compared to bin 2; however, 

groups or interactions were not significant.  D. Mean speed during 

conditioning.  Animals moved faster in bin 1 compared to bin 2; 

however, groups or interactions were not significant.  E. Freezing count 

(episodes) during odor-induced retrieval prior to sacrifice. There were 

no statistical differences between groups, bins, or interaction.  F. 

Freezing duration during retrieval.  Rats demonstrated longer freezing in 

bin 2 compared to bin 1; however, there were no group effect or group 

and bin interactions.  G. Mean distance travelled during retrieval. The 

Standard group travelled farther distances compared to Pseudo and 

Novel groups.  H. Mean speed during retrieval. Standard animals 

travelled faster compared to Pseudo and Novel. 
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Figure 37. Cleared main olfactory bulb (MOB).  
The MOB was cleared using passive clearing methods subsequently 

stained with Egr-1 primary antibody (SC-189; rabbit polyclonal IgG; 

Santa Cruz Biotechnology) and Alexa Fluor 633 donkey anti-rabbit IgG 

(Life Technologies).  Scans were taken at various depths of MOB using 

a Zeiss Laser Scanning Microscope (LSM) 710.  The MOB was clear 

prior to staining.  All of the opacity in these images arises from Egr-1 

antibody staining. 
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PREFACE 

 

In this dissertation, the initial goal was to generate a novel behavioral paradigm enabling 

one to examine both rewarded and aversive learning without the enormous procedural 

differences that usually prevent direct comparison between them.  Large bodies of research have 

previously examined the molecular, cellular and neuronal characteristics and pathways of both 

rewarded and aversive forms of learning.  There has been a vast improvement in our 

understanding of valence processing and emotional learning and memories.  However, gaps in 

our knowledge still remain.   

The central aim of this dissertation is to elucidate whether and where appetitive and 

aversive learning are processed differently in the brain, once the procedural differences that 

likely underlie many of the currently hypothesized processing differences are minimized.  

Moreover, we aim to review prior literature on olfactory and valence processing and on the 

technical limitations of current paradigms, provide insight into a new technique which attempts 

to bridge appetitive and aversive forms of learning, and to act as a detailed anatomical reference 

for fellow researchers who are interested in immediate-early gene expression in olfactory, 

gustatory, and valence brain regions.  Here, we have extensively mapped immediate-early gene 

expression (Egr-1) along the rostrocaudal axis for a large number of brain regions, subregions, 

and sublayers within chemosensory and valence circuitries, and have provided high-resolution 

histomicrographs illustrating their expression.  Lastly, we have included detailed subregion 

analyses along various axes using multiple analysis methods.  
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CHAPTER 1 

INTRODUCTION 

Throughout the history of emotional and affective learning, there have been subtle 

differences in interpretation and investigational interest depending on the subfield of psychology 

and neuroscience (such as pleasure versus (vs.) pain, pleasantness vs. unpleasantness, positive vs. 

negative affect, and reward vs. punishment.)  Theses interpretations and contrasts are all valid, 

and have their own niche in the valence literature.  In this dissertation, ‘valence’, is defined as 

both the ‘positive’ and ‘negative’ (both inherent or learned) properties of a stimulus, and is 

characterized in terms of its ability to either encourage or discourage repetition.   

With positive stimuli, there is a generalized tendency to encourage approach, and induce 

pleasure and positive affect.  Moreover, a stimulus is rewarding if animals are willing to perform 

work for the stimulus (e.g. food, water, sexual rewards).  These are known as ‘primary rewards’.  

Sugar pellets and other carbohydrates break down into simple sugars which are required by cells 

and organs for survival.  The need for water (or other liquids) and procreation are also 

fundamental for maintenance and enhance survival.  For example, when a system is lacking 

sodium (e.g. sodium deprivation via sodium-deficient diet or drug-induced sodium deficiency), 

salt is then perceived as ‘rewarding’ and could be thought of as a reinforcer or a reward.  Thus, 

an equivalent concentration of saline (i.e. salt water) could be perceived as neutral, unpleasant, or 

pleasant when infused into an animal’s oral cavity depending on the internal state of the animal.  

Depending on what is deficient in the system (liquids, glucose, sodium, etc.), that stimulus could 

be perceived as a reinforcer.  
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In contrast, negative stimuli deter approach, generally elicit negative affect and are 

perceived as unpleasant and encourage avoidance and withdrawal behaviors.  This class of 

stimuli has been referred to as ‘punishment’, ‘aversive’ or ‘noxious’ and these descriptors are 

used interchangeably in the valence research community to describe negative stimuli.   

 

Stimulus diversity 

It is crucial to initially address and emphasize that the neural network involved in 

processing conditioned stimuli (CSs) and unconditioned stimuli (USs) may be different 

depending on the nature or properties of the stimulus.  For example, to examine fear conditioning, 

it has been readily accepted to use footshock or tail shock as the aversive US due to the reliable 

and robust learning effects induced.  As a result of the ease and reliable characteristics of these 

fear conditioning protocols, large bodies of research have been devoted to elucidating the 

molecular and cellular mechanisms of shock-induced fear conditioning.  However, for other 

aversive stimuli, such as predator odors (e.g. cat and fox), the neural network activated is 

substantially different from what we know as classical fear conditioning (Dielenberg, Hunt, & 

McGregor, 2001).  By using predator odors, the main advantage and research goal is to 

understand how the brain processes naturalistic (or ecologically-relevant) stimuli.  The use of 

predator odors elucidates the neural processing of ‘innate’ fear, unlike shock training, which is 

considered ‘learned’ fear.  The neural network and mechanisms underlying innately valenced 

odor responses may be substantially different from that underlying odor learning.  This 

dissertation contains minimal discussion of valenced odors; the mechanisms described herein 

pertain to conditioned-odor valence (i.e. neutral olfactory stimuli gaining meaning and predictive 

abilities via Pavlovian conditioning).   
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Fundamental dilemmas and controversies  

To examine predictive relationships, a diverse assortment of stimuli has been examined 

including, liquid sugar or tablets (saccharin (artificial sweetener), sucrose, fructose, polycose, 

chocolate), water, electrical stimulation of presumable neural reward hotspots (i.e. nucleus 

accumbens, ventral pallidum, or medial forebrain bundle), or a collection of positive images for 

human participants (e.g. babies, animals, personalized family/friend photos).  To examine 

punishment, researchers have used a variety of stimuli from tail/footshock, formaldehyde 

exposure, cold water baths, loud sounds, eye-directed air puff, or aversive/fear-inducing images 

for human participants. This list is only a small sample of the reward or aversive stimuli 

examined in the literature.   

 As briefly listed above, there is a large variety of both reward and aversive stimuli used 

to examine emotional learning and memory.  From the diverse use of stimuli, we have gained an 

immense amount of information about reward and aversive learning and memory.  However, due 

to the modality and procedural differences between appetitive and aversive paradigms, it is 

tremendously difficult to compare them.  As a result, it is unknown whether the observed results 

(fMRI, electrophysiological, cellular/molecular data) were due to modality and experimental 

paradigm differences or to valence per se.  Thus, in order to compare reward and aversive 

learning results, it is essential that both reward and aversive experimental paradigms are strictly 

comparable.  Generating a comparable paradigm is one of the major goals of this dissertation, 

and will be discussed further in chapter 2.  
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Research aim and research design strategy 

 To examine both reward and aversive learning, we incorporated the use of gustatory 

(taste) or olfactory (smell) stimuli.  There were two important advantages: [1] gustatory and 

olfactory stimuli are either neutral or valenced, and [2] rodents have an exceptional sense of 

smell.  With gustatory stimuli particularly, sweet and salty tastes are hedonically positive, and 

sour and bitter tastants are perceived as aversive.  These naturally hedonic preferences are crucial 

since they underlie the development of the experimental design.   Prior to presenting our novel 

paradigm in Chapter 2, it is crucial to present classic gustatory and olfactory paradigms, and 

briefly touch upon fundamental learning theory to elaborate and provide explanation for the 

experimental and control groups incorporated in the subsequent studies. 

 

Odor aversion paradigms 

Previous studies have assumed that animals experienced difficulty associating an odorant 

with visceral distress (or odors with shock).  However, it has been shown that odor-toxicosis (or 

conditioned odor aversion (COA)) learning could be robust, and highly dependent on the method 

of odor delivery (Taukulis, 1974).  Odor delivery in vapor form was more effective compared to 

the former methods used (e.g. in liquid).  Taukulis (1974) examined various delays (0-, 0.5-, 1-, 

4- and 12-hours) following odor-toxicosis (water and  odor vapor-paired with aversion-inducing 

drugs), and found that significant aversions occurred for all groups except for the 12-hour delay 

group.  Thus, in the experimental paradigm (Chapter 2), we delivered odors via the orthonasal 

method to enhance conditioning.  Compared to the classical and well-accepted conditioned taste 

avesion (CTA) paradigm, COA paradigms are infrequently used.  From the small sample of 
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COA studies, it appeared that the delay between CS and US was more time sensitive compared 

to the traditional CTA paradigm and the aversion formed was weaker.   

To induce a more robust form of odor learning, researchers have utilized a paradigm 

known as taste-potentiated odor aversion (TPOA).  This paradigm consists of an initial pairing of 

a tastant with an odorant (odor-scented sweetened water or a scented paper attachment to a bottle 

of sweetened water).  Once the animals have associated the odorant with the sweet taste, the 

animals are then given an injection lithium chloride (LiCl) to induce visceral discomfort/nausea.  

Following conditioning, both the odor and the taste alone could elicit robust aversive behavioral 

reactivity unlike classic odor-aversion paradigms (Dardou, Datiche, & Cattarelli, 2007).  Large 

bodies of research have attempted to examine the brain regions which may be involved and 

required for TPOA acquisition and retrieval (e.g. basolateral nucleus of amygdala (BLA), 

orbitofrontal cortex (OFC), insular cortex (IC), piriform cortex (PCx), entorhinal cortex (EC), 

and hippocampus complex (HPC)).  Moreover, odor-induced and taste-induced retrieval 

activated different regions of the brain; the functional roles of these brain regions will be 

discussed in Chapters 3 and 4. 

 Despite the success with LiCl-induced aversion paradigms, it is important to emphasize 

that taste and smell learning do not need to involve a visceral component.  The initial odor-taste 

associations were examined as ‘flavor-flavor’ associations.  Fanselow and Birk (1982) paired 

neutral flavors (almond and vanilla) with either saccharin or quinine (i.e. ‘hedonically-valued 

flavors’).  Animals successfully learned the positive and negative association, demonstrating 

preference for the saccharin-paired flavor, while avoiding the quinine-paired flavor.  In their 

repertoire of flavor-flavor experiments, Fanselow and Birk (1982) later controlled for the uneven 

consumption of saccharin and quinine with a restraint and force-feeding technique to equate 
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consumption.  Rodents voluntarily licked the initial sampling of quinine; however, the rest of the 

standardized volume was force-fed.  This method of force-feeding may have elicited unnecessary 

stress and aversion, but the idea to equate saccharin and quinine consumption initiated a series of 

experiments attempting to automate this idea of forced (or uncontrollable) infusions.  

 Moreover, from their initial studies, we learned that not all smells (or flavors) are neutral 

and equally preferred.  For example, rats demonstrated a preference for vanilla-scented water 

over almond-scented water during free-consumption tests (Fanselow & Birk, 1982).  These 

initial flavor studies instigated a large body of research on odor, taste, and flavor hedonics.   

Many large-scale, exhaustive studies have shown that ‘innate-preferences’ or innate odor and 

taste hedonics are present (Devore, Lee, & Linster, 2013).  

Similar forms of odor and taste pairings have been used to examine chemosensory 

learning.  For example, it is common to use quinine (hedonically-aversive) or water 

(hedonically-rewarding; especially for thirsty, water deprived subjects) as a measure of olfactory 

learning. The paradigm is known as odor-cued taste avoidance (OCTA), in which animals learn 

to associate water-soluble odorants with either quinine or a non-aversive tastant (Slotnick & 

Coppola, 2015).  The authors have argued that this method of learning is robust for both mice 

and rats, and requires minimal training and effort.   Moreover, it was more advantageous 

compared to various commonly-used olfactory non-associative and associative paradigms to 

examine olfactory perception (Slotnick & Coppola, 2015).   

Later, odor-taste learning was induced by placing rewards (e.g. sweetened solutions) near 

odor-scented filter paper, scented corn-cob bedding or sand.  However, there were clear 

limitations with these methods of odor delivery.  In particular, it was difficult to quantify the 
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odor delivery component during conditioning (e.g. odor onset).  In Chapter 2, we will introduce a 

novel and more robust method of odor and taste association. 

 

Behavioral measures incorporated  

 Prior to presenting our novel paradigm in Chapter 2 and appendix 1, it is also crucial to 

understand behavioral quantification options and how these methods affected paradigm 

development and design. 

The behavioral responses quantified following learning are either conditioned responses 

(CRs) or instrumental behaviors.  In the odor-shock fear conditioning paradigm (see appendix 1), 

freezing was a crucial indicator of successful learning.  Following classical fear conditioning, 

researchers customarily use conditioned freezing or avoidance responses as indicators of 

successful fear conditioning.  Prior to learning, rodents display a low basal level of freezing.  

However, after associative shock conditioning, rodents display various quantifiable CRs, such as 

escape behaviors (e.g. jumping), paw-treading, rearing, and freezing.  The level of freezing in the 

conditioned group is robust and significantly different from controls (unpaired, backward-paired, 

or home cage controls).  Due to the robustness and reliability of freezing behavior, it is habitually 

and customarily selected as the optimal and robust behavioral measure for fear learning and 

memory.  

The orofacial behaviors presented in Chapter 2 are predominantly from early gustatory 

and conditioned taste aversion (CTA) learning studies.  In classical CTA learning, it is customary 

to quantify the volume of tastant consumed or the licking rate if tastants were provided via a 

two-bottle choice paradigm.  Moreover, researchers could quantify preference compared to water, 

or approach vs. avoidance latencies.   If the researcher delivered tastants via intraoral cannulae, 
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oral reactivity can be video recorded and analyzed frame-by-frame (Grill & Norgren, 1978).  

There are biological functions associated with oral expressions.  Bitter (e.g. quinine 

hydrochloride) or sour tastants (e.g. citric acid) elicit gaping responses in both rats and primates.  

In contrast, rapid mouth movements and tongue protrusions are observed following palatable 

sweet tastants, such as saccharin or sucrose.  Refer to Grill and Norgren, (1978) for a 

comprehensive overview and analysis of taste-induced oral reactivity.  Taste reactivity is innate; 

even newborn infants with no prior experience display such reactions shortly following birth 

(Rosenstein & Oster, 1988).  A large body of literature on taste reactivity has suggested that 

there are biological functions associated with oral expressions.  The rapid mouth movements 

may assist sweet or nutritious food items to gain access, while gaping reactions may help prevent 

the ingestion of harmful food items.  Moreover, these alarming signals or reactions may notify 

the caregiver that a harmful substance needs to be removed and that the infant is in a state of 

danger (Rosenstein & Oster, 1988).  In addition to freezing and oral reactivity, animals display 

behaviors such as forearm flailing, rearing, urination, and defecation.  Forelimb flails are quick 

burst of forelimb movements, which are commonly observed following taste aversion learning 

(via CTA paradigm or quinine ingestion).  Rearing (or standing behaviors) occur not only for 

reward or punishment studies, but could be construed as investigative or anxious behaviors.  

Animals also urinate or defecate as CRs, but these behaviors are observed as wells when animals 

enter into novel environments (i.e. neophobia).  Depending on conditioning parameters (i.e. US 

intensity, duration, number of conditioning trials/days), one or more of these conditioned 

behaviors may be used for behavioral analysis.   
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Factors affecting classical conditioning  

 In addition, it is crucial to examine factors affecting learning to understand the choices 

made while designing the novel experimental paradigm.  For associative learning to occur, the 

condition of ‘temporal contiguity’ is generally crucial; the CS and US must occur in close 

proximity to each other (500ms to 2s is the optimal range for fear conditioning) (Abrams & 

Kandel, 1988, as cited in Bernstein & Koh, 2007).  Any extensions in time between the CS and 

US may lead to the formation of weaker learning or no learning; however, the effective temporal 

element depends highly on the learning type.  The optimal range for fear conditioning is much 

shorter compared to other forms of learning, such as with CTA learning.  In contrast, nausea or 

visceral distress could occur long after the food was ingested and conditioning would remain 

effective and robust.   

The order of CS and US presentation and its contingency are also crucial.  For learning to 

occur, the presentation of the CS must occur immediately before the US.  This allows the animal 

to predict US delivery.  However, if the US is presented prior to the CS (also known as 

backward-conditioning), or in an unpaired fashion, it results in reduced or no learning.  These 

forms of manipulations are often utilized as a form of experimental control during associative 

learning studies. We incorporated backward pairing into the odor-taste paradigm used in the 

present study (Chapter 2). 

Contingency or the predictability of the US when given the CS is also an important factor.  

For learning to occur, CS must be predictive of the reward or punishment event.  If the CS occurs 

with no US, this reduces and/or eliminates learning.  We manipulated the contingency 

component in the odor-shock fear conditioning paradigm to minimize learning (see Appendix 1).   
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Introduction to immediate-early genes 

A great proportion of this dissertation involves the use of immediate-early gene (IEG) 

expression to visualize a large number of brain regions activated within chemosensory and 

valence circuitries following appetitive or aversive learning.  Prior to utilizing and interpreting 

the expression of IEGs, it is crucial to briefly examine their categorization, function, induction 

and mechanisms. 

 

IEG characteristics 

 The first IEG, c-fos, was discovered in the late 1980s, during a search for a gene that was 

inducible by neuronal activity.  These IEGs are characterized by their rapid and transient 

induction.  Moreover, it was intriguing that their expression does not require or depend on de 

novo protein synthesis or the activation of other inducible genes (Tischmeyer & Grimm, 1999).  

Growing bodies of data have provided support for their involvement and importance in plasticity, 

learning, reconsolidation, and during retrieval.  There are approximately 60 IEGs, but the most 

well-known IEGs are c-fos, egr-1, and arc.  

The remaining review will focus on the importance of these three IEGs.  Both c-fos and 

egr-1 (also known as zif268, zenk, krox-24, TIS-8, and NGFI-A) IEGs encode transcription 

factors (Tischmeyer & Grimm, 1999).  In this dissertation, the focus is on egr-1, which encodes a 

zinc-finger transcription factor.  Its predominant function (similar to c-Fos) is to regulate 

downstream effector genes (also known as late-response genes).  The arc gene encodes a 

cytoskeletal protein, and is an effector IEG which directly targets cell function (Terleph & 

Tremere, 2006).  Please refer to Robertson (1992) for a thorough IEG review. 
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IEG induction 

IEG expression is time-sensitive, and the timing specifics are IEG- and experimental 

paradigm-dependent.  Peak mRNA levels are observed approximately 30 minutes following 

stimulation or behavioral learning event(s).  Proteins can be detected 1.5 to 2 hours following 

initial stimulation; these time points vary depending on the IEG of interest.  Egr-1 protein could 

be detected 30 minutes following the training event and reaches its maximum level 60 minutes 

post-training (Lonergan, Gafford, Jarome, & Helmstetter, 2010).  We used these time 

specifications to determine the most precise time points to harvest the brain following a learning 

or memory event.  Moreover, depending on the research question, researchers could choose to 

examine either mRNA levels or protein levels.  There are methodological advantages and 

disadvantages associated with each method; however these advantages and disadvantages will 

not be addressed in this dissertation. 

 There are two main IEG induction pathways for both c-fos and egr-1, and both depend on 

primary calcium (Ca
2+

) influxes during depolarization and synaptic activity.  Intracellular Ca
2+ 

influxes via the NMDA glutamate receptors or voltage-gated calcium channels (VGCC) initiate 

the two pathways.  More specifically, Ca
2+ 

influxes through NMDA receptor channels activate 

the extracellular signal-regulated kinase/mitrogen-activated kinase (ERK/MAPK) pathways.  

Expressions are mediated via the serum response element (SRE) on the promoter of the c-Fos 

gene (and other IEGs).  Influxes of Ca
2+

 via VGCCs following depolarization activates the Ca
2+ 

calmodulin-dependent kinase II (CaMKII) and kinase IV (CaMKIV), which acts on the cyclic 

AMP (cAMP) response element (CRE) located on the c-Fos gene (Hunt, McNaughton, Jenkins, 

& Wisden, 1995).  The cAMP response element-binding protein (CREB) requires 

phosphorylation of Ser133 (serine residue), and is mediated by cAMP-response protein kinase 
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(PKA).  Ser133 is the convergence target for CaMKIV and MAPK pathway phosphorylation 

(Mayford, 2009).  With egr-1 induction, their expression may also be triggered by AMPA 

receptor activity, and L-type voltage-sensitive calcium channel activity.  The fundamental idea is 

that they bind to DNA and regulate downstream target genes, and are involved in replenishing 

crucial components involved in cellular function, homeostatic maintenance, act as coincidence 

detectors, and various phases of plasticity (Terleph & Tremere, 2006).  Please refer to Davis, 

Bozon, & Laroche (2003) and Knapska & Kaczmarek (2004) for a review of Egr-1 mechanisms 

and roles in synaptic plasticity and learning. 

 

Importance of IEG activity 

 The rapid and transient nature of IEG activity is highly advantageous, since their activity 

levels or expression could be correlated with a stimulus or learning event of interest.  Moreover, 

unlike many techniques in neuroscience, IEG expression data have superior spatial resolution.  

Thus, IEG expression enables researchers to simultaneously examine a large number of 

structures and sublayers across the brain using identical learning paradigms (and within the same 

groups of animals).  The use of IEG to map a large number of chemosensory and valence 

structures using the same experimental paradigm is one of the highlights of this dissertation.  In 

addition to simultaneously mapping large number of regions, it is also feasible to examine 

differences in expression along various axes.  Here, we carefully examined rostrocaudal 

differences in whole regions, subregions, and sublayers in large number of chemosensory and 

valence regions following appetitive and aversive learning. 

 In addition to spatial advantages, the timing of expression could inform IEGs’ roles in 

learning and memory formation.  Shortly following the acquisition of a single-trial (or multi-trial) 
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learning event, and during early phases of consolidation, IEGs are induced and expressed.  The 

time points at which they are expressed suggest they may mediate the transition from short (STM) 

to long-term memory (LTM) (Tischmeyer & Grimm, 1999).  Many IEGs, such as egr-1, are 

crucial for LTM formation and persistence.  Jones et al., (2001) used Egr-1 (Zif268) homozygous 

mutant mice and various hippocampal and non-hippocampal tasks (T-maze alternation, spatial 

learning via open field water maze, CTA, and social transmission of food preference) to examine 

Egr-1’s role in LTP, STM, and LTM.  Unlike controls, Egr-1 homozygous mutant mice showed 

deficits in late-phase LTP and LTM formation, but their STMs and plasticity were intact.  The 

inaction of Egr-1 in mutant mice affected effector proteins production, and thus affected late-

LTP formation.   

Moreover, IEG has also been readily used in odotopic mapping.  Odorant-induced 

activation patterns are relatively consistent across mice and rats.  To generate an odotopic map, it 

was common to use optical imaging; however, with optical imaging, only those olfactory sensory 

neurons (OSNs) projecting to the 20% of glomeruli on the dorsal surface of the main olfactory 

bulb could be imaged.  To examine more complete activity-dependent patterns, researchers have 

utilized radioactive 2-deoxyglucose (2-DG) uptake.  Despite its low spatial and temporal 

resolution, the radioactive 2-DG technique provided the fundamental foundations for odotopic 

mapping.  However, after the discovery of IEGs, IEG-induction became the alternative due to the 

superior spatial resolution compared to radioactive 2-DG techniques.  Using a combination of 

imaging and IEG immunohistochemistry, researchers have found that there is a reasonable 

correlation and accuracy between the two methodologies.  Using a combination of techniques, 

we have acquired a large body of knowledge on odotopic maps in the olfactory circuitry.  Using 

Egr-1 and c-Fos IEGs, researchers have mapped the spatial activation patterns in the MOB.  For 
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example, fatty acids elicit activity in the anteromedial region, while aliphatic alcohols induced 

expression in the anterolateral region.  In addition, with an increase in carbon chain length, there 

was an anteroventral shift in Egr-1 activity (Inaki, Takahashi, Nagayama, & Mori, 2002).  These 

are some examples to highlight the function of IEG in odotopic mapping. 

 

Limitations of IEGs 

 There are many key advantages and importance associated with IEG induction and 

mapping.  However, there are also limitations; e.g. in most learning and memory paradigms, it 

was difficult to isolate the IEG which was induced by a precise learning and/or recall phase 

without the possible side effects from arousal, attention, and/or stress (Tischmeyer & Grimm, 

1999).  Prior studies have shown that stress (particularly novel stressors) could also induce IEG 

expression.  Thus, it was crucial to incorporate various phases of acclimation prior to inducing 

IEG expression.  In this dissertation, I have incorporated three levels of acclimation to remove 

possible novelty and stressor-induced IEG expression ([1] researcher, vivarium, and 

experimental-room acclimation, [2] chamber and extraneous visual and auditory stimuli 

acclimation, and [3] intraoral infusion acclimation with water; please refer to Chapter 2 for more 

details.)  The inclusion of these acclimation procedures enables one to make claims about the 

stimulus and learning paradigm.  Thus, the enhanced activity observed in rewarded, aversive, 

and novel animals (Chapters 3 and 4) is most likely due to the olfactory stimuli and appetitive 

and aversive associative learning, rather than the anxiety induced by the experimenter, 

experimental chamber, extraneous environmental stimuli, and artificial infusions of liquids into 

the rats’ mouth.  Please see limitations and future directions section (Chapter 5) for a more 

comprehensive analysis of paradigm and interpretation limitations. 
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 It was thought that IEG expression should differ between groups in behavioral paradigms; 

however, the expected difference between groups was not always observed (Tischmeyer & 

Grimm, 1999).  Thus, the control groups had comparable expression levels compared to the 

trained- or pseudo-trained groups.  This may be explained by the timing in which IEG was 

measured.  Expression of IEG (both c-Fos and Egr-1) may be robust immediately following 

acquisition of the learning event (or when the degree of novelty is high), but decreased once the 

animal has fully learned.  In most behavioral studies, animals were trained up to an asymptotic 

level (or reached a predetermined criterion), and their brains were then harvested.  However, 

once the animals have reached a threshold training criteria or time point, IEG expression in the 

region of interest may have low expression levels, and the immunoexpression values became 

comparable to controls. 

IEGs have traditionally been perceived and well-accepted as general activity markers (i.e. 

markers which signify which cells have undergone depolarization.)  However, this cannot be 

completely true, as different IEGs often do not express in the same neurons as one another.  

Moreover, differential IEG expression was not reliably observed in structures that were known to 

be involved or activated in a particular learning event (Tischmeyer & Grimm, 1999).  For 

example, in the olfactory system, many researchers have observed expression of IEG activity in 

granule cells (GCs) or periglomerular (PGs) (inhibitory interneurons in the main olfactory bulb 

(MOB)), but not principal neurons (mitral/tufted or M/T, cells).  However, electrophysiological 

evidence has shown that M/T cells were activated in response to the odor.  The lack of IEG 

immunopositive M/T neurons is an example to demonstrate that IEG is not a mere readout of 

depolarization.  Other factors such as internal state of the animal, novelty/familiarity of the 

stimulus, arousal/anxious states interacted with the stimulus (Montag-Sallaz & Montag, 2006).  
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Thus, IEG activation occurred only following a combination of input from a particular stimulus 

and also other factors described above. 

Another explanation for the observed inconsistencies may be the less-optimal temporal 

resolution.  Despite the superior spatial solution, IEGs have lower temporal resolution compared 

to techniques such as single-unit electrophysiology.  There is a critical time-window in which 

genes are induced and protein expression is maximal.  Most researchers have used comparable 

time points after stimulus or training paradigm, so results are comparable.  However, even 

though the timing of sacrifice is held consistent across various research groups, the drastic 

variations in the training paradigms itself may be the predominate axis of variation.   

IEG expression is also circadian clock-dependent.  For example, subjective night-phase 

stimulation induced more robust c-Fos expression in the main olfactory bulb (MOB), anterior 

olfactory nucleus (AON), basolateral nucleus of amygdala (BLA), anterior piriform (aPCx), 

orbitofrontal (OFC), infralimbic (ILC), and perirhinal cortices (Amir, Cain, Sullivan, Robinson 

& Stewart; 1999).  Thus, it is crucial to compare circadian differences while examining prior 

IEG literature.  There are inconsistencies with light and dark cycles in rodent laboratories, and 

may contribute to the discrepancies observed within previous findings. 

It is important to note that despite these limitations, IEG is a powerful and well-accepted 

tool in learning and memory research.  With proper controls and experimental design, it is 

possible to minimize these specific confounds.  In Chapter 2, I will present a novel odor-taste 

conditioning paradigm and intraoral cannulation technique developed to examine both appetitive 

and aversive learning.  This method is a substantial improvement compared to traditional 

footshock and sugar reward comparisons.  In Chapter 3, I use the novel paradigm discussed in 

Chapter 2 along with optimized immunohistochemical methods to map IEG expression in 
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olfactory and gustatory of regions and subregions of the brain.  In Chapter 4, I examine a large 

number of valence-associated brain regions and their changes along the rostrocaudal axis 

following appetitive, aversive and novel odor presentations.  I will demonstrate that many 

regions and subregions along the rostrocaudal axis demonstrate heterogeneous IEG activity 

following valenced learning.  Lastly, in Chapter 5, I will summarize the results presented in 

Chapters 2, 3, and 4, and discuss potential circuitries involved in odor-taste learning.
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CHAPTER 2 

EXTENDING BEYOND COONVENTIONAL PARADIGMS: A PRECISE AND 

ECOLOGICALLY-RELEVANT CONDITIONING METHOD TO EXAMINE VALENCE 

LEARNING IN LONG-EVANS RATS 

Introduction 

The attraction towards the biological underpinnings of addiction, psychiatric disorders, 

and motivation led to decades of groundbreaking research aiming to elucidate the neural 

mechanisms involved in reward and aversion.  However, examining these two forms of learning 

has been particularly difficult due to inherent variations which exist among conventional 

paradigms.  To examine reward, it has been traditional to use liquid or tablet sucrose, water, 

electrical stimulation of presumed reward hotspots within the brain, or monetary and visual 

images depicting primary rewards (the latter predominantly for human participants).  To 

investigation punishment or aversion, tail or footshock for rodents, and air puffs for rabbits and 

non-human primates have been readily accepted.   

To minimize the modality and instrumental differences between reward and aversive 

forms of conditioning, we have developed a conditioning apparatus and novel behavioral 

conditioning paradigm to target the two forms of learning.  We chronically implanted the 

animals with intraoral cannulae which allowed for involuntary delivery of a hedonically-valued, 

appetite or aversive tastant (saccharin and quinine, respectively) directly into the mouth of the 

animal.  Since the timing of the conditioned stimulus (CS) and unconditioned stimulus (US) 

presentation was critical, the intraoral delivery method allowed for exceptionally precise control 

of delivery time of appetitive and aversive tastant, volume, and number of repetitions.  
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Compared to the alternative bottle methods, it is difficult, if not impossible, to control for CS and 

US intake and stimulus delivery time.  This is especially crucial and evident with aversive 

stimuli, since animals are hesitant to consume aversive tastants (i.e. bitter quinine) for multiple 

trials.  Thus, the inequality between quinine and saccharin consumption will directly vary the 

amount of odor CS exposure, preventing fair comparisons of olfactory perceptual changes.   

Using the intraoral delivery approach, we bypassed the need for subjects to approach a 

stationary location (i.e. drinking spout, food receptacle), and the need for severe and unrealistic 

water deprivation (an average of 23 hours or more in most paradigms to induce extreme thirst).  

It is uncertain how severe water or food deprivation may change physiological and cognitive 

properties of the system.  Moreover, the combination of intraoral delivery and our experimental 

setup allowed for the examination of behaviors in freely-moving/awake behaving subjects 

compared to head-fixed or anesthetized preparations.   

Much of the odor-taste learning research utilizes a gastric distress/illness component.  

Animals learn to associate a neutral odor with a taste which leads to illness.  This robust form of 

learning, also known as ‘taste-potentiated odor aversion’, has traditionally been conducted using 

either a retronasal approach (odorant in sweetened solution), or orthonasal approach (odor-

scented filter paper or bedding in close proximity to the sweetened solution).  Moreover, 

researchers have attempted to standardized consumption volume using a forced-feeding approach 

(Fanselow & Birk, 1982).  Here, using intraoral cannulae implantations, we bypassed the use of 

scented paper or bedding and location-specific tastant delivery, or human interactions during 

forced-feeding procedures.  

Many species ranging from humans and non-human primates to rodents, demonstrate an 

innate preference for sweet taste, and aversion towards bitter tastes.  Thus, following the delivery 
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or consumption of an appetitive or aversive tastant, animals express unconditioned oral and 

behavioral reactivity.  These robust behaviors are a strong indication of liking and disliking, and 

are evolutionarily well-conserved among mammals.   

In addition, many animals including rodents have a remarkable sense of smell.   Unlike 

other sensory systems, olfactory information does not require the thalamus prior to reaching the 

cortex, and is interconnected with limbic brain regions.  Together, the pairing of olfactory and 

innate gustatory preferences generates an ecologically-realistic form of conditioning.  To access 

the strength of conditioning, we scored for the anticipatory reward and aversive reactivity during 

the odor-delivery phase of each trial.  We demonstrated that animals were capable of displaying 

taste-evoked conditioned responses (CRs) during the odor onset. 

In addition, olfactory learning is a crucial component for food-safety detection and 

preference formation.  Following the consumption of aversive or rewarding foods, it would be 

advantageous to recall prior positive or negative associations without re-sampling.  Thus, we 

incorporated a behavioral assay to examine perceptual changes post conditioning.  We used a 

habituation/cross-habituation task pre- and post-conditioning to examine alterations in olfactory 

habituation and discrimination.  Several research groups have shown that animals (both rodents 

and humans) gain the ability to discriminate similar odors following conditioning using reward- 

or fear-conditioning paradigms (Mandairon, Stack, Kiselycznyk, & Linster, 2006, Mandairon, 

Didier & Linster, 2008; Escanilla, Mandairon & Linster, 2008; Fletcher & Wilson, 2002; Li, 

Howard, Parrish, & Gottfried, 2008; Chen, Barnes & Wilson, 2011).  Here, we used the 

habituation/ cross-habituation task to determine whether animals altered their discrimination of 

enantiomers (a type of perceptually similar odorant) following both appetitive and aversive 

conditioning using our novel behavioral paradigm.  Here, we showed that following conditioning, 
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aversively-trained animals demonstrated broadened generalization compared to appetitively-

trained, backward-controls, and odor-control animals.  Moreover, we demonstrated that 

discrimination between enantiomers was species-and strain-specific.  Long-Evans rats were 

capable of discriminating between indistinguishable (or perceptually difficult) enantiomers prior 

to training.  

 

Methods 

Subjects 

Adult male Long-Evans rats (N=98; 400 - 430 grams; Charles River Laboratories, 

Wilmington, MA) served as subjects for this study.  Weight was maintained to ensure that 

motivation levels were similar and comparable across animals.  Rats were experimentally naïve 

at the beginning of experimentation.  They were single-housed in standard polypropylene 

laboratory cages which prevented cagemate-induced intraoral cannulae removal and injury, and 

handled immediately upon arrival for approximately one week to eliminate researcher-induced 

anxiety.  Standard laboratory rat diet (7012C Teklad LM-485 diet; Harlan Laboratories, Cortland, 

NY) and water were available ad libitum prior to surgery, and food restricted following complete 

recovery.  Animals were fed following the completion of daily experiments, and their weights 

were maintained throughout the entire experimental duration.  All experiments were performed 

in the afternoons (12:00 – 17:00) during the dark phase of a 12-hr dark-light cycle (9:00-21:00), 

under dim lighting.  The animals were maintained on a 12:12 dark light cycle in a temperature- 

and humidity-controlled environment.  Animals were treated according to the Cornell University 

Institutional Animal Care and Use Committee and National Institutes of Health guidelines for the 

care and use of animals in research.  
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Figure 1. Intraoral cannula design and implantation placement schematic. A. A schematic 

of the intraoral cannula design and associated materials; cannulae were hand-constructed from 

PE-100 tubing, and washers made from Teflon and natural latex material.  The tip of the PE 

tubing was briefly melted to prevent the washers from loosening.  B. Schematic of inner washer 

placement within the mouth of the rat.  See methods for precise placement details.  C. Schematic 

of external tubing placement following implantation. The exposed portion of the cannulae was 

connected to an automated infusion pump via three feet of PE-100 tubing. 
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Intraoral cannulae construction 

The custom-designed intraoral cannula consisted of three components: [1] an outer 

polytetrafluoroethylene (Teflon) circular washer (3/16 inch diameter; 0.015 inch thick; Small 

Parts Inc., Logansport, IN), [2] an inner natural latex rubber circular washer (1/4 inch diameter; 

0.014 inch thick; Small Parts Inc., Logansport, IN), and [3] polyethylene tubing (PE-100; 3.000 

inch long;  0.034 inch inner diameter. x 0.060 inch outer diameter.; 0.013 inch wall thickness; 

BD Intramedic
TM

 Polyethylene Tubing; BD Medical) (Figure 1).  The washers were prepared 

using hollow steel punches.  Using a sterile needle, a perforation was generated at the center of 

both washers that was appropriately sized for the passage of the PE-100 tubing.  To construct the 

cannulae, a sharpened end was initially created on the PE tubing, and the natural latex washer 

was placed through the tubing, followed by the Teflon washer.  A perpendicular incision was 

applied onto the PE tubing towards the Teflon washer end.  Using a Multi-Purpose Lighter (BIC; 

Clichy, France), the incised region of the tubing was briefly melted and cooled. This melted 

tubing created a thick, circular rim of melted PE, which prevented the washers from detaching.  

Cannulae were prepared shortly prior to surgery, and stored in 100% ethanol until utilized.  

Additionally, Teflon outer washers (1/4 inch) were constructed in advanced to be placed on the 

outer surface of the cannula.  They were also stored in ethanol prior to use. 

 

Intraoral surgery 

Rats were induced briefly with 5% isoflurane, followed by an intramuscular injection of 

ketamine and xylazine (50 mg/kg; 8 mg/kg) mixture.  Rats were administered Baytril (antibiotic; 

5mg/kg; intraperitoneal), Meloxicam (analgesic; 2 mg/kg; subcutaneous), and Butorphanol 

(opioid analgesic; 2 mg/kg; subcutaneous) prior to surgery to alleviate discomfort and minimize 
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infections.  After the rats were deeply anesthetized, intraoral cannulation surgery took place 

according to a surgical protocol adopted from Kim, Mizumori, and Bernstein (2010).  The 

animals were placed on a heated pad (HotHands Hand Warmers) to maintain body temperature 

under anesthetized states.  Using an arched, custom made stainless steel needle (19 gauge; Small 

Parts Inc., Logansport, IN), the cannula was inserted into the right masseter muscle (at the level 

of the first maxillary molar) and exited the scapular region behind the head.  Washers were 

carefully positioned along the curvature of the muscle intraorally.  When situated inside the oral 

cavity, the washer was placed laterally to the first maxillary molar.  The latex washer lined the 

inner cheek, while the Teflon washer was positioned facing the tongue (Figure 1).   A small 

incision was made on the outer skin, caudal to the right ear, which allowed the arched needle and 

cannula to exit more smoothly.  Two Teflon washers were placed through the tubing from the 

exterior, in close proximity to the skin to secure the placement of the tubing.  Following surgery, 

subcutaneous injections of sterile injectable saline (0.9% NaCl) and Meloxicam (2 mg/kg) were 

provided as analgesic for at least 48 hours.  Cannulae were rinsed daily with sterile, injectable 

water (Hospira, Inc., Lake Forest, IL) to prevent infection and the surgical site was monitored for 

infections.  To maintain food consumption following oral surgery, rats were provided with hand-

broken rodent diet.  If there was noticeable weight loss, food was softened to encourage 

consumption.  Animals recovered in two weeks. 

 

Odors 

An enantiomer (or chiral molecule) was chosen as the CS for two fundamental reasons. 

We were interested in examining odor perceptual changes following conditioning.   An 

accumulating body of research has shown that rodents and primates experience difficulty 
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discriminating some enantiomers prior to learning (e.g. (+)-limonene and (-)-limonene; both non-

associative and associative forms).  They gain the ability to differentiate enantiomers following 

enrichment, reward, and aversive learning. Here, the odors used included: light mineral oil, (+)-

limonene (1 Pascal; (Pa)), (-)-limonene (1Pa), and n-amyl acetate (1 Pa).  Mineral oil is a 

component used during dilution.  We incorporated mineral oil into the behavioral assay to allow 

rats to acclimate to the task procedure (see habituation/cross-habituation section for more details).  

The odor, (-)-limonene is an enantiomer of (+)-limonene.  Prior studies have suggested that rats 

have difficulty discriminating between (+) and (-)-limonene.  Lastly, the odor, n-amyl acetate is a 

dissimilar odor used to probe discrimination and compare with the similar and dissimilar odor.  

All odors were dissolved in light mineral oil to the desired vapor-phase partial pressure.  
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Figure 2. Habituation/cross-habituation paradigm and apparatus schematic. A. A 

schematic of the habituation/cross-habituation paradigm used before and after conditioning.  

Animals were acclimated to the test cage for 10 minutes prior to the start of the assay.  Rats were 

presented with three trials of mineral oil which allowed them to acclimate to the weigh-boat 

receptacle and odor additions. Each presentation/trial was 50 seconds long, with a 5 minute 

intertrial interval (ITI).  Subsequently, they were presented with four trials of (+)-limonene (odor 

CS during conditioning session), and three trials of either (+)-limonene, (-)-limonene (a 

perceptually similar enantiomer), or n-amyl-acetate (control odor; a dissimilar odor). B. 

Schematic of the assay set up. We used clean, rat-size home cages for this task.  Sixty µl of 

odorant was placed on a 1 inch x 2 inch Kim-wipe within a plastic disposable weigh boat. The 

weigh boat was raised above the lid-bars to prevent chewing/grabbing etc. Only active odor 

investigation was measured in this assay (defined as investigation of the weigh boat within 1 cm 

distance). 
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Behavioral Assay- Habituation/cross-habituation 

The study began with a habituation/cross-habituation pre-test performed in a clean 

standard polypropylene laboratory rat cage (N=98).  Animals were acclimated to the test cage for 

10 minutes prior to any behavioral experiments.  The task consisted of 10 trials total (Figure 2).  

For each trial, 60 µl of odor was placed onto a 1 inch x 2 inch Light-Duty Tissue Wipers (VWR 

International; Radnor, PA) in a white, antistatic, polystyrene weigh boat (VWR International; 

Radnor, PA), and inverted above the test cage.  Rats were given 50 seconds to investigate the 

odorant. The duration of active investigation (defined as sniffing 1 cm within the weight boat) 

was determined using a silent stop watch (Ultrak 410; Gardena, CA).  For the first three trials, 

light mineral oil was used to allow the rats to acclimate to the test setting, followed by four trials 

of (+)-limonene (1 Pa); odor CS during conditioning) presentation.  The last three trials were test 

trials presented in pseudorandom order, which consisted of either the familiar habituation 

odorant ((+)-limonene; 1 Pa), a similar odorant ((-)-limonene; 1Pa), or a dissimilar control odor 

(n-amyl acetate; 1 Pa).  This habituation/cross-habituation task was repeated 24 hours following 

the last conditioning day.  

 

Tastants 

Sodium saccharin (0.2%; o-Benzoic sulfimide sodium salt hydrate, 99%; Alfa Aesar; 

Ward Hill, MA) was used as the appetitive US and quinine hydrochloride dehydrate (0.2 M; 

Spectrum Chemical Mfg Corp., New Brunswick, NY) was used as the aversive US.  Both 

substances were diluted to the correct concentration using drinkable water, and were delivered to 

the animals at room temperature (0.05 ml/trial, at a rate of 2 ml/minute).  The volume chosen (50 

µl) was based on prior literature (Grill & Norgren, 1978).  Here, the total volume consumed per 
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training session was 0.75 ml.  Grill and Norgren (1978) were not able to detect significant 

differences between 50 and 100µl, and thus chose lower volume to minimize volume consumed.  

Tastant concentrations were chosen based on several factors revolving around the 

conditioning effectiveness/robustness, acquisition speed, demonstration of orofacial responses, 

and also based on concentrations used in prior literature.  Saccharin is an ‘artificial’ sweetener, 

unlike glucose, sucrose, fructose and polycose, and is perceived as hedonically positive 

(depending on tastant concentration) and does not contain nutritional value.  The saccharin 

concentration (0.2%) chosen for the appetitive stimulus has been perceived as strongly rewarding 

in previous paradigms (Fanselow & Birk, 1982).  Unlike other paradigms where animals do not 

absorb or digest the tastants artificially infused into their mouth via gastric manipulation/surgery, 

subjects in our study could ingest the tastant following intraoral delivery.  Since aversive animals 

exhibit pronounced gaping, or regurgitation-like responses following quinine delivery, and 

appetitive groups (both forward- and backward-paired) display rapid consumption, it was crucial 

to remove the ‘nutrient’ component from the appetitive group.  Thus, we chose saccharin (rather 

than a natural sugar (glucose, sucrose, and fructose) to remove the nutrient component from our 

study.  This allowed enabled the hedonically positive and negative tastants to be compared.  The 

concentration of quinine was based on pilot studies and previous literature.  We chose 0.02 M 

quinine to produce robust, long last learning (Setlow, Schoenbaum, & Gallagher, 2003; Calu, 

Roesch, Stalnaker, & Schoenbaum, 2007).  There was a clear indication or demonstration of 

aversive orofacial responses, rearing, and defecation during the delivery of the predictive odor 

cues.  During the pilot phase of the experiment, we aversively conditioned using alternative 

quinine concentrations, but the CRs were variable and not robust.  
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Olfactometer design 

Our custom olfactometer consisted of a flowmeter (Cole Parmer; Vernon Hills, IL) set at 

1.5 liters/minute, followed by digitally-controlled solenoid pinch valves (NResearch Inc., West 

Caldwell, NJ).  To control the valves, we used custom-built hardware which allowed for 

independent valve operation by the custom written LabVIEW (National Instruments Corporation; 

Austin, TX) software running the experiment.  Another set of valves randomly opened and 

closed so that rats would not associate valve sounds with the US delivery.  During the non-odor 

phases of the trials, air passing through the valves was bubbled through a vial containing water 

only.  During the odor phase of each trial, the olfactometer closed the valve gating the water, and 

opened the valve gating the odorant (limonene; CS).  Each odor vial (50 ml size) contained 15 ml 

of odorant (1Pa), and cubed sponges to increase surface area.  In the vial, a tube connected to the 

inflow ended within the odorant causing the air to saturate with odorant before exiting to the 

behavioral chamber. 

 

Odor-taste delivery 

Odor and taste delivery were automated via custom in-house software written in 

LabView (National Instruments Corporation; Austin, TX) that controlled the olfactometer and a 

digital infusion pump (YA-12 Genie pumps; Kent Scientific). During experimental 

sessions, filtered air was continuously delivered into the chamber using a flowmeter (1.5 

liters/minute).  Odorants were delivered to the subjects by bubbling a separate, filtered air stream 

through vials containing odor CS (1 Pa; diluted using mineral oil).  

At the start of each experimental session, diluted saccharin, quinine, and injectable water 

were freshly loaded into 10 ml syringes with 19 gauge blunt needles.  Trapped air bubbles within 
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the syringe or solution-filled tubing were removed to ensure immediate delivery and continuous 

flow of the tastant.  The long PE-100 tubing were then connected to the extended/exposed region 

of the implanted intraoral cannulae (Figure 1).  

 Once the rats were connected to the external tubing, they were gently placed into the 

conditioning chamber. The tubing was placed onto an in-house designed hooking mechanism 

which allowed animals to move freely across the cage without tension/strain on their implanted 

cannulae (Figure 3). 
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Figure 3. Odor and taste conditioning chamber.  A. A schematic of the conditioning chamber 

specifically designed for odor-taste conditioning.  The clear Plexiglas chamber was used to 

enable complete visualization of taste reactivity and other CRs.  Four cameras were devoted per 

chamber which enabled footage from three side and bottom views.  To minimize place learning, 

the odor CS was delivered via two odor ports on opposite side of the cage.  During the non-odor 

delivery times, filtered-air was delivered to all four ports.  A vacuum was attached to the top 

surface of the chamber to minimize odor build-up.  External PE-100 tubing which delivered 

tastants/water to the animals were attached to the chamber lid, which allowed animals to move 

freely across the chamber without strain or tension to their chronically implanted cannulae.  
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Conditioning apparatus 

 Conditioning took place in a custom-designed and constructed, clear Plexiglas apparatus 

(12 inches length x 12 inches width x 13.5 inches height) optimized for video recording of 

associated behavior during olfactory and gustatory stimuli delivery (Figure 3). The walls of the 

chamber contained four ports one foot above the base of the chamber; two connected to the pure 

air stream and two connected to the olfactometer odor stream.  Surrounding the chamber on three 

sides capturing the facial view were three analog video cameras. An additional camera was 

beneath the chamber recording oral expressions and movements.  These multi-angle videos 

allowed researchers to code conditioned responses more precisely especially with freely moving 

animals compared to head-fixed preparations. The chamber was placed 4 feet above the ground, 

and positioned on top of a custom-built metallic chassis capable of stabilizing the four cameras.  

A constant vacuum was positioned above the chamber to prevent odor accumulation. 

 

Acclimation  

The acclimation process required eight consecutive days or more following recovery 

from intraoral cannulation surgery.  Rats were first acclimated to the conditioning apparatus for 

three days (Figure 4).  The session duration and context during the three-day acclimation phase 

were equivalent to conditioning sessions (approximately 40 minutes total for each rat).  After 

chamber habituation, rats were acclimated to water infusions for five additional days, via an 

intraoral delivery of sterile injectable water (Hospira, Inc., Lake Forest, IL) delivered using the 

automated system.  The timing and trial details during the water acclimation phase were 

equivalent to the conditioning session. This phase allowed animals to acclimate to background 

equipment noise, the novel environment, and the process of intraoral injections of liquids.  Water 
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habituation continued until animals were completely acclimated to the elevated clear chamber 

and water infusions via their intraoral cannulae (i.e. complete acclimation was characterized by a 

lack of urination, defecation, and flailing in response to water infusions). 
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Treatment groups and parameters 

 

Figure 4. Experimental timeline and groups. A. Schematic of experimental timeline.  Animals 

were acclimated to the research environment for one week prior to intraoral implantation surgery. 

Rats were given two weeks for complete recovery.  All animals began with a habituation/cross-

habituation behavioral assay to assess pre-training habituation and discrimination acuity.  They 

were acclimated to the testing chamber for three days to fully habituate to auditory and visual 

novelties (e.g. olfactometer, infusion pump, clear Plexiglas chamber).  They were infused with 

water for five days to completely acclimate to solution delivery/consumption via intraoral 

cannulae.  Conditioning began on day 31, for three days total.  Following conditioning, animals 

were given the same habituation/cross-habituation assay.  Twenty-four hours later, all rats were 

stimulated with the odor CS, and sacrificed precisely 60 minutes later.  B. Schematic of the six 

experimental groups.  There were 6 groups total: [1] Forward-appetitive conditioning (Fapp), [2] 

Forward-aversive conditioning (Favr), [3] Backward-appetitive conditioning (Bapp), [4] 

Backward-aversive conditioning (Bavr), [5] Odor-familiarity control (Fam), and [6] Odor-

novelty control (Novel). 
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There were six experimental groups: [1] forward appetitive conditioning (N=15; Fapp), 

[2] forward aversive conditioning (N=15; Favr), [3] backward appetitive conditioning (N=11; 

Bapp), [4] backward aversive conditioning (N=11; Bavr), [5] odor familiar control (N=18; Fam), 

and [6] no odor exposure control (N=10; Novel).  Thus, a total of 80 animals were cannulated; a 

total of 18 animals were lost due to unexpected surgery failures and intraoral cannulae infections 

and occlusions.  All animals were implanted with intraoral cannulae.  Each session began with a 

10-minute acclimation phase in the conditioning chamber.  The odor CS ((+)-limonene), if 

applicable, was delivered via our custom-designed olfactometer for a total duration of 11.5 

seconds.  Tastant, if any, was delivered during the last 1.5 seconds of the odor delivery (0.05 

ml/trial, at 2 ml/minute).  The intertrial interval (ITI) was variable (60-120 seconds) to improve 

conditioning.  The three days of conditioning was consecutive, and took place from 11:00 to 

19:00, for 15 trials per day.  All trials were video-recorded (10 seconds of ITI prior to odor 

delivery to 10 seconds post saccharin or quinine delivery).   Below are the six experimental 

groups (Figure 4). 

  

[1] Forward appetitive conditioning (Fapp) 

Saccharin was delivered during the last 1.5 seconds overlapping with 11.5 seconds of 

odor delivery.  

[2] Forward aversive conditioning (Favr) 

Quinine was delivered during the last 1.5 seconds overlapping with 11.5 seconds of odor 

delivery. 

[3] Backward appetitive conditioning (Bapp) 
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Saccharin was initially presented first for 1.5 seconds followed by 11.5 seconds of odor 

exposure after a 15 second delay.  

[4] Backward aversive conditioning (Bavr) 

Quinine was initially presented for 1.5 seconds followed by 11.5 seconds of odor 

exposure after a 15 second delay. 

[5] Odor familiar (Fam) 

(+)-limonene was presented for an equivalent duration with no tastant delivery. 

[6] Non-odor exposure control (Novel)  

No tastants or (+)-limonene were delivered during conditioning days.  Rats were exposed 

to the context for the same duration.  

 

Behavioral quantification  

Recordings were obtained 10 seconds prior to odor delivery to 10 seconds post tastant 

delivery for each trial.  Video duration varied depending on the group.  Videos obtained from 

conditioning and odor-stimulation sessions were initially pre-processed using compression 

software, and the four videos (from the various camera angles) for each trial were overlaid into a 

single temporally synced 2x2 gridded video.  Subsequently, the rats’ behavior was quantified 

using an in-house software package ('Glitter'), written using the Python-based Kivy framework.  

Only the odor phase of each trial was scored.   

Relevant behaviors included (a) gaping—lowering of the mandible, wide opening of the 

mouth into a triangular contour (measured as the number of occurrences from odor onset);  (b) 

flailing—fast bouts of forelimb movements (measured as the number of bouts (rapid movements 

with brief pauses) from odor onset); (c) rapid mouth movements—fast movement of the mouth 
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(measured as total duration starting from odor onset); (d) lateral tongue protrusion—non-

rhythmic extension of the tongue from the side of the mouth (measured as the number of 

occurrence during the odor phase), (e) chin rubbing—dragging movement of the chin/mouth 

across the chamber floor or walls (measured as duration (s) of occurrence during the odor phase); 

(f) grooming—wipes of the face, body, paw or tail (measured as the number of occurrences and 

duration from odor onset); and (g) rearing –upward extension of the body, and forelimb removed 

from ground level and animal balancing on hind legs (measured as number of occurrences and 

duration from odor onset).  Other relevant behaviors previously cited in previous studies, such as 

paw treads, head shakes, face-washing, urination, defecation, were apparent in a portion of the 

experimental animals (Grill & Norgren, 1978).  However, the occurrences of these behaviors 

were not reliable, and were displayed sporadically throughout the experiment (Wilmouth and 

Spear, 2009).  Various orofacial responses (lateral, rhythmic mouth movements, tongue 

protrusions, gaping, chin rubbing, paw threading) were observed during- and post-intraoral 

infusion.  However, those behaviors were not quantified for this study.  The core focus was the 

predictive behaviors during odor onset.  Please refer to Grill & Norgren (1978) for a 

comprehensive overview and behavioral characteristic analysis. 

All graphics were created using Microsoft Excel and Adobe Illustrator software (Adobe 

Systems, San Jose, CA). 

 

Statistical analyses 

 Habituation response times were analyzed using a linear mixed-effects model (or MIXED 

model).  The variables [pre-post], [group], [time], and [pre-post x group] were treated as fixed 

effects in the model.  The variables [rat] and [rat x pre-post] were assigned as random effects.  
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Behavioral reactivity quantifications were analyzed using linear mixed-effects model.  The 

variables [group] and [day] were incorporated as fixed effects.  The variable [rat] was included 

as a random effect in the model.  Post hoc comparisons were performed using Fisher’s least 

significant difference (LSD).  Statistical significance was achieved when P <0.05. 

The durations and bout obtained from the video analysis software were normalized (value/odor 

duration).  Normalization of the values was required due to the differences between groups.  For 

example, there were only 10 seconds of odor prior to US delivery for the Favr and Fapp groups 

(1.5 seconds overlapped with US onset).  However, for the Bapp, Bavr, and Fam groups, there 

were 11.5 seconds total due to the lack of overlap.  Following normalization, we were able to 

compare all groups equally. 

   

Results 

The habituation/cross-habituation assay was administered pre- and post-conditioning.  

Analyses using the linear mixed-effects model showed that there was an effect of ‘pre-post’ [F(1, 

83)=5.37; P<0.05], trials [F(9, 1602) = 43.99; P<0.001], and interaction between ‘pre-post’ and 

group [F(5, 83) = 3.76; P<0.01].  The variable group was not statistically significant [F (5, 88) = 

0.50; P>0.05].   Pairwise comparisons for significant ‘pre-post’ and group interaction suggested 

that investigation times for Favr group pre-conditioning was greater than post-conditioning (P 

<0.01).  Moreover, the investigation time for the Novel group was also significantly higher prior 

conditioning compared to post (P <0.01).  We were unable to detect any statistical difference for 

Fapp, Bapp, Bavr, or Fam.  During the habituation/cross-habituation pre-test, group was also not 

statistically significant [F (5, 84) = 1.00; P>0.05].  There was a significant effect of trials [F (9, 

756) = 22.34; P<0.001]; however, there was no interaction between groups and trial [F (45, 756) 
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= 0.71; P>0.05] (Figure 5).  There was a significant decrease in mineral oil investigation 

(P<0.001; first and last mineral oil trial comparisons), and significant decrease in habituation 

odor investigation (P<0.001; first and last habituation odor comparisons).  Thus, rats 

demonstrated the ability to rapidly habituate to both light mineral oil and the habituation odor 

(CS+; (+)-limonene) prior to conditioning.  During the test phase (last three trials) when (+) 

limonene, a similar odor ((-)-limonene), and a dissimilar odor (n-amyl acetate) was presented in 

pseudo-random order, rats demonstrated successful discrimination.  There was a significant 

increase in active investigation of (-)-limonene compared to (+)-limonene during the test trial 

(P<0.001), or compared to the last habituation trial (P<0.001).  Lastly, rats investigated the 

control odor (dissimilar odor; n-amyl acetate) more compared to all odors and trials (P<0.001).   

It was important to note that their ability to discriminate between enantiomers (i.e. chiral 

molecules; (+)-limonene and (-)-limonene) has been inconsistent with other olfactory perceptual 

studies.  Possible explanations may be due to odor selections, concentrations, motivation levels 

(ad libitum vs. food restriction, and habituation paradigm.  All odor habituation and 

discrimination behaviors were identical prior to conditioning.  Since the pre-post analyses 

showed that both Favr and Novel groups investigated significantly less following the 

conditioning session, we further performed post hoc analyses on post-conditioning data to 

examine trial effects.  For the Favr group, there was an effect of trials [F (9, 162) = 2.87; 

P<0.01].  Favr animals failed to significantly habituate to mineral oil (P>0.05); however, they 

were able to successfully habituate to the CS+ odor (P<0.01; first and last habituation trial 

comparisons).  Moreover, there were no significant differences between the habituation odor [i.e. 

(+)-limonene] during the test trial and the similar odor [i.e. (-)-limonene] (P>0.05).   In addition, 

there was no significant difference between the similar odor and the dissimilar odor during the 
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test phase (P>0.05).  It is important to reiterate that there was a significant difference prior to 

conditioning (P<0.001).  Thus, animals in the Favr group demonstrated broader generalization 

compared to other groups.  The Favr group investigated significantly less for the similar odor 

following aversive odor conditioning.  For the Novel group, there was also a significant effect of 

trials [F (9, 144) = 3.30; P<0.01].   The dissimilar odor was investigated more compared to the 

habituation odor (P<0.001) and similar odor (P<0.001).  Habituation and cross-habituation 

profiles were not statistically different pre- and post- conditioning following appetitive 

conditioning (Fapp), pseudo-conditioning (Bapp, Bavr), or odor-enrichment exposure (Fam) 

(P>0.05). 

After the animals have successfully learned the relationship between the odor CS and 

hedonically positive or negative tastant, they demonstrated appetitive or aversive behaviors or 

CSs in response to the odor onset.  We have measured a large number of behaviors during the 

odor onset, and it was possible to classify the nature of valenced learning based on these CRs.  

Several reliable behaviors included gaping and failing for Favr and Bavr groups and rapid mouth 

movements and enhanced odor investigation duration for the Fapp and Bapp groups.  In addition, 

there were differential odor investigation duration and bouts for the various treatment groups.   

Gaping behaviors are the well-accepted behavioral response following noxious tastant 

consumption for rodents and primates.  Here, we found an effect of group [F (5, 91) = 28.98; 

P<0.001] and day [F (2, 6135) = 75.68; P<0.001] during the odor phase of conditioning.  The 

Favr group gaped more compared to all groups (P<0.001), but less than the Bavr group 

(P<0.001) (Figure 6).  The Bavr group also expressed more gaping compared to all groups 

(P<0.001).  There was significantly more gaping on day 1 compared to days 2 and 3 (P<0.001).  

In addition gaping on day 3 was least compared to day 2 (P<0.01).  We speculated that the 
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elevated gaping reactivity during the odor phase was due to residual quinine in the rats’ mouth. 

Even though we incorporated a 15 second delay, it may not be sufficient to remove residual 

quinine.  See discussion and Chapter 5 for future limitations and future directions. 

Flail counts were an appropriate indication of aversion or anxiety.  There were significant 

effects of group [F (5, 79) = 17.75; P<0.001] and day [F (2, 6123) = 4.69; P<0.01].  The Favr 

group failed more compared to all groups (P<0.001) (Figure 6).  The Bavr group also failed more 

compared to all groups (P<0.05), but was less compared to Favr (P<0.001).  In addition, post 

hoc analyses of days indicated that there was more flailing behavior on day 1 compared day 2 

(P<0.05).  Day 3 was also greater compared to day 2 (P<0.01).  Hence, failing activity was 

highest on day 3 (during the last conditioning day). 

 Conditioned mouth movements have been used frequently in prior taste studies as a 

measure of taste hedonics.  Thus, animals would display mouth movements following appetitive 

tastants, or as a CR following the onset of taste predictive cues.  However, more researchers have 

claimed that mouth movement and tongue protrusion may not be the ideal behavioral measure 

due to its lack of reliability.  There were inconsistent and non-reported findings.  Here, we found 

an effect of group [F (5, 82) = 6.22; P<0.001], but day was not statistically significant [F (2, 

6092) = 1.92; P=0.146].  The Fapp group demonstrated longer mouth movements compared to 

Favr (P<0.01), Fam (P<0.001), and Novel (P<0.05) (Figure 6).  The Bapp group also 

demonstrated more mouth movements compared to Favr (P<0.01), Fam (P<0.001), and Novel 

(P<0. 05).  The Fapp group was not statistically different than Bapp (P>0.05).   In addition to 

mouth movement duration, we also performed analyses on mouth movement bouts (or 

frequencies).   There was a significant effect of group [F (5, 86) = 3.77; P<0.01], but day did not 

reach statistically significance [F (2, 6119) = 2.75; P=0.064].  Post hoc analyses suggested that 
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Fapp was significantly greater than Favr (P<0.05), Bavr (P<0.01), Fam (P<0.001), and Novel 

(P<0.01).  Fapp was not statistically different compared to Bapp (P>0.05).  Similar to the mouth 

movement duration, mouth movement bouts were not statistically different (P=0.064).    

Tongue protrusion was also measured during the odor phase.  We failed to detect a 

significant group effect [F (5, 88) = 1.32; P>0.05], and borderline significant day effect [F (2, 

6123) = 3.18; P<0.05].  There was significantly less tongue protrusions on day 1 compared to 

days 2 and 3 (P<0.05).  There were no differences between days 2 and 3 (P>0.05). 

With odor investigation duration analysis during the odor onset phase, there was an effect 

of group [F (5, 85) = 2.63; P<0.05].  However, the experimental day was not statistically 

significant (P=0.078).  Post hoc analyses suggested that the Favr group investigated significantly 

less compared to Fapp (P<0.01) and Bavr (P<0.05) groups (Figure 6).  The Fapp group 

investigated significantly more compared to Bapp (P<0.05), Novel (P<0.05), Favr (P<0.01), and 

Fam (P<0.05) groups.  Day was not statistically significant (P=0.078).  We also examined odor 

investigation bouts or frequency, and there was an effect of group [F (5, 88) = 3.28; P<0.01] and 

day [F (2, 6137) = 5.51; P<0.01].  Post hoc analyses suggested that Favr animals investigated 

significantly less frequently compared to Fapp (P<0.05) and Bavr (P<0.05), and Fapp animals 

investigated more frequently compared to Bapp (P<0.01), Novel (P<0.05), and Fam (P<0.05).  

The Bavr group investigated more compared to Favr (P<0.05), Bapp (P<0.01), Fam (P<0.05), 

and Novel (P<0.05) (Figure 6).  The other comparisons were not statistically different.  Post hoc 

comparisons of days suggested that day 1 investigation bouts was significantly greater compared 

to day 2 (P<0.05) and day 3 (P<0.01).  There was no statistical significant between days 2 and 3 

investigation bouts (P>0.05). 
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Rearing is an exploratory behavior; there is often an increase in rearing bouts or duration 

due to aversive conditioning.  Here, we found a significant day effect [F (2, 6097) =9.01; 

P<0.001]; however, we failed to find a significant group effect [F (5, 85) = 2.02; P=0.085].   

There were significantly longer rearing on day 3 compared to day 1 (P<0.01), and day 2 

(P<0.001).  We also examined rear count (frequency), and detected a significant group effect [F 

(5, 85) = 4.85; P=0.001] and day effect [F (2, 6104) = 8.14; P<0.001].  The Favr group reared 

more compared to Fapp (P<0.05), Bapp (P<0.05), Novel (P<0.001), and Fam (P<0.01).  The 

Favr and Bavr group was not statistically different.  The Bavr also displayed more rearing bout 

compared to Fapp (P<0.05), Bapp (P<0.01), Fam (P<0.05), and Novel (P<0.001).  The other 

groups were not statistically different from each other.  Post hoc examination of days suggested 

that rats reared more frequently on day 1 compared to day 2 (P<0.001) and day 3 (P<0.05).  

Days 2 and 3 were not statistically different. 
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Figure 5. Habituation/cross-habituation pre- and post- conditioning. A. Habituation/cross-

habituation profile prior to conditioning.  During the task, rats were presented with odors placed 

in a weigh boat receptacle above the test cage.  They were given 50 seconds to investigate the 

odor, with a 5 minute ITI.  During the pre-test, rats successfully habituated to mineral oil [trials 

M1-M3; statistically significant decrease in active investigation times] and the habituation odor 

[trials H1-H4; odor CS during conditioning], and discriminated the habituation odor [T (+)] from 

the similar odor [T(-); enantiomer; (-)-limonene] and dissimilar odor [T(C); n-amyl-acetate].  

Rats investigated the dissimilar odor [T(C)] more compared to prior trials.  B. Pre- and post- 

habituation/odor exposure profiles for all groups. Following Favr conditioning, rats 

demonstrated broader generalization; there was no significant difference between the habituation 

odor and the similar odor during test trial [T(+) and T(-)], and no statistical difference between 

the similar and dissimilar odor [T(-) and T(C)].   For the Novel group, the dissimilar odor was 

investigated more compared to the habituation [T(+)] and similar odors [T(-)] during the test trial.  

Pre- and post-test profiles were not statistically different for Fapp, Bapp, Bavr, or Fam groups. 
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Figure 5. Habituation/cross-habituation pre- and post-conditioning (Continued). 
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Figure 6. Odor-induced CRs during conditioning.  A. Normalized and averaged number of 

gape bouts across the three conditioning days.  These gape bout frequencies were quantified 

during the odor phase of each trial (15 trials/day), and averaged across the 15 trials to generate an 

averaged frequency per day. The Favr group gaped more compared to all groups, but less than 

the Bavr group.  The Bavr group also expressed more gaping compared to all groups.  Even 

though the odor was delivered 15 seconds following the quinine offset, we speculated that there 

may be quinine residue in the mouth (see methods and discussion for more details).  There was 

more gaping on day 1 compared to days 2 and 3. Gaping on day 3 was less compared to 2.  B. 

Normalized and averaged flail bouts. The Favr group failed more compared to all groups.  The 

Bavr group failed more compared to all groups, but less compared to the Favr group.  There 

were more failing bouts on day 1 compared to day 2. Day 3 was greater compared to day 2.C. 

Normalized and averaged mouth movement duration. The Fapp group demonstrated longer 

mouth movements compared to Favr, Fam, and Novel groups.  The Bapp group also 

demonstrated longer mouth movements compared to Favr, Fam, and Novel.  Fapp was not 

different compared to Bapp.  D. Normalized and averaged mouth movement episodes. Fapp 

demonstrated greater number of episodes compared to Favr, Bavr, Fam, and Novel.  Fapp was 

not different compared to Bapp.  E. Normalized mean active odor investigation duration. Favr 

group investigated less compared to Fapp and Bavr.  The Fapp group investigated more 

compared to Favr, Bapp, Fam, and Novel.  F. Normalized mean active investigation bouts.  Favr 

animals investigated less frequently (less bouts) compared to Fapp and Bavr.  Fapp animals 

investigated more compared to Bapp, Fam and Novel. The Bavr group investigated more 

compared to Favr, Bapp, Fam and Novel groups. 
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Figure 6. Odor-induced CRs during conditioning (Continued). 
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Discussion 

One of the major obstacles in valence research has been to identify a behavioral paradigm 

in which the aversive and appetitive components could be examined with minimal extraneous 

variables.   In previous studies, it was conventional to use footshock as the aversive US, and 

sugar reward as the appetitive US.  Apart from the apparent modality dissimilarities among these 

USs, differences in conditioning and stimuli strength amplify the overall complexity and 

difficulties for fair comparisons to take place.  There are many differences associated with 

footshock and sugar reward (e.g. sensory, instrumental, and intensity features).  The intensity or 

arousal components are crucial, yet often difficult to separate from the affective valence element.  

Many affective researchers speculate that aversive stimuli are more arousing and intense 

compared to appetitive stimuli.  Thus, it is difficult to ensure that the aversive components of 

negative stimuli are equivalent to the rewarding element of appetitive stimuli.  

Here, we concentrated on devising a training paradigm and apparatus which allowed one 

to investigate both forms of learning with maximal procedural similarities.  Hedonically positive 

or negative tastants were infused into the oral cavity of the rat via a chronically implanted 

intraoral cannula.  The involuntarily nature of tastant delivery via the intraoral cannulae method 

minimized the need for animals to approach a source to consume either tastants.  Presenting 

tastants via a drinking bottle has been traditionally used in many classical paradigms.  However, 

with aversive conditioning, it is difficult, if not impossible, to assure that the bouts of sampling 

are equivalent between the two groups.  Controlling for odor-tastant exposure allowed one to 

measure changes in odor perception.  Thus, intraoral delivery confirmed that animals receive an 

equivalent number of CS-US pairings and exposure to both stimuli.  This level of similarity 

could not be achieved using the classical bottle and consumption quantification method. 
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Previous studies have independently examined how non-associative and associative 

learning (both appetitive and aversive) affected odor perception.  For example, passive exposure 

to similar odorants (e.g. enrichment paradigms), odor-fear, and odor-reward associations led to 

enhanced discrimination of similar odors for both rodent and human subjects (Mandairon, Stack, 

Kiselycznyk, & Linster, 2006, Mandairon, Didier & Linster, 2008; Escanilla, Mandairon & 

Linster, 2008; Fletcher & Wilson, 2002; Li, Howard, Parrish, & Gottfried, 2008; Chen, Barnes & 

Wilson, 2011).   However, it is important to note that perceptual improvements may have been 

training paradigm-dependent.  When subjects were trained with multiple discrimination odors, 

(e.g. one odor (CS+) predicted an aversive stimulus, while the other odor (CS-) was non-

predictive), this form of discriminative or specific training led to enhanced discrimination (Chen, 

Barnes & Wilson, 2011).  In contrast, if only a single odorant was used as a predictor of the 

aversive stimulus, rats demonstrated generalization to similar odors (Chen et al., 2011).  This 

provided further support for training paradigm dependency, and that odor parameters were 

crucial to induce changes in odor discrimination.  Hence, incorporating a CS- cue, altering 

training days/duration of exposure, and odor concentration are likely to contribute and alter the 

habituation/cross-habituation profiles.  Moreover, we hypothesized that the observed changes 

may be species- and strain-specific and concentration-dependent.  According to a large body of 

odor perception literature, both rodent and primate subjects experience difficulty discriminating 

between enantiomers (i.e. chiral molecules).  Results from previous studies were inconsistent.  

Here, we showed that Long-Evans rats were capable of discriminating between the two similar 

enantiomers prior to any forms of conditioning.  Several key factors may have contributed to 

their discrimination ability, such as motivation levels (i.e. food deprivation), age of the animal, 

odor intensity, or the degree of acclimation to novel research environments.  In our study, adult 
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Long Evans rats were mildly food restricted, and were provided food following the completion 

of daily experiments.  Thus, rats were active and motivated during experimental sessions, despite 

the non-associative and non-rewarded feature of the habituation/cross-habituation assay.  In prior 

studies, animals were non food restricted and provided with rodent chow ad libitum.  In addition 

to motivation, another advantage of food restriction is consistent and comparable body size.  All 

animals in our study were between 410-420 grams.  In prior studies, adult rat weights varied 

dramatically, from 280-580 grams.  In addition to body size, the age of the rats used in prior 

studies also differed.  Thus, the results obtained from young, energetic rats may differ compared 

to large lethargic rats.  As alluded to prior, odor concentration is also crucial.  We used 1 Pa 

odors in our study.  Thus, by using lower concentration odors (10
-1

, 10
-2

, and 10
-3

 Pa), it 

becomes much more difficult to discriminate.  Inconsistencies with prior literature may largely 

be due to odor concentrations within experimental paradigms. 

 In agreement with previous literature, we found that following aversive conditioning, 

animals demonstrated broader generalization to similar and dissimilar odors compared to 

appetitive, backward-conditioning, and odor-control groups.  The changes in investigation 

profiles were consistent with the residual effects of aversive conditioning (e.g. avoidance; 

improve survival probabilities).  As discussed prior, these results may be learning-paradigm 

specific.  When multiple training odors (odor CS+ vs. CS-) were incorporated, subjects 

demonstrated enhanced discrimination (rather than generalization).  Learning became more 

specific, and the tuning profiles in piriform cortex were more narrowly tuned.   In addition to 

piriform cortex, the neural network recruited may be different with the use of multiple training 

odors rather than simple odor-taste Pavlovian conditioning (e.g. orbitofrontal cortex). 
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 In addition to habitation and cross-habituation profiles as a result of conditioning, we also 

examined CRs from odor onset to offset.  A large body of taste literature has shown that animals 

demonstrate unconditioned orofacial and reactivity (e.g. gaping, rapid mouth movements, lateral 

tongue protrusions) following the consumption of hedonically positive or negative tastants.  Here, 

we showed that rats demonstrated a subset of CRs in response to the odor after learning.  Thus, 

the odor predicted the onset of the hedonically positive or negative tastant.  We quantified 

various responses to odor onset for all groups.  Behavioral measurements were presented 

separately for the three days of conditioning.  Gapes or gaping behavior has been well accepted 

as an unconditioned response following the consumption of a noxious tastant.  It was 

hypothesized that following learning, animals would display gaping response during odor onset.  

We failed to provide strong evidence to support this claim.  Animals in the Favr group 

demonstrated gaping (especially during day one of conditioning).  However, the Bavr group also 

demonstrated significant gaping.  There was a decrease across the three days of conditioning for 

both Favr and Bavr groups.  It appeared that the gaping responses were more robust for the Bavr 

group compared to the Favr group.  The bouts of gaping may be due to the timing of the odor 

stimulus presentation.  For the Bavr group, odor exposure followed quinine presentation after a 

15 second delay.  It is likely that quinine remained in the rats’ mouths during the odor-onset 

phase.  Thus, the gaping during the odor phase was not due to the prediction of quinine onset, but 

inability to completely remove quinine from the oral cavity.  Even though a delay was included 

between the quinine and odor delivery onsets, it may not be sufficient for complete removal.   

A pattern was observed for the chin-rubs.  Chin-rubbing is characterized by pushing or 

dragging the mouth region along the walls or floors of the chamber.  The main function of chin-
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rubbing is to remove residual quinine.  For the Favr group, chin-rubbing behavior represented a 

prediction.  For the Bavr group, it was due to the presence of residual quinine during odor onset. 

Unlike gaping and chin-rubbing, flail bouts were higher for Favr animals compared to 

Bavr.  Flailing behaviors are general anxious responses; however, it could also be a CR 

following odor CS onset.  Previous studies have quantified flail bouts as a demonstration of 

learning (Kim, Mizumori & Bernstein, 2010). 

Rats demonstrated rapid mouth movements following odor onset; however, the patterns 

of mouth movement were not as clear.  All groups infused with saccharin or quinine (forward-

paired and backward-paired) demonstrated odor-induced mouth movements.  We speculated that 

with backward-paired groups, rapid mouth movements were due to tastant residue in their 

mouths prior to odor onset.  There are three main solutions to this unexpected problem.  One 

could potentially implant a second cannula to deliver pulses of water during ITIs.  However, 

water could potentially be perceived as a reward due to the food deprivation protocol 

implemented and also these water pulses could alleviate the aversive characteristics of quinine.  

One could also lengthen the ITIs to decrease associations and to allow naturally produced saliva 

to remove quinine or saccharin residue within the oral cavity.  However, it is uncertain the 

duration of the delay that is required for natural removal of quinine from oral cavity, since it 

remains in the mouth for a long duration following initial infusion.  Moreover, it was crucial that 

the length of experimental testing was not dramatically different between groups.  One could 

also incorporate unpaired- or pseudo-conditioning methods as a form of control (15 trials of 

either odor or tastant presentation in pseudorandom order).  However, animals may exhibit CRs 

following pseudo-conditioning (see odor-shock pseudo-conditioning results in appendix 1). 
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In additional to classical orofacial responses, rats also displayed elevated odor 

investigation bouts and duration.  Their elevated interaction with the odor port is an example of 

sign-tracking (i.e. interaction with the CS source/location that is associated with the reward). 

Favr group investigation bouts and duration was less than the Fapp group.  We also found 

elevated odor investigation duration/bouts for the Bavr group.  It is speculated that the infusions 

of quinine (even though backward-paired) led to enhanced activity.  Following pseudo shock-

odor training, rats developed frequent investigation of the odor port; the standard shock and odor 

trained group exhibited enhanced freezing and positioned farthest away from the port (see 

Appendix 1 results for more detail). 

Despite the aversive reactivity observed in the Bavr group following odor onset, it is 

important to note that the same changes in habituation/cross-habituation profiles post-

conditioning were not observed.  This suggested that the generalization to both similar and 

dissimilar odors during the post-test was a result of associative learning, rather than odor and 

noxious stimuli exposure.  

The crucial initial step was to generate a paradigm in which appetitive and aversive forms 

of learning could be examined with maximal experimental similarity.  In this chapter, we have 

presented the detailed methodology associated with the conditioning paradigm and the 

behavioral assays used to measure learning.  In the Chapter 3, I will use the conditioning 

paradigm discussed here to examine the brain regions activated following appetitive and aversive 

forms of learning.  
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CHAPTER 3 

EARLY GROWTH RESPONSE (EGR)-1 EXPRESSION IN  

CHEMOSENSORY REGIONS FOLLOWING  

APPETITIVE AND AVERSIVE ODOR-TASTANT CONDITIONING 

 

Introduction 

Appetitive and aversive consequences are intimately associated with the strength of 

learning and memory formation.  However, the neuronal mechanisms and circuits underlying 

these emotional memories may differ qualitatively, and are likely to involve multiple interactive 

and integrated networks (Mouly, Fort, Ben-Boutayab, & Gervais, 2001).   Decades of research 

have thoroughly focused on the pathways of reward and fear conditioning independently.  

However, to compare these neural circuitries have been difficult and variable with traditional 

conditioning paradigms due to the vast differences that exist.  For example, tail or footshock are 

routinely used as an aversive unconditioned stimulus (US).  In contrast, water or sugars are used 

as rewards with severely food- or water-deprived subjects.  The presence of these modality 

differences in the USs render it unclear whether differences in the neural network depend on the 

conditioning mode, or are a reflection of the US modality. 

Here, we generated a conditioning paradigm in which appetitive and aversive forms of 

conditioning could be examined using maximally similar conditioning protocols.  We used a 

classical conditioning paradigm, where a neutral odorant (conditioned stimulus; CS) was paired 

with either an intraoral delivery of a hedonically positive or negative tastant (saccharin or 

quinine respectively).  The intraoral approach allowed tastants to be directly infused into the 



64 

 

mouth of the animal. Thus, this method eliminated the requirement for subjects to approach a 

source or device to retrieve or avoid the US, and the severe and unrealistic water deprivation 

requirements and implementation (average of 23 hours in most paradigms to evoke extreme 

thirst and motivation).  Most importantly, intraoral infusions enabled extremely precise control 

of timing, quantity, and frequency for both treatments.  

In order to determine which brain regions were involved in appetitive and aversive forms 

of learning, we measured Early Growth Response-1 (Egr-1) protein expression in response to the 

odor CS in chemosensory brain regions following learning.  Egr-1 (aka Zif268) is a transcription 

factor encoded by the immediate-early gene (IEG) egr-1, and is rapidly and transiently expressed 

following neuronal depolarization and the presentation of a variety of sensory stimuli.  Other 

than their conventional function as neuronal activity markers, IEGs also are molecular markers 

of plasticity, learning, and memory.  Using various genetic manipulations to artificially induce or 

inhibit Egr-1 expression, we know that Egr-1 is crucial for late-phase long-term memory (LTM) 

(e.g. antisense oligodeoxynucleotides, genetic knockout mice; Malkani, Wallace, Donley, & 

Rosen, 2004; Ko et al., 2005; Ganesh, Bogdanowicz, Balamurugan, Varman, & Rajan, 2012; 

Katche, Goldin, Gonzales, Bekinschtein, & Medina, 2012).  Its role in late-phase LTM compared 

to early-phase contributes to its role in LTM persistence and reconsolidation.  Moreover, IEGs 

are crucial for olfactory memory (Mandairon, Didier, & Linster, 2008; Ganesh, Bogdanowicz, 

Balamurugan, Varman, & Rajan, 2012), fear conditioning (Lamprecht & Dudai, 1996, as cited in 

Lamprecht, Hazvi, & Dudai, 1997; Lamprecht, Hazvi, & Dudai, 1997; Ko et al., 2005; Lonergan, 

Gafford, Jarome, & Helmstetter, 2010), and various task types (hippocampal and non-

hippocampal dependent; Jones et al., 2001).   
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Several studies have previously shown IEG expression in olfactory areas following odor-

guided tasks (Onoda, 1992; Johnson, Woo, Duong, Nguyen & Leon, 1995; Datiche, Roullet, & 

Cattarelli, 2001; Roullet, Datiche, Liénard, & Cattarelli, 2004;  Roullet, Liénard, Datiche, & 

Cattarelli, 2005; Solov’eva, Lagutina, Antonova, & Anokhin, 2007; Busto et al., 2009; Bepari, 

Watanabe, Yamaguchi, Tamamaki, & Takebayashi, 2012).  In addition to using IEGs as 

correlates of neural activity, it was also a solution to improve the resolution of radioactive 2-

deoxyglucose (2-DG) uptake technique for odotopic mapping.   Using IEG (especially c-Fos and 

Egr-1), previous studies have provided evidence for spatially-specific localization of odor-

induced activity (Inaki, Takahashi, Nagayama, & Mori, 2002).  Thus, IEG expression patterns in 

the main olfactory bulb (MOB) could be used as a measure of odor identity (e.g., enantiomers 

induced differential c-Fos expression patterns in periglomerular cells (PGc) in the glomerular 

layer (GL)) (Inaki et al., 2002; Clarin, Sandhu, & Apfelbach, 2009). 

Prior studies which examined IEG expression following olfactory fear and reward 

paradigms concentrated on conventional fear- or reward- associated brain regions (e.g. amygdala, 

nucleus accumbens, etc.) (Tronel & Sara, 2002; Dardou, Datiche, & Cattarelli, 2006).   Here, our 

initial aim was to examine how appetitive and aversive learning changes the primary olfactory 

circuitry utilizing our novel paradigm.  We examined Egr-1 expression in MOB, anterior 

olfactory nucleus (AON), anterior (aPCx), posterior (pPCx) piriform, and agranular insular 

cortices (aIC). 

In the olfactory system, odor molecules bind to olfactory sensory neurons (OSNs) 

embedded within the olfactory epithelium.  Each OSN encode one type of olfactory receptor 

(OR).  All OSNs expressing the same type of ORs project to the same glomerulus located within 

the MOB, where they synapse onto mitral/tufted (M/T) principal neurons.  Activity within the 
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MOB is shaped heavily by interneurons (dispersed throughout the GL, external plexiform (EPL), 

and granule cell layers (GCL)).  In the MOB, Egr-1 (and c-Fos) proteins are expressed in all 

layers (GL, EPL, mitral (MCL), and GCL (Guthrie & Gall, 1995; Hess, Lynch, & Gall, 1995; 

Amir, Cain, Sullivan, Robinson & Stewart, 1999; Johnson, Woo, Duong, Nguyen & Leon, 1995; 

Funk & Amir, 2000; Inaki, Takahashi, Nagayama, & Mori, 2002, Solov’eva, Lagutina, Antonova, 

& Anokhin, 2007; Busto et al., 2009; Bepari, Watanabe, Yamaguchi, Tamamaki, & Takebayashi, 

2012)) following odor exposure, enrichment, or a variety of fear and reward learning tasks.  

Moreover, improved odor learning and discrimination was associated with enhanced interneuron 

activity.  For example, learning to discriminate between similar odorants was associated with 

increase in granule cell (GC) density using Egr-1 as an expression marker (Mandairon, Didier, & 

Linster, 2008).  Moreover, ablation of adult-generated GCs after training impaired odor-reward 

memories (Arruda-Carvalho et al., 2014).   

From the MOB, olfactory information is subsequently relayed to cortical and midbrain 

regions such as AON, aPCx, amygdala (AMG), and orbitofrontal cortex (OFC) via the lateral 

olfactory tract (LOT).  Unlike other sensory modalities, the olfactory network consists of a 

unique, direct-cortical connectivity.  Thus, it bypasses the sensory thalamus which is critical 

stage in the processing of other sensory information.  The cortical communication and the 

intricate connectivity with emotional and reward limbic centers makes the olfactory pathway 

well positioned to influence emotional learning and memory.   

The anterior olfactory nucleus (AON) is located in the olfactory peduncle region and is 

the most-rostral primary olfactory cortex.  The AON receives direct projections from the MOB 

principle output cells (e.g. M/T cells) and has traditionally been construed as a crucial ‘relay’ 

station between MOB, contralateral AON, cortical (piriform cortex; PCx), and midbrain regions 
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due to its spatial positioning.  However, its organization and connectivity with large network of 

memory processing regions suggest that its function is far beyond interhemispheric 

communication (e.g. odor reward/fear conditioning; social odor processing; olfactory integration 

(Hamrick, Wilson, & Sullivan, 1993; Funk & Amir, 2000).  The AON has historically been 

divided into major divisions—parts or ‘pars’ externa and principalis.  Based on cytoarchitecture 

and projection targets, the pars principalis is subdivided into pars lateralis (AONl), 

ventroposterioralis (AONvp), medialis (AONm), and dorsalis (AONd). Each of these distinct 

subregions uniquely project to and from other olfactory and cortical regions (e.g. OFC and AMG) 

(Haberly & Price, 1978).  Refer to Haberly and Price (1978) and Brunjes, Illig, and Meyer (2005) 

for a comprehensive review of AON connectivity and functions. 

The PCx has been thought of as the primary olfactory cortex.  It is highly associative, and 

receives strong projections from primary olfactory regions (e.g. MOB), and other emotional 

regions such as the AMG and OFC.  Thus, many have proposed and provided evidence that the 

PCx is well-positioned for integrating sensory information from MOB with learned-valence 

information (reward and punishment).  The PCx could be divided into the anterior piriform 

cortex (aPCx) and posterior piriform cortex (pPCx), based on their spatial and functional 

segregation (Mouly, Fort, Ben-Boutayab, & Gervais, 2001; Calu, Roesch, Stalnaker, & 

Schoenbaum, 2007), and various labs have demonstrated rostrocaudal heterogeneity using 

diverse physiological measurements (c-Fos IEG; Datiche, Roullet, & Cattarelli, 2001).  The 

aPCx receives large sensory inputs from MCs (in MOB) and has been shown to play a crucial 

role in olfactory detection, processing, and short-term memory due to its associative and network 

properties.  The projections of MCs are differentiated from those of tufted cells (TCs) which 

project predominately to AON and olfactory tubercle (OT).  The aPCx has been associated more 
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with odor processing, but it does receive feedback from a large network of cortical and midbrain 

regions involved in reward and valence processing.  Thus, aPCx plays a crucial role in 

communication with other pertinent emotional and cortical networks. Please refer to Bekkers & 

Suzuki (2013) for a comprehensive review of PCx. 

The pPCx, which is the olfactory cortical area caudal to the aPCx, has been posited as the 

site of long-term odor memory storage and recall (Mouly, Fort, Ben-Boutayab, & Gervais, 2001; 

Li, 2014).  Unlike aPCx, the pPCx is perceived as more associative; it receives lighter 

projections from the MOB, but much stronger projections from the BLA and dopaminergic 

(Datiche & Cattarelli, 1996 as cited in Datiche, Roullet, & Cattarelli, 2001) and cholinergic 

fibers (Woolf, 1991 as cited in Datiche et al., 2001).  Thus, the pPCx plays a strong role in giving 

odors meaning. (Calu, Roesch, Stalnaker, & Schoenbaum, 2007) Odor-responsive cells in the 

pPCx demonstrate differential firing patterns depending on the learned-odor valence, and are 

capable of modifying firing patterns following reversal training (Calu, Roesch, Stalnaker, & 

Schoenbaum, 2007).  Moreover, the pPCx is a site of odor-taste convergence; which is much 

earlier than classically predicted which suggested that AMG and OFC was the site of integration 

and convergence (Maier, Wachowiak, & Katz, 2012). Much of our understanding of fear or 

aversive learning has been centered on the BLA (AMG subnuclei); however, there are prior 

examples of AMG-independent threat processing (human lesion studies).  Li (2014) proposed a 

well-described model which demonstrated the sensory cortices’ active role in threat processing. 

In addition to olfactory structures, a large body of research has shown that gustatory 

regions, such as the insular cortex (IC) are also involved in processing taste-associated predictive 

cues (Saddoris, Holland, & Gallagher, 2009).  The gustatory cortex (GC) is a part of the IC.  

Similar to other sensory cortical regions, the IC is multimodal.  Depending on the rostrocaudal 
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orientation, the IC is positioned lateral to the ventrolateral OFC, and dorsal to the aPCx.  It is 

divided into three subdivisions based on its cytoarchitectural properties: agranular (aIC), 

dysgranular (dIC), and granular (gIC) insular cortex (which correspond to the ventral, 

intermediate, and the dorsal locations.) The IC is spatially positioned to receive input from 

neuromodulatory, chemosensory, and emotional information.  Here, we quantified Egr-1 

expression following odor-taste association in aIC along the rostrocaudal axis, due to its strong 

connectivity with the olfactory network (MOB, PCx; (Gerfen & Clavier, 1979; Krushel & van 

der Kooy, 1988; Sewards & Sewards, 2001)), valence-, motivation-, and anticipatory-processing 

brain regions (AMG subnuclei, medial prefrontal cortex (mPFC), lateral hypothalamus (LHA), 

dorsal raphe nucleus (DRN), locus coeruleus (LC), etc.) (Gerfen & Clavier, 1979; Maffei, Haley, 

& Fontanini, 2012). We examined whether the learned odor (previously associated with 

hedonically positive or negative tastant) evoke differential expression in the aIC during odor 

retrieval.  Accumulating bodies of studies have shown that aIC cells are odor-responsive and 

crucial for flavor perception (Sewards & Sewards, 2001). 

Here, we use our novel paradigm to examine changes in the olfactory system following 

appetitive or aversive conditioning. We provided further evidence for differential expression in 

the AON, as it transitioned along the rostrocaudal axis, and also within the AON subregions. 

Overall, Egr-1 immunoexpression was significantly higher in AONl and AONvp; however, the 

distributions were both treatment and spatially-dependent.  We also contributed to the large body 

work on rostrocaudal heterogeneity.  Expression was most robust in the forward aversive (Favr) 

and novel odor (Novel) groups in the most rostral and rostral aPCx.  Immunoexpression in the 

caudal aPCx regions were dominated by both Favr and forward-appetitive (Fapp) groups and 
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Novel.  In contrast, expression was most robust in the Favr and Fapp groups in pPCx; Novel 

expression was significantly less, and comparable to backward conditioning groups. 

 

Materials and Methods 

The methods associated with this chapter were identical to the experiment described in 

Chapter 2.  Refer to Chapter 2 for more details regarding animal strain, housing characteristics, 

and rationale for choosing specific parameters.  Please refer to Figure 1 for intraoral cannula 

design and implantation schematic, Figure 3 for taste-smell optimized chamber, and Figure 4 for 

experimental timeline and research groups.   
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Odor stimulation  

 

 

 

Figure 7. Schematic of IEG induction paradigm and chamber. A. Twenty-four hours 

following the habituation/cross-habituation post-test, rats were stimulated with the odor CS ((+)-

limonene) to induce Egr-1 expression.  A schematic of the odor-retrieval timeline used to induce 

Egr-1 expression.  Rats were initially acclimated to the odor stimulation chamber for 30 minutes 

prior to odor onset.  Odor CS was presented for 5 minutes for three blocks with 5 minute 

intertrial intervals (ITIs).  Following conditioning, they were placed in a clean rodent cage and 

returned to the vivarium for precisely 60 minutes prior to sacrifice.  Thus, the total duration 

between initial acclimation and sacrifice is precisely 90 minutes.  B. A schematic of the odor-

retrieval chamber constructed from a polypropylene rat cage, a fitted Plexiglas lid, with an odor 

input and output region connected to a vacuum.  Odor CS was delivered into the chamber via an 

in-house designed olfactometer. 
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To induce IEG expression, rats were stimulated with (+)-limonene (odor CS) in a custom-

designed chamber (standard polypropylene laboratory cage; equipped with odor-input and 

vacuum-output ports) filled with standard laboratory corn cob bedding (Figure 7).  After 30 

minutes of acclimation, (+)-limonene (1 Pa) was delivered via the custom-designed olfactometer 

(see Chapter 2) into the stimulation chamber in a pulsed manner (Figure 7). The odorant was 

delivered continuously for 5 minutes, followed by 5 minutes of filtered air.  This pattern of 

stimulation was repeated a total of 3 times (Busto et al., 2009).  Following stimulation, animals 

were returned immediately to the animal vivarium (in a clean cage and fresh bedding) for one-

hour prior to sacrifice.  This time frame was consistent with the optimal time point for robust c-

Fos and Egr-1IEG expression in the rodent brain (Ganesh, Bogdanowicz, Balamurugan, Varman, 

& Rajan, 2012) 

 

Transcardial perfusion and cryoprotection 

After rats were deeply anesthetized using halothane vapor (2-Bromo-2-chloro-1,1,1-

trifluoroethane; Alfa Aesar; Ward Hill, MA), they were perfused through the ascending aorta 

with chilled 0.9 % w/v of NaCl (physiological saline; 4° C), and fixed with chilled 4% 

paraformaldehyde (4° C) solution in phosphate buffered saline (PBS).  Brains were extracted and 

fixed overnight in 4% paraformaldehyde/PBS solution to maximize internal fixation, and 

cryoprotected using 30% sucrose in PBS for 96 hours (4 days; 4° C), or until complete 

penetration of sucrose/PBS solution.  Cryoprotected brains were sectioned into three equivalent 

portions (coronal), and bathe in Tissue- Tek® O.C.T. Compound (Electron Microscopy Sciences; 

Hatfield, PA) for 10 minutes.  Subsequently, they were  individually positioned in a Cryomold® 

(25mm x 20 mm x 5mm; Tissue-Tek® Cryomold® Molds, Sakura® Finetek), submerged 
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completely in Tissue- Tek® O.C.T., and flash-frozen in supercooled isopentane (2-methylbutane) 

using a liquid nitrogen bath.  Following complete freezing (indicated by the opaque white 

Tissue- Tek® O.C.T. Compound), cryoblocks were slowly removed from the chilled isopentane, 

and were individually wrapped with aluminum foil, and stored in a -80°C freezer for long-term 

storage or until the sectioning stage of the histological process. 

 

Sectioning and immunohistochemistry 

The cryoblocks were removed from the -80°C freezer, and warmed to -20°C in the 

cryostat (Leica Microsystems, Inc.; Buffalo Grove, IL).  They then were mounted onto the 

slicing platform using Tissue- Tek® O.C.T. Compound (Electron Microscopy Sciences; Hatfield, 

PA) and the rapid cooling function.  Four series of 10 µm (coronal) frozen sections were 

prepared.  To minimize double-counting, we incorporated the use of thin sections (10 µm) and 

performed IHC reactions on every fourth section. Thus, slices chosen for immunohistochemistry 

were non-consecutive sections.  Thaw-mounted glass slides (Superfrost® Micro Slides; 3x1 

inches; VWR International; Radnor, PA) were either stored at -80°C for long-term storage, or 

air-dried overnight for immunohistochemistry.  Slides were rinsed with PBS (pH=7.4) with 

Tween-20 (PBST; Electron Microscopy Sciences; Hatfield, PA) followed by antigen retrieval in 

fresh citrate buffer (10 mM; pH=6.0) via the microwave method.  Slides were rinsed with 

deionized water (dH2O) to remove citrate buffer residue, and incubated with hydrogen peroxide 

(3.0% H2O2/PBS) to block endogenous peroxidase.   Sections were rinsed with dH2O and PBST 

to remove H2O2, and were incubated with normal horse serum (2.5%; ImmPRESS Anti-Rabbit Ig 

Polymer Detection Kit; Vector Laboratories; Burlingame, CA) for 30 minutes using the Shandon 

Sequenza (Thermo Scientific, Kalamazoo, MI) at room temperature (RT).  For each slide, 120 µl 
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of serum was applied (volume was consistent for the subsequent application of primary and 

secondary antibody solutions).  Immediately following, slides were incubated with anti-Egr-1 

primary antibody (SC-189; rabbit polyclonal IgG; 1/200; Santa Cruz Biotechnology, Santa Cruz, 

CA) for 1.5 hours at 37°C.  Sections were rinsed with PBST to remove primary antibody, and 

were incubated with Anti-Rabbit Ig peroxidase secondary antibody (ImmPRESS Anti-Rabbit Ig 

Polymer Detection Kit; Vector Laboratories; Burlingame, CA) for 30 minutes at RT.  As the 

final step, sections were developed in 3, 3’-diaminobenzidine with nickel chloride (DAB 

Peroxidase Substrate Kit; SK-4100; Vector Laboratories; Burlingame, CA) for 5 minutes in a 

light-protected incubation chamber to reveal black nuclear reaction products.  Chromogen 

reactions were stopped using dH2O.  Initial pilot experiments consisted of examining the DAB 

with nickel chloride under the microscope during its developmental stage to ensure appropriate 

background intensity.  However, to protect the chromogen from exposure to light (both during 

the initial stage of diluting the working solution and chromogen reaction), all tissue were reacted 

in the dark for an equivalent duration. 

A subset of slides was counterstained with hematoxylin nuclear stain or cresyl violet nissl 

stain to improve the delineation of specific brain regions.  Slides were dehydrated using an 

ethanol series, defatted with xylene, and coverslipped using the toluene-based, Permount
TM

 

Mounting Medium (Electron Microscopy Sciences; Hatfield, PA) for light microscopy, and dried 

overnight.  The four series of brain tissue were used for Egr-1, cresyl violet nissl stain, 

hematoxylin and eosin (H/E), or double-stained preparations.  Both nissl and nuclear stains were 

used to aid precise boundary delineations. All tissue sectioning and staining were performed by 

researchers blind to the experimental condition of the animals.  In addition, to prevent animal or 
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group bias, each immunoreaction consisted of brain tissue from multiple groups, animals, and 

regions of interest. 

 

Data analysis 

Nuclear quantification  

Following immunohistochemical treatments, whole slides were converted into high-

quality electronic images using the Scanscope CS2 (20X capture magnification; Leica 

Microsystems, Inc.; Buffalo Grove, IL).  Precise delineations were performed using an Intuos4 

Pen Tablet (Wacom; Vancouver, WA) and borders of brain regions of interest were determined 

according to Paxinos and Watson’s Rat Brain Atlas (6
th

 ed.).  In addition, coronal brain sections 

were stained with cresyl violet (a nissl stain), and or counterstained (Egr-1 with nissl/nuclear 

stains) to enhance regional contrast in the brain.  Delineations were completed by observers blind 

to the subjects’ treatment.  Egr-1-immunopositive neurons were identified based on their black, 

circular product located in the nucleus of the cell.  Automated nuclear quantifications were 

performed using a nuclear algorithm via ImageScope software (Leica Microsystems, Inc.; 

Buffalo Grove, IL).  The nuclear algorithm generates various calculations based on the intensity 

of expression (ranging from [0+] to [3+] user-determined intensity levels; [0+] signifies 

background staining that does not represent nuclear characteristics, [1+] and [2+] have weaker 

nuclear borders and weak-to-mild staining, and [3+] represents well-defined circular borders, and 

dark staining).  Nuclear quantifications and the precise outlining approach differed according to 

the structure of interest; please see below for quantification details for particular regions.  Cell 

counts represent an average of total counts across both left and right hemispheres.  All cell 

counts were examined, analyzed, and quantified using in-house Python scripts, Microsoft Excel, 
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and IBM SPSS v23 (Armonk, NY). All illustrations and figures were created using Adobe 

Illustrator (Adobe Systems, San Jose, CA). See below for further delineation and quantification 

specifics.  

 

Main olfactory bulb (MOB) 

We quantified nuclear expression separately for the glomerular layer (GL), external 

plexiform layer (EPL), and mitral/granule cell layer combined (MCL/GCL) due to differing 

functional interests, expression levels, and also imaging and software limitations (Figure 8).  We 

examined slices ranging from interaural 16.08-16.56 mm (Figures 1-2; Paxinos and Watson’s 

Rat Brain Atlas, 6
th

 Ed.).  Since all layers of interest could be precisely defined, we performed 

cell counts without using the sampling box method.  If there were inaccuracies in boundary 

delineations, deletion tools (associated feature with the image analysis package) were used to 

refine and edit annotations.  The GL was defined via the ring of encircling glomeruli on each 

slice. Within the GL, are periglomerular (PG) and external tufted (ET) cells (Inaki, Takahashi, 

Nagayama, & Mori, 2002). Other than their nuclear size and location within the GL, we were 

unable to differentiate cell type in the GL. Thus, all juxtaglomerular (JG) cells (presumed PG 

and ET cells) bordering glomeruli were included in the GL analyses. They appeared ‘clustered’ 

in form, and could be dissociated from EPL interneurons.  EPL analyses consisted of examining 

the space between the MCL and the GL. All cells that appeared to be clustering/bordering 

glomeruli were removed from EPL analyses.  With our analysis methods, we were unable to 

distinguish among the various EPL cell types; hence, cell counts in EPL represented all the IEG-

expressing cells in that layer.  The MCL was easily defined due to the spacing and distinct 

separation from the GL.  However, our image analysis tools and other technological limitations 
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did not permit separation in our analyses from GCL; thus, we combined MCL and GCL together 

for analyses.  Moreover, with our analysis methods, we did not separate cell types within the 

MCL.  Moreover, all cells and regions of the accessory olfactory bulb (AOB) and rostral-most 

AON (lateral to the caudal-most MOB) were excluded from analysis.  A varied number of 

animals contributed to averaged MOB sublayer analysis: Fapp (N=9), Favr (N=9), Bapp (N=10), 

Bavr (N=10), Fam (N=4); and Novel (N=10). 

 

Anterior olfactory nucleus (AON) 

We performed two sets of AON analyses to examine overall change in AON Egr-1 

expression (whole pars principalis), and also variations depending on subregions within AON 

(Figure 10).  Our research questions focused on pars principalis, and thus “pars externa” 

quantifications were omitted from all analyses.  The AON expands from interaural 12.0-15.6 mm; 

however, we excluded most-rostral and most-caudal AON which was comprised of only pars 

rostralis and pars posterioralis sub-compartments.  Whole pars principalis quantifications were 

conducted from Interaural 13.68-15.12 mm (Figures 4-7; Paxinos and Watson’s Rat Brain Atlas, 

6
th

 Ed.).  Slices of AON tissue were categorized as rostral, mid, or caudal AON pars principalis 

based on their location on the rostrocaudal axis (Figure 10).  Classifications were determined 

using regional contour, cellular architecture, and neighboring brain regions (e.g. pMOB, AOB, 

OFC).  Most rostral pars principalis sections were represented by (Figure 4; interaural 15.12mm; 

Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.), rostral pars principalis by (Figure 5; interaural 

14.64 mm; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.), mid pars principalis by (Figure 6; 

interaural 14.16 mm; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.), and caudal pars principalis 

by (Figure 7; interaural 13.68 mm; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.).  Please refer 
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to Figure 10 for a representation of the sampled AON sections.  A varied number of animals 

contributed to the whole region analysis.  For rostral AON, a subset of animals contributed to the 

averaged pars principalis analysis: Fapp (N=5), Favr (N=5), Bapp (N=7), Bavr (N=5), Fam 

(N=2), and Novel (N=6).  For mid AON, a subset of animals contributed to the averaged density 

expressions: Fapp (N=10), Favr (N=7), Bapp (N=10), Bavr (N=9), Fam (N=4), and Novel 

(N=8).  For caudal AON pars principalis sections, the following number of animals contributed 

to the final averaged values: Fapp (N=5), Favr (N=3), Bapp (N=8), Bavr (N=6), Fam (N=2), 

and Novel (N=8). 

AON subregions were determined according the anatomical descriptions in Haberly and 

Price, (1978), Brunjes, Illig, and Meyer (2005), and Paxinos and Watson’s Rat Brain Atlas, 6
th

 

Ed.  Due to the difficulty and impreciseness of determining a precise boundary between the pars 

principalis subregions, we utilized a box sampling technique to obtain sample estimates.  

Subregion cell counts were obtained using standardized 0.3 mm x 0.3 mm sampling boxes, and 

boxes were placed in consistent locations, and conservative choices were made to ensure that the 

chosen box location was in fact in the compartment of interest.  We used anatomical landmarks 

such as the cell-free notch, nuclear size and morphology to define both pars ventroposterioralis 

(AONvp) and pars medialis (AONm).  Pars lateralis (AONl) was identified using lateral olfactory 

tract (LOT), and pars dorsalis (AONd) was placed between AONm and AONl, adjacent to AONm 

due to the anatomical details outlined in Brunjes et al. (2005).  Due to the change in AON 

contour along the rostrocaudal axis, box placements were adjusted according to Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed.  Areas and nuclei within the box that were not part of the 

structures of interest were removed from analyses using deletion tools.  Final cell counts were 

expressed as cells/mm
2
.  For mid AON subregion analysis, the following animals were 
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incorporated into the final averaged analyses: Fapp (N=10), Favr (N=6), Bapp (N=10), Bavr 

(N=8), Fam (N=3), and Novel (N=8).  For caudal AON subregion sections, the following 

numbers of animals were incorporated into the final analyses: Fapp (N=5), Favr (N=3), Bapp 

(N=9), Bavr (N=7), Fam (N=2), and Novel (N=8). 

 

Anterior and posterior piriform cortices (aPCx and pPCx) 

For both aPCx and pPCx, we quantified the entire region (the superficial plexiform layer, 

superficial compact cell layer, and deep cell layer; layers I, II, or III respectively), and also 

performed separate analyses on compact cell layer (layer II) since the majority of cell bodies are 

localized in layer II (Figure 13).  Thus, layer II was not further subdivided into IIa and IIb based 

on low verse high packing density as suggested by prior anatomical literature.  Layer II 

quantifications were a combination of both IIa and IIb.  Please refer to Haberly and Price (1978) 

for more anatomical details and thorough review.  The PCx expands from interaural 5.70-12.72 

mm, and the separation between anterior and posterior was made using the anterior commissure 

(interaural 8.70 mm) (Roullet, Datiche, Liénard, & Cattarelli, 2004).  Furthermore, due to the 

diverse afferent and efferent projections of the aPCx, and also the change in morphological 

contour as it progressed along the rostrocaudal axis, brain sections were separated into [1] most-

rostral aPCx, [2] rostral aPCx, and [3] caudal aPCx based neighboring brain sites (e.g. AON, 

nucleus accumbens, and olfactory tubercle) and contour features (Figure 13).  Most-rostral aPCx 

sections ranged from interaural 12.72-13.20 mm (Figure 8-9; Paxinos and Watson’s Rat Brain 

Atlas, 6
th

 Ed.), rostral aPCx sections expanded from interaural 11.52-12.24 mm (Figure 10-13; 

Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.), and caudal aPCx sections ranged from interaural 

9.24-11.28 mm (Figure 14- 31; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.). The pPCx 
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ranged from interaural 4.80–9.00 mm (Figure 33- 74; Paxinos and Watson’s Rat Brain Atlas, 6
th

 

Ed.).  However, analyses were centered on interaural 4.92-6.60 mm- (Figure 53-67; Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed.) (Figure 14). 

An accumulating body of evidence has suggested that the IEG activation pattern in the 

PCx was non-uniform.  There was a more robust aggregation of immunopositive cells in medial 

and ventral aPCx and sparser activation in dorsal and lateral aPCx.  To quantify whether the 

activation patterns in the aPCx along the mediolateral and dorsoventral axes was dependent by 

the treatment, we used the box sampling method to quantify the mediolateral and dorsoventral 

cell counts in the most rostral-to-caudal aPCx sections.  Sampling boxes (0.3 mm x 0.3 mm) 

were placed in consistent locations for all approximations (medial (aPCxm), lateral (aPCxl), 

dorsal (aPCxd), and ventral (aPCxv)) to minimize researcher-induced sampling variability 

(Figure 13).  Boxes were placed in conservative locations to clarify analyses (‘aPCxm’ 

approximations were sampled from the most-medial aPCx, and ‘aPCxl’ samples were obtained 

from the most-lateral orientation.  Samples from ‘aPCxd’ were predominately obtained from 

layer III, and ‘aPCxv’ approximations were sampled from the midpoint of layer II with the sparse 

cells from layer I.)  Moreover, brain sections were annotated by research assistants blind to the 

experimental condition. 

For most rostral aPCx, we incorporated the following number of animals into the final 

averaged dataset: Fapp (N=7), Favr (N=5), Bapp (N=7), Bavr (N=8), Fam (N=4), and Novel 

(N=8).  For rostral aPCx, we incorporated the following number of animals into the averaged 

dataset: Fapp (N=7), Favr (N=5), Bapp (N=10), Bavr (N=9), Fam (N=5), and Novel (N=10).  

For caudal aPCx, we incorporated the following number of animals into the averaged dataset: 

Fapp (N=8), Favr (N=8), Bapp (N=9), Bavr (N=9), Fam (N=6), and Novel (N=10).  For pPCx, 
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we incorporated the following number of animals into the averaged dataset: Fapp (N=5), Favr 

(N=6), Bapp (N=5), Bavr (N=6), Fam (N=2), and Novel (N=9).   

 

Insular cortex (IC) 

 The IC was divided into three main subdivisions: agranular (aIC), dysgranular (dIC), and 

granular IC (gIC) (Figure 17).  These divisions were based on cytoarchitectural characteristics of 

each layer and their heterogeneous afferent and efferent projection patterns.  In this study, we 

were predominately interested in aIC, due to the projections from primary olfactory and 

emotional brain regions. The aIC is comprised of dorsal and ventral components (see Paxinos 

and Watson’s Rat Brain Atlas, 6
th

 Ed.); our immunopositive quantifications were obtained from 

the midpoint of dorsal and ventral orientations.  Thus, it represented an average of both dorsal 

and ventral aIC immunoexpression.  Moreover, box placements were in the lateral orientation of 

aIC.   

To examine whether expression was dependent on the rostrocaudal placement and 

experimental condition, brain slices were again separated into most-rostral, rostral, and caudal 

categories.  Figure 8 (interaural 13.20 mm; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.) 

represented most rostral aIC samples, Figures 9-13 (11.52 to 12.72 mm; Paxinos and Watson’s 

Rat Brain Atlas, 6
th

 Ed.) represented rostral aIC sections, and Figures 14-32 (9.12 to 11.28 mm; 

Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.) represented the samples for caudal aIC.  Regions 

of interest were approximated using 1.0 mm (width) x 0.5 mm (height) x 0.5 mm (length) 

sampling boxes.  With many cortical brain regions, it has been customarily to use box sampling 

techniques due to the lack of confidence in border definitions.  To enhance the correct sampling 

location or box placement, we used definable brain regions as the reference. To accurately define 
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most-rostral aIC, we used the morphology of the corpus callosum, ventrolateral OFC, and the 

most rostral aPCx.  For most-rostral aIC sections, we incorporated the following animals into the 

averaged calculations: Fapp (N=5), Favr (N=3), Bapp (N=6), Bavr (N=7), Fam (N=4), and 

Novel (N=7).  Rostral aIC was defined using a combination of enlarging corpus callosum, 

diminishing ventrolateral OFC, and the rostral aPCx (see above for rostral aPCx delineations 

details.)  For rostral aIC sections, we incorporated the following animals into the averaged 

calculations: Fapp (N=5), Favr (N=4), Bapp (N=8), Bavr (N=4), Fam (N=4), and Novel (N=2).  

The caudal aIC was defined using a combination of the caudate putamen emergence, nucleus 

accumbens size, olfactory tubercle (OT) cytoarchitectural details, and morphology of the caudal 

aPCx.  The aIC sampling boxes were placed at the border of the lateral aPCx to avoid 

accidentally sampling from dIC and gIC.  For caudal aIC sections, we incorporated the following 

animals into the averaged calculations: Fapp (N=7), Favr (N=6), Bapp (N=8), Bavr (N=9), Fam 

(N=4), and Novel (N=9). 

 

Statistical analysis 

 Egr-1 nuclear expression quantifications in various brain areas were analyzed using mix 

models.  For single brain region analyses, [experimental group] was treated as a main effect, with 

[rats], [slice], and [rats x slice] as random effects.  Post hoc Pairwise analyses were made using 

Fisher’s least significant difference (LSD).  Statistical significance was achieved with when 

P<0.05.  For multi-brain region comparisons, [experimental group], [brain region], and 

[experimental group x brain region] were categorized as fixed effects.  Again, [rat], [slice], and 

[rat x slice] were integrated into the model as random effects.  Post hoc analyses were made 
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using a LSD procedure.  Statistical significance was achieved when P<0.05.  Statistical analyses 

were performed using IBM SPSS v.23 (Armonk, NY). 
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Results  

 

 

 

 

 

 

 

Main olfactory bulb (MOB) 

Figure 8. Egr-1 expression in the main olfactory bulb (MOB). A. A 10 µm thick, coronal 

section of the MOB immunostained for Egr-1 protein expression.  The histomicrograph was a 

true representation of the annotation process during the immunoexpression quantification process.  

The annotated lines represent the separate layers of MOB (glomerular layer (GL); external 

plexiform layer (EPL); mitral cell layer (MCL) and granule cell layer (GCL)) are labeled.  B. 

Enlarged coronal section of MOB.  The glomeruli highlighted by the black box in the GL 

represent a representative ‘activated glomeruli’ in MOB. Their activation is indicated by the large 

number of activated juxtaglomerular cells (JCs) encircling the glomeruli.  Black arrows in the 

EPL highlighted the activated cell-types observed.  C. and D.  Enlarged and high resolution 

images of GL, EPL and GCL to highlight the nuclear expression of activated neurons. 
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Figure 8. Egr-1 expression in the main olfactory bulb (MOB) (Continued). 
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Egr-1 positive immunoreactivity was observed in all MOB layers of interest (GL, EPL, 

and MCL/GCL) induced by odor retrieval 24 hours following the habituation/cross-habituation 

post-test (Figure 8).  Using our linear mixed-effects (MIXED) model, expression in the 

MCL/GCL, GL, and EPL layers were significantly different [F (2, 4975) =2128.33; P<.001], and 

the interaction between training groups and MOB layers were also statistically significant [F (10, 

4943) =45.65; P<0.001] (Figure 9).  However, training group as a factor was not statistically 

significant [F (4, 49) = 1.02; P=.419].  Expression in the MCL/GCL was the greatest compared to 

GL (P <0.001) and EPL (P <0.001).  Within the MCL/GCL, Egr-1 immunoexpression within the 

Novel group was statistically greater compared to Fapp (P <0.01), Favr (P <0.01), Bapp (P 

<0.001), and Bavr (P <0.001) groups.  The Novel group was not statistically different than Fam 

(P=0.08).  Moreover the Bapp group immunoexpression was less than Favr (P <0.01), Fapp (P 

<0.01), Fam (P <0.01), and Novel (P <0.001) groups.  It was not statistically significant 

compared to Bavr group (P =0.06).  There were no significant differences in the GL (P>0.05) 

and EPL (P>0.05). 

Here, we were not able to detect spatial differences, or differential expression within 

particular columns, or “spatially active zones” (Onoda, 1992) in the GCL as suggested by prior 

IEG literature.  Moreover, in the MCL, we did not observe any nuclear products corresponding to 

the nuclear size of MCs; they were presumed interneurons according to their nuclear size.  The 

GL and glomeruli were visualized via their background stain and the bordering Egr-1-positive 

cells.  A subset of ‘activated’ glomeruli expressed a large number of surrounding Egr-1-positive 

cells; however, the expression was overall sparse and uneven for the majority of glomeruli.  The 

activity of JGs (PG and ET cells predominately) was consistent with prior Egr-1 and c-Fos 
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literature (Inaki, Takahashi, Nagayama, & Mori, 2002).   With our staining protocol, EPL cell 

types were not further characterized.   
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Figure 9. Egr-1 expression in the main olfactory bulb (MOB) following appetitive and 

aversive learning. A.  Mean Egr-1 immunopositive nuclei/mm
2
 in the glomerular layer (GL), 

external plexiform layer (EPL), and mitral/granule cell layer (MC/GCL).  Expression in the 

MT/GCL, GL, and EPL were significantly different, and there was an interaction between MOB 

sublayers and experimental treatment.  Post hoc comparisons suggested that MC/GCL expression 

was significantly different from GL and EPL.  B.  Mean Egr-1 expression in the GL; however, 

there were no group differences.  C.  Mean immunoreactivity in the EPL; however, there were 

also no group differences.  D.  Mean Egr-1 density in MC/GCL. Within the MCL/GCL, Egr-1 

expression for the Novel group was greater compared to all groups, except for Fam.  Moreover 

Bapp expression was less than all groups, except for Bavr.   
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Anterior olfactory nucleus (AON) 

 

 

Figure 10.  Rostrocaudal Egr-1 expression in the anterior olfactory nucleus (AON). A.  
Representative 10 µm coronal section of most-rostral AON (interaural <15.12 mm).  Sampling 

box was placed in pars lateralis of AON (AONl).  According to Paxinos and Watson’s Rat Brain 

Atlas (6
th

 Ed.), the other subregions of AON are not visible. Please see text for details.  B.  

Representative 10 µm coronal section of rostral AON (interaural 15.12 mm).  Sampling box 

placements for pars ventroposterioralis (AONvp), pars lateralis (AONl), pars dorsalis (AONd), 

and pars medialis (AONm) compartments are depicted within the whole AON annotation.  

Sampling locations remained consistent for all sections in rostral AON.  Please see methods for 

details on sampling box location criteria and literature references.  C. Representative coronal 

section of mid AON sections with box placements for subregion of interest (interaural 14.64 mm). 

D.  Representative box placements for caudal AON (13.68 mm) with box placements. Please 

refer to Chapter 3 for more details regarding annotation criteria and anatomical brain region 

references.  
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Robust Egr-1 expression was observed in the pars principalis of AON following an odor 

retrieval session (Figure 10).  The pattern of immunopositive expression was significantly 

different as the AON progressed along the rostrocaudal axis.  The spatial location of AON 

expression was statistically significant [F (2, 244) = 9.20; P<0.001], treatment groups were 

statistically different [F (5, 44) = 2.68=; P<0.05], and the interaction between treatment groups 

and AON location on the rostrocaudal axis was also statistically significant [F (10, 525) = 17.01; 

P<0.001].  Mid AON had greater Egr-1 expression compared to caudal AON (P<0.001); however, 

rostral AON differences were not statistically different (P>0.05).  Along the rostrocaudal axis, 

Fapp was significantly less compared to Favr (P<0.05) and Novel (P<0.05) groups.  The Favr 

and Novel groups were not statistically different; however, the Favr group had higher Egr-1 

expression compared to Fapp (P<0.05), Bapp (P<0.05), and Bavr (P<0.05) groups.  Similarly, 

the Novel group had higher expression compared to Fapp (P<0.05), Bapp (P<0.05), and Bavr 

(P<0.05) groups. 

To further examine AON pars expression, we focused our analyses on mid and caudal 

AON.  In mid pars principalis sections, the subregions (pars lateralis (AONl), ventroposterioralis 

(AONvp), pars medialis (AONm), and dorsalis (AONd)) were statistically different from each other 

[F (3, 3566) = 167.87; P<0.001].  Treatment groups were statistically different [F (5, 39) = 3.35; 

P<0.05], and there was also a significant interaction between AON subregion and treatment 

groups [F (15, 3567) = 5.78; P<0.001].  In mid pars principalis sections (~interaural 14.16 mm), 

nuclear expression in the AONl was statistically higher compared to AONvp (P<0.01), AONm 

(P<0.001), and AONd (P<0.001) (Figure 11).  AONvp was also statistically higher than AONm 

(P<0.001) and AONd (P<0.001).  Expression in AONm was statistically lower than AONd (P<0.01).  

In summary, the pattern of Egr-1 expression in mid pars principalis sections was: AONl > AONvp 
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> AONd > AONm.  Egr-1 expression for the Novel group was statistically higher compared to all 

groups (P<0.05), except for the Favr group (P>0.05).  Moreover, post hoc analyses suggested 

that in the AONd, Novel group expression was greater compared to the Fapp (P<0.01), Bapp, 

Bavr, and Fam (P<0.05) group.  Novel and Favr groups were not statistically significant 

(P>0.05).  In the AONl, Novel group expression was statistically significant compared to the 

Fapp, Bapp, Bavr, and Fam groups (P<0.01).  Favr group expression was statistically more 

elevated compared to Fapp and Bavr groups (P<0.05).  In AONm, Novel group expression was 

also greater than Fapp (P<0.01), Bapp (P<0.05), and Bavr groups (P<0.01).  In AONvp, the Novel 

group had greater expression compared to all groups (P<0.01), except for Favr (P>0.05).  The 

Favr group had greater expression compared to Bavr and Fam groups (P<0.05). 

In caudal pars principalis sections (interaural 13.68 mm), statistical analyses indicated 

that AON subregions were significantly different from each other [F (3, 1109) = 286.00; 

P<0.001], and there was a significant interaction between AON subregion and treatment groups 

[F, 15, 1109) = 10.8; P<0.001] (Figure 12).  Groups were not statistically significant [F (5, 28) = 

1.78; P=0.149].  Expression in AONl was statistically higher compared to all other subregions 

(P<0.001).  Expression in AONvp was statistically higher compared to AONd and AONm 

(P<0.001).  AONm expression was higher compared to AONd (P<0.01).  In summary, the pattern 

of expression in caudal pars principalis sections could be ordered as follows: AONl > AONvp > 

AONm > AONd.  Subsequent post hoc analyses suggested that in AONd and AONm, there were no 

significant differences between groups.  In AONl, Favr group expression was significantly 

different than Bapp and Bavr groups (P<0.01).  In the AONvp, Favr group expression was greater 

compared to Fapp (P<0.01), Bapp (P<0.01), Bavr (P<0.001), Fam (P<0.01), and Novel groups 

(P<0.05).  Novel group expression was also greater than the Bavr group (P<0.05). 
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Figure 11. Mid-AON subregion Egr-1 expression. Egr-1 immunoexpression density 

measurements were quantified for mid AON subregions (pars lateralis (AONl), 

ventroposterioralis (AONVP), medialis (AONm), and dorsalis (AONd)).  The AON subregions and 

treatment groups were statistically different from each other, and there was a significant 

interaction between subregion and treatment groups.  Post hoc comparisons suggested that AONl 

was statistically more elevated compared to AONVP, AONm, and AONd.  Moreover, AONVP was 

higher than AONm and AONd. Expression in AONm was statistically lower than AONd.  In 

summary, the pattern of expression in mid AON was AONl > AONVP > AONd > AONm.  Post hoc 

analyses suggested that in AONd, Novel group expression was greater compared to Fapp, Bapp, 

Bavr, and Fam groups; Novel and Favr groups were not statistically significant.  In AONl, Novel 

group expression was statistically significant compared to Fapp, Bapp, Bavr, and Fam groups.  

Favr group expression was statistically more elevated compared to Fapp and Bavr.  In AONm, 

Novel group expression was also greater than the Fapp, Bapp, and Bavr groups.  In AONvp, the 

Novel group had greater expression compared to all groups, except for Favr.  The Favr group 

had greater expression compared to Bavr and Fam groups. 
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Figure 12.  Egr-1 expression in caudal AON subregions. Egr-1 immunoexpression density 

measurements were quantified for caudal AON subregions (pars lateralis (AONl), 

ventroposterioralis (AONVP), medialis (AONm), and dorsalis (AONd)).  The caudal AON 

subregions were significantly different from each other, and there was an interaction between 

caudal AON subregion and treatment groups.  However, treatment groups as a variable were not 

statistically significant.  Post hoc comparisons suggested that expression in the AONl was higher 

compared to other subregions.  AONm expression was higher compared to AONd.  In summary, 

the pattern of expression in the caudal AON was: AONl > AONVP > AONm > AONd.  Subsequent 

post hoc analyses suggested that in AONd and AONm, there were no significant differences 

between groups. However, in AONl, Favr group expression was significantly different than the 

Bapp and Bavr groups.  In AONvp, the Favr group expression was statistically greater compared 

to all groups.  The Novel group was greater than Bavr group. 
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Anterior piriform cortex (aPCx)  

 

 

Figure 13. Coronal rat sections of anterior piriform cortex (aPCx) along the rostrocaudal 

gradient. A. Coronal section illustrating most-rostral aPCx (interaural 13.20 mm). Images were 

obtained from the annotation software, and true representation of annotation procedures. The 

blue annotation defined the area of analysis for layers I/II/III of aPCx.  The maroon annotation 

defined the area of nuclear quantification for layer II of aPCx.  B and C. Coronal sections 

illustrated rostral aPCx (interaural 12.24-12.72 mm). The blue and maroon annotations defined 

the area of nuclear quantifications for layers I/II/III combined and also layer II.  D. Coronal 

section of caudal aPCx (interaural >10.80 mm). E to H. Sampling box locations on most-rostral 

to caudal aPCx sections. Black boxes represented medial aPCx quantification (aPCxm), red 

colored boxes represented lateral aPCx (aPCxl), green colored boxes represented dorsal aPCx  

(aPCxd), and blue colored boxes represented ventral aPCx (aPCxv).  
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Odor-induced immunopositive cells were observed predominately in cortical layer II, 

with more sparse expression in layer III of aPCx.  Analyses were separated into [1] most-rostral 

aPCx, [2] rostral aPCx, and [3] caudal aPCx categories based on the slices’ position on the 

rostrocaudal axis (see analysis methods; Figure 13).  Expression patterns varied depending on 

location along the axis.  Our analyses for layers I/II/III indicated that there was a significant 

effect of PCx location along the rostrocaudal axis [F (3, 665) = 30.14; P<0.001], and groups (F 

(5, 49) = 3.05; P<0.05).  Furthermore, our analyses indicated that there was a significant 

interaction between treatment groups and rostrocaudal position [F (15, 864) = 5.96; P<0.001].  

Most-rostral aPCx was significantly different from caudal aPCx (P<0.05).  Expression in most-

rostral, rostral, and caudal aPCx layers were significantly higher than pPCx (P<0.001). 

Expression for the Novel group was significantly higher than Bapp, Bavr, and Fam groups 

(P<0.01).  Most interestingly, the Novel group was not significantly different from Fapp and 

Favr groups (P>0.05). 

Since most of the immunopositive neurons were located in cortical layer II, we conducted 

our density measurements on layer II only, and also separately for the entire aPCx (layers I, II, 

and III combined, with LOT excluded) to determine if layers I and III areas would affect our 

analyses.  Layer II only analyses yielded similar conclusions. There was a significant effect of 

location on the rostrocaudal axis [F (3, 665) = 26.44; P<0.001], treatment group [F (5, 50) = 3.14; 

P<0.05], and interaction between PCx location and treatment group [F (15, 857) = 5.44; 

P<0.001].  Most-rostral aPCx was significantly less than caudal aPCx (P<0.05).  Expression in 

pPCx was significantly less compared to most-rostral, rostral, and caudal aPCx (P<0.001).  Here, 

the Novel group had significantly higher expression compared to the Bapp, Bavr, and Fam 

groups (P<0.01).   
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Moreover, we examined most-rostral, rostral, and caudal aPCx individually for treatment 

group effects.  We failed to find an effect of treatment group in most-rostral aPCx.  We found a 

significant effect of group in rostral aPCx (P<0.01).  Expression for the Novel group was 

significantly higher compared to Fapp (P<0.05), Bapp (P<0.01), Bavr (P<0.001), and Fam 

(P<0.01) groups.  The Novel and Favr groups were not significantly different (P>0.05) (Figure 

15).  Favr group expression was significantly higher than Bavr (P<0.05) and Fam (P<0.05) 

groups.  We found a significant effect of treatment group for caudal aPCx (P<0.05).  Here, the 

Novel group was statistically different from Bapp (P<0.05), Bavr (P<0.01), and Fam (P<0.01) 

groups; however, the Novel group was also not statistically different from Fapp and Favr groups 

(P>0.05).  Fapp was statistically different from the Fam group (P<0.05).  In the caudal aPCx, 

immunopositive activity was greatest in the Novel, Fapp, and Favr groups.  Both backward 

conditioning and Fam groups had the least expression. 

The aPCx was further examined along the mediolateral and dorsoventral axes (Figure 16).   

In the most-rostral aPCx, the medial, lateral, dorsal, and ventral orientations were statistically 

different [F (3, 1102) = 81.78; P<0.001], and there was a significant interaction between these 

sampling locations and treatment groups [F (15, 1102) = 4.61; P<0.001].  Treatment groups, 

however, were not statistically significant [F (5, 15) = 0.59; P=0.708].  Expression in the medial 

orientation was significantly higher than lateral, dorsal and ventral orientations (P<0.001).  

Immunoexpression in the lateral and ventral regions were significantly higher than dorsal 

(P<0.001).  In summary, the density of Egr-1 immunoexpressing cells in the most-rostral aPCx 

could be ordered as follows: medial > ventral > lateral > dorsal.  Post hoc analyses suggested that 

there were no significant group differences in medial, lateral, dorsal and ventral regions (P>0.05). 
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For most-rostral, rostral, and caudal aPCx, we used box sampling methods within these 

coronal sections to examine whether there were changes in medial, lateral, dorsal, and ventral 

subregions.  In the rostral aPCx sections, our analyses suggested that there were significant 

effects of spatial location [F (3, 2135) = 222; P<0.001], treatment groups [F (5, 34) = 3.45; 

P<0.05], and also interaction between spatial location and treatment groups [F (15, 2136) = 

12.82; P<0.001].  Expression in the medial region was significantly higher than the lateral, dorsal 

and ventral orientations (P<0.001).  Expression in the lateral and ventral region was significantly 

higher than dorsal (P<0.001).  Expression in the ventral orientation was higher than lateral 

(P<0.001).  In summary, immunoexpression in the rostral aPCx could be ordered as follows: 

medial > ventral > lateral > dorsal.  Post hoc analyses suggested that in dorsal region, there were 

no significant differences between treatment groups (P>0.05).  In the lateral region, Novel and 

Fam groups were significantly different than the Bavr group (P<0.05).  In medial region, the 

Novel and Favr groups were statistically different from Bapp (P<0.01), Bavr (P<0.001), and 

Fam (P<0.05) groups.  Fapp (P<0.001) and Bapp (P<0.05) groups were greater than Bavr.  In 

the ventral orientation, the Novel group was significantly greater than Bapp (P<0.05) and Bavr 

(P<0.001) groups.  Fapp and Favr groups were greater than Bavr (P<0.001). 

 In caudal aPCx sections, our analyses suggested that there was a significant effect of 

spatial location (mediolateral and dorsoventral axes) [F (3, 5236) = 505.00; P<0.001] and 

interaction between spatial location and treatment groups [F (15, 5235) = 21.90; P<0.001].  

However, treatment groups as a factor did not reach statistical significance [F (5, 39) = 2.03; 

P=0.095].  Activity in the medial regions were significantly higher compared to lateral, dorsal, 

and ventral approximations (P<0.001).  Ventral approximations were higher compared to dorsal 

and lateral (P<0.001).  Dorsal approximations had significantly less expression compared to all 
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regions (P<0.001).  In summary, the density of Egr-1 immunoexpressing cells in the caudal 

aPCx could be ordered as follows: medial > ventral > lateral > dorsal.  Subsequent post hoc 

analyses suggested that there were no significant group differences in the dorsal region.  In the 

lateral region, Novel group expression was greater than Bavr (P<0.05).  In the medial region, the 

Novel group expression was significantly greater than Bapp (P<0.01), Bavr (P<0.001), and Fam 

(P<0.001) groups.  Fapp and Favr groups had greater expression compared to Bavr (P<0.05) and 

Fam (P<0.01).  In the ventral orientation, the Novel group expression was significantly different 

compared to Bapp and Bavr groups (P<0.05). 

Moreover, we attempted to analyze our data along the medial, lateral, dorsal, and ventral 

axes.  Along the medial axis, analyses suggested that there were no differences along the 

rostrocaudal plane [F (2, 176) = 1.64; P=.196]; however, there was an effect of treatment group 

[F (5, 45) = 2.59; P<0.05], and interaction between medial region along the rostrocaudal axis, 

and treatment groups [F (10, 209) = 2.90; P<0.01].  The Novel group had significantly higher 

expression compared to Bapp, Bavr, and Fam groups (P<0.05).  However, Novel group 

immunoexpression was not significantly different from Fapp and Favr groups (P>0.05).  Favr 

group expression was significantly different from Bavr and Fam groups (P<0.05).   

Along the lateral axis, there was a significant effect of regions along the rostrocaudal axis 

[F (2, 180) = 8.18; P<0.001] and treatment groups [F (5, 42) = 2.73; P<0.05]; however, the 

interaction between regions and treatment groups failed to reach statistical significance [F 

(10,211) = 1.45; P=0.160].  Along the lateral axis, Egr-1 expression was higher in most-rostral 

aPCx compared to rostral aPCx (P<0.05) and caudal aPCx (P<0.001).  Rostral aPCx was 

significantly higher than caudal aPCx (P<0.05).  Egr-1 expression for the Favr group was 

significantly higher than the Bavr group (P<0.05), Novel group expression was higher compared 
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to Bapp group (P<0.05) and Bavr group (P<0.01), and Fam group expression was higher 

compared to Bavr (P<0.05). 

Along the ventral axis, there was a significant effect of region along the rostrocaudal axis 

[F (2, 186) = 3.14; P<0.05], treatment groups [F (5, 46) = 2.46; P<0.05], and interaction between 

rostrocaudal regions and treatment groups [F (10,218) = 2.40; P<0.05].  Along the ventral axis, 

rostral aPCx expression was significantly higher compared to caudal aPCx (P<0.05).  The Novel 

group has significantly higher expression compared to Bapp (P<0.05), Bavr (P<0.01), and Fam 

groups (P<0.05).  Expression for the Favr group was significantly different from Bavr (P<0.05).  

Analyses along the dorsal axis did not reach statistical significance.   
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Posterior piriform cortex (pPCx)  

 

Figure 14.  Coronal rat sections of posterior piriform cortex (pPCx) expressing Egr-1 

protein.  A.  Enlarged pPCx coronal section with Egr-1 protein marker expression.  B.  Coronal 

rat brain section (interaural 8.76 mm).  Image (A) was an enlarged image of the dotted box.  C. 

The blue annotation represented the defined area of analysis for layers I/II/III in the pPCx.  Note 

that most of the expression was in layer II of the cortex, but less in layer III.  The red annotation 

defined the area of analysis for layer II. The three layers of pPCx were labeled on this image.  D. 

Enlarged posterior pPCx coronal section with Egr-1 protein marker expression. E.  Coronal rat 

brain section (interaural 6.84 mm).  Image (D) was an enlargement of the area in the dotted box. 

F.  Blue and red annotations represented the defined area of analysis for layer II and layers 

I/II/III in the pPCx. 



101 

 

Similar to aPCx, immunopositive cells were observed predominately in layer II 

pyramidal cells and sparsely expressed in layer III of pPCx following odor retrieval (Figure 14).  

Density measurements were computed separately for layer II cell types and also the entire pPCx 

(layers I, II, and III combined).  Our analyses suggested that density measurements in layers 

I/II/III were statistically significant [F (5, 25) = 2.74; P<0.05], and was also significant in layer 

II [F (5, 25) = 2.62; P<0.05].  In contrast to the robust immunoreactivity observed for the Novel 

group in aPCx along the rostrocaudal axis, Novel group expression was not statistically different 

from any other group.  Fapp and Favr groups were both statistically higher compared to Bapp 

and Fam groups (P<0.05); however, Fapp and Favr groups were not statistically significant 

(P=0.767). 



102 

 

 

Figure 15. Egr-1 expression in aPCx across the rostrocaudal axis. Our analyses for layers 

I/II/III indicated that there was a significant effect of groups and PCx location along the 

rostrocaudal axis.  Expression in most-rostral, rostral, and caudal aPCx layers were significantly 

higher than pPCx. We examined most rostral, rostral, caudal aPCx, and pPCx individually for 

group significance.  A. Immunoexpression density (mean nuclei/mm
2
) in most-rostral aPCx.  We 

failed to find an effect of treatment group.  B.  In rostral aPCx, we found a significant effect of 

group.  Post hoc analyses suggested that the Novel group was more elevated compared to Fapp, 

Bapp, Bavr, and Fam groups; Novel and Favr groups were not significantly different.  C. In the 

caudal aPCx, there was a significant treatment group effect; the Novel group was significantly 

greater than Bapp, Bavr, and Fam groups.  Interestingly, Novel was not significantly different 

from Fapp and Favr groups.  D.  In pPCx, Novel group expression was not statistically different 

from any other groups.  Fapp and Favr groups were more activated compared to Bapp and Fam 

groups.  Fapp and Favr groups were not statistically different from each other. 
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Figure 16. Mediolateral and dorsoventral Egr-1 expression in aPCx. A. Most-rostral aPCx 

was subdivided into medial (aPCxm), lateral (aPCxl), dorsal (aPCxd), and ventral (aPCxv) 

subdivisions.  The subdivisions were statistically different, and there was an interaction between 

sampling location and groups.  Expression in aPCxm was higher compared to aPCxl, aPCxd, and 

aPCxv.  Expression in the aPCxl and aPCxv was greater than aPCxd. Post hoc analyses suggested 

that there were no significant group differences in aPCxm, aPCxl, aPCxd and aPCxv subregions. 

B.  In rostral aPCx, there was also an effect of spatial location, groups, and interaction between 

location and groups.  Expression in the aPCxm region was higher than aPCxl, aPCxd, and aPCxv.  

Expression in aPCxl and aPCxv was higher than aPCxd.  Expression in the aPCxv was higher 

than aPCxl.  Post hoc analyses suggested that in aPCxd region, there were no significant 

differences between groups.  In the aPCxl region, Novel and Fam were significantly different 

than Bavr.  In aPCxm region, Novel and Favr groups were statistically different from Bapp, Bavr, 

and Fam. Fapp and Bapp groups were greater than Bavr.  In the aPCxv region, the Novel group 

was significantly greater than Bapp and Bavr.  Fapp and Favr groups were greater than Bavr.   

C. In caudal aPCx, there was an effect of spatial location and interaction between location and 

groups.  Expression in aPCxm was higher compared to all other orientations.  Expression in 

aPCxd was significantly less compared to the regions.  Post hoc analyses suggested that there 

were no significant group differences in the aPCxd region.  In the aPCxl region, Novel expression 

was greater than Bavr.  In the aPCxm region, the Novel expression was significantly greater than 

Bapp, Bavr, and Fam.  Fapp and Favr groups had greater expression compared to Bavr and Fam.  

In the aPCxv region, Novel expression was significantly different compared to Bapp and Bavr. 
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Figure 16. Mediolateral and dorsoventral Egr-1 expression in aPCx (Continued). 
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Figure 17. Representative coronal sections of agranular insular cortex (aIC) along the 

rostrocaudal axis. A. Representative coronal section of most-rostral aIC (interaural 12.00mm).  

Rectangular box placements indicate sampling location. Boxes (1.0 mm x 0.5 mm x 0.5 mm) 

were placed in between dorsal and ventral aIC.  B. Representative coronal section of rostral aIC 

(interaural 11.76 mm). C. Representative coronal sections of caudal aIC sampling regions 

(interaural 11.28 mm). 
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Agranular insular cortex (aIC) 

Analyses for aIC was divided into [1] most-rostral aIC, [2] rostral aIC and [3] caudal aIC 

categories based its location on the rostrocaudal axes (Figure 17).  Our analyses indicated that 

there was a significant difference along the rostrocaudal axis [F (2, 115) = 21.66; P<0.001], 

effect of treatment groups [F (5, 45) = 3.61; P<0.01], and interaction between spatial location on 

the rostrocaudal axis and treatment groups [F (10, 123) = 3.14; P<0.01] (Figure 18).  Expression 

in the most-rostral aIC and rostral aIC were higher compared to caudal aIC (P<0.001).  Overall, 

expression for the Novel group was significantly different than Bapp, Bavr, and Fam groups 

(P<0.01).  Fapp and Favr groups were both not significantly different from the Novel group 

(P>0.05).  Moreover, post hoc analyses suggested that within the most-rostral aIC, 

immunoexpression in the Favr group was greater compared to Bavr and Fam groups (P<0.05).  

Novel group expression was significantly more robust compared to Fapp (P<0.01), Bapp 

(P<0.01), Bavr (P<0.001), and Fam (P<0.001) groups.  However, the Novel group was not 

significantly different than the Favr group in most-rostral aIC (P=0.09).  In rostral aIC, Novel 

group expression was greater than Bapp (P<0.05), Bavr (P<0.05), and Fam (P<0.05) groups.  

There were no significant differences between treatment groups in caudal aIC (P>0.05). 
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Figure 18. Egr-1 expression in the agranular insular cortex (aIC) along the rostrocaudal 

axis.  The aIC was approximated using standardized 1.0 mm x 0.5 mm x 0.5 mm sampling boxes 

to avoid imprecise boundary delineations.  The boxes were placed in the midpoint of dorsal and 

ventral aIC.  There was a difference in Egr-1 expression along the rostrocaudal axis, effect of 

treatment groups, and interaction between spatial location on the rostrocaudal axis and treatment 

groups.  Expression in the most-rostral and rostral aIC were higher compared to caudal aIC.  

Overall, expression for the Novel group was higher compared to Bapp, Bavr, and Fam groups.  

Fapp and Favr were not different from the Novel group.  Furthermore, post hoc analyses 

suggested that within the most-rostral aIC, immunoexpression in the Favr group was greater 

compared to Bavr and Fam groups.  Novel group expression was significantly more robust 

compared to Fapp, Bapp, Bavr, and Fam groups; however, Novel was not significantly different 

than Favr.  In rostral aIC, Novel group expression was greater than Bapp, Bavr, and Fam groups.  

There were no significant differences between groups in caudal aIC. 
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Discussion  

 Prior appetitive and aversive studies have focused on well-accepted reward and 

punishment brain regions (e.g. nucleus accumbens, ventral pallidum, amygdala, ventral 

tegmental area).  However, there are fewer studies on how sensory brain regions process learned 

information following valenced training.  Moreover, one of the fundamental difficulties and 

controversies with valence research has been to develop training paradigms that allow fair 

comparisons.  Here, we used a novel odor-taste conditioning paradigm to examine Egr-1 

activation patterns in chemosensory regions (MOB, AON, aPCx, pPCx, and aIC) following 

appetitive and aversive training.  Our initial objective was to develop a training protocol that was 

maximally similar and comparable (see Chapter 2).  

Here, we showed that, olfactory and gustatory brain regions express different levels of 

Egr-1 activity following appetitive and aversive training.  In the MOB, Egr-1 proteins were 

expressed in the GL, EPL, MCL, and most robustly in the GCL following odor retrieval.  The 

density of Egr-1 immunoexpression was consistent with a large body of IEG literature.  Overall 

expression in the GCL was sparse; there were specific glomeruli with dense JC activation (i.e. 

PG and ET cells).  In prior studies where an odorant was not delivered as a control, there was 

relatively sparse JC activation.  Thus, the robust activation of a subset of JCs was thought to be 

odor activity dependent.  Moreover, Egr-1 expression locations were consistent with the 

activated glomeruli (Inaki, Takahashi, Nagayama, & Mori, 2002).  Interneurons in EPL also 

expressed Egr-1; however, it was sparse and non-spatially localized.  Consistent with prior IEG 

literature, there were robust expression in the MCL and GCL.  However, we were not able to 

detect expression in M/T cells after odor exposure, which was consistent with prior c-Fos 

research.  Moreover, previous anatomical studies have shown that PCx projections 
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predominantly target GCs in MOB.  Here, we found a statistically significant interaction between 

MOB layers and treatment groups.  Within MCL/GCL, Egr-1 expression for the Novel group was 

greater compared to all groups, except for the Fam group.  Bapp group expression was the lowest 

compared to all groups, except for the Bavr group.  Hence, Bapp and Bavr groups were not 

statistically different. 

It has been hypothesized that IEG induction occurs due to the dual activation of GCs 

(activation directly from M/T cells, and centrifugal input from other cortical regions) (Montag-

Sallaz & Buonviso, 2002; Montag-Sallaz & Montag; 2006).  Thus, following forward-paired 

reward and aversive conditioning, backward-paired conditioning, odor familiarization, and novel 

odor exposure, the amount of activation by M/T cells would differ.  M/T responses would 

decrease after familiarization, but differentially activated following novel odor exposure and 

valenced associative learning.  In addition, input from centrifugal fibers would strongly vary 

depending on the animals’ prior experiences with that odor (i.e. strong centrifugal input for novel 

odors and associative conditioning).  Our findings further support the increase in activity 

following novel odor exposure; however, it was not statistically different from the Fam group. 

We speculate that three days of odor exposure with our experimental paradigm may not be 

comparable to prior odor enrichment studies. 

It has been suggested that Egr-1 expression in the GL and MCL/GCL were regulated by 

different mechanisms (Akiba, Jo, Akiba, Baker, & Cave 2009).  Using a naris-occluded mouse 

model, Akiba et al., (2009) found that Egr-1 expression in GL was odor activity-dependent (via 

ORN activity), while GCs in the MCL/GCL were not.  Therefore, centrifugal input may be 

sufficient to maintain Egr-1 expression, since Egr-1 activity patterns were unchanged in the 

MCL/GCL in naris-occluded mice, but drastically reduced in PGs (in the GL).  Reduced Egr-1 
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expression in the PGs was consistent with c-Fos expression patterns in naris-occluded mice (Liu 

et al., 1999, as cited in Akiba et al., 2009). Using our experimental paradigm, we were not able 

to detect significant group differences in GL and EPL. 

It is also important to scrutinize the roles of neuromodulation in the MOB during odor 

retrieval for various experimental groups.  The MOB receives acetylcholine (ACh) from 

horizontal limb of the diagonal band (HDB), norepinephrine (NE) from the locus coeruleus (LC), 

and serotonin (5-HT) from dorsal raphe nucleus (DRN).  These neuromodulatory regions target 

inhibitory interneurons in the MOB, mostly GCs and JCs in GL (Wilson & Stevenson, 2006). 

For the Fam group, they were exposed to three-days of odor CS (matched trial quantity and 

duration).  Thus, familiarization with the odorant presumably decreased the ACh and NE in the 

MOB during the odor retrieval session for the Fam group.  However, for the forward- and 

backward-paired groups, the odor now embodied ‘meaning’.  For the forward-paired groups, CS 

either predicted the delivery of sweetened or bitter solution.  Backward-paired conditioning 

methods were implemented as a control for the presence of the CS and US with no predictive 

learning.  Expression in the Bapp group was lower compared to all groups; however, it was not 

significantly different compared to the Bavr group.  Thus, despite the presentation of sweet or 

bitter tastant presentations during the three conditioning days, IEG expression was the lowest for 

these two groups.  For the forward conditioning groups, it was hypothesized that ACh and NE 

levels in MOB remained elevated during odor retrieval.  For the Novel group, it was speculated 

that ACh and NE levels were also high due to novelty feature of the olfactory stimulus.  Thus, 

the elevated Egr-1 levels for the Novel group may be partially due to ACh and NE levels in MOB. 

In contrast to previous literature, we were unable to detect quadrant-, column-, or 

spatially- specific differences in MOB as suggested by prior odor learning and exposure studies 
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(Solov’eva, Lagutina, Antonova, & Anokhin, 2007).  The observed discrepancies with past 

results may be due to the chosen odorant identity, concentration, duration of exposure, timing of 

sacrifice, and age of subjects.  In addition, it is important to note that IEG expression in MOB 

may be training paradigm dependent (e.g. single-odor training compared to odor-discrimination 

paradigms).  Hess, Lynch, and Gall (1995) found differential c-fos mRNA expression in GCL 

and GL of MOB when animals were trained to associate a peppermint odor with a water reward, 

compared to the two-odor discrimination group (peppermint and amyl acetate).   

Compared to the MOB, relatively less research has been performed on the AON.  Here, 

we showed that immunoreactivity in the pars principalis of AON was robust throughout all 

subregions; however, immunoexpression was non-uniform.  Immunopositive Egr-1 

quantifications were performed for the entire pars principalis and for individual subregions 

within pars principalis.  In the mid AON, expression was most robust in AONl and AONvp.  The 

elevated expression was consistent with AONl’s role in odor recognition.  Prior anatomical 

studies have shown that AONl projected most heavily onto aPCx (Haberly & Price, 1978) and 

received projections from ventrolateral orbitofrontal cortex (OFCVLO; Illig, 2005; see Chapter 4).  

In addition, AONvp also projected to and received projections from ipsilateral and contralateral 

MOB, AON, and aPCx.  The unique connectivity between AONl, AONvp, and the aPCx may have 

partially contributed to the observed AON and aPCx expression patterns.  In each subregion 

within mid AON, the Novel group had the most robust expression compare to Fapp, backward 

conditioning and odor controls. Novel and Favr groups were not statistically different. In AONl, 

the Favr group was greater compared to Fapp and Bavr groups.  In AONvp, the Favr group was 

greater compared to Bavr and Fam groups.  It is hypothesized that mid AON may be involved in 
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processing odor novelty and learned aversion.  This region may receive large input from aPCx 

(especially AONl and AONvp). 

In the caudal AON, Egr-1 expression was also robust in AONl and AONvp; however 

immunoexpression was most elevated in the Favr group.  In addition, there were no significant 

differences between groups in AONd or AONm, unlike mid AON.  Novel odor expression 

decreased substantially in caudal AON, and expression became comparable to Fapp and control 

groups.  The immunopositive cell types were heterogeneous, and all cell types were included in 

the average density generated.  Other than cell morphology and nuclear size, our immunostaining 

methodology did not permit strong conclusions regarding the cell types observed.  We were 

predominately interested in overall pars principalis expression and distribution within the sub-

compartments.  However, using c-Fos IEG expression as a neuron marker following odor 

exposure, previous research suggested that these c-Fos immunopositive neurons were not 

GABAergic (Kay, Meyer, Illig & Brunjes, 2011).  In the study, they failed to observe double-

labeling of c-Fos and Gad67 (a GABAergic marker) in the pars principalis, and thus suggested 

that the c-Fos immunoactive cells were not GABAergic.  Future research is required to 

determine the cell identity of active cells in AON following valence learning. 

In our study, we focused on pars principalis of AON.  However, previous studies have 

shown differences in odor spatial representation patterns in pars externa compared to pars 

principalis (using c-Fos as a marker; Kay, Meyer, Illig & Brunjes, 2011).  Pars externa 

expression was odor- and concentration-specific similar to the MOB, but distributed and 

widespread in the pars principalis similar to PCx.  Expression was most robust in the dorsal 

posterior regions of the pars externa following limonene exposure, but no differences were 

observed in the pars principalis between experimental and control animals with varying odor 
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concentrations (Kay, Meyer, Illig, & Brunjes, 2011).  Thus, c-Fos immunoreactivity in the pars 

principalis was not specific to the odor quality or concentration (Kay, Meyer, Illig, & Brunjes, 

2011). With our paradigm, only a single odorant and concentration was used to simulate Egr-1 

expression, and thus we were not able to address questioned regarding odor specificity.  Findings 

from Kay et al. (2011) suggested that the AON results obtained from our study were not 

dependent on the odor or concentration chosen for our paradigm. 

In both aPCx and pPCx, immunopositive cells have been previously localized in layer II, 

and sparsely in layer III (Datiche, Roullet, & Cattarelli, 2001; Bepari, Watanabe, Yamaguchi, 

Tamamaki, & Takebayashi, 2012).  Moreover, subregions of aPCx were functionally distinct due 

to heterogeneous projection patterns (Illig, 2005).  Early findings have shown the existence of 

rostrocaudal heterogeneity using c-Fos IEG expression as an activity measure (Datiche et al., 

2001).  More specifically, expression was substantially higher in aPCx compared to pPCx 

following an odor discrimination task (Datiche et al., 2001).   Thus, we subdivided our aPCx 

analyses to examine changes in immunoreactivity along the rostrocaudal axis.  Moreover, diverse 

histological parameters and techniques were employed in previous studies.  For example, to 

examine aPCx and pPCx along the rostrocaudal axis, researchers have sampled coronal slices 

with specified distances between slices along the entire PCx. (Datiche, Roullet, & Cattarelli, 

2001;  Roullet, Liénard, Datiche & Cattarelli, 2005)  Nuclear measurements were then averaged 

across a large number of brain sections (Datiche et al., 2001;  Roullet et al., 2005).  In addition, 

examining a predefined location within aPCx or pPCx was also a frequent histological analysis 

method.  From these two approaches to PCx sampling, we have accumulated a broad 

understanding of IEG expression in the PCx following various task types.  However, due to the 

heterogeneous afferent and efferent projections in the PCx and dramatic changes in 
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cytoarchitecture and contour along the rostrocaudal axis, we further subdivided the aPCx into [1] 

most-rostral aPCx, [2] rostral aPCx, and [3] caudal aPCx based on cytoarchitectural and contour 

morphological changes. 

With the use of more defined subdivisions, our findings further support heterogeneous 

expression in PCx.  In addition to rostrocaudal variation, we showed the effect of training group 

dependence.  For both most-rostral aPCx and rostral aPCx, Egr-1 immunoexpression was most 

robust in the Favr and Novel groups.  In contrast, in caudal aPCx expression was higher 

predominately in the Fapp, Favr, and Novel groups.  Most interestingly, the protein expression 

observed for Novel group decreased substantially in pPCx.  Novelty induced expression became 

comparable to the backward conditioning groups and odor familiarity controls.  Thus, our data 

provided further evidence that odor novelty detection was most robust in aPCx compared to 

pPCx.  Moreover, Favr and Novel group Egr-1 expression was elevated throughout the aPCx, 

and there was a trend towards valence processing (aversive and appetitive conditioning) in the 

caudal aPCx regions.  This is consistent with anatomical tracing data; caudal aPCx and pPCx 

receives substantially less projections from the MOB unlike the aPCx, but has a stronger 

connectivity with BLA (Haberly, 1985, as cited in Roullet, Datiche, Liénard & Cattarelli, 2004).  

Thus, the shift from novelty to valence detection is in line with what we know about pPCx.  

Following learning, pPCx could provide feedback to aPCx, and other earlier olfactory structures, 

such as MOB and AON.  However, there were inconsistencies with several studies.  Moriceau et 

al. (2006) found that aPCx was more activated by appetitive/rewarded odors, and the pPCx was 

preferentially activated by aversive odors.  Roullet, Liénard, Datiche and Cattarelli (2005) also 

observed changes in the aPCx following a (rewarded/reinforced) retrieval session 10-days after 

discriminative odor-reward task.  Despite an enhancement in IEG expression compared to initial 
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acquisition, c-Fos expression levels were overall less than pseudo-controls.  In their study, 

coronal brain sections were obtained every 1000 µm along the rostrocaudal axis.  Thus, their 

nuclear quantifications were averaged along the entire PCx without differentiating between 

various locations on the rostrocaudal axis.  Moreover, the differences between our findings may 

be due to the odors chosen and other fundamental paradigm differences (odor strength, days of 

presentation, etc.)  The low levels of expression in the Fam group were consistent with prior 

odor familiarity literature. There was a dramatic reduction in arg 3.1 mRNA expression 

following odor familiarization (Montag-Sallaz & Buonviso, 2002). 

Acquisition speed may also alter IEG expression. Using discriminative odor-reward task, 

c-Fos IEG expression in the PCx was higher in rats with slow acquisition compared to the fast 

acquisition rats (Datiche, Roullet, & Cattarelli, 2001).  This finding may elucidate IEG function 

in olfactory learning and memory.  Despite the quick acquisition for Favr rats (compared to 

Fapp rats), IEG expression was a reflection of not only learning speed, but variables such as 

valence, arousal, and intensity.  Here, we were unable to make claims about post-learning IEG 

expression, since IEG was induced via an odor-retrieval induction paradigm.  However, previous 

studies have suggested that IEG expression following initial acquisition and retrieval phase 

differed.  There was no consistent pattern whether IEG expression was enhanced or suppressed 

following retrieval compared to the initial learning phase.  Some studies have shown that IEG 

expression was the most robust a specified number of hours following initial acquisition, and 

substantially declined post conditioning and during the retrieval session.  Other research groups 

have found that more IEG were expressed during the retrieval (or reactivation) stage following 

conditioning (Roullet, Liénard, Datiche, & Cattarelli, 2005).  The discrepancies and 

inconsistencies were largely due to the variations which existed between training and 
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experimental paradigms.  For example, Roullet et al., (2005) reactivated the memory 10 days 

later, with 20 reinforced trials.  Here, animals received the odor CS with no saccharin or quinine 

infusions, without the long delay between original conditioning and the retrieval session.  This is 

only an example of the dramatic difference between paradigms.  Other variations such as trial 

days, stimuli intensity, retrieval duration and paradigm all contributes to the differences that may 

exist between conditioning paradigms. 

Previous research groups have found that receptive fields in the aPCx change following 

odor-shock paradigms.  Following classical odor-shock fear conditioning, animals demonstrated 

broader generalization.  These behavioral effects were in line with broader tuning of the 

receptive fields of aPCx neurons.  However, if animals underwent discriminative training (odor-

specific training), receptive fields were more narrowly tuned (Chen, Barnes & Wilson, 2011).  In 

Chapter 2, we have shown that rats exhibited broader generalization following odor-quinine 

learning.  Due to the single odor training paradigm, the observed broader generalization was 

consistent with Chen et al., (2011).  Here, we observed that the Favr group further exhibited 

higher Egr-1 expression throughout PCx (and other crucial regions in the olfactory circuitry).  It 

would be of interest to examine the expression of Egr-1 following odor-specific training in future 

studies. 

In human studies, functional MRI (fMRI) activity maps of pPCx changed after 

participants learned to associate enantiomers (CS+) with electric shock.  Prior to shock 

conditioning, participants perceived the enantiomers as identical, and there were no differences 

in enantiomer mapping.  However, patterns induced by the enantiomers were remapped 

following aversive conditioning (Li, Howard, Parrish & Gottfried, 2008).  Other research groups 

further supported the differential roles between aPCx and pPCx following appetitive and 
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aversive learning.  EFP amplitudes were enhanced in the pPCx, but not in the aPCx following 

appetitive (odor and sucrose) training (Mouly, Fort, Ben-Boutayab, & Gervais, 2001).  These 

studies further suggested that pPCx was more associated with aversive and rewarded odor 

learning compared to aPCx.  These measurements are in line with the results observed using IEG 

detection methods. 

Previous anatomical studies have provided evidence that orbitofrontal cortex (OFC; 

particularly the ventrolateral region (OFCVLO) projects throughout the aPCx, but the density of 

labeled fibers differed depending on the spatial orientation of aPCx (Illig, 2005).  Projections 

were most robust in the ventral subdivision of aPCx.  Here, we found that there was a significant 

effect of rostrocaudal region, treatment groups, and interaction between rostrocaudal region and 

treatment groups in the ventral axis of aPCx.  We were unable to provide statistical support for 

the observed differences in most rostral and caudal aPCx coronal sections in which ventral 

orientations were sampled; however, in the rostral aPCx sections, there was a significant group 

effect.   Egr-1 responses for the Novel group was significantly greater compared to Bapp and 

Bavr; however, it was not different compared to Fapp, Favr, and Fam.  Thus, the elevated 

activity observed for the Novel, Favr, and Fapp animals could be due to the strong projections 

from OFCVLO.  

 

Gustatory processing 

A growing body of chemosensory literature has shown that brain regions known for 

processing gustatory information also respond to olfactory stimuli.  Primary gustatory structures, 

such as the nucleus of the solitary tract (NTS), respond to not only taste cues, but are modulated 

by olfactory stimuli.  This may be largely due to the olfactory component of food (and the 
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importance of olfactory cues in flavor formation.)  Thus, it is thought that the gustatory network 

is essentially a ‘food-oriented’ network; processing not only gustatory cues, but other features 

associated with the food-consumption process.   

Moreover, prior studies have shown that following associative learning (pairing of 

gustatory USs with predictive CSs), neurons in the gustatory cortex (GC) are activated by taste-

predicting, anticipatory, olfactory stimuli (Saddoris, Holland, & Gallagher, 2009).  The 

activation by olfactory cues was similar to the activity pattern following sucrose consumption.  

Moreover, this learning was dramatically influenced by BLA inactivation.  Due to the known 

importance of BLA in associative learning (pairing CS with salient USs), researchers’ have 

questioned whether BLA-to-GC projections may explain or moderate activity in the GC.  

However, BLA lesions diminished, but did not eliminate the learned expression in the GC 

(Saddoris et al., 2009). 

In addition to responding to learned associative cues, GC neurons are also sensitive to the 

novelty or familiarity component of taste input.  Many animals, including rodents, demonstrate 

neophobia in the presence of novel tastants.  Neophobia is ecologically relevant and beneficial, 

since the ingestion of harmful substances could potentially be fatal.  With repeated (small-

volume) sampling, animals develop familiarization.  The transition from neophobia to 

familiarization is mediated in part by neuromodulators (e.g. ACh) (Linster & Fontanini, 2014).  

Here, we have provided further support that neurons in aIC may be odor responsive, and 

responds to novelty information.  The aIC receives direct projections from MOB, PCx, and 

endopiriform nucleus (Sewards & Sewards, 2001; Chen, Zou, Altomare, Xu, Greer, & Firestein, 

2014).  Unlike the aIC, cells in the dIC and gIC are not (or minimally) responsive to odor 

stimulation.  Thus, it was hypothesized that gIC and dIC are not involved in generating a flavor 
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percept.  In addition to the three major subdivisions in the IC (ICg, ICd, and aIC), there are 

differences between ventral and dorsal aIC.  Ventral aIC in particular has reciprocal connection 

with PCx and the endopiriform nucleus (Sewards & Sewards, 2001).  In contrast, dorsal aIC 

receives only projections from the latter and is predominately gustatory.   In addition to dorsal 

and ventral aIC heterogeneity, previous research have shown that there are also medial and 

lateral differences (Sewards & Sewards, 2001). The medial aIC receives predominantly odor 

input, while lateral aIC receives taste input.                                                        

Here, we demonstrated that there Egr-1 expression in the aIC was heterogeneous, and 

varied along the rostrocaudal axis.  There was also a significant interaction between rostrocaudal 

location and treatment groups.  Expression in the most-rostral and rostral aIC was higher 

compared to caudal aIC.  Novel group Egr-1 expression was higher compared to Bapp, Bavr, and 

Fam groups; however, the Novel group was not different compared to Fapp and Favr.  Within 

most-rostral aIC, Novel group immunoexpression was significantly elevated compared to all 

groups; however, it was not different compared to Favr.  The Favr group was significantly 

different than Bavr and Fam.  In the rostral aIC, the Novel group also had elevated expression; 

however, it was not different compared to both Fapp and Favr groups.  The elevated activity for 

the Novel, Favr, and Fapp groups further supported aIC’s role in novelty detection and 

processing of learned stimuli.  The differences in expression between forward-paired and 

backward-paired also suggest that aIC is involved in processing learned odors. Exposure to 

tastants (in a backward-paired fashion) was not equivalent to paired learning. 

Here, we have shown that a large number of structures and subregions exhibit elevated 

activity in response to novel odors which suggested that either many structures are interested in 

novelty information, or that Egr-1 expression is dependent on the novelty of the stimuli.  This is 
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consistent with IEG responses following initial presentation and early learning phases. 

(Tischmeyer & Grimm, 1999)  There are a large number of examples demonstrating that IEG 

expression decreases rapidly following multiple presentations of the same stimuli, and 

expression patterns are different after animals demonstrate familiarity with the olfactory stimuli 

(Montag-Sallaz & Buonviso, 2002). 

 Here, the odor presentation duration was equivalent for all groups during the retrieval 

session prior to sacrifice. Thus, differences observed in IEG expression were presumably due to 

learned odor valence, and/or other factors such as learning strength and intensity.  If there are 

differences in learning strength across groups, it may have been due to US intensity.  We used a 

0.2% saccharin solution, which has shown to be rewarding and evoked appetitive responses (e.g. 

rapid mouth movements and tongue protrusions) following consumption.  Unlike sucrose, 

saccharin exhibits dual-valence properties, where higher concentrations could be perceived as 

aversive to the subjects.  The concentration chosen for conditioning was based on taste and 

reward studies which demonstrated that the current concentration (0.2%) was palatable and 

perceived as rewarding.  In the pilot phase of the study, a lower concentration of quinine was 

used (0.001M; unpublished results); however, we were not able to induce quantifiable 

conditioned aversive responses (e.g. odor-induced gaping), using low concentrations of quinine.  

Thus, it is likely that our obtained results were partially due to the high quinine concentration.  

Further experiments are required to determine how tastant concentration may affect learning 

strength and IEG expression. 

In addition, odorant concentration used during conditioning and odor retrieval may affect 

memory strength and the associated IEG expression patterns.  A vapor-phase partial pressure of 

one Pa was chosen as the odor concentration according to previous enrichment and conditioning 
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studies performed in our laboratory.  To minimize the trials and days of conditioning required, 

we chose a one Pa odor CS to ensure detection during conditioning and stimulation.  It is 

important to note that odor intensity and stimulation duration may change the expression patterns 

in the regions examined.  For example, spatially-specific subsets of activated glomeruli and 

connected inhibitory interneurons cells (e.g. GCs) in the MOB would have been detectable with 

lower intensity odor presentations (Montag-Sallaz & Buonviso, 2002).  However, by increasing 

odor intensity, the range of glomerular and GC expression broadens (Guthrie & Gall 1995).   If 

the increased odorant concentration was perceived as aversive, there was an increase in GC 

expression as well.  Thus, it is a possibility that the increase in GC activity may be encoding the 

odor aversion.   By increasing the odorant concentration, more GCs may be activated to provide 

additional inhibition (Onoda, 1992).  In addition to MOB, more neurons and a larger proportion 

of PCx are activated with stronger odor stimulus intensities (Sugai et al, 2005; Stettler & Axel, 

2009, as cited in Xia, Adjei, & Wesson, 2015).  Thus, the observed IEG immunopositive activity 

may differ with varying parameters.  Limonene should activate the lateral and medial regions in 

the MOB according to odotopic mapping studies (Johnson et al., 1999, c-Fos immunolabeling in 

lateral regions; Kay, Meyer, Illig & Brunjes, 2011).  However, we were unable to detect spatial 

differences with Egr-1 immunolabeling techniques with the parameters chosen.  

In addition to the strong odor CS concentration used in our paradigm, the Egr-1 activity 

in all layers (esp. GCL) could be attributed to the centrifugal inputs from other regions due to 

valence, arousal, and associative learning mechanisms (e.g. aPCx, OFC, HDB, LC).  The 

neuromodulatory inputs (ACh from HDB, NE from LC, 5-HT from DRN) to the MOB and other 

areas in olfactory circuitry, could mediate the enhanced arousal, stimuli intensity, and novelty 

components during odor stimulation (Montag-Sallaz & Buonviso, 2002).  Furthermore, as the 
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length of odor presentation (and repetition across sessions) increases, IEG expression levels 

decrease.  Thus, these parameter differences may be an explanation for the inconsistencies 

observed with previous studies.  Future paradigm modifications will examine the effect of odor 

and tastant intensity on IEG expression, and investigate the relationship between intensity and 

valence.  

Our mapping of the Egr-1 expression in the olfactory circuitry contributed to the growing 

body of evidence for rostrocaudal heterogeneity. There were spatial and compartmental 

differences depending on the valence and novelty of the stimulus.  In the Chapter 4, I will 

continue to explore appetitive and aversive learning in valence-associated brain regions. 
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CHAPTER 4 

EARLY GROWTH RESPONSE (EGR)-1 EXPRESSION IN VALENCE REGIONS 

FOLLOWING THE RETRIEVAL OF APPETITIVE OR AVERSIVE 

ODOR-TASTE LEARNING 

Introduction 

Dissecting the neural circuitries underlying valence processing has been difficult 

historically due to entwined properties of behavioral paradigms and other inherent features (e.g. 

stimulus intensity).  Thus, much of our understanding about reward and punishment arises from 

the work of standardized, reproducible, reward or fear conditioning paradigms.  There are a few 

well-accepted regions such as the amygdala (AMG) and nucleus accumbens (NAc), which have 

received the majority of the research focus (e.g. AMG is involved in fear conditioning or NAc is 

crucial for reward processing).  However, with advancements and innovations in neural 

recording and imaging techniques, studies have provided convincing evidence that these regions 

are involved in processing both reward and fear-related information.  Moreover, researchers have 

traditionally isolated a single brain region along with a well-established and reproducible 

behavioral training paradigm utilizing drugs, water, or sugar pellets as rewards to examine 

reward processing.  To examine aversive conditioning (i.e. punishment or aversion), researchers 

have utilized classical fear conditioning paradigms with shock as the unconditioned stimulus 

(US).  Other pain inducing USs include tail/foot pinch, and eye-directed air puffs.  The diversity 

in US classifications and variations in parameters and training parameters have made 

comparisons of both forms of learning difficult, and the observed neural expression/response 

may not be involved in valence features per se, but due to extraneous variables such as sensory 

modality.   
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Here, we have used an intraoral delivery approach to present appetitive or aversive 

tastants directly into the rats’ mouth to eliminate the approach or avoidance feature associated 

with traditional bottle-test paradigms.  To examine multi-region or whole brain involvement, we 

utilized early growth response gene-1 (Egr-1/Zif268; Zenk, NGFI-A, Krox-24, TIS8; Veyrac, 

Besnard, Caboche, Davis, & Laroche, 2014 ) protein expression patterns which is a transcription 

factors encoding immediate-early gene (IEGs) egr-1, and is rapidly and transiently expressed 

following neuronal depolarization and the presentation of a variety of sensory stimuli.  IEGs 

activation patterns have traditionally been used as a marker of neuronal activation.  In addition, 

various studies have shown that Egr-1 and other IEGs are crucial for acquisition and memory 

reconsolidation using genetic manipulations to artificially induce or inhibit their expression (e.g. 

antisense oligodeoxynucleotides (ODNs; Maddox, Monsey, and Schafe, 2011; Yasoshima, Sako, 

Senba, and Yamamoto, 2006), and genetic knockout mice; Ganesh et al. 2012; Malkani, Wallace, 

Donley, and Rosen, 2004; Katche, Goldin, Gonzales, Bekinschtein, and Medina, 2012).  More 

importantly, these IEGs are crucial for various forms of olfactory memory (Funk & Amir, 2000; 

Mandairon, Didier, & Linster, 2008; Ganesh et al., 2012), aversive conditioning (Lamprecht & 

Dudai, 1996, as cited in Lamprecht, Hazvi, & Dudai, 1997; Lamprecht, Hazvi, & Dudai, 1997; 

Funk & Amir, 2000; Yasoshima, Sako, Senba, and Yamamoto, 2006; Lonergan, Gafford, Jarome, 

& Helmstetter, 2010), and various task types (hippocampal and non-hippocampal dependent; 

Jones et al., 2001).   

Previously, we mapped the chemosensory regions (main olfactory bulb (MOB), anterior 

olfactory nucleus (AON), anterior (aPCx) and poster piriform cortices (pPCx), and gustatory 

cortex (agranular insular cortex; aIC) involved in odor retrieval following appetitive and aversive 

forms of learning.  Here, we targeted cortical and midbrain regions that may be involved in 
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reward and fear processing, including the orbitofrontal (OFC), prelimbic (PLC) and infralimbic 

cortices (ILC), olfactory tubercle (OT), dorsal and ventral striatum (i.e. caudate putamen (CPu), 

nucleus accumbens (NAc)), basolateral amygdala (BLA), and dorsal hippocampus complex 

(HPC).  

The orbitofrontal cortex (OFC) is also known as the secondary olfactory cortices, and 

participates in odor value representation and learning (Rolls, 1996).  Despite its prominent and 

well-accepted role in perception, OFC is not crucial for the act of smelling.  It receives strong 

input from primary olfactory regions (e.g. PCx), and has been suggested as the location of 

sensory integration (Gottfried, 2010).  Most importantly, it plays a role in the integration of 

gustatory, oral somatosensation, and retronasal olfaction to generate the perception of flavor.  

Moreover, the OFC contributes plastic and top-down inputs concerning the value of rewards, 

secondary reinforcers, punishment, and reversal of valenced stimuli to other regions of the 

olfactory cortex (e.g. PCx) and other olfactory areas (Kringelbach, 2005; O’Doherty, 

Kringelbach, Rolls, Hornak, & Andrews. 2001).   

Regional differences exist in the OFC; where the lateral OFC (OFCLO) has been 

associated with negative outcomes and correlated with evaluation of punishment, while the 

medial OFC (OFCMO) has been associated with monitoring, learning and memory of reward 

values and outcomes (Kringelbach, 2005).  OFC activation magnitude was also correlated with 

the magnitude of reward or punishment with human participants (Kringelbach et al., 2001; 

Kringelbach, 2005; Van Duuren et al., 2007).  Other fMRI findings suggested that OFCMO 

signals positively correlated with the outcome expected value, but were independent of the 

valence or stimuli type (Metereau & Dreher, 2015). Thus, cells in the OFCMO may be coding 

salience.  
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 Here, we were also interested in examining the activity patterns of ventrolateral OFC 

(OFCVLO), which is a subregion of the caudal OFC known to receive strong projections from 

PCx (especially aPCx).  Thus, the OFCVLO has been an area of interest for many olfactory 

researchers due to the strong reciprocal projection between OFCVLO and PCx.  However, other 

researchers interested in reward or fear learning has examined other subregions in caudal OFC 

(namely, OFCMO, OFCLO and OFCVO). 

The prelimbic and infralimbic cortices (PLC and ILC, respectively) are both a part of the 

medial prefrontal cortex (mPFC), and have been speculated to play opposing roles in various 

reward and aversive learning paradigms; however, the results were unclear.  Additionally, 

previous studies have suggested that mPFC is involved in various olfactory memory tasks, which 

is not surprising given the connectivity between PCx, mPFC and limbic brain regions.  The PLC 

incorporates environmental stimuli and higher-order cues and modulates the animals’ response to 

allow optimal adaptation and flexibility towards changing environments.  It is crucial for the 

acquisition and expression of learned associations, and is dependent on the use of context to 

make optimal responses (Sharpe & Killcross, 2015).  The ILC, which is reciprocally connect to 

the PCx, is also implicated in generalization across changing contexts.  The ILC is activated 

during fear conditioning tasks.  For example, using IEG expression as a marker of neuronal 

activity, there was an increase in odor-retrieval induced c-Fos expression following odor-shock 

learning in ILC (Funk & Amir, 2000). 

A large body of literature has suggested that dorsal striatum (DS; or caudate putamen 

(CPu)) is involved in both reward and punishment paradigms in rodents, non-human primates, 

and human participants (Delgado, Locke, Stenger, & Fiez, 2003).  DS cells respond to various 

features of the task from anticipation to reception of reward and punishment stimuli.  Human 
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studies have shown that DS neurons demonstrate differential responses between valence 

components, and responds differentially depending on combination of valence, magnitude, and 

stimulus properties (Delgado et al., 2003). Moreover, DS receive projections from other essential 

cortices and AMG. 

The nucleus accumbens (NAc, a part of ventral striatum (VS), has been popularized for its 

role in reward and motivation.  A large body of NAc research has focused on drug addiction and 

abuse.  More recently, an accumulating body of evidence has shown that NAc is involved in both 

reward and aversive processing and learning (Thomas, Hall, & Everitt, 2002).  In particular, NAc 

neurons respond preferentially to stimuli predicting either a rewarding or aversive outcome 

(Setlow, Schoenbaum, Gallagher, 2003).  The ability to encode the significance of the stimuli 

that are ecologically relevant is crucial to guide the animal’s behavior. 

The olfactory tubercle (OT) is a multisensory brain region positioned in an ideal location 

for valence and olfactory input integration (Wesson & Wilson, 2011; Murata, Kanno, Ieki, Mori, 

& Yamaguchi, 2015) and other forms of multimodal integration (Wesson & Wilson, 2010).  It is 

situated at the ventral-most orientation of the brain, and receives direct projections from the 

MOB, PCx (especially aPCx), and striatum (CPu and NAc).  In fact, previous literature have 

claimed that the OT is a part of the VS due to the similarities in the predominate cell type 

(medium spiny neurons (MSNs)) and the presence of cell bridges which physically connect the 

NAc shell and OT (i.e. striatal bridges).  Thus, the OT is situated in-between other crucial regions 

involved in reward, motivation, and valence processing, such as NAc and ventral pallidum (VP).  

In addition to the optimal location, the OT receives association fibers from various emotional 

and cortical brain regions (e.g. AMG, VTA, PFC, etc.). 
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Due to the monosynaptic connectivity with the MOB, neurons in the OT respond to 

biologically significant cues (urine; food odors, etc.) and other monomolecular odors.  Electrical 

stimulation of the OT could be perceived as rewarding and could alter initial odor preference in 

mice (FitzGerald, Richardson & Wesson, 2014).  Various research groups have shown the 

presence of functional spatial maps in the OT; the anteromedial region was associated with cues 

which initiated approach behaviors, and the lateral region was associated with aversive behaviors 

(Murata, Kanno, Ieki, Mori, & Yamaguchi, 2015).  Even though less is known about OT’s role in 

olfactory processing, recent studies have shown that the OT is involved in processing odor 

stimulus intensities (Xia, Adjei, & Wesson, 2015).  See Millhouse and Heimer, (1984), Wesson 

and Wilson (2011), and Giessel and Datta (2013) for a thorough overview of OT physiology and 

implications in olfactory function. 

To understand odor memory processing, prior studies have examined hippocampus (HPC) 

activity following an odor learning task (Hess, Lynch & Gall, 1995; Tronel & Sara, 2002; 

Roullet, Liénard, Datiche & Cattarelli, 2005; Roullet, Datiche, Liénard, & Cattarelli, 2005).  The 

HPC is interconnected with olfactory cortex (PCx via lateral entorhinal cortex (EC)), and other 

emotional regions (e.g. AMG).  Previous studies have shown that HPC neurons encode the 

relationship between olfactory cues and spatial location or context.  Moreover, its strong 

reciprocal connectivity with primary olfactory and emotional regions suggested that HPC may be 

involved in the emotional odor processing network.  A growing body of research suggested that 

that the HPC subfields may contribute to various aspects of learning and memory; CA1 may be 

crucial during the initial learning and CA3 may be involved in the retrieval or reactivation phase 

(Roullet, Liénard, Datiche & Cattarelli, 2005).  Prior studies have suggested the Egr-1 protein 

expression in HPC may be more associated with associative learning properties of a fear 
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conditioning task, compared to other IEGs (e.g. Arc protein, which may be driven by contextual 

parameters of the task) (Lonergan, Gafford, Jarome, & Helmstetter, 2010). 

The amygdala (AMG), or ‘amygdaloid complex’, is a deep brain structure in the 

telencephalon, and is comprised of a large group of interconnected subnuclei. Compared to other 

regions such as the HPC or PCx, a large percentage of neurons within AMG are selectively 

activated by meaningful stimuli (~37%; Fuster & Uyeda (1971), as cited in Namburi, Al-Hasani, 

Calhoon, Bruchas, & Tye, (2015)).  The AMG’s crucial role in emotional stimuli processing is 

well-accepted, especially in olfactory emotional memory.  Each subnucleus plays a unique role 

in processing reward and aversive stimuli. For example, using c-Fos expression as a neuronal 

marker, elevated expression was observed in the medial portion of the central amygdala (CEm) 

following appetitive learning, but not aversive learning (Knapska et al., 2006).  The basolateral 

nucleus of amygdala (BLA) has been well-accepted as the site of olfactory and gustatory 

convergence following flavor learning (Desgranges, Ramirez-Amaya, Ricaño-Cornejo, Lévy, & 

Ferreira, 2010).  The BLA could be further subdivided into the lateral (LA) and basal (BA) 

nucleus.  The LA is the site of odor and footshock convergence; neurons in the LA are responsive 

to both odor CS and shock US stimuli (Wilson & Stevenson, 2006).  The convergence of 

olfactory information with biologically significant reward or aversive stimuli is a fundamental 

concept underlying emotional odor learning.  Moreover, there is a direct projection between 

MOB–CEm, and aPCx–BLA.  Thus, feedback could take place either from (BLA–>aPCx –>MOB), 

(CEm –>MOB), or (BLA–> CEm –> MOB).  The complex feedback system underlying emotional 

learning is further complicated by PFC and OFC region networks. 

Recent studies have shown that AMG plays differential roles depending on learning type.  

BLA is crucial for Pavlovian, but not instrumental forms of associative learning (Maren, 2003; 
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Schafe, Thiele, & Bernstein, 1998).  There was an increase in odor-retrieval induced c-Fos 

expression following odor-shock learning in BLA (Funk & Amir, 2000).  Furthermore, 

researchers have examined separately the LA and BA, and suggested that they contribute 

differentially to conditioning.  Egr-1 expression in LA was crucial for consolidation and 

reconsolidation of auditory fear conditioning tasks using ODN knockdown of Egr-1 (Maddox, 

Monsey, & Schafe, 2011).  The AMG is has strong connections with hippocampus (HPC) and 

perirhinal cortex to support its function in olfactory memory retrieval and recognition. Please see 

Janak and Tye (2015) and Namburi, Al-Hasani, Calhoon, Bruchas, and Tye, (2015) for a 

comprehensive review. 

 

Materials and Methods 

The methods associated with the current study are identical to the experiment described 

in Chapter 2.  Refer to Chapter 2 for more details regarding animal strain and housing 

characteristics, rationale for choosing specific parameters, conditioning paradigm, and Chapter 3 

for odor-retrieval and IHC protocols.  

 

Nuclear quantification  

Following the completion of IHC protocols, whole slides were converted into high 

quality electronic slides using the Scanscope CS2 (20X capture magnification; Leica Biosystems, 

Buffalo Grove, IL).  For brain regions or subregions which could be precisely delineated, 

outlines defining the regions of interests were completed by observers blind to the experimental 

condition, using an Intuos4 Pen Tablet (Wacom; Vancouver, WA) and Paxinos and Watson’s 

Rat Brain Atlas (6
th

 ed.).  Moreover, we used additional nissl stained, and nissl/nuclear-
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counterstained brain sections to enhance the accuracy of brain region border recognition and 

separation.  Cell counts for regions in which the delineations were unclear were accomplished 

via the sampling box method (sub-regions, sub-compartments, cortex, etc.).  Boxes were placed 

in consistent locations within the sub-regions of interest.  Areas within the box that were not part 

of the structures of interested were excised from the analysis.  Folded brain tissue or non-nuclear 

DAB deposits were also removed using the exclusion feature of the data analysis software.   

Automated nuclear quantifications were performed using the nuclear algorithm via ImageScope 

software (Leica Biosystems, Buffalo Grove, IL).  Extracted xls files from the ImageScope 

software were compiled using Python scripts, and data were analyzed using IBM SPSS v.23.0 

(Armonk, NY).  Final cell counts were expressed as cells/mm
2
.  Nuclear expression figures were 

created using Adobe Illustrator and Photoshop software (Adobe Systems, San Jose, CA).   

 

Orbitofrontal cortex (OFC) 

We divided the OFC into most-rostral, rostral, mid, and caudal regions based on the 

gradual change along the rostrocaudal axis (Figure 19).  Within each of the OFC coronal sections, 

we examined the medial (OFCMO), ventral (OFCVO), lateral (OFCLO), and dorsolateral (OFCDLO) 

subregions (appearing within rostral OFC and mid OFC divisions), and they were approximated 

using 0.5 mm (width) x 0.5 mm (height) x 0.5 mm (length) sampling boxes due to the unclear 

boundaries between the subregions (Figure 19). The boxes were placed in consistent locations 

across all coronal slices and for animals.  

Moreover, we examined the ventrolateral orbitofrontal cortex (OFCVLO) using a 

standardized box (1.0 mm (width) x 0.5 mm (height) x 0.5 mm (length)) (Figure 19). The 

standardized box was placed ventral to the claustrum and forceps minor corpus, and dorsal to the 
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most rostral aPCx (Interaural 12.0 to 13.2 mm; Figure 8-11; Paxinos and Watson’s Rat Brain 

Atlas, 6
th

 Ed.).  In addition, we analyzed OFCVLO using both ventral and lateral approximations 

(OFCVO and OFCLO, respectively) with 0.5 mm (width) x 0.5 mm (height) x 0.5 mm (length) 

sampling boxes (Figure 19).  These sampling regions corresponded to OFCVO and OFCLO 

subregions in caudal OFC. For rostral OFC, we included: Fapp (N=3), Favr (N=3), Bapp (N=4), 

Bavr (N=5), Fam (N=2), and Novel (N=6).  For mid OFC, we incorporated the following 

number of animals into the final averaged dataset: Fapp (N=5), Favr (N=3), Bapp (N=7), Bavr 

(N=6), Fam (N=3), and Novel (N=5).  For caudal OFC, we incorporated the following number 

of animals into the final averaged dataset for the various OFCVLO and subdivision analyses: Fapp 

(N=1-8), Favr (N=3-4), Bapp (N=6-9), Bavr (N=2-8), Fam (N=4-5), and Novel (N=4-8). 

 

Prelimbic and infralimbic cortex (PLC and ILC) 

 We examined the PLC and ILC using standardized boxes (0.5 mm (width) x 0.5 mm 

(height) x 0.5 mm (length)).  Analyses were separated based on the rostrocaudal location (Figure 

19).  Thus, counts were generated for both rostral (PLCr) and caudal PLC (PLCc), and rostral 

(ILCr) and caudal ILC (ILCc).  Precise box placements were determined using contiguous brain 

regions (e.g. secondary motor cortex, forceps minor corpus callosum, claustrum, cingulate cortex, 

and OFC).  PLC analyses ranged from interaural 11.52-14.16 mm (Figures 6-13; Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed), and ILC analyses ranged from interaural 11.52 to  12.72 mm 

(Figures 9-13; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.).  A varied number of animals 

contributed to the PLC and ILC box analyses.  For PLCr, we incorporated the following sample 

of animals to generate the averaged nuclear densities: Fapp (N=5), Favr (N=2), Bapp (N=8), 

Bavr (N=9), Fam (N=3), and Novel (N=7).  For PLCc, we averaged the following animals to 
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generate the overall average: Fapp (N=6), Favr (N=5), Bapp (N=7), Bavr (N=7), Fam (N=3), 

and Novel (N=7). For ILCr, we incorporate the following animals into the final average: Fapp 

(N=6), Favr (N=3), Bapp (N=8), Bavr (N=7), Fam (N=3), and Novel (N=3).  For ILCc, we 

included the following average into generating the average density: Fapp (N=5), Favr (N=3), 

Bapp (N=5), Bavr (N=5), Fam (N=1), and Novel (N=5). 

 

Olfactory tubercle (OT) and Islands of Calleja (ICj) 

 We examined the dense cell layer (Stephan, 1975 as cited in Millhouse & Heimer, 1984) 

independently, and also the three-layered region combined (molecular (plexiform) layer, dense 

cell layer, and multiform (polymorph) layer) (Millhouse & Heimer, 1984) (Figure 26).  These 

layers corresponded to layer i (molecular (plexiform) layer), layer ii (dense cell layer), and layer 

iii (multiform (polymorph) on Figures 11-34 (Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.).  

The plexiform layer was characterized by sparse cell bodies, and positioned between the pial 

surface and dense cell layer.  The dense cell layer (or, pyramidal cell layer) was characterized by 

dense cell bodies which were similarly shaped. The polymorph layer was located dorsal to the 

dense cell layer, and consisted of cells which varied in both shape and size.  All cells in the 

polymorph layer were included in our analyses; additional histological staining was not 

performed to remove potential clusters of ventral pallidal cells from that layer.   

The GABAergic granule cells of the Islands of Calleja (ICj) were defined via their spatial 

location within the OT region, nuclear product size, and spherical or elongated cluster formation. 

ICj density measurements were examined separately, and were removed from the medium-sized 

densely spined cells in the dense multiform layers quantifications (Millhouse & Heimer, 1984).  
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Analysis ranged from interaural 8.88-12.00 mm (Figures 11-34; Paxinos and Watson’s Rat Brain 

Atlas, 6
th

 Ed.).  

The contour of the dense cell layer and other surround anatomical landmarks (LOT; aPCx, 

AON) were used as a reference to divide the OT into most-rostral (Figures 10-11; Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed.), rostral (Figures 12-22; Paxinos and Watson’s Rat Brain Atlas, 

6
th

 Ed.), and caudal (Figures 23-34; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.) coronal 

orientations.  For most-rostral OT, we incorporated the following animals into the averaged 

dataset: Fapp (N=5), Favr (N=3), Bapp (N=7), Bavr (N=4), Fam (N=3), and Novel (N=6).  For 

rostral OT, we incorporated the following animals into the averaged dataset: Fapp (N=8), Favr 

(N=6), Bapp (N=7), Bavr (N=9), Fam (N=5), and Novel (N=9).  For caudal OT, we incorporated 

the following animals into the averaged dataset: Fapp (N=5), Favr (N=4), Bapp (N=6), Bavr 

(N=6), Fam (N=2), and Novel (N=7).  

 

Dorsal and ventral striatum (DS and VS) 

The caudate putamen (CPu) was the main structure of analysis within the dorsal striatum 

(DS).  Analysis ranged from interaural 8.76-11.28 mm (Figure 14- 35; Paxinos and Watson’s Rat 

Brain Atlas, 6
th

 Ed.).  Analyses were separated based on the location within the rostrocaudal axis, 

and thus CPu was divided into rostral, mid, and caudal components (Figure 23). The bordering 

corpus callosum, external capsule, and lateral ventricle were used for precise delineation of CPu.  

For rostral CPu, we incorporated the following animals into the averaged dataset: Fapp (N=5), 

Favr (N=6), Bapp (N=5), Bavr (N=4), Fam (N=3), and Novel (N=5).  For mid CPu, we 

incorporated the following animals into the averaged dataset: Fapp (N=8), Favr (N=6), Bapp 

(N=7), Bavr (N=9), Fam (N=4), and Novel (N=9). For caudal CPu, we incorporated the 
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following animals into the averaged dataset: Fapp (N=6), Favr (N=4), Bapp (N=6), Bavr (N=7), 

Fam (N=2), and Novel (N=8). 

The ventral striatum (VS) (NAc shell and NAc core combined) was defined using the 

anterior commisure, and referenced to other identifiable regions of interest (e.g. aPCx, OT, 

lateral septum).  Region of analysis ranged from 9.84-11.76 mm (Figure 12-26; Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed.).  Analyses were completed separately for rostral and mid NAc 

shell and NAc core to determine whether nuclear expression differed based on the rostrocaudal 

location (Figure 23).  Rostral VS ranged from 11.52-11.76 mm (Figure 12-13; Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed.), mid VS ranged from 9.84-11.28 mm (Figure 14-26; Paxinos 

and Watson’s Rat Brain Atlas, 6
th

 Ed.), and caudal VS ranged from 9.48-9.72 mm (Figure 27- 29; 

Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.).  However, caudal VS contained minimal NAc 

core and NAc shell, and was omitted from the overall analyses.  For rostral NAc whole, NAc shell, 

and NAc core, we incorporated the following animals into the averaged dataset: Fapp (N=4-5), 

Favr (N=6), Bapp (N=6), Bavr (N=5), Fam (N=2-3), and Novel (N=5-6).  For mid NAc whole, 

NAc shell, and NAc core, we incorporated the following animals into the averaged dataset: Fapp 

(N=8), Favr (N=4-5), Bapp (N=6-7), Bavr (N=8-9), Fam (N=2-4), and Novel (N=8-9). 

 

Amygdala (AMG) 

 The centralized focus was on the basolateral nucleus of the amygdala (BLA).  Cell 

quantifications were performed for the whole BLA, and separately for the basal and lateral sub-

nuclei (BA and LA respectively) (Figure 30).  To define the BLA, the characteristic almond-like 

contour of BLA, contour and size of dorsal HPC, along with the positioning of CPu and pPCx 

were used to accurately define the BLA structure.  Due to the difficulties in determining a precise 
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separation between BA and LA subnuclei, the box approximation method was used for the sub-

nuclei. BA and LA subnuclei were approximated using 0.3 mm x 0.3 mm sampling boxes.  

Regions of interest ranged from interaural 5.52 - 6.96 mm (Figure 50- 62; Paxinos and Watson’s 

Rat Brain Atlas, 6
th

 Ed.).  For AMG subnuclei, we incorporated the following animals into the 

averaged dataset: Fapp (N=2), Favr (N=3), Bapp (N=4), Bavr (N=6), Fam (N=2), and Novel 

(N=8). 

 

Hippocampus (HPC) 

Analyses were performed separately for dorsal HPC subfields: Cornu Ammonis 1 and 3 

(CA1 and CA3, respectively), and dentate gyrus (DG) (Figure 28).  Precise delineations were 

generated using a combination of cell morphology, cytoarchitecture, contour, and placement of 

other regions of interest (e.g. AMG, pPCx, CPu, etc.).  We separated CA1 from CA2 by 

examining the cytoarchitecture of the pyramidal layer.  The location of CA3 was defined via the 

cytoarchitecture and location of the DG.  For DG density measurements, both the polymorph and 

granule cell layer were in the area of analysis.  The range of analyses extended from 5.04 - 6.84 

mm (Figure 51-66; Paxinos and Watson’s Rat Brain Atlas, 6
th

 Ed.).  For HPC subfields, we 

incorporated the following animals into the averaged dataset: Fapp (N=2), Favr (N=3), Bapp 

(N=5), Bavr (N=6), Fam (N=2), and Novel (N=8). 

 

Statistical analysis 

 For single brain region analyses, we utilized a linear mixed-effects model (or MIXED 

model).  The [group] was treated as a main effect, with [rats], [slice], and [rats x slice] as random 

effects.  Post hoc analyses were made using Fisher’s least significant difference (LSD).  
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Statistical significance was achieved when P<0.05.  For multi-brain region comparisons, [group], 

[source], and [group x source] was treated as fixed effects. Again, [rats], [slice], and [rats x slice] 

were integrated as random effects. 
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Results 

 

 

 

 

 

 

 

Figure 19. Coronal brain sections stained for Egr-1 protein expression in the neocortex and 

sampling box locations for orbitofrontal (OFC), prelimbic (PLC), and infralimbic (ILC) 

cortices. A. Coronal section illustrating the most-rostral OFC sampling locations (interaural 

15.12 mm) with boxes (0.3 mm x 0.3 mm) placed in subregions of interest (lateral orbitofrontal, 

(OFCLO); ventral orbitofrontal (OFCVO), and medial orbitofrontal (OFCMO)).  Please refer to 

analytical methods for more information on anatomical references for precise categorization (e.g. 

posterior MOB and rostral AON). B. Coronal section representing rostral OFC sampling 

locations (interaural 14.64 mm).  In this coronal plane, the dorsolateral orbitofrontal (OFCDLO) 

emerges. C, D and E. Coronal sections (interaural 13.20-14.16 mm) representing box 

placements for mid OFC, and rostral prelimbic cortex (PLCr). F. Coronal section illustrating the 

ventrolateral orbitofrontal (OFCVLO) cortex sampling location, and sub analysis with lateral 

(OFCLO) and ventral (OFCVO) orientations. The caudal prelimbic (PLCc) and rostral infralimbic 

(ILCr) are displayed. G. Representation of a more posterior coronal section on this plane. The 

OFCVO, OFCLO, and OFCVLO are no longer visible; box locations for PLCc and ILCc regions are 

illustrated. H. Coronal image with PLCc and ILCc box placements (interaural 11.28 mm). 
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Figure 19. Coronal brain sections stained for Egr-1 protein expression in the neocortex and 

sampling box locations for orbitofrontal (OFC), prelimbic (PLC), and infralimbic (ILC) 

cortices (Continued). 

 



 

146 

 

 

 

 

 

Orbitofrontal cortex (OFC) 

Figure 20. Egr-1 expression in the OFC along the rostrocaudal axis.  A. There was an effect 

of OFC subregion and interaction between subregion and treatment groups in rostral OFC. 

OFCLO expression was significantly greater compared to OFCDLO, OFCMO, and OFCVO.  OFCVO 

had higher expression compared to OFCMO and OFCDLO.  OFCMO and OFCDLO were not 

statistically different.  In rostral OFC, post hoc analyses further showed that in OFCVO, Novel 

group expression was statistically greater than Fapp and Bavr groups. B. There was an effect of 

subregion and interaction between subregion and treatment groups in mid OFC.  Expression in 

OFCLO and OFCVO was greater compared to OFCDLO and OFCMO; however, OFCLO and OFCVO 

were not statistically different.  OFCDLO had higher expression compared to OFCMO. In mid OFC, 

post hoc analyses suggested that in the OFCDLO, Fapp group expression was greater than the 

Fam group.  In the OFCLO, Fapp group expression was greater than Bapp, Bavr, and Fam groups.  

Favr group expression was greater than Bapp and Fam groups. No groups were significantly 

different in the OFCMO and OFCLO.  C.  There was an effect of subregion, and interaction 

between subregion and treatment groups in caudal OFC.  Expression in OFCMO was less 

compared to rostral and caudal OFCLO and OFCVO.  Rostral OFCVO expression was greater 

compared to OFCLO.  Caudal OFCVO was greater than OFCLO.  Post hoc analyses suggested that 

in OFCMO, Novel group expression was greater than the Favr group.  In rostral OFCLO, the Novel 

group had significantly greater expression than the Bapp, Bavr, and Fam groups.  In rostral 

OFCVO, the Novel group had greater expression compared to Bapp and Bavr groups.  Both Fapp 

and Favr groups had greater expression compared to Bapp.  In caudal OFCLO, Favr and Bapp 

groups had significantly greater expression than the Fam group.  In caudal OFCVO, Bapp and 

Novel expression was greater than Fam.  The Favr group was significantly greater than Bavr and 

Fam groups. 
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Figure 20. Egr-1 expression in the OFC along the rostrocaudal axis (Continued).  
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Figure 21. Egr-1 expression in OFCVLO. A. Averaged densities (mean nuclei/mm
2
) for rostral 

and caudal OFCVLO.  There was a significant interaction between OFCVLO rostrocaudal location 

and groups.  Within rostral OFCVLO, immunoexpression in the Novel group was significantly 

different than Bapp, Bavr, and Fam groups; however, it was not statistically different from Fapp 

and Favr.  However, in caudal OFCVLO, Novel expression was no longer statistically different 

than other groups.  Bapp expression was greater than Fapp and Fam groups.  B. OFCVLO nuclear 

expression was further divided into rostral and caudal OFCVO and OFCLO.  See methods for sub-

sampling function and criteria.  There was an effect of rostrocaudal location, and interaction 

between location and treatment groups.  Expression in rostral OFCVO was greater compared to 

OFCLO, and caudal OFCVO was greater than OFCLO.  Overall, expression was greater for both 

rostral and caudal OFCVO compared to rostral and caudal OFCLO. 
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Figure 21. Egr-1 expression in OFCVLO (Continued). 
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OFC analyses were divided based on its location on the rostrocaudal axis to reveal 

existing differential spatial activity patterns.  Thus, we separated the OFC into [1] most-rostral, 

[2] rostral, [3] mid, and [4] caudal OFC divisions (Figure 19).  Moreover, due to the 

heterogeneous projection patterns in the OFC, we divided each coronal section into medial, 

ventral, lateral, and dorsolateral subdivisions based on guidelines according to Paxinos and 

Watson’s Rat Brain Atlas, 6
th

 Ed. (Figure 19). 

In rostral OFC, our analyses suggested that there was an effect of OFC subregion [F (3, 

1207) = 71.63; P<0.001], and interaction between subregion and treatment groups [F (15, 1207) 

= 2.92; P<0.001].  However, treatment groups were not statistically significant [F (5, 14) = 1.07; 

P=0.416].  OFCLO expression was significantly greater compared to OFCDLO, OFCMO, and 

OFCVO (P<0.001).  OFCVO had higher expression compared to OFCMO and OFCDLO (P<0.001).  

OFCMO and OFCDLO were not statistically different (P >0.05). Post hoc analyses further showed 

that in the OFCVO, Novel group expression was statistically greater than Fapp and Bavr groups 

(P<0.05) (Figure 20).   

In mid OFC, our analyses results that there was an effect of subregion [F (3, 1755) = 

167.78; P<0.001], and interaction between subregion and treatment groups [F (15, 1754) = 5.52; 

P<0.001].  However, groups did not reach significance [F (5, 23) = 1.54; P=0.216].  Expression 

in the OFCLO and OFCVO was significantly greater compared to OFCDLO and OFCMO (P<0.001); 

however, OFCLO and OFCVO were not statistically different (P>0.05).  OFCDLO had more 

elevated expression compared to OFCMO (P<0.001).  Post hoc analyses showed in the OFCDLO, 

Fapp group expression was greater than the Fam group (P<0.05).  In the OFCLO, Fapp group 

expression was greater than Bapp, Bavr, and Fam groups (P<0.05).  Favr group expression was 
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greater than Bapp and Fam groups (P<0.05). No groups were significantly different in the 

OFCMO and OFCLO (P>0.05) (Figure 20). 

The caudal OFC consisted of three main subregions: medial (OFCMO), ventral (OFCVO) 

and lateral (OFCLO).  OFCVO and OFCLO are often combined as ‘ventrolateral OFC (OFCVLO)’. 

However, OFCVLO spans a large distance across the rostrocaudal axis, and could be divided into 

rostral and caudal OFCVLO.  To examine the general patterns across the groups in the caudal OFC, 

data was merged for all caudal regions examined (OFCMO, rostral and caudal OFCVO and OFCLO.)  

In caudal OFC, our statistical results suggested that there was an effect of subregion [F (4, 280) 

= 197.60; P<0.001] and interaction between OFC subregion and treatment groups [F (20, 324) = 

9.13; P<0.001].  However, groups did not reach significance [F (5, 41) = 1.32; P=0.277].  

Expression in OFCMO was significantly less compared to rostral and caudal OFCLO and OFCVO 

subregions (P<0.001) (Figure 20).  Expression in the rostral OFCVO was significantly greater 

compared to rostral OFCLO (P<0.001) Expression in the caudal OFCVO was greater compared to 

caudal OFCLO (P<0.001).  Post hoc analyses further suggested that in OFCMO, Novel group 

expression was greater than the Favr group (P<0.05).  In rostral OFCLO, the Novel group had 

significantly greater expression in Bapp (P=0.001), Bavr (P<0.05), and Fam (P<0.05) groups.  In 

rostral OFCVO, the Novel group had greater expression compared to Bapp (P=0.001) and Bavr 

(P<0.05) groups.  Both Fapp and Favr groups had greater expression compared to Bapp 

(P<0.05).  In caudal OFCLO, Favr and Bapp groups had significantly greater expression than 

Fam (P<0.05).  In caudal OFCVO, Bapp and Novel group expression was greater than the Fam 

group (P<0.01).  Favr group was significantly greater than the Bavr (P<0.05) and Fam (P<0.05) 

groups. 
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Furthermore, we examined the OFCVLO separately from the original caudal OFC analysis.  

There was a significant interaction between OFCVLO location on the rostrocaudal axis and groups 

[F (5, 95) = 23.7; P<0.001].  However, both individual factors, rostrocaudal location ([F (1, 66) = 

0.79; P=0.377] and treatment groups [F (5, 47) = 1.40; P=0.243] did not reach statistical 

significance (Figure 21).  Subsequently post-hoc analyses suggested that within rostral OFCVLO, 

immunoexpression in the Novel group was significantly different than Bapp (P=0.001), Bavr 

(P<0.05), and Fam (P<0.05) groups; however, it was not statistically different from Fapp and 

Favr groups (P>0.05).  However, in caudal OFCVLO, Novel expression was no longer statistically 

different than other groups (P>0.05).  Bapp expression was greater than Fapp (P<0.05) and Fam 

(P<0.01) groups.  Moreover, the OFCVLO region was analyzed separately for the OFCVO and 

OFCLO subregion along the rostrocaudal axis.  There was an effect of rostrocaudal and 

ventrolateral location [F (3, 212) = 83.1; P<0.001], and interaction between location and groups 

[F (15, 244) = 4.73; P<0.001].  Treatment group as a variable did not reach statistical 

significance [F (5, 44) = 1.55; P=0.194].  Expression in the rostral OFCVO was significantly 

greater compared to rostral OFCLO (P<0.001), and caudal OFCVO was significantly greater than 

caudal OFCLO (P<0.001). (Figure 21).  Subsequent post hoc analyses suggested that within the 

rostral OFCVO, Novel expression was greater than Bapp (P=0.001) and Bavr (P<0.05) groups.  

Favr expression was also significantly greater than Bapp (P<0.05).  In the caudal OFCVO, 

expression in the Novel group was greater than Fam (P<0.05), the Bapp group was also greater 

than Fam (P<0.01).  Favr group expression was greater than Bavr (P<0.05) and Fam (P<0.01) 

groups.  In the rostral OFCLO, expression in the Novel group was greater than Bapp (P=0.001), 

Bavr (P<0.05), and Fam groups (P<0.05).  In caudal OFCLO, Favr and Bapp groups were greater 

than Fam (P<0.05),  
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Prelimbic (PLC) and infralimbic (ILC) cortices—(vmPFC) 

 

Figure 22. Egr-1 expression in prelimbic (PLC) and infralimbic cortices (ILC).   There was 

an effect of brain region and rostrocaudal location, and interaction between these regions and 

groups.  Expression in the rostral PLC was greater than rostral and caudal ILC.  Moreover caudal 

PLC was significantly greater compared to rostral and caudal ILC.  Post hoc analyses suggested 

that within the PLCr, immunoexpression in the Favr group was significantly greater compared to 

Bapp and Bavr.  Within the PLCc, immunoexpression in Favr was significantly greater compared 

to Bavr.  There were no significant group effects within ILCr.   However, within ILCc, Favr 

expression was greater compared to Bavr. 
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The PLC and ILC span across a wide area across the neocortex, and the emergence 

location differs. The beginning of the PLC is more rostral and dorsal compared to ILC.  To 

sample the PLC and ILC across the rostrocaudal axis, both brain regions were divided into rostral 

and caudal components.  See methods for detailed anatomical subdivision and analysis methods.  

Rostral (PLCr) and caudal PLC (PLCc), and rostral (ILCr) and caudal ILC (ILCc) were analyzed 

separately.  Immunoexpression in the PLCr and PLCc comparisons were not statistically different 

in rostrocaudal location [F (1,100) = 0.263; P=0.609], groups [F (5, 30) = 1.10; P=0.382], and 

the interaction between rostrocaudal location and treatment groups was also not statistically 

significant [F (5, 93) = 0.156; P=0.978] (Figure 22). 

Immunoexpression in the ILCr and ILCc comparisons were also not statistically different 

in rostrocaudal location [F (1, 56) = 0.74; P=0.394], treatment groups [F (5, 27) = 0.91; P=0.488], 

and the interaction between rostrocaudal location and treatment groups was also not statistically 

significant [F (5, 55) = 0.425; P=0.830].  We also examined PLCr, PLCc, ILCr, and ILCc together, 

and found a significant effect of brain region and rostrocaudal axis [F (3, 323) = 100.10; 

P<0.001], and interaction between brain region along the rostrocaudal axis and treatment groups 

[F (15, 316) = 9.58; P<0.001].  However, groups were not statistically significant [F (5, 31) = 

0.387; P=0.854].  Expression in the PLCr was significantly greater compared to ILCr (P<0.05) 

and ILCc (P<0.001).  PLCc was significantly greater compared to ILCr and caudal ILCc (P<0.001).  

ILCr expression was higher compared to ILCc (P<0.001).  Overall, expression was greater in the 

PLC compared to the ILC.  Post hoc analyses suggested that immunoexpression was significantly 

greater in the Favr group compared to Bapp and Bavr groups (P<0.05) within the PLCr.  Within 

the PLCc, immunoexpression in the Favr group was significantly greater compared to the Bavr 
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group (P<0.05).  There were no significant group effects within ILCr.   Within ILCc, Favr group 

expression was greater compared to Bavr (P<0.05) (Figure 22). 
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Caudate putamen (CPu) and nucleus accumbens (NAc) 

 

Figure 23. Coronal sections of caudate putamen (CPu) and nucleus accumbens (NAc) along 

the rostrocaudal axis. A. Representative histomicrograph of a coronal, most-rostral striatum 

(interaural 11.76) section. The CPu, NAc shell and NAc core are depicted in black.  See Methods 

for delineation and boundary definitions. B. Representative coronal section of rostral striatum 

(interaural 11.28). The CPu, NAc shell and NAc core are depicted in black. Compared to (A), the 

CPu has increased substantially.  C. Representative sample of mid striatum (interaural 10.92). 

The CPu, NAc shell and NAc core are depicted in black. D. Representative section of caudal 

striatum (interaural 9.96 mm). The CPu, NAc shell and NAc core are depicted in black. The NAc 

has reduced in size, and only a remnant of NAc shell and NAc core are visible. 
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Figure 24. Egr-1 expression in caudate putamen (CPu).  There was an effect of rostrocaudal 

location and interaction between CPu location and treatment groups.  CPu expression in rostral 

and mid striatal regions were significantly less compared to caudal CPu.  Expression in the 

rostral and mid CPu were not significantly different.  However, expression in the rostral and mid 

CPu were not significantly different.  Post-hoc analyses suggested that within rostral CPu, Favr 

group expression was significantly less compared to Fapp, Bapp, and Novel groups.  Bapp group 

expression was significantly greater than Bavr and Fam groups.  In the mid CPu, Novel group 

expression was greater compared to Fapp, Bapp, and Bavr groups.  In the caudal CPu, Fapp and 

Novel expression was greater compared to Bapp and Bavr groups; however, Fapp and Novel 

groups were not statistically significant.  Favr group expression was greater compared to Bavr.   
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Figure 25. Egr-1 expression in rostral and mid nucleus accumbens (NAc). A. Egr-1 density 

measurements in rostral and mid NAc.  There was an interaction between rostrocaudal location 

and treatment groups; however, groups and rostrocaudal NAc location was not statistically 

significant. In rostral NAc whole, immunoexpression in the Fapp group was significantly greater 

compared to the Bavr and Fam groups.  Moreover Bapp group expression was greater compared 

to the Bavr group.  In mid NAc whole, immunoexpression in Fapp was significantly greater than 

Bapp.  Novel group expression was greater than Bapp and Bavr groups.   B. For NAc core, there 

was a significant interaction between rostrocaudal location and treatment groups.  In the rostral 

NAc core, Fapp expression was greater than Bavr.  In mid NAc core, the Fapp group was 

significantly different than the Bapp group, and the Novel group was also different than Bapp.  C. 

For the NAc shell, there was a significant interaction between rostrocaudal location and treatment 

groups. In the rostral NAc shell, Fapp group expression was significantly different than Bavr.  

Novel group expression was greater than Bavr and Fam groups.  In mid NAc shell, expression in 

the Novel group was different than the Bapp group. 
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Figure 25. Egr-1 expression in rostral and mid nucleus accumbens (NAc) (Continued). 

 

 

Analyses for the striatum were separated into [1] CPu and [2] NAc (Figure 23).  Our 

analyses showed that there was an effect of rostrocaudal location of CPu [F (2, 193) = 4.20; 

P<0.05] and interaction between rostrocaudal CPu location and treatment groups [F (10, 260) = 

9.25; P<0.001].  The treatment group factor did not reach statistical significance [F (5, 39) = 1.61; 
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P=0.180].  Expression in the rostral and mid CPu was significantly less compared to caudal CPu 

(P<0.01) (Figure 24).   However, expression in the rostral and mid CPu were not significantly 

different (P>0.05).  In addition, post-hoc analyses suggested that within rostral CPu, Favr group 

immunoexpression was significantly less compared to Fapp (P<0.05), Bapp (P<0.01), and Novel 

(P<0.05) groups.  Bapp group expression was significantly greater than Bavr and Fam groups 

(P<0.05).  In the mid CPu, Novel group expression was greater compared to Fapp (P<0.05), 

Bapp (P<0.05), and Bavr (P<0.01) groups.  In the caudal CPu, Fapp group expression was 

greater compared to Bapp (P<0.05) and Bavr (P<0.01) groups.  Novel group expression was also 

greater compared to Bapp (P<0.05) and Bavr (P<0.05) groups; however, Fapp and Novel groups 

were not statistically significant (P>0.05).  Favr group expression was greater compared to Bavr 

(P<0.05). 

We also examined NAc whole, NAc core, and NAc shell along the rostrocaudal axis 

(Figure 23).  For the NAc whole analysis, there was a significant interaction between rostrocaudal 

location and treatment groups [F (5, 141) = 8.35; P<0.001] (Figure 25).  Post hoc analyses 

suggested that in the rostral NAc whole, immunoexpression in the Fapp group was significantly 

greater compared to the Bavr and Fam groups (P<0.05).  Moreover Bapp group expression was 

greater compared to Bavr (P<0.05).  In mid NAc whole, immunoexpression in the Fapp group 

was significantly greater than Bapp (P<0.05).  Novel group expression was greater than Bapp 

(P<0.01) and Bavr (P<0.05) groups.  For the NAc core, there was a significant interaction 

between rostrocaudal location and treatment groups [F (5, 100) = 8.29; P<0.001] (Figure 25).  

Post hoc analyses suggested that in the rostral NAc core, Fapp group expression was greater than 

the Bavr group (P<0.05).  In mid NAc core, Fapp group was significantly different than Bapp 

(P<0.05), and the Novel group was also different than Bapp (P<0.01).  For the NAc shell, there 
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was also a significant interaction between rostrocaudal location and treatment groups [F (5, 93) = 

3.03; P<0.05] (Figure 25).  In the rostral NAc shell, the Fapp group expression was significantly 

different than the Bavr group (P<0.05).  Novel group expression was greater than Bavr and Fam 

groups (P<0.05).  In mid NAc shell, expression in the Novel group was different than the Bapp 

group. 

We further examined mid striatum (with all the subregions included; CPu, NAc whole, 

NAc core, and NAc shell).  Statistical analyses suggested that there was an effect of striatal 

subregion [F (3, 2938) = 97.07; P<0.001] and interactions between striatal subregion and 

treatment groups [F (15, 2938) = 6.38; P<0.001].  However, we failed to find significance in the 

treatment groups factor [F (5, 37) = 1.17; P=0.344].  Immunoexpression in the CPu was 

significantly greater compared to NAc whole, NAc core, and NAc shell (P<0.001).  NAc whole, 

core, and shell were not statistically different (P>0.05).  Subsequent post hoc analyses suggested 

that Novel group expression in the CPu was greater than Favr (P<0.05) and Bavr (P<0.01) 

groups.  Treatment groups within NAc whole, NAc core, and NAc shell were not statistically 

significant (P>0.05).   
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Olfactory tubercle (OT) 

 

Figure 26. Coronal sections of olfactory tubercle  A. Representative 10 µm sections of most-

rostral OT (interaural 12.00-12.24 mm).  Dotted boxes on coronal slice highlight the OT in 

reference to the rostral aPCx.  B. Representative rostral OT coronal section (interaural 11.5 mm). 

The green outline highlights Layers I/II/III of OT, blue outline highlights layer II, and red 

outlines show Islands of Calleja (ICj). Due to the visibility of the OT borders, we analyzed the 

OT using a whole area approach.  C. Representative image of caudal OT (interaural 10.20 mm). 

The colored lines represent annotations for layer I/II/III, layer II, and ICj analyses (see above for 

color associations.) D. Representative images of ICjs (red) in rostral and caudal OT.  Due to the 

differential size of OT cells, they were excluded from layer II or layers I/II/III analyses and were 

analyzed separately. 
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The OT was divided into [1] most-rostral OT, [2] rostral OT, and [3] caudal OT (Figure 

26).  Our analyses suggested that there was a significant effect of rostrocaudal location [F (2, 165) 

= 13.19; P<0.001] and interaction between rostrocaudal position and treatment groups [F (10, 

202) = 2.18; P<0.05].  However, groups did not reach statistical significance [F (5, 49) = 1.44; 

P=0.227] (Figure 27).  Post hoc analyses suggested that most-rostral OT expression was 

significantly higher compared to rostral and caudal OT (P<0.001).  Expression in rostral and 

caudal OT were not statistically different (P=0.151).  Within the most-rostral OT, 

immunoexpression for the Favr group was greater compared to Bapp and Bavr groups (P<0.05).  

In rostral OT, Novel group expression was greater compared to the Bavr group (P<0.05). 

Treatment group activity in the caudal OT was not statistically significant.   

The rostrocaudal positions of ICjs were analyzed; however, difference did not reach 

statistical significance.  Since a majority of the ICjs were located in the rostral region along the 

rostrocaudal axis, we performed separate analyses on layer II only (to examine layer II activity 

without including data from layer III of OT), and also to examine the ICj separately in layer II.  

For layer II, there was a significant effect of groups [F (5, 40) = 2.64; P<0.05], and also an effect 

of groups in rostral ICj [F (2, 31) = 3.12; P<0.05].  In layer II, immunoexpression in the Novel 

group was significantly higher compared to Bapp (P<0.05), Bavr (P<0.01), and Fam (P<0.05) 

groups.  However, it was not statistically different from Fapp and Favr groups (P>0.05).  

Moreover, ICjs’ were examined separately (see detailed methods.)  For rostral ICj quantifications, 

expression was greatest for the Fapp group.  ICj expression for Novel group was statistically 

more elevated compared to Bapp (P<0.05) and Bavr (P<0.01) groups.  However, it was not 

statistically different compared to Fapp, Favr, and Fam groups (P>0.05). 
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Figure 27.  Egr-1 expression in the olfactory tubercle (OT). A.  Egr-1 expression in layers 

I/II/III of OT along the rostrocaudal axis.  Due to the definable borders of the OT, we used a 

whole area quantification method.  ICjs were excluded from layers I/II/III quantifications and 

analyzed separately.  There was an effect of rostrocaudal location, and interaction between 

rostrocaudal location and treatment.  Most-rostral OT expression was greater compared to rostral 

and caudal OT. Within the most-rostral OT, immunoexpression for the Favr group was greater 

compared to Bapp and Bavr groups.  In rostral OT, Novel group expression was greater 

compared to Bavr. Group activity in the caudal OT was not statistically significant.  B.  Egr-1 

expression in layer II of rostral OT.  Expression in the Novel group was greater compared to 

Bapp, Bavr, and Fam groups.  Novel expression was not statistically different from Fapp and 

Favr. C.  ICj expression in rostral OT.  ICj expression was greater for the Novel group compared 

to Bapp and Bavr groups.  However, it was not different compared to Fapp, Favr, and Fam 

groups. 
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Hippocampus (HPC) subfields CA1, CA3, and DG 

 

 

Figure 28. Representative coronal slices of hippocampus and hippocampal subfields. A. 
Coronal section of hippocampus (interaural 6.24 mm). Inset annotation represents annotations of 

CA1 (navy blue), CA3 (sky blue) and DG (red). An enlarged version of the dotted box is shown 

in B. B. An enlarged image of CA3 and DG. C. An enlarged cells in CA1. D. An enlarged view 

of DG. E. An enlarged view of CA3. 
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Moreover, we found that there was an effect of hippocampal subfields [F (2, 1030) = 

167.76; P<0.001], and also significant interaction between hippocampal subfields and treatment 

groups [F (10, 1030) = 7.81; P<0.001] (Figure 29).  However, the main effect of treatment group 

was not significant [F (5, 20) = 0.537; P=0.746].  Egr-1 expression in CA1 was statistically 

higher compared to CA3 and DG (P<0.001), and DG expression was higher compared to CA3 

(P<0.05).  Within CA1, Favr (P<0.001), Fapp (P<0.05), Bapp (P<0.05), Bavr (P<0.01), and 

Novel (P<0.05) groups had greater Egr-1 expression compared to the Fam group.  Additionally, 

the Favr group had significantly greater expression compared to the Novel (P<0.05) group.  

Treatment groups were not statistically significant within CA3 (P>0.05) and DG (P>0.05).  
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Figure 29. Density measurements for hippocampal subfields. A. Egr-1 density measurements 

in CA1, CA3, and DG.  There was an effect of hippocampal subfields and interaction between 

subfields and treatment groups.  CA1 expression was greater compared to CA3 and DG, and DG 

expression was greater than CA3.  Within CA1, all groups had greater Egr-1 expression 

compared to the Fam group.  Additionally, the Favr group had significantly greater expression 

compared to the Novel group.  B. Egr-1 density measurements for CA3; treatment groups were 

not statistically different.  C.  Egr-1 density measurements for DG; treatment groups were not 

statistically different.   



 

168 

 

Amygdala 

 

 

 

 

Figure 30. Representative basolateral nucleus of amygdala (BLA) coronal section with box 

sampling placement locations. The BLA (outlined in maroon) was further divided into basal and 

lateral subnuclei (BA and LA).  BA (dark-green) and LA (yellow-green) sampling location were 

included to demonstrate the sampling approach for AMG. 
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Figure 31. Density measurements for basolateral, basal, and lateral nuclei of amygdala 

(BLA, BA, and LA). A. Egr-1 density measurements for AMG subnuclei.  There was an effect of 

subnuclei and interaction between subnuclei and groups.  Expression in LA was significantly 

greater compared to BA or BLA.  Groups as a factor were not statistically significant. Post hoc 

analyses within LA subregion showed that expression in the Fam group was less than all groups.  

However, there were no significant differences within BA or BLA subnuclei. B.  Expression for 

BLA only was not statistically significant.   
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We performed analyses on the basolateral nucleus of amygdala (BLA), and basal (BA) 

and lateral (LA) nuclei separately (Figure 30).  Our analyses suggested an effect of subnuclei [F 

(2, 732) = 167.76; P<0.001] and a significant interaction between subnuclei and groups [F (10, 

734) = 4.9; P<0.001].  However, groups as a factor failed to reach significance [F (5, 19) = 0.96; 

P=0.466].  Expression in the LA was significantly greater than BA and BLA (P<0.001), and BLA 

expression was greater than BA (P<0.001) (Figure 31).  Post hoc analyses with LA showed that 

expression in the Fam group was less than Fapp (P<0.05), Favr (P=0.001), Bapp (P<0.05), Bavr 

(P=0.001), and Novel (P<0.01) groups.  There were no significant differences for BA or BLA 

subnuclei.  Due to the differential method of quantification for BLA from BA and LA, we 

attempted to examine the significance of LA and BA with BLA data removed.  There was also an 

effect of subnuclei [F (1, 467) = 227.40; P<0.001], and significant interaction between subnuclei 

and group [F (5, 467) = 6.20; P<0.001].  Immunoexpression in the LA was significantly greater 

than BA (P<0.001).  Again, groups as a factor was not statistically significant [F (5, 19) = 0.93; 

P=0.486].  Post hoc analyses suggested that there were no significant differences between groups 

within BA, but there were significant group differences within LA.  The Fam group was 

significantly less compared to Favr (P<0.01), Bapp (P<0.05), Bavr (P<0.01), and Novel (P<0.01) 

groups.  However, it was not significantly different from Fapp group (P=0.08).  We examined 

BLA individually; however, groups did not reach statistical significance [F (5, 19) = 0.87; 

P=0.517] (Figure 31). 

 

Discussion  

 A large number of studies have previously examined brain regions recruited in the reward 

or fear learning network.  However, due to the vast differences between training modalities and 
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experimental parameters, it was difficult to compare the two forms of learning.  Here, we have 

utilized a novel conditioning method and Egr-1 IEG expression to map brain regions involved 

during odor retrieval following appetitive and aversive learning.  Prior studies have shown that 

Egr-1 was crucial for various memory phases and conditioning forms (Maddox, Monsey, & 

Schafe, 2011).  Here, we provided further support for differential retrieval-induced Egr-1 

expression following appetitive or aversive learning.    

From a large body of accumulated orbitofrontal cortex (OFC) literature, we know that 

OFC cells are responsive to gustatory, olfactory, visual, tactile and auditory cues.  In addition to 

receiving input from primary senses, OFC is a site of sensory convergence (e.g. the integration 

of gustatory, oral somatosensation, and retronasal olfaction to generate the perception of flavor, 

or odor and pictures) (Gottfried & Dolan, 2003; Gottfried, 2010).  Populations of neurons encode 

flavor percepts, since cells respond to specific combinations of odor and taste stimuli (Rolls & 

Baylis, 1994; Small et al., 2007).  Here, we found that Egr-1 expression in the OFC varied along 

the rostrocaudal axis.  There were differences both within OFC subregions (OFCMO, OFCVO, 

OFCLO, and OFCDLO) and also significant interactions between experimental groups and OFC 

subregions.  Along the rostral, mid, and caudal OFC sections, OFCVO and OFCLO had the most 

robust expression (see results for detailed post hoc comparisons).  However, there were 

differences in the elevated groups along the rostrocaudal axis.  In rostral OFC, the Novel group 

had elevated expression in OFCVO.  In mid OFC, Fapp and Favr groups had robust activity in 

OFCVO and OFCLO.  In caudal OFC, there were subtle differences depending on the subregion.  

Overall, Novel, Fapp and Favr groups had elevated expression.  Differences in their expression 

levels depended on rostrocaudal location. 
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The OFCVLO is a location within caudal OFC comprised of the OFCVO and OFCLO 

subregions.  The OFCVLO has strong connectivity with various olfactory regions.  Using 

anterograde tracing methods, Illig (2005) found that ventrolateral OFCVLO projected to olfactory 

processing regions (MOB, AONl, and aPCx), OFC subregions (OFCMO and OFCVO), and other 

crucial regions discussed herein (ILC and OT).  Due to the strong connectivity between OFCVLO 

and various olfactory regions, many olfactory studies have focused their efforts particularly on 

this subregion (Roullet, Datiche, Liénard, & Cattarelli, 2005).   

To gain further specificity, we divided the OFCVLO into rostral and caudal OFCVLO along 

the rostrocaudal axis.  Here, we found that the Egr-1 expression patterns differed for rostral and 

caudal OFCVLO.  In rostral OFCVLO, immunoexpression for the Novel group was significantly 

greater compared to Bapp, Bavr, and Fam groups; however, it was not different compared to 

Favr and Fapp groups.  In the caudal OFCVLO, expression in the Novel group was not statistically 

different from other groups. 

The OFCVO and OFCLO component of OFCVLO are often examined together as OFCVLO; 

however, in various taste and valence studies, they are examined separately due to their non-

uniform projection patterns.  Anatomical tracing studies have shown that there are efferent 

neurons in the PCx which projected to the OFCLO, and their distributions are topographically 

organized in the most-rostral region of PCx (Chen, Zou, Altomare, Xu, Greer, & Firestein, 2014).  

Moreover, OFCLO is also the secondary gustatory cortex, with taste active cells in the medial-

caudal region.  OFC neurons respond to pure tastants and perceived affective value.  Therefore, 

taste responsive neurons in OFC alter their response when the animal becomes satiated on that 

tastant (or food), and when pleasure is reduced (Rolls, 1996; Small et al., 2007).  This feature is 

also consistent with OFC olfactory processing, which is also modulated by appetite (Critchley & 
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Rolls, 1996, as cited in Gottfried, 2010).  There are several qualities of eating which are 

represented, such as the sensory features of food, prior experiences, internal state, and cognitive 

context (Small et al., 2007).   

In addition, the OFCVLO/OFCLO may be involved in processing the retrieval of long-term 

odor reward information.  Following the acquisition of an odor-reward task, c-Fos IEG 

expression in the OFCVLO/OFCLO region was enhanced during the reactivation phase 10 days 

following initial learning (Roullet, Liénard, Datiche & Cattarelli, 2005).  The reactivation 

expression was more robust compared to initial learning. 

The patterns for rostral and caudal OFCVO and OFCLO resembled OFCVLO activity 

patterns; however, there were several important distinctions.  Egr-1 expression in the rostral and 

caudal OFCVO was greater compared to rostral and caudal OFCLO.  In the rostral OFCVO and 

OFCLO, expression was most robust for the Novel group.  Fapp and Favr groups were greater 

compared to Bapp.  However, in the caudal OFCVO and OFCLO, expression was dominated by 

Favr and Novel groups.   

There were several studies which suggested a correlation between OFC subregions and 

odor valence.  Pleasant odors (e.g. vanilla; commonly used in this human rodent and human 

olfaction) activated the right OFCMO, while the aversive odor (e.g. sweaty socks; common odor 

used in human olfactory studies) activated the left posterior OFCLO (Zald and Pardo, 1997; 

Gottfried, O’Doherty & Dolan, 2002, as cited in Gottfried, 2010).  The degree of activation was 

correlated with participant aversive ratings.  These findings are in line with the conclusion that 

OFCLO was activated when the subjects chose a stimulus that was associated with a negative 

outcome, while medial OFC (OFCMO) was activated following a rewarding outcome.   Moreover, 

when OFCLO was activated, OFCMO was suppressed, and vice versa.  The magnitude of OFC 
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activation was correlated with the magnitude of reward or punishment (O’Doherty, Kringelbach, 

Rolls, Hornak, & Andrews, 2001).  Thus, from the primate literature, it appears that OFCMO was 

associated with monitoring, learning and memory of reward value, whereas OFCLO was related 

to evaluation of punishment (Kringelbach, 2005).    

There are also spatial differences associated with tastant pleasantness or pleasure elicited 

by food.  Tastant pleasantness or pleasure elicited by food is also encoded differently by OFC 

neurons.  For example, left caudal OFCLO are activated by bitter tastes and right caudal OFCLO 

are activated by sweet or pleasant tastes in humans.  Pleasantness ratings (but not intensity 

ratings) are correlated with OFCMO activity for chocolate (Small, Zatorre, Dagher, Evans, & 

Jones-Gotman, 2001, as cited in Kringelbach, 2005) oral fat content (De Araujo, & Rolls, 2004, 

as cited in Kringelbach, 2005), and taste pleasantness (De Araujo, Kringelbach, Rolls, & 

McGlone, 2003, as cited in Kringelbach, 2005).  This was in line with the findings which 

suggested medial OFC (OFCMO) was activated following a rewarding outcome (O’Doherty, 

Kringelbach, Rolls, Hornak, & Andrews, 2001).  Our data does not provide sufficient support for 

OFCMO’s role in processing reward value.  However, it is important to consider the differences 

between primate findings and rodent slice preparations.  Moreover, we showed that there were 

differences along the rostrocaudal axis; thus, we could not make a generalized claim about an 

OFC subregion and a particular function. 

With an accumulation in behavioral paradigms, recent studies have suggested that prior 

hypotheses and claims about OFC function may be paradigm-dependent.  The OFC was not 

crucial if prior experiences were utilized (e.g. Pavlovian conditioning); however, it became 

crucial if environmental or bodily conditions changed and the animal needed to use current 

situational cues to alter its behavior (Stalnaker, Cooch, & Schoenbaum, 2015).   
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 In addition to the OFC, heterogeneity along the rostrocaudal axis was also observed in 

the caudate putamen (CPu), nucleus accumbens (NAc), and olfactory tubercle (OT).  The CPu 

has been associated with operant responses following conditioning, while NAc has been shown to 

be involved in motivation and valence components of learning.  In the rostral CPu, expression 

was dominated by the Fapp group.  Unlike the previous brain regions examined where Egr-1 

expression was dominated by Favr and Novel groups, expression in Favr group was significantly 

less compared to Fapp, Bapp, and Novel groups.  There was a transition in the mid CPu; Egr-1 

expression was highest for the Novel group compared to the other groups.  In caudal CPu, Fapp 

and Novel had robust expressions compared to other groups, but Fapp and Novel were not 

statistically significant. 

In the rostral NAc whole, the Fapp group had greater expression compared to Bavr and 

Fam groups.  Also, the Bapp group expression was greater compared to the Bavr group.  In the 

mid NAc whole quantifications, Fapp group expression was greater than the Bapp group; Novel 

group expression was also greater compared to backward paired groups.   Both Fapp and Bapp 

groups have received saccharin reward during the training session.  Moreover, a large body of 

work has suggested that dopamine is responsive to novelty information.  Thus, the elevated 

activity in the NAc is consistent with prior literature.   

In addition, a large body of literature has shown that there are differential functions and 

patterns of activity in the NAc core and NAc shell.  Dopamine (DA) release in the NAc core 

verses NAc shell is crucial for either instrumental learning (NAc core) or naturalistic hedonic 

responses to positive or negative stimuli (NAc shell) (Aragona et al., 2008, Goto et al., 2007, as 

cited in Namburi, Al-Hasani, Calhoon, Bruchas, & Tye, (2015)).  Moreover, differential Egr-1 

expression was observed in the NAc core during the retrieval phase of both contextual fear 
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conditioning and cued fear conditioning.  However, in the NAc shell, differential Egr-1 

expression was observed for contextual fear conditioning only (Thomas, Hall, & Everitt, 2002). 

Thus, we examined both rostral and mid NAc core and NAc shell separately to determine 

whether there were any NAc core and NAc shell differences with our paradigm.  In rostral NAc 

core, Fapp group immunoexpression was greater than the Bavr group.  In mid NAc core, Fapp 

and Novel groups were different than Bapp.  Thus, there is the repetitive occurrence of elevated 

Fapp and Novel group activity within NAc.  In rostral NAc shell, expression for Fapp and Novel 

groups were both elevated.  In the mid NAc shell, Novel group activity was significantly different 

than Bapp.  Our data suggested that there were subtle differences in expression between rostral 

and caudal NAc core and NAc shell.  These patterns of expression may be masked when 

examining NAc whole. 

 The medial NAc shell has been implicated as a crucial location for valence processing, 

due to the presence of neurons which encode reward and aversive information (Berridge & 

Kringelbach (2015) as cited in Namburi, Al-Hasani, Calhoon, Bruchas, & Tye, 2015).  Moreover, 

cells within NAc shell express dynorphin (an endogenous peptide ligand for kappa opioid 

receptors) and D1 receptors. By stimulating these neurons in the ventral NAc shell versus dorsal 

NAc shell, there was a change in motivational state (aversion or preference, respectively) (Al-

Hasani et al., (2015) as cited in Namburi, Al-Hasani, Calhoon, Bruchas, & Tye, 2015).  

Additionally, there are behavioral differences within the NAc shell depending on the anterior or 

posterior location.  Infusion of drugs (GABAA agonist; AMPA antagonist) into the anterior 

medial NAc shell was associated with appetitive behaviors.  In contrast, aversive behaviors were 

induced (e.g. paw threading) following injection into the posterior medial NAc shell (Reynolds & 

Berridge, 2002).  Here, we examined the whole NAc shell area along various points on the 
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rostrocaudal axis.  We did not incorporate sub-sampling techniques to differentiate medial vs. 

lateral NAc shell.  Thus, our data could not address medial vs. lateral differences.  Moreover, it is 

hypothesized that there were subdivisions within the rostral or caudal NAc core and NAc shell 

which may have been particularly activated according to prior literature.  Thus, sampling from 

the entire region may have eliminated learning or valence effects.  The CPu, NAc core, and NAc 

shell may be activated following the learning event or during stimuli onset; however, it may not 

have been during the post retrieval time frame.  Thus, either a more refined analysis method, or a 

recording technique with more superior time scale would be more appropriate for the striatum. 

Here, we provided further support for the recurring pattern of heterogeneity across the 

rostrocaudal axis in the OT; a structure previously associated with odor valence processing and 

suggested as a part of the striatal region.   Egr-1 expression in the most-rostral region was 

dominated by the Favr group.  In the rostral OT, expression was most robust for the Novel group 

compared to other treatment groups.   Subsequent OT layer II analyses showed that Novel group 

expression was greater compared to Bapp, Bavr and Fam groups.  However, it was not different 

compared to Fapp and Favr groups.  Density measurements were less in the caudal OT 

compared to most-rostral.  There were no significant group differences in caudal OT.   

Despite some of the early OT anatomical and connectivity literature, little is known about 

OT function.  Recently, there has been a rising interest in OT electrophysiological features, cell-

type, and heterogeneity across both rostrocaudal and mediolateral axes.  Using c-Fos IEG as a 

mapping tool, Murata, Kanno, Ieki, Mori, and Yamaguchi (2015) found that there were 

differences between anteromedial and lateral OT regions.  Namely, the MSNs in the 

anteromedial region of the OT were activated by odors which were associated with approach 

(appetitive reward behaviors).  In contrast, the lateral region was activated by odors which were 
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associated with aversive behaviors.  In their study, mice were trained to associate odors with 

either sugar rewards or footshock.  Here, OT neurons were activated by an odor paired with 

either saccharin or quinine.  Thus, it would be of interest for future studies and analyses to 

examine Egr-1 activity along the mediolateral axis along various points across the rostrocaudal 

axis.  Due to the modality and intensity differences between footshock and quinine USs, it would 

be crucial to examine whether OT neurons respond to various intensities and forms of valenced 

stimuli.  Other than the distribution and activation of OT, Murata et al. (2015) also examined the 

aPCx activity following reward and aversive learning, and found differences along the 

dorsoventral axis.  Activation of c-Fos in the dorsal aPCx was associated with approach 

behaviors (associated with reward learning), and ventral aPCx was associated with aversive 

behaviors.  The authors suggested that the observed patterns in the OT may be a result of the 

heterogeneous activity in the aPCx.  Our examination of dorsal and ventral aPCx (aPCxd and 

aPCxv) did not suggest such distribution (see Chapter 3).  The discrepancy may be due to [1] the 

method of tissue processing and quantification of IEG, [2] IEG examined, and [3] intensity of 

conditioning paradigm.  In prior analyses (see Chapter 3), aPCxd and aPCxv were quantified 

using box sampling methods in various rostrocaudal coronal sections.  Moreover, previous 

studies have suggested that the pattern and density of c-Fos and Egr-1 expression were different.  

Lastly, the use of shock stimulus and sugar rewards may also be critical source in variation.  

Lastly, Murata et al., (2015) found that the type of neurons activated were dopamine D1 receptor 

type neurons. This is crucial due to its similarities with NAc and connectivity with the rest of the 

DA reward circuitry.  

Prelimbic (PLC) and infralimbic (ILC) cortices were of interests due to their roles in fear 

and reward learning pathways.  We examined both rostral and caudal PLC (PLCr and PLCc) and 
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rostral and caudal ILC (ILCr and ILCc), and found that there was a significant interaction between 

treatment groups and the rostrocaudal location of both PLC and ILC.  In PLCr, immunoreactivity 

in the Favr group was greater compared to Bapp and Bavr groups.  Within PLCc, the Favr group 

was greater compared to the Bavr group.  There were no significant differences between PLCr 

and PLCc.  

The elevated activity for the Favr group is consistent with prior fear conditioning 

literature.  However, prior research suggested that the PLC may be involved in modulating 

stimulus-response learning, and not Pavlovian CS-US learning.  The differences in paradigm and 

the retrieval nature of the IEG induction may be the rationale for the inconsistency.   

Post hoc analyses suggested that within ILCc, the Favr animals had greater expression 

compared to the Bavr group; however, there were no significant group differences in ILCr.  Prior 

studies have suggested inconsistent results.  Using a discriminative odor-reward plus maze 

paradigm, Roullet, Datiche, Liénard, & Cattarelli, (2005) also failed to observe a difference in 

ILC between trained- and pseudoconditioned rats.  Roullet et al. (2005) hypothesized that due to 

the involvement of the ILC and visceral activity, this region would be involved in aversive or 

fear learning.  Several factors which may affect ILC activity are the timing of IEG induction 

(initial acquisition, complete acquisition, or retrieval), IEG examined (c-Fos vs. Egr-1), or the 

strength of aversive stimuli (single session strong shock conditioning or multi trial mild aversive 

conditioning using quinine).  Using the identical reward-odor plus maze task, Roullet, Liénard, 

Datiche and Cattarelli (2005) found a significant decrease in IEG expression compared to the 

pseudo conditioned groups.  There was an increase in IEG expression during the retrieval phase 

that was different from controls, but not significantly different from pseudo groups (Roullet et al., 

2005). Thus, it was unclear whether ILC was involved in either the learning or reactivation phase. 
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Many research groups have provided evidence for AMG’s role in learning.  However, in 

addition to the stimulus and reinforcement learning properties, learning is also intensity and 

arousal specific.  For example, lesioned animals experienced deficits during aversive 

conditioning, but not appetitive conditioning.  The effects on the acquisition of aversive learning 

was intensity specific, where impairments were detected only for highly aversive US (i.e. 

footshock), but not a less-intensive US (e.g. quinine) (Cahill & McGaugh, 1990).   

Moreover, recent literature suggested that AMG was more involved in arousal, rather than 

valence.  For example, Shabel and Janak, (2009) showed that AMG activity during conditioned 

appetitive and aversive arousal was quite similar.  In addition, AMG was activated by both 

positively and aversively valence images (Garavan, Pendergrass, Ross, Stein, & Risinger, 2001).  

One of the major controversies with AMG research is its role in valence vs. arousal.  To examine 

the interaction between valence and arousal, the authors utilized four sets of images varying in 

valence and arousal (aversive and high-arousal, aversive and low-arousal, positive and high-

arousal, and positive and low-arousal.)  One of the major conclusions was that the AMG was not 

the location where valence information was encoded, but the location where predictive 

relationships were formed between a neutral stimulus and valence information.  Moreover, there 

are several groups who claimed that AMG neurons encoded a combination of intensity and 

emotional valence.  AMG activation was present only with high-intensity pleasant or unpleasant 

odors, but not neutral odors (Winston, Gottfried, Kilner, & Dolan, 2005). 

Others have hypothesized that AMG is involved in processing stimulus and reward 

associations (i.e. forming associations between a stimulus and the current value of food-related 

rewards.)  In a non-human primate study, visual cues were paired with either aversive air puffs or 

liquid rewards.  Monkeys either displayed anticipatory mouth movements as a CR to the liquid 
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reward, or anticipatory blinking to the air puff.  A group of cells in BLA responded to the 

aversive air puff and a group to the liquid reward (Paton, Belova, Morrison, & Salzman, 2006).  

Following reversal pairings, AMG activity reflected the change in value, and this was parallel 

with the behavioral changes in the CRs.  

The type of fear is an important factor as well.  AMG inactivation appears to play a role 

in the learned fear responses, but not in innate fear responses (Ribeiro et al., 2011).  For example, 

increases in c-fos and egr-1 mRNA expression were not observed in the AMG following cat or 

other predator odor exposure (Rosen, Adamec, & Thompson, 2005). 

With odor-taste learning, more cells in BLA were recruited to be both taste- and smell- 

responsive.  However, the same results were not observed in the taste cortex (Desgranges, 

Ramirez-Amaya, Ricaño-Cornejo, Lévy, & Ferreira, 2010).  

 Another argument is that intensity and valence components are both crucial.  High-

intensity stimuli (as with olfactory and gustatory features) could be more pleasant or aversive.  

Thus, changing intensity could vary the valence component.   AMG and OFC were activated by 

pleasant and aversive odors.  Both high- and low- intensity pleasant and aversive odors were 

used.  AMG activations were associated with intensity, while OFC activity was associated with 

valence (Anderson et al., 2003, as cited in Gottfried, 2010).   

Again, subregion differences exist in the AMG.  LA and BA play differential roles in the 

learning formation. Up-regulation of Egr-1 is specific to the LA following consolidation and 

reconsolidation of auditory fear conditioning (Maddox, Monsey, & Schafe, 2011). 

To elucidate Egr-1’s role in fear conditioning, researchers have utilized genetic 

manipulation techniques to reduce or inhibit Egr-1 expression. Following a bilateral injection of 

egr-1 antisense oligodeoxynucleotide (antisense ODN) into AMG, there was a reduction in cue-
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induced freezing during the retention test (Malkani, Wallace, Donley, & Rosen, 2004).  The egr-

1 antisense ODN data provided evidence that Egr-1 protein expression was crucial for fear 

learning and memory. 

 Here, we found that there was a significant interaction between experimental condition 

and AMG nuclei.  Expression in the LA was greater compared to BA or BLA nuclei.  This is 

consistent with the up-regulation of Egr-1 following consolidation and reconsolidation of 

auditory fear memory (Maddox, Monsey, & Schafe, 2011).  Within LA, the Fam group had less 

immunoexpression compared to all groups.  There were no significant group differences within 

BA or BLA analysis.  The elevated Egr-1 expression in conditioned, backward conditioned, and 

Novel groups is consistent with AMG function.  It is hypothesized that there were no differences 

observed in BLA due to the analysis method.  Since there was only a small population of cells 

activated in the LA region, the effects are eliminated when averaged across the entire BLA space.  

In addition, the patterns of expression for AMG immunoexpression may be affected by the 

timing of sacrifice and experimental paradigm.  A growing body of research has shown the time 

course of IEG activity, and that expression decreases from the moment of initial acquisition.  

Thus, activity is most robust following day one of learning.  During odor-retrieval, AMG (more 

specifically, BLA) activity levels would be most robust following the initial onset of the stimulus 

(or retrieval event).  Due to the number of conditioning days and the odor-retrieval duration, it 

was speculated that we bypassed the critical time for BLA involvement and most robust activity 

with our paradigm.  Thus, to precisely examine BLA activity, it may be necessary to use 

physiological methods with more precise and robust temporal resolutions.  

 The hippocampus (HPC) has been an integral brain region in the olfactory network.  Here, 

we examined the HPC subfields following appetitive and aversive conditioning.  We found a 
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significant effect of major hippocampal subfield (CA1, CA3, and DG), and also a significant 

interaction between experimental group and subfield.  Expression was the greatest in CA1.  For 

both CA3 and DG, we failed to find statistically significant group effect.  Within CA1, all groups 

had greater expression compared to Fam.  Moreover, Favr group was greater compared to the 

Novel group.  Prior studies have found significant c-Fos expression in CA1, CA3 and DG for 

trained and pseudo-trained animals compared to control animals along various time points of 

odor-reward acquisition (Roullet, Datiche, Liénard, & Cattarelli, 2005).  Others have found an 

increase in c-fos mRNA in CA1 and CA3 activity, but not DG, following odor-reward task (Hess, 

Lynch, & Gall, 1995).  However, these previous findings may be paradigm-specific.  When rats 

were trained to perform in an odor discrimination task, c-fos mRNA activity was greater in the 

CA3 subfield compared to CA1.  The discrepancies may be due to the spatial and discrimination 

aspects of their task (T-maze with rewarded and unrewarded odor), and also the timing of 

sacrifice.  IEG expression is time and learning sensitive; expression tends to be highest following 

initial acquisition, and declines following acquisition of the task.   Moreover, the discrepancies 

may be due to the IEG of interest, and also the phase in learning and memory.  Here, we 

measured retrieval-induced IEG expression rather than directly following the acquisition stage.  

Roullet et al. (2005) found no significant difference between trained and pseudo-trained groups 

in the DG, and suggested that the high levels of expression in DG may be due to olfactory 

stimulation since DG receives olfactory stimuli input from entorhinal cortex (EC) (Hasselmo & 

McClelland, 1999 as cited in Roullet et al., 2005).  Here, we also found that the groups were not 

significantly different from each other in DG, despite the low levels of expression for the Fam 

group.  The elevated Egr-1 expression for the Fapp, Favr, Bapp, Bavr, and Novel groups in the 

DG may be due to the olfactory stimuli processing from EC.   
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 During the retrieval session, the duration of odor presentation was equivalent for all 

groups.  Thus, differences observed in the IEG expression may be due to learned odor valence, 

and/or other factors such as learning strength and intensity.  The chosen US intensity was based 

on previous literature.  More specifically, 0.2% saccharin concentration was shown to be 

rewarding and evoked appetitive responses (e.g. rapid mouth movements and tongue protrusions).  

A lower concentration of quinine was examined previously (0.001M; unpublished results).  

However, we were not able to reliably observe and quantify odor-induced gaping using these low 

concentrations as the aversive US.  Thus, it is likely that results may be an effect of tastant 

intensity.   

 Moreover, a vapor-phase partial pressure of one Pa was chosen as the odor concentration 

according to previous enrichment and conditioning studies published from our laboratory.  To 

minimize the trials and days of conditioning, we chose a vapor-phase partial pressure of one Pa 

odor CS to ensure detection during conditioning.  It is important to note that odor intensity and 

stimulation duration may change the expression patterns in the regions examined.   

Furthermore, as the length of odor presentation (and repetition across days) increases, 

IEG expression levels decrease.  The timing at which animals were sacrificed would also 

significantly alter IEG expression.  For example, whether the brains were removed immediately 

following a single trial, directly after the training session, or 24 hours post-learning, affects IEG 

expression.  Thus, these parameter differences may be an explanation for the inconsistencies 

observed with previous studies.  Future paradigm modifications will examine the effect of odor 

and/or tastant intensity on IEG expression, and investigate the relationship between intensity and 

valence.   
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CHAPTER 5 

CONCLUSIONS 

The positive and negative properties of memories (commonly referred to as ‘emotional 

memories’) are characterized by their arousing, intense, and/or stressful components.  The 

valence associated with these memories contributes to their robustness and enduring strength 

(McGaugh, 1992).  Emotional learning is highly adaptive and a necessity for survival, which 

may explain why they are retained for such a long duration.   

There are several ways in which aversive learning occurs, one of them being Pavlovian 

conditioning.  A neutral auditory conditioned stimulus (CS), such as the drilling sound at the 

dentist’s office, is paired with an aversive unconditioned stimulus (US), such as pain.  This 

pairing results in an association between the drilling sound and pain.  As a result, the drilling 

sound is no longer ‘neutral,’ but embodies an emotional tag which elicits conditioned responses 

(CRs), such as piloerection (formation of ‘goose bumps’), freezing, and increase in heart or 

breathing rate, as a result of the drilling sound onset.  The formation of aversive associations can 

potentially lead to psychiatric disorders such as anxiety disorders, post-traumatic stress disorder 

(PTSD), or depression.  These psychological disorders may result from Pavlovian conditioning 

developed after witnessing and/or experiencing aversive or traumatic events.  Thus, to 

understand the molecular and cellular mechanisms of PTSD, anxiety disorders, and depression, 

researchers have incorporated fear or aversive conditioning as a component of their experimental 

paradigm.  

Moreover, there has been growing concerns and interests with addiction (e.g. drug, 

gambling, and sex), obesity, and psychiatric disorders (e.g. eating, anxiety, and obsessive-

compulsive).  As a result, there has been an indirect desire to determine the neural bases of 
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reward and aversion.  By revealing and elucidating the neural correlates of reward and aversion, 

it was optimistic that the insights from basic fundamental research would directly or indirectly 

translate into a solution for addiction or psychiatric disorders.  Other than dissecting reward and 

punishment separately, it is pertinent to understand interrelated properties.  For example, drug 

addiction could be divided into several phases and/or component— the consumption/rewarding 

phase and the withdrawal/aversion phase.  With eating disorders (e.g. bulimia), there are also 

rewarding components and triggers (CSs) and the aversive purging phases.  These two generic 

examples are meant to illustrate the need to compare reward and aversion. 

Examining how the brain processes reward or punishment information is a fundamental 

and basic research question arising from the early efforts in the study of neuroscience.  It is 

crucial that we examine mechanisms (molecular, cellular, and electrophysiological) and behavior 

using diverse number of species to determine mechanistic similarity and differences (e.g. Aplysia, 

bees, birds, rodents, non-human primates, humans, etc.)   It is traditional (and well-accepted) to 

use footshock as the aversive stimulus, or sugar as the reward due to the robustness of the 

learning effect and repeatability.  However, after the initial wave of reward and punishment 

studies, researchers started to reconsider pertinent pitfalls for footshock and sugar rewards, and 

have considered a variety of stimuli from medial forebrain bundle stimulations (i.e. to directly 

target reward ‘hotspots’), to eye-directed air puffs, to formaldehyde exposure.  Thus, we have 

accumulated an abundance of literature examining reward or aversion using an array of stimuli 

types and experimental parameters.  They have each provided pieces to help construct the 

mechanisms underlying valence processing.  Despite the diverse exploration and range of USs 

present in the literature, the use of footshock and sugar pellets continues to dominate the valence 

literature as of today.  
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Thus, to have a complete and comprehensive understanding of reward and punishment 

learning mechanisms, it is crucial that we compare and contrast these forms of learning.  Many 

have already attempted to address a similar question, but the reward or aversive stimuli used (e.g. 

footshock versus sugar/water reward) was difficult to compare due to the inherent differences 

between these two chosen stimuli.   Other than the modality characteristics or the sensory 

systems that are involved or recruited by the stimuli, there is also a strong approach/avoidance 

component that is fundamentally different.  For example, with water rewards, it is location-

specific.  The animal must approach a location (e.g. drinking port) to retrieve the reward.  In 

addition, to generate robust learning, researchers implement severe food- or water- deprivation 

protocols to enhance the animals’ motivation levels to increase drinking volume.  The average 

water deprivation for rats is approximately 23.5 hours per day prior to experimentation.   The use 

of strict deprivation schedules add to the overall difference between reward and punishment.   

Here, we have generated a novel paradigm to compare appetitive and aversive forms of 

learning.   We incorporated Pavlovian conditioning concepts, and paired a neutral odor with 

either an intraoral delivery of liquid saccharin or quinine (hedonically positive or negative tastant, 

respectively.)  There were several factors which helped the success and robustness of this 

paradigm.  Unlike human participants, rodents and many other animals rely heavily on their 

olfactory sensation (compared to vision).  Thus, using an olfactory cue as a CS promoted 

successful learning.  Other than the olfactory modality, the choice of gustatory stimuli also 

contributed to the ease of conditioning.  A large variety of species have an innate ‘liking’ for 

sweet tastes, and ‘disliking’ for bitter tastes.  Shortly after human babies are born, they are 

capable of displaying orofacial characteristics of palatability.  These orofacial characteristics and 
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other appetitive and aversive behavioral responses are a quantifiable indication of innate hedonic 

preferences, and also help to demonstrate that animals have successfully learned the association. 

 We also used immediate-early gene (IEG) protein expression to map brain regions 

following appetitive and aversive conditioning.  IEG expression has traditionally been used as a 

neuronal activity marker to allow simultaneous visualization of neuronal activation across a large 

number of brain regions.  Accumulating bodies of literature have shown that these ‘fast-acting’ 

genes were crucial to initiate a large range of molecular cascades that were pertinent to memory 

formation (especially, long-term memory; (LTM)).  Using a diverse assortment of genetic 

manipulations (e.g. genetic knockout strains, antisense oligonucleotides), we now know that 

these IEGs are crucial constituents in the learning and memory process.   

 Here, we took advantage of the high spatial resolution of IEG methodology to map a 

comprehensive selection of brain regions that are implicated in appetitive and aversive learning 

and processing.  A large of body of reward or aversive learning literature has focused on 

classical, well-accepted brain regions, such as the amygdala (AMG), nucleus accumbens (NAc), 

and ventral tegmental area (VTA).  (Please see Namburi, Al-Hasani, Calhoon, Bruchas, and Tye, 

(2015) for a thorough review of valence processing in AMG, NAc, and VTA).  However, there are 

substantially less research on how the brain processes the learned CS. 

For a long time, it was a well-accepted belief that olfaction was a poor choice as the CS 

for robust classical conditioning.  Thus, a majority of the paradigms used to build our 

understanding of classical conditioning utilized visual or auditory cues as CSs.  It was quite 

recent (in the history of neuroscience), that more researchers started using olfactory CSs during 

Pavlovian conditioning. 
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 Using our novel paradigm, we demonstrated that animals were able to learn the 

relationship between a neutral odor cue and hedonically positive or negative tastant.  Moreover, 

differential expression within a substantial number of subregions was observed along the 

rostrocaudal axis.  Results from our linear mixed-effects model suggested that there were 

significant differences within subregions in a large selection of brain regions examined following 

odor retrieval (Figure 32).  Heterogeneity across the brain and within brain regions has been 

observed in prior studies.  Here, we demonstrated that treatment groups and subregions 

interdependence existed in large number of brain structures examined.  The use of a comparable 

training paradigm enabled one to examine processing of appetitively- and aversively-trained, and 

novel odor information.   

Using post hoc analyses, we classified the data into eight major types: [1] Not 

interpretable, [2] Novel, [3] Novel and aversive, [4] Aversive, [5] Appetitive, aversive, and novel, 

[6] Appetitive and aversive, [7] Appetitive, and [8] Forward/backward pairings & novelty 

(Figure 33).  Subregions were classified as [1] Not interpretable when either statistical 

significance for treatment groups was present, but we were not able to place them into the 

predefined categories as outlined below due to their complex expression patterns, or when 

groups were not statistically different.  Brain regions were defined as [2] Novel if 

immunoexpression in the Novel group was significantly greater than all the other groups.  

Regions were defined as [3] Novel and aversive if expression for the Novel group was greater 

than all groups, except for the Favr group.  Favr group expression should also be significantly 

greater than Fapp and Bavr groups.  Brain regions were defined as [4] Aversive if the expression 

in the Favr group was greater than Fapp and Bavr.  Regions were defined as [5] Appetitive, 

aversive, and novel if the Novel group had greater expression compared to all groups, except for 
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Fapp and Favr.  Favr must also be statistically different from Fapp and Bavr groups, and Fapp 

group expression must be different compared to the Bapp group.  Regions were assigned as [6] 

Appetitive and aversive if both treatment groups were not statistically different from each other, 

but different compared to their backward-paired counterparts, Fam, and Novel control.  In 

practice, all such cases were greater than their backward paired counterparts, Fam, and Novel.  

We defined a region as [7] Appetitive if Fapp was greater than Favr and Bapp group expressions.  

Lastly, brain regions were assigned to the [8] Forward/backward pairings & novelty if the brain 

region demonstrated effects from experimental pairings (both forward and backwards), and also 

Novel exposure. Thus, Fapp, Favr, Bapp, Bavr, and Novel groups immunoexpression must be 

significantly greater than the Fam group.  Using the classification procedure outlined above, 

Favr group immunoexpression was most robust in mid AONl and caudal AONvp.  There were 

statistical significance for the other groups of interest (e.g. Novel), but we failed to find statistical 

support according to the criteria outlined.   

In the AON, both pars lateralis and pars ventroposterioralis have strong reciprocal 

connections with aPCx.  Thus, the elevated expression in pars lateralis and ventroposterioralis 

compared to other subregions of AON is consistent with anatomical tracing evidence.  Despite 

the early efforts to map the anatomical projections and physiological characteristics of AON, 

there are surprisingly few studies examining its role in appetitive or aversive processing.  Studies 

which examined either odor reward or fear conditioning focused on a precise coordinate within 

the entire AON structure, or removed the subregion component from their analyses and averaged 

IEG immunoreactivity across the entire AON.  Hence, an important contribution of this 

dissertation is an examination of AON across both the rostrocaudal axis and also across AON 
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subregions.  We demonstrated that Egr-1 expression within AON was heterogeneous and 

treatment dependent.   

In addition to AON, the Favr group also had elevated immunoreactivity compared to 

Fapp and Bavr groups in rostral aPCx.  Similar to AON, there was statistical significance for 

other groups of interest (e.g. Novel); however, these did not meet the defined criteria for 

selectivity outlined above.  Please refer to results for more statistical details and patterns of 

immunoexpression.  An accumulating body of IEG studies has shown the existence of 

rostrocaudal heterogeneity in the PCx (e.g. anatomical tracing, electrophysiology, IEG, 

behavioral pharmacology, and genetic manipulations).  However, many of the studies examined 

a singular or minimal number of locations within anterior (aPCx) and posterior (pPCx).  

Alternatively, prior studies quantified IEG expression from various aPCx locations along the 

rostrocaudal axis, but the final IEG counts were presented as an average.  Hence, it was not 

possible to visualize the gradual transitions or transformations along the rostrocaudal axis.  Here, 

the aim was to explore aPCx along the rostrocaudal axis, and Egr-1 expression following 

appetitive, aversive, or novel odor exposure. 

Lastly, both CA1 and LA were classified into the Forward/backward pairings/novel 

group; all groups had significantly greater immunoexpression than the Fam group.  Given the 

timing of sacrifice, the results are in line with prior literature.  We speculated that if IEG was 

induced directly following conditioning or short delay following learning, there may be a 

differential IEG response pattern (please see limitations and future directions for a more in-depth 

discussion).  Moreover, during the conditioning session, the backward groups demonstrated 

substantial gaping episodes (Bavr) and rapid mouth movements (Bapp and Bavr) during the odor 

phase.  We speculated that the behavioral reactivity was due to quinine and saccharin residue in 
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the oral cavity during the odor phase, and not a direct response to odor onset.  With our 

behavioral data, we could not rule out the possibility that the saccharin or quinine presentation 

(even though presented prior to CS onset) did not generate learning.  In addition, infusions of a 

hedonically positive or negative tastant could have generated enhanced arousal levels (even 

though presented in a backwards paradigm); the overall enhanced arousal levels during both 

forward and backward US presentations and novelty are consistent with one of the hypotheses of 

AMG function.  Previous valence studies have suggested that the AMG was involved in both 

appetitive and aversive arousal (Shabel & Janak, 2009).  The significant elevations in CA1 for 

the forward/backward paired groups and novelty compared to the Fam group may be due to the 

odor exposure trials and the long ITI (5 minutes).  For the forward and backward paired and 

Novel groups, the odor CS embodies meaning. The primary olfactory and emotional learning 

regions of the brain project to the HPC.  Future studies will examine the differences in HPC 

immunoreactivity across the rostrocaudal and dorsoventral axes.    

The other regions of interest including the agranular insular (aIC), orbitofrontal (OFC), 

prelimbic and infralimbic (PLC and ILC) cortices, striatum (caudate putamen (CPu) and nucleus 

accumbens (NAc)), and olfactory tubercle (OT) had group significance; however, these analyses 

did not meet the stringent and classical definitions and or criteria of valence or novelty-

processing. Please refer to the limitations and future directions for further discussion.  

  



 

201 

 

 

 

Figure 32. A schematic of linear mixed-effects model results. We incorporated subregions and 

treatment groups as main effects, and subregions*treatment group interaction.  Yellow 

represented significance (P<0.05), and gray denoted non interpretable results.  For a majority of 

the structures examined, our results suggested that there were changes across subregions. The 

treatment group factor was significant for a large proportion of the chemosensory structures 

examined.  With the inclusion of the subregions*treatment groups interaction, our results 

suggested that there was interdependence between subregion and treatment groups. The effect or 

role of the treatment group factor would not have been detected in valence regions with only 

subregion and treatment group main effects. 
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Figure 33. Brain regions and response patterns. We organized the data into the following 

classifications: [1] Not interpretable, [2] Novel, [3] Novel and aversive, [4] Aversive, [5] 

Appetitive, aversive, and novel, [6] Appetitive and aversive, [7] Appetitive, and [8] 

Forward/backward pairings & novelty.  We implemented a stringent list of criteria during the 

classification procedure; thus, a large number of interesting trends did not fit the criteria.  

Subregions were classified as [1] Not interpretable when either statistical significance was 

present between treatment groups, but we were not able to place them into the predefined 

categories, or groups were not statistically significant.  Regions were defined as [2] Novel if 

expression in the Novel group was greater than all the other groups.  Regions were defined as [3] 

Novel and aversive if Egr-1 expression for the Novel group was greater than all, except for the 

Favr group.  Favr must also be significantly greater than Fapp and Bavr.  Regions were defined 

as [4] Aversive if the expression in the Favr group was greater than Fapp and Bavr.  Regions 

were defined as [5] Appetitive, aversive, and novel if the Novel group had greater expression 

compared to all groups, except for Fapp and Favr.  Favr must also be statistically different from 

Fapp and Bavr, and Fapp must be different compared to Bapp.  Regions were assigned as [6] 

Appetitive and aversive if they were not statistically different from each other, but different 

compared to backward-paired counterparts, Fam, and Novel control.  We defined a region as [7] 

Appetitive if Fapp group expression was greater than Favr and Bapp.  Lastly, brain regions were 

assigned to the [8] Forward/backward pairings/novel if regions demonstrated effects from 

associations (both forward and backward paired), and Novel exposure.  Using the classification 

procedure outlined above, Favr group immunoexpression was most robust in mid AONl and 

caudal AONvp.  There were statistical significance for the other groups of interest (e.g. Novel), 

but we failed to find statistical support according to the criteria previously outlined.  In addition, 

rostral aPCx also had elevated Favr group immunoactivity compared to Fapp and Bavr groups.  

Lastly, both CA1 and LA were classified into the Forward/backward pairings/novel group; all 

groups were significantly greater than Fam.  Please see results sections for further statistical 

details.   
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Figure 33. Brain regions and response patterns (Continued). 
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Interactive networks 

 In Chapters 3 and 4, I have quantified Egr-1 expression in a large number of 

chemosensory and valence-associated brain regions and also subregions or sublayers within 

those regions.  In the following sections, I review how olfactory, gustatory, and valence 

structures interact in the flavor and valence network. 

Here, we demonstrated that a series of olfactory regions were recruited during the 

retrieval phase following odor-taste Pavlovian conditioning.  More importantly, we showed that 

there was a statistically significant rostrocaudal gradient in many of the structures examined.  

 

Olfactory input 

Olfactory molecules enter the nose via the olfactory epithelium, and bind onto olfactory 

sensory neurons (OSNs).  Information is subsequently relayed to principle output neurons 

(mitral/tufted cells (M/T cells)), and further shaped by various inhibitory interneurons (e.g. 

granule cells (GCs), periglomerular cells (PGs)) in the main olfactory bulb (MOB).   Here, we 

found a significant interaction between experimental groups and MOB sublayers (glomerular 

layer (GL), external plexiform layer (EPL) and mitral granule cell layer (MCL/GCL)).  This 

suggested that there were interdependence in the MOB layers and treatment group.  Within the 

MCL/GCL, there was elevated Egr-1 expression for the Novel group.  Thus, a novel odor induced 

more Egr-1 expression in the MCL/GCL compared to forward or backward-trained odors.  We 

were not able to classify the MCL/GCL as a novelty detection region according to our predefined 

list of criteria.  Please see results (Chapter 3) for further statistical details. 
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Compared to the olfactory cortex (i.e. PCx), there are relatively less research on 

appetitive and aversive learning in MOB.  Much of our understanding has been based on either 

reward paradigms (involving sugar rewards), or single-trial or single-session aversive tasks (e.g. 

odor footshock conditioning).  Thus, the significant interaction between MOB sublayers and 

training parameters using our novel appetitive and aversive paradigm contributed to our 

understanding of MOB processing. Please see the limitations and future directions section for a 

discussion on odor concentration and brain harvesting times.  By altering the odor concentration, 

learning strength, and harvesting brains at earlier time points, it is hypothesized that we may 

observe differential IEG patterns of expression in the MOB. 

Information is relayed to the AON from the MOB, a structure initially well-known for 

interhemispheric communication.  However, a growing body of literature and the findings from 

this dissertation showed that AON activity is not only dependent on learning and novelty of the 

olfactory stimuli, but spatially-dependent (both the subregion of AON and its location along the 

rostrocaudal axis.)  We also showed that the expression in the AON was heterogeneous, and 

differences existed depending on the sampling location on the rostrocaudal axis.  In the mid AON, 

expression was more robust following Favr conditioning and Novel exposure.  However, more 

cells were activated in the caudal AON following Favr conditioning, but not the Novel group.  

There was also a substantial decline in AONd and AONm expression compared to AONvp and 

AONl.  In mid AON, AONd and AONm were more active.  Thus, we speculated that novelty 

detection and aversive odor learning in the AON was encoded by a subset of neurons in the mid 

AON regions along the rostrocaudal axis.  In caudal AON, only the AONvp encoded the learned 

aversive odor association.   
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In addition to heterogeneity along the rostrocaudal axis, there was also differential 

expression in the AON subregions.  Historically, the AON pars principalis was divided into 

subregions based on the projection patterns in different AON subregions.  There are minimal 

research on how each of these subregions responds during learning and memory.  Here, we 

showed that there was more expression in the pars lateralis (AONl) and pars ventroposterialis 

(AONvp) following aversive learning and novel odor detection.  Anatomical studies have shown 

that AONl and AONvp subregions send strong afferent and efferent projections to the anterior 

piriform cortex (aPCx; rostral olfactory cortex).   

From MOB or AON, information is subsequently relayed to anterior and posterior 

piriform cortices (aPCx and pPCx respectively), both of which contributes differentially to odor 

perception and associative odor learning and memory.  We showed that there was strong 

rostrocaudal, mediolateral, and dorsoventral heterogeneity in the PCx and its IEG expression was 

learning and or condition dependent.  In the aPCx, our data suggested that there were also 

heterogeneous Egr-1 expression along the rostrocaudal axis.  In the most-rostral and rostral aPCx, 

expression was highest for Favr and Novel groups.  In contrast, there was an increase in forward 

appetitive (Fapp) Egr-1 activity in caudal aPCx.  As a result, Fapp, Favr, and Novel groups had 

the highest expression compared to backward conditioned groups (Bapp and Bavr), and familiar 

odor control (Fam).  In the pPCx, both Fapp and Favr groups had the most expression, but 

expression for the Novel group decreased to baseline (or comparable to backward conditioned or 

Fam groups).  Here, we observed that there was a gradual transition from salience/novelty 

processing to valence processing in the posterior aspects of PCx.  We know from the large body 

of PCx literature, that aPCx and pPCx contributes to different roles in olfactory processing.  
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Here, our methods of analysis allowed one to examine progression of Egr-1 expression along 

various axes.  Our findings on PCx heterogeneity are consistent with prior literature.  

Unlike other sensory systems, olfactory information bypasses the thalamus prior to 

reaching cortical regions.  The monosynaptic and disynaptic information transfer is fundamental 

for robust learning and efficient communication with other crucial emotion and memory regions.  

The MOB and aPCx have strong afferent and efferent connections with the AMG, which is 

crucial for both associative and emotional learning.  More specifically, the AMG contribute to the 

biological significance (or motivational features) of the event.  Other than AMG, olfactory 

information reaches the OFC (another pertinent valence processing location) via several 

prominent interactive routes—(MOB—>AMG (cortical)—> AMG (BLA)—> OFC), (aPCx—> 

OFC), or (aPCx—> BLA—> OFC).  In addition to odor-valence processing, the OFC has 

historically been associated with odor and taste integration (i.e. flavor perception).  A partial 

explanation for the rostrocaudal and subregion heterogeneity is due to the differential afferent 

and effect projection densities among AMG and OFC.  Moreover, feedback from AMG and OFC 

could also contribute to the differential expressions in crucial chemosensory regions.  Thus, a 

combination of differential anatomical projection and valence information feedback from AMG 

and OFC could be a compelling explanation for the observed IEG expression patterns. 

 

Gustatory input 

Following the ingestion of a tastant, it initially activates primary taste receptor cells 

located on taste buds within the tongue.  It reaches the nucleus tractus solitaris (NTS; nucleus of 

the solitary tract) in the brainstem via cranial nerves (VII, IX, and X), and information is 

processed by the parabrachial nucleus (PBN) in the pons.  From the PBN, taste information is 
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relayed to the IC via the ventral posteromedial (parvocellular (VPMpc)) thalamus or AMG.  

Similar to olfaction, the taste-perception network is vast, consisting of emotional and well-

conceived reward hotspots (AMG, VTA, and NAc), ventral pallidum (VP), and lateral 

hypothalamus (LH)).  There are several well-known sites where gustatory and olfactory inputs 

converge (i.e. AMG, OFC); however, a growing body of evidence is suggesting that other brain 

regions may perform similar functions.  For example, insular cortex (IC) (in particular the 

agranular insular cortex (aIC)), receives both olfactory (MOB, PCx) and emotional (AMG) input.   

Here, we provided further support for aIC’s role in olfactory and valence processing, and 

also heterogeneity along the rostrocaudal axis.  There was an effect of rostrocaudal position, 

treatment groups, and also a significant interaction between treatment groups and rostrocaudal 

position.  In most-rostral aIC, Egr-1 immunoexpression was highest for the Favr and Novel 

groups.  Previous studies have previously shown that following odor and taste learning, gustatory 

neurons are activated by olfactory stimuli.  Here, we have provided more evidence for this idea.  

However, we further demonstrated that aIC is differentially activated by Novel and Fam groups.  

Egr-1 levels in the aIC are low for the Fam group and high for the Novel group.  Thus, we 

showed that aIC activity was modulated by odor novelty vs. familiarity.  However, we were 

unable to classify most-rostral aIC as either an Aversive-only region or a Novelty-only region; 

since the post-hoc analyses failed to provide sufficient support according to our predefined 

criteria. 

It is worthy to mention that the activity patterns observed in most-rostral aIC resembled 

patterns from most-rostral aPCx.  The similarities in activity patterns may be due to the intricate 

connectivity patterns among the olfactory and valence regions (i.e. aIC receives input from MOB, 

aPCx, and AMG subnuclei.)  Thus, similarities in pattern may be due to aPCx projections to aIC, 
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or similar feedback projections from AMG onto aIC and aPCx.  In the rostral aIC, there was a 

shift in activation patterns; Egr-1 activity was high for the Fapp, Favr, and Novel groups.  This 

increase in Egr-1 activity for the Fapp group has been observed in other olfactory regions, such 

as the aPCx.  In the caudal aIC, expression was substantially reduced; however, Novel group has 

higher expression compared to the other groups.   

In addition to aIC, NTS and PBN studies have shown that these primary gustatory 

structures are also responsive and modulated by olfactory input.  Thus, it may be crucial to 

reorganize our understanding and conceptualization of gustatory processing and network.  Due to 

the inherent associations between gustatory and olfactory cues, it may be optimal to envision 

primary gustatory regions as ‘food’ regions of the brain.  As a result, this may redefine and alter 

our understanding of taste and smell processing.  Future analyses may include these primary 

gustatory regions to determine whether Egr-1 expression was also modulated following odor-

taste learning. 

 

Reward and aversion circuitry 

The valence circuitry is comprised of a large group of neural structures that are involved 

in processing emotional-, value-, motivation-, and anticipation-related information.  The 

corticoventral basal ganglia circuit is a major component of the reward circuitry.  Regions such 

as the OFC (Chapter 3), anterior cingulate cortex (ACC; in progress), ventral striatum (VS), VP, 

VTA, and substantia nigra pars compacta (SNpc) are the most prominent structures of the 

network (Haber, 2011).  These structures are activated by rewards and reward-predicting cues, 

and are fundamental for reward processing.  Moreover, neurons in these regions respond to both 

the detection and anticipation of reward information (Haber, 2011).  Other structures such as 
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hypothalamus, HPC, AMG, and lateral habenula are also essential in the reward and aversion 

circuitry.  These structures all contribute crucial ingredients to reward processing from 

motivation to emotional salience.  

 

Orbitofrontal cortex (OFC) 

The OFC is a prominent region in the valence network due to its multimodal coding 

capabilities, which are essential for taste-smell integration (a fundamental topic discussed in this 

dissertation), and other sensory integration forms (Gottfried, 2010).  The OFC has become well-

known for its ability to integrate gustatory, oral somatosensation, and retronasal olfaction to 

generate the perception of flavor.  Other than the neuronal populations which primarily respond 

to gustatory or olfactory information, there are cells that respond to particular combinations of 

odor and taste stimuli which suggest that these neurons encode flavor percepts (Rolls & Baylis, 

1994; Small et al., 2007).   

Moreover, due to the heterogeneity of projection and response patterns among the OFC 

compartments or subregions, it was crucial to examine IEG expression separately along the 

mediolateral and rostrocaudal axes.  Each OFC subregion has unique functions, due to afferent 

and efferent projections.  For example, the lateral OFC (OFCLO) is the secondary gustatory 

cortex, with taste active cells in the mediocaudal region.  OFC neurons not only respond to pure 

tastants (sweet, sour, salty, savory, bitter), but also its perceived affective value.  Thus, taste 

responsive cells in OFC alter their responsiveness when the animal becomes satiated on that 

tastant or food, or following a reduction in pleasure (via devaluation protocols) (Rolls, 1996; 

Small et al., 2007).  The location of activation in OFC is also taste-dependent (e.g. left 



 

211 

caudolateral (OFCCLO) are activated by bitter tastes and right OFCCLO are activated by sweet or 

pleasant tastes in humans).   

In addition to encoding the gustatory component of food, OFC encodes the ‘pleasure’ 

elicited by food.  For example, pleasantness ratings (but not intensity ratings) were correlated 

with medial OFC (OFCMO) activity for chocolate (Small, Zatorre, Dagher, Evans, & Jones-

Gotman, 2001, as cited in Kringelbach, 2005) oral fat content (De Araujo, & Rolls, 2004, as 

cited in Kringelbach, 2005 ), taste pleasantness (De Araujo, Kringelbach, Rolls, & McGlone, 

2003, as cited in Kringelbach, 2005) and smell (Rolls, Kringelbach, & De Araujo, 2003, 

Anderson et al., 2003, as cited in Kringelbach, 2005).  Moreover, heat stimulation is correlated 

with insula and OFC activity (Craig, Chen, Bandy, & Reiman, 2000, as cited in Kringelbach, 

2005).   Thus, there are many qualities of the eating experience which are represented, such as 

the sensory features of the food, prior experiences, internal state, and cognitive context (Small et 

al., 2007).   

With olfaction, the OFC is not crucial for the physical act of smelling, but participates 

predominantly in odor value representation and learning (Rolls, 1996).  Similar to taste stimuli, 

the processing of olfactory information are strongly modulated by appetite (Critchley & Rolls, 

1996, as cited in Gottfried, 2010).  The human OFC was capable of differentiating subtle odor 

valence differences, and the level of OFC activation was strongly correlated with participant 

aversive ratings.   

It is important to reiterate that OFC does not function and perform alone, but interacts 

with other essential regions (e.g. AMG).  More specifically, when aversive odors were presented 

to human participants, both AMG and left posterolateral OFC were activated.  Interestingly, 

when a less aversive and intense odor was presented, the AMG was no longer activated.  The 
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OFC, however, remained activated in the more posterior region (Zald & Pardo, 1997 as cited in 

Gottfried, 2010).  Other than aversive odors, rewarding odors also activate the OFC; there were 

location differences due to the change in odor valence.  Pleasant odors (e.g. vanilla; a frequently 

used appetitive odor) activated the right OFCMO, while the aversive odor (e.g. sweaty socks; 

commonly used aversive odor with human subjects) activated the left OFCLO (Gottfried, 

O’Doherty & Dolan, 2002, as cited in Gottfried, 2010).  The location of activation for aversive 

odors was consistent with findings from Zald and Pardo (1997).  In general, differential 

activation patterns in OFCMO and OFCLO were consistent with other findings using larger odor 

samples (Rolls et al., 2003 as cited in Gottfried, 2010).  

Using fMRI, O’Doherty, Kringelbach, Rolls, Hornak, and Andrews (2001) investigated 

the role of human OFC in processing rewards and punishment, and the reversal of valence 

stimuli.  Participants were shown two visual stimuli and the corresponding monetary amount 

gained or lost after making a choice.  The rewarding stimulus was associated with larger rewards 

and smaller punishments, and the aversive stimulus represented larger punishments but smaller 

rewards.  Thus, it was advantageous for the participant to keep track of the probabilities of 

winning, and to continue choosing the rewarding stimulus.  After subjects have reached criterion 

(choosing the rewarding stimulus four consecutive times), the contingencies were reversed.  The 

OFCLO and OFCMO were responsive after the subjects chose a rewarding or punishing stimulus.  

In line with prior studies, OFCLO was activated when the subjects chose a stimulus that was 

associated with a negative outcome, and the OFCMO was activated following a rewarding 

outcome.   Furthermore, when OFCLO was activated, OFCMO was suppressed.  The opposite was 

similarly true.  The magnitude of OFC activation was correlated with the magnitude of reward or 

punishment.   In summary, the OFCMO was associated with monitoring, learning and memory of 
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reward value, whereas OFCLO was related to the evaluation of punishment (Kringelbach, 2005).  

The hemispheric and regional differences in OFC have predominately been observed with non-

human primate studies.  Few studies have provided strong support for hemispheric differences 

with rodent preparations. 

Similar to olfactory structures discussed prior, we also found that there were rostrocaudal 

changes in the OFC.  The patterns observed for OFCMO and OFCLO were inconsistent and 

dependent on location along the rostrocaudal axis.  For all of the rostral, mid, and caudal OFC 

coronal sections analyzed, there was an effect of subregion (OFCMO, OFCVO, OFCLO, and 

OFCDLO), and also a significant interaction between OFC subregion and treatment groups.  In 

rostral OFC, Novel expression was overall greater.  In mid OFC, OFCLO expression was highest 

for Fapp and Favr groups.  In contrast to mid OFC expression, caudal OFC had several patterns 

of expression.  Many prior studies have restricted their IEG expression analyses on the OFCVLO 

(a subregion of the caudal OFC).  We have divided our analyses based on rostral and caudal 

OFCVLO, and also sampled from rostral and caudal OFCVO and OFCLO.   

There was a significant interaction between rostral and caudal OFCVLO and treatment 

groups, and between rostral and caudal OFCVO and OFCLO and treatment groups.  In rostral 

OFCVLO, Novel group expression was greater than backward conditioned and Fam groups.  

However, it was not different compared to Fapp and Favr.  In caudal OFCVLO, Novel expression 

was no longer significant; there was a increase in Bapp expression compared to Fapp and Fam 

groups.  In the subdivided OFCVO and OFCLO analyses, there was also an effect of rostral and 

caudal locations.  We observed a trend towards higher expression for more activity in the OFCVO 

compared to OFCLO; however, the group differences depended on rostrocaudal position.   We 

speculated that the role of OFC is both paradigm and time-dependent.  We anticipate more OFC 
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activation for differential olfactory paradigms (inclusion of olfactory CS+ and CS-). Moreover, if 

OFC activity was measured during the learning process (via single-unit electrophysiological 

methods), or shortly following learning, we may observed a differential OFC Egr-1 activation 

pattern. 

 

Amygdala 

The amygdala (AMG) has been well-known for its role in processing emotional stimuli.   

It is comprised of many interconnected subnuclei; each subnucleus contributes differentially in 

reward and aversive stimuli processing.  The most well-known nuclei are central (CEA) and 

basolateral (BLA), the latter which could be divided into basal (BA) and lateral (LA) nuclei.  

During classical fear conditioning, the strong aversive signal (e.g. from footshock stimuli) 

depolarizes LA neurons.  Activity from relatively weaker CS then converges onto the LA 

pyramidal neurons where synaptic plasticity occurs.  Thus, the LA has been proposed as the 

convergence location of fear conditioning.  The increase in synaptic strength has been 

demonstrated both in awake-and-behaving animals and also in slice recording preparations.  As a 

result of the associativity, the weaker CS input is strengthened due to the co-active event. (Blair, 

Schafe, Bauer, Rodrigues, & LeDoux, 2001, LeDoux, 2000, Sah, Westbrook, & Lüthi, 2008, as 

cited in Johansen et al., 2011) 

With advancements in neural recording and imaging techniques, recent studies have 

shown that there are populations of BLA cells which responded to either reward or aversion.  In a 

primate study, Paton, Belova, Morrison, and Salzman (2006) presented the subjects with visual 

cues paired with either aversive air puffs or liquid reward.  Monkeys either displayed 

anticipatory mouth movements as a CR to the liquid reward, or anticipatory blinking to the air 
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puff which demonstrated the success of the conditioning paradigm. There were groups of BLA 

cells which responded to aversive air puff and groups to the liquid reward.   

In addition to groups of BLA cells, Namburi et al. (2015) also found that there were 

differential involvement of BLA projections in reward and aversive learning. Using auditory tone 

cue-shock and tone-sucrose forms of training, the BLA neurons which project to NAc were 

involved in reward learning, while neurons which projected to centromedial AMG were involved 

in aversive learning (Namburi et al., 2015).  This highlights one of the limitations associated with 

IEG research.  With traditional IEG methodology, one could not identify differentially projecting 

neurons or neuronal types.  Incorporation of neuronal tracing, multiple neuronal markers and/or 

co-labeling techniques is required to confidently determine cell type.  Cell morphology or size 

may provide clues, but will not be able to definitively identify cell types.  Currently directions in 

valence research include multiple techniques (optogenetics and electrophysiology with IEG 

methodology). 

Others have utilized paradigms with both reward and aversive components; however, 

inconsistent results were obtained.  Recent research showed that AMG activity during both 

conditioned appetitive and aversive arousal are quite similar, and that AMG is involved in both 

forms of arousal (Shabel & Janak, 2009).  There is an accumulating body of literature which 

suggests that AMG is more involved in arousal, rather than valence. Moreover, initial studies 

which utilized reward and aversive stimuli found that AMG lesions had differential effects on the 

two forms of learning (Cahill & McGaugh, 1990).  More specifically, AMG lesioned rats 

experienced deficits during aversive conditioning, but not appetitive conditioning.  The effects 

on aversive learning acquisition was intensity-specific, where impairments were detected only 

for highly aversive US (e.g. footshock), but not a less-intensive US (e.g. quinine) (Cahill & 
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McGaugh, 1990).  Here, we used a strong concentration of quinine hydrochloride (0.2 M) for 

three days of conditioning.  However, it would be of interest to examine AMG activity using the 

task described in Appendix 1 (with odor-footshock classical conditioning). 

Many subsequent studies have investigated the various appetitive and aversive paradigms 

to understand what features were important for the AMG. With human participants, AMG was 

activated by both positively and aversively valence images (Garavan, Pendergrass, Ross, Stein, 

& Risinger, 2001).  To understand the interaction between valence and arousal, the authors 

utilized four sets of images varying in valence and arousal (aversive and high-arousal, aversive 

and low-arousal, positive and high-arousal, and positive and low-arousal.)  Their findings 

suggested that the AMG was not the location where valence information was encoded, but the 

location where predictive relationships were formed between a neutral stimulus and valence 

information.  This prediction has been examined using a large variation in paradigms (e.g. 

stimulus and reward associations, stimulus and current value of food-related rewards).  To 

further support this claim, AMG inactivation using muscimol (GABAA receptor agonist) played a 

role in the learned fear responses (100 W light or 80 db noise), but not for innate fear (open arm- 

elevated plus maze) (Ribeiro et al., 2011).  It was crucial to note that these observed differences 

may be due to paradigm differences, where Ribeiro et al. (2011) relied on the fact that rats were 

afraid of open fields, rather than an innate odor stimulus (e.g. predator urine).  

To further elucidate AMG’s function, researchers later began to differentiate the type of 

associative learning.  Earlier studies focused on aversive tasks without discriminating between 

Pavlovian and Instrumental; however, recent studies have shown that the BLA is crucial for 

Pavlovian, but not instrumental forms of associative learning (Maren, 2003; Schafe, Thiele, & 

Bernstein, 1998).   
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Here, we found a significant effect of AMG subnuclei and interaction between subnuclei 

and groups.  Egr-1 expression was the highest in the LA compared to BA, and also compared to 

whole BLA density measurements.  This is consistent with LA’s role in CS and US convergence 

and novelty detection.  Within the LA, Fam had the least expression compared to all groups.  

There were no group differences within BA or BLA.  The main difference between Favr and Bavr 

groups were the temporal continuity and contingency (predictability) element, where the quinine 

delivery followed and briefly overlapped with odor presentation.  As a result of this classical CS 

and US presentation method, the odor predicted the onset of the aversive tastant.  In contrast, 

with Bavr conditioning, the odorant followed the presentation of the quinine with a short delay.  

According classical learning principles, backwards conditioning should not lead to predictive 

learning.  The animal may have formed a relationship between the conclusion of a punishment 

trial (the quinine offset) and the start of odor (odor onset).  In addition, the elevated levels of 

activity for both Favr and Bavr groups suggested that LA was activated by other associated 

factors (intensity and valence combination.)  Previous studies have also provided support for 

AMG’s role in processing of novelty related information.   

In addition to understanding odor valence, researchers have also simultaneously 

investigated OFC and AMG’s roles in processing intensity information.  As addressed previously, 

valence, intensity, and salience components are difficult to differentiate.  Many prior research 

paradigms fail to segregate the differences due to the difficulty (and or inability) to choose 

appropriate stimuli.  To potentially address this confound, both high- and low- intensity pleasant 

and unpleasant odors were used (Anderson et al., 2003).  Functional MRI data suggested that the 

intensity component was reflected in AMG activity and the valence component was more related 

to OFC activation (Anderson et al., 2003, as cited in Gottfried, 2010).  To further elucidate 
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AMG’s role in intensity encoding, Winston et al. (2005) incorporated both high- and low-

intensity “neutral” odors.  If the AMG encoded intensity independent of valence, activation 

would be high for high-intensity neutral odors.  Thus, the positive or negative valence would not 

have contributed to the activation.  The results suggested that the AMG was responsive only to 

the high-intensity valenced odors, but not the neutral odor. Their results and others have 

suggested that AMG encoding was a combination between intensity and valence (Winston et al., 

2005, as cited in Gottfried, 2010).  Here, we showed that Egr-1 protein was expressed in the 

Novel group.  Thus, this is inconsistent with the prior findings that AMG was not responsive to 

high-intensity neural odors.  However, it is speculated that Egr-1 activation may not be 

equivalent to the techniques used by prior studies (e.g. fMRI and electrophysiological).  The 

timing of examination is also fundamental (i.e. directly in response to valenced odor exposure, 

directly following learning, 24 or 48 hours following learning). 

 

Nucleus accumbens (NAc) 

 Large bodies of literature have focused on the mechanisms of addiction and drug-abuse.  

From initial studies, the NAc was popularized as a crucial center in the reward-processing and 

motivation network.  With improvements in technical approaches, an accumulated body of 

evidence began to show that the NAc was involved in both reward and aversion.  Even with drug 

and other addiction forms, there are strong reward components leading to the original addiction 

formation and also aversive components during withdrawal phases. 

The NAc contains mostly GABAergic MSNs (Meredith, 1999, as cited in Carlezon & 

Thomas, 2009).  It is hypothesized that the activation and inhibition of GABAergic MSNs in the 

NAc mediate states of reward and aversion (Carlezon & Thomas, 2009).  After the reception of 
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reward, there is a rise in extracellular dopamine (DA) from the ventral tegmental area (VTA).  

DA is a catecholamine neurotransmitter known to play a crucial role in reward processing, 

voluntary movement, mood, addiction, and much more.  VTA and SNpc provide the major source 

of DA to several key structures in the reward circuit including NAc. 

The rise in DA levels inhibits GABAergic MSNs in the NAc (Nicola, Yun, Wakabayashi, 

& Fields, 2004, as cited in Carlezon & Thomas, 2009).  This reward-induced suppression of 

firing in NAc has been supported by many electrophysiological studies.  This transition from 

basal GABAergic activity levels to suppressed firing rates disinhibits structures downstream 

from NAc, such as ventral pallidum (VP) (Carlezon & Thomas, 2009).  A number of studies have 

shown that VP activation is essential to learning and reward processing (Smith & Berridge, 2007, 

as cited in Haber, 2011).  

The NAc similarly plays a role in aversion by activating GABAergic MSNs in NAc. 

Various stressors and aversive stimuli, such as footshock or forced swimming paradigm could 

activate CREB (cAMP response element-binding protein; transcription factor) in the NAc shell 

(Muschamp et al., 2011; Pliakas, Carlson, Neve, Konradi, Nestler, & Carlezon, Jr., 2001, as cited 

in Muschamp et al., 2011).   The level of CREB within the NAc contributes to the increase in 

excitability of MSNs.  Moreover, CREB phosphorylation promotes transcription of dynorphin, 

which activates ĸ-opioid receptors in the NAc and thereby inhibits DA release (Carlezon et al., 

1998, as cited in Carlezon & Thomas, 2009).  Dynorphin expression has also been linked with 

aversive states, such as chronic stress, learned helplessness, anhedonia, and dysphoria, and has 

been a target for the treatment of depression (Umberg & Pothos, 2011).    

Decreased activity in the VTA also reduces dopaminergic input to NAc.  This reduction in 

dopaminergic D2 receptor activation in NAc, inhibit states of reward.  There is evidence 
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suggesting that CREB phosphorylation itself contributes to a reduction in D2 receptor activity.  In 

contrast, D1 receptors are activated during aversive states.  As a result, there is enhanced 

phosphorylation of GluR1, increase in AMPA receptors expression, and NAc MSNs are further 

excited (Carlezon & Thomas, 2009). 

Norepinephrine (NE) also acts on NAc.  The activation of α-noradrenergic receptors in 

the NAc shell is the mechanism in which NE enhances memory following emotional events 

(Kerfoot & Williams, 2011).  By infusing phentolamine (a drug which blocked α-noradrenergic 

receptors), memory enhancing effects from the glutamatergic infusion were diminished (Kerfoot 

& Williams, 2011).  Enhanced NE levels in the NAc shell were detected using in vivo 

microdialysis and high-performance liquid chromatography (HPLC) following footshock 

presentation.  The NTS releases NE, and influences the NE released to regions such as the HPC 

and AMG (Clayton & Williams, 2000, as cited in Kerfoot & Williams, 2011).  Various 

investigators have found that there are differences in NE projection between NAc core and shell.  

More specifically, NE is predominantly found in the NAc shell, but not NAc core.  More recently, 

it was found that there was a caudal and rostral difference in the NAc shell, with NE release 

restricted to the caudal region (Park, Aragona, Kile, Carelli, & Wightman, 2010, as cited in 

Kerfoot & Williams, 2011).  

Roitman, Wheeler, Wightman, and Carelli (2008) used both appetitive and aversive taste 

stimuli (sucrose and quinine respectively) to investigate DA release in the NAc shell.  Quinine 

delivery was associated with an inhibitory DA response; however, sucrose generated an 

enhanced DA response.  Their data suggested that DA encoded the valence of the stimuli, where 

excitation was associated with positive stimuli and inhibition was associated with negative.  
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 Here, we examined Egr-1 expression in NAc along the rostrocaudal axis, and also 

examined expression in the NAc core and shell separately.  There were significant interactions 

between rostrocaudal location and treatment groups for the three regions of analysis (NAc whole, 

NAc core, and NAc shell.)  In rostral NAc whole quantifications, the Fapp group had an elevated 

level of Egr-1 immunoexpression compared Bavr and Fam.  In addition, Bapp was greater 

compared to Bavr.  In mid NAc, expression was the highest for the Novel and Fapp group 

compared to backward controls.  In the rostral NAc core, Fapp was significantly greater 

compared to Bavr.  In mid NAc core, Fapp and Novel were both greater than Bapp.  In rostral 

NAc shell, Fapp and Novel expression was greater than Bavr.  In the mid NAc shell, Novel was 

greater than Bapp group.  Thus, there were subtle group differences depending on rostrocaudal 

location. We were not able to classify the NAc whole, NAc core, and NAc shell as an appetitive 

region, since there was insufficient statistical support to meet predefined classification criteria.  

The complex pattern of significance was non interpretable. 

 In the dorsal striatum (DS), analyses were focused on the caudate putamen (CPu).  We 

divided the analyses along the rostrocaudal axis.  We found an effect of rostrocaudal CPu 

location and an interaction between location and treatment groups.  There was statistically more 

Egr-1 activity in the caudal CPu compared to rostral and mid CPu.  In rostral CPu, Fapp, Bapp, 

and Novel expression was greater compared to Favr.  Moreover, Bapp expression was greater 

compared to Bavr and Fam groups.  In mid CPu, Novel expression was greater compared to 

Fapp, Bapp and Bavr.  In the mid CPu, Egr-1 expression was the most robust for the Novel 

group, and there was a drastic decline for the Fapp group.  In caudal CPu, Egr-1 expression was 

greater in Fapp and Novel compared to Bapp and Bavr.  Fapp and Novel were not statistically 

different.  Favr was more activated compared to Bavr. Similar to the NAc, we were not able to 
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classify the CPu into Appetitive, Aversive or Novel categories, since post-hoc statistical tests 

failed to provide sufficient support to meet predefined criteria.   

 In summary, using our novel conditioning paradigm and IEG mapping capabilities, we 

have provided a large body of histomicrographs and nuclear expression data for many olfactory, 

gustatory, and valence brain regions following appetitive and aversive learning.  Moreover, we 

showed that Egr-1 expression patterns differ within subregions (e.g. AON, OFC, NAc, AMG), 

and sublayers (MOB) across the rostrocaudal axis of the brain.  The balance of reward, aversion, 

and novelty processing by these structures differ depending region and rostrocaudal interaction. 

During the experimental design stage, we attempted to the best of our ability to address 

paradigm or technical limitations; however, several limitations remain.  In the following sections, 

we briefly discuss the limitations associated with our paradigm and techniques used in this 

dissertation. 

 

Limitations and future directions 

 

[1] Valence, arousal, and salience 

Despite our best effort to equate reward and aversive forms of learning, there were 

several limitations associated with our design.  Despite our strong attempt, this study could not 

address the change in arousal due to the potentially greater conditioning strength of the aversive 

tastants over the appetitive tastants.  It is a possibility that the regions examined thus far were 

responsive to higher degrees of intensity/arousal, but not valence per se.  However, the elevated 

activity observed in Favr was not observed in Bavr animals.  We predicted that by choosing a 

strong appetitive stimulus concentration, we minimized the differences between appetitive and 
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aversive stimuli intensity.  During the experimental design phase, we attempted to choose a 

strong rewarding and aversive tastant concentration to minimize the number of conditioning days.  

We piloted lower concentrations of quinine; however, it dampened learning of the aversive 

stimulus.  Despite our effort to equate appetitive and aversive learning, the value of saccharin 

(reward) and quinine (punishment) may not be identical.  The aversive group demonstrated 

predictive behaviors after a minimal number of trials on day 1 of learning.  In contrast, the 

appetitive group learned at the end of day 1 or middle of day 2 conditioning.  For the Favr group, 

their rapid acquisition, may suggest that their learning may be more robust compared to the Fapp 

group.  Thus, the elevated activity for the Favr group may be due to more robust or stronger 

learning.  Following three conditioning days, the Fapp group demonstrated predictive responses 

as well.  During the odor stimulation phase following learning, both Fapp and Favr learned the 

association between odor and saccharin or quinine; hence, odor valence should be the main focus.  

If stronger or more robust learning was the explanation for elevated IEG expression in the 

regions examined, this pattern of activity should be observed in all regions.  However, there were 

regions in which Fapp activity was more elevated compared to Favr (e.g. CPu and NAc). 

We also hypothesized that the backward groups (Bapp and Bavr) did not learn the odor 

association.  Our responses showed that in many regions examined, forward and backward IEG 

levels were not equivalent.  

For future experiments, increasing the number of experimental groups varying along the 

valence and arousal axes, such as, [1] aversive + high intensity, [2] aversive + low intensity, [3] 

appetitive + high intensity, [4] appetitive + low intensity, [5] neutral + high intensity, and [6] 

neutral + low intensity, would help elucidate which component(s) specific brain regions are 

involved in processing.  One of the most difficult aspects with this design is to equate learning 
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duration.  The amount of learning would be different if each group were given consistent number 

of trials (e.g. appetitive + low intensity or neutral + low intensity groups).  Thus, one may need 

to examine perceptual learning in a separate study to allow for differential trial length and 

number of conditioning days.  Learning strength would be determined by predefined criterion. 

 

[2] Differential motor responses 

 In addition to arousal and salience differences between appetitive and aversive stimuli 

and/or conditioning, there are premotor and motor differences following saccharin and quinine 

consumption (differential orofacial reactivity, aversive reactivity, etc.).  It is a possibility that 

differential motor responses contributed to the IEG patterns between groups.  The main goal was 

to minimize procedural and modality differences between appetitive and aversive forms of 

learning.  Despite our effort to equate reward and aversive conditions, differences in 

physiological responses (premotor/motor) exist and may not be completely equivalent. 

 

[3] Learning strength 

Due to the need to equate odor exposure, it was important that the number of 

conditioning days be equivalent across groups.  All animals in the aversive group learned on day 

one of conditioning (often, by the third or fourth trial).  In contrast, animals in the appetitive 

group learned by the end of the first conditioning day or at the beginning of the second day.  

Thus, the aversive group may be unintentionally over-trained by the last conditioning day, and 

the observed effects may be due to this overtraining since they endured one-and-a-half to two 

more days beyond acquisition.  However, the Bavr group did not usually show the robust IEG 

induction demonstrated by the Favr conditioning group even following three days of quinine 
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consumption. This suggests that the extent of aversive stimulus exposure did not substantially 

negatively affect the results, and that associative learning is fundamental. 

 

[4] Odor concentration 

For future directions, a broader selection of odorants and concentration could be 

examined.  This study used one odor concentration during conditioning and odor exposure.  A 

vapor-phase partial pressure of one Pascal (Pa) was chosen to ensure that animals were able to 

form rapid Pavlovian associations.  However, prior literature has suggested that odor intensity 

changes the activity patterns in the olfactory system.  When lower odor concentrations were used 

in previous studies (e.g. 10
-1

 to 10
-3

 Pa), odor detection became more difficult or challenging.  By 

using a low odor concentration, it is possible to alter cell counts and density measurements.    

Traditionally, researchers have used IEG expression to generate an odortopic map of the 

olfactory system or odor processing.  Previously, others have incorporated IEG to examine MOB, 

AON, aPCx and pPCx.  In the MOB, odorants would activate specific and a limited number of 

glomeruli and associated columns of GCs.  Moreover, activity is spatially segregated.   Here, we 

showed robust activation of JCs and GCs following appetitive and aversive learning, backward 

controls, odor-familiarity, and odor-novelty exposure.  We were able to see differential 

expression depending on experimental group; however, we were unable to observed spatially-

localized columns of IEG activity.  Thus, by decreasing concentration used in the study, it may 

be possible to visualize activated glomeruli and associated GC columns. 

 

[5] Time points: timing of sacrifice 
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 There are two time-related factors which alter IEG expression: the time point following 

learning and stimuli re-exposure.  Prior Egr-1 studies have shown that there are at least two 

waves of IEG expression.  The early wave occurs shortly after learning, and a later wave which 

occur 12- to 24-hours following the learning event (in the dorsal hippocampus following 

inhibitory avoidance training) (Katche, Goldin, Gonzales, Bekinschtein, & Medina, 2012).  

These are crucial for the initial formation of LTM (early wave of expression), and LTM 

persistence/maintenance (late wave of expression) (Katche et al., 2012). Thus, the timing in 

which one samples from the brain changes the amount of IEG mRNA or protein measured. 

Much of our understanding about IEG expression arises from single-trial fear 

conditioning studies.  With single-trial paradigms, there is a critical known time window in 

which IEG expression is initially induced (or when proteins are transcribed most robustly).  

However, much less is known about multi-trial or multi-day learning.  With every learning trial, 

IEG is induced, and the amount of IEG may be different across trials.  Thus, the timing in which 

IEG is most optimal remains to be investigated.  Nikolaev et al. (1992) found that there was no 

accumulation of egr-1 mRNA expression (via Northern blot analysis) following prolonged two-

way active avoidance training in the hippocampus and visual cortex; changes in expression were 

specific to the acquisition phase of the task (Nikolaev et al., 1992 as cited in Knapska & 

Kaczmarek, 2004).  These results suggest that there is a critical window of IEG induction, and 

that delaying brain harvest times (acquisition vs. overtraining) may change the level of IEG 

expression. 

 

 [6] Control groups  
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 In addition to the main experimental groups, we incorporated four controls (backward-

appetitive, backward-aversive, odor-familiarization, and odor-novelty.) The backward-paired 

groups served to provide animals with both CS and US exposure, but with minimal classical 

learning.  Based on Pavlovian literature, we aimed for no predictive learning to take place with 

such paradigm.  However, the odor may have unexpectedly signaled the conclusion of US 

delivery since odor presentations followed the tastant presentations.  Moreover, the tastant 

residue in the rats’ mouths may still be present during the odor delivery phase.  Thus, the 

orofacial reactivity in response to the odor delivery may not be due to the odor per se, but simply 

residue from the tastant infusion.  There are two alternatives to address the unexpected problem.  

One could deliver water via second cannulae to flush the mouth right after tastant delivery.  

However, water may be perceived as a reward especially for water or food deprived animals.  

Previous DA literature has shown that there is a rise in dopamine when researchers remove rats 

from shock chambers. This unexpected DA release could be interpreted as a reward or relief 

signal.  Thus, providing water pulses following quinine delivery may have non-interpretable 

effects.  The second alternative is to use pseudo-conditioning methods, where the same number 

of CS and US trials are delivered, but in a random fashion.  

 With the odor-fear conditioning study (see Appendix 1), a pseudo-conditioning group 

was implemented.  Rather than 10 odor-paired shock trials, the animals received a pseudorandom 

delivery of either shock or odor during a given trial (thus, they received 20 trials total.)  

According to classical learning literature, there should not be learning with this paradigm.  

Despite the non-predictive relationship, rats still displayed a tendency to freeze during odor and 

non-odor sessions.  As a result, the optimal behavioral approach would be to freeze during a 

large proportion of the session.  Thus, there are problems with both pseudo and backward forms 
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of conditioning.  In future studies, lengthening the ITI between CS and US delivery may help 

generate more specific learning and CRs. 

 In addition to backwards conditioning, we included Novel and Fam groups to examine 

the role of odor acclimation.  For the forward and backward paired groups, it was unknown 

whether the IEG expression in response to odor was due to the familiarity of the odor (from three 

days of consecutive odor exposure), or learning.  The Fam group was exposed to an equivalent 

number of days and trials as the forward and backward paired groups.  The Novel group was 

exposure to the environment for an equivalent duration, but with no odor.  They were stimulated 

during the odor retrieval phase along with the five groups.  IEG expression for the Novel group 

was elevated (comparable to Favr expression) in many brain regions examined.  It is a possibility 

that the generated response was due to neophobia (aversion or dislike towards novelty).  

Neophobia probably would not be due to the odor, since it was used during the habituation/cross-

habituation assay pre and post conditioning.  Another possibility of neophobia would be due to 

the mode of odor delivery.  During the habituation/cross-habituation assay, the odor was placed 

onto a piece of Kimwipes, in a weigh boat receptacle.  During the odor stimulation phase, odor 

was delivered via an olfactometer.  A third possibility of neophobia may arise from the chamber 

during the odor stimulation phase.  To reduce possibilities of neophobia, we used a clean, 

polypropylene home cage with standard bedding.  We incorporated a 30 minute acclimation 

phase prior to odor onset to allow for acclimation.  Thus, neophobia to the stimulation chamber 

is unlikely and neophobia effects would be present for all groups if the stimulation chamber was 

the source of neophobia.   

 

[7] Intraoral cannulation protocols 
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Despite the benefits of intraoral cannulation used to examine various forms of taste 

processing and learning, and classical conditioning (Chapters 2, 3 and 4), there are limitations 

and drawbacks associated with chronic cannula implants.  Paradigms which utilize lickometers 

(attached to a bottle or test tube filled with tastant), are easy to perform.  Animals are not 

implanted with chronic devices and subjected to long recovery phases.   

The ability to exert control over consumption may be a crucial factor, and the neural 

regions which are recruited or activated may differ significantly.  In prior odor-taste paradigms, 

when the animal disrupted a photo beam, solution (e.g. water, sucrose, quinine) was delivered to 

them through a drinking spout.  After multiple exposures, animals associated a cue or location 

with sucrose/water/quinine delivery and either avoided/reduced consumption (with aversive 

tastants), or frequently approached the location to increase consumption (with appetitive tastants).  

In many paradigms, odor delivery stops once the animal withdraws from a specific location.  

This method of training is ecologically relevant; however, there are many factors embedded 

within this design which may affect odor perception.  For the frequently approach group (i.e. 

rewarded group), animals receive more instances of odor exposure.  This is especially 

problematic for odorants placed within the liquid; where consumption was directly proportional 

to odor exposure.  If odorants were placed on a scented paper near the drinking port, proximity 

and active investigation for the rewarded group would still not be equivalent even though 

animals could theoretically detect the odor from afar.  In comparisons, aversively-paired animals 

would experience fewer trials. They would demonstrate mostly avoidance, and the only odor 

exposure would be from the initial sampling stage and from far depending on the mode of 

delivery. 
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Our behavioral and neural data may differ compared to prior studies utilizing chronic 

intraoral cannulation techniques.  Here, animals were able to freely explore the conditioning 

environment during chamber-, water- habituation and conditioning sessions.  In previous studies, 

head-fixation and restraint was a common procedure to improve the video quality and precise 

analysis of orofacial movements.   

Despite the possibility of imprecision with rapid mouth movement and tongue protrusion 

coding, freely-moving animals demonstrate other valuable fear, anxiety, or appetitive behaviors 

which could not be extracted from head-fixed protocols (e.g. rearing, paw-threading, chin-

rubbing, active odor investigation, etc.).  In fact, animals are prevented from carrying out these 

motor patterns which may influence neural response patterns. 

Moreover, to enhance consumption following intraoral delivery, it was a common 

practice to implement severe water deprivation schedules (i.e. 10-30 minutes of water per day).  

Thus, animals were motivated during the conditioning session.  Here, we utilized mild food-

restriction to equate (as much as possible) animal weight and age, to increase motivation during 

experimental sessions, and also to equate brain size to the best of our ability. 

 

[8] Possibilities of extinction 

 In our experimental timeline, the incorporation of the habituation/cross-habituation assay 

may have been a form of extinction.  During the behavioral assay, the odor CS (i.e. (+)-limonene) 

was presented during four habituation trials and during the test phase.  Thus, during the assay, 

there were no rewards or aversive consequences which followed odor delivery.  It is a possibility 

that these events could have acted as extinction trials, and the Egr-1 immunoreactivity may be 

associated or a result of the extinction process.  In addition to extinction possibilities, the 
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incorporation of the odor CS within the habituation/cross-habituation paradigm was a form of 

odor exposure for the Novel group.  Thus, the odor presented during IEG induction was not 

completely novel per se.  These animals lacked the three days of odor CS exposure compared to 

the five groups. 

To reduce the possibility of mapping extinction, it may be a superior alternative for future 

studies to conduct the habituation/cross-habituation testing using a separate group of animals.  

Due to the incorporation of the habituation/cross-habituation post test, the total duration between 

the last day of conditioning and Egr-1 induction was approximately 48 hours.  The long delay 

between the last day of conditioning and odor retrieval may have compromised appetitively 

trained animals if their learning was not as robust as the aversive group.  Thus, the possible of 

overtraining and salient nature of aversive stimuli may have contributed to the Favr’s 

immunoreactivity.  It would be of interest to examine Egr-1 expression 24 hours later.  Including 

a separate group of animals for habituation/cross-habituation testing will also allow the odor CS 

to be a new odor for the Novel group. 

In addition to the habituation/cross-habituation assay, the odor stimulation design may 

have also contributed to extinction (i.e. repetitive exposure to the odor CS without positive or 

negative consequences).  Future studies could examine the optimal stimulation parameter to 

induce robust expression.  During retrieval, what is the optimal duration of odor CS presentation 

to evoke Egr-1 expression, but not induce extinction?  How many trials are required during 

retrieval to extract the effects of odor valence learning?  These are some important questions to 

examine in future IEG research.   
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 [9] Limitations of IEG 

 It is unclear the meaning associated with IEG induction.  Historically, they have been 

used as nonspecific activity markers (i.e. marker of neuronal activation).  There are instances in 

which there is electrophysiological activity, but not IEG induction.  To contribute to the overall 

complexity, different IEGs are expressed at different levels across the brain.  Current research 

using innovative and combined techniques are aiming to understand the functional role of IEGs.  

Here, we found that Egr-1 expression was robust for the Favr group in large number of brain 

regions examined.  What is the precise meaning and interpretation of elevated expression? Does 

more IEG activity correspond to more or less learning? Previous studies have found that c-Fos 

levels decrease following initial learning, and that c-Fos levels correspond to fast versus slow 

learners. There are instances where IEG expression levels were elevated following complete 

acquisition or 24 hours post acquisition, but not during initial learning.  To complicate IEG 

results, different regions of the brain express IEG different at various time points.  

It is also a hypothesis that Egr-1 elevation for the Favr group was responsive to novelty 

of the extinction during the odor stimulation phase.  Thus, activity is elevated for both the Favr 

and Novel groups in a large number of regions sampled.  However, the Fapp and the Bavr groups 

should ideally be experiencing novelty of extinction as well.  More importantly, due to the 

incorporation of the habituation/cross-habituation assay as a post test, animals in the forward and 

backward conditioning groups should have experienced extinction; thus, extinction in the 

stimulation chamber should not evoke a robust novel response. 

In addition to the interpretation limitations associated with IEG paradigms, it is also 

important to briefly address that IEGs are only a single puzzle piece in the global learning and 

memory network.  Large bodies of research have previously demonstrated that other kinases 
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such as MAPK/ERK, PKA, PKC, and CREB are crucial for learning and memory formation. 

Utilizing blockage and genetic manipulation techniques, animals demonstrate deficits in learning 

and memory abilities.  Recently, there was the discovery of calcineurin (CaN; protein 

phosphatase) and its relationship with Egr-1 in aversive memories.  The inhibition of CaN was 

associated with enhancement in Egr-1 expression in the AMG (Baumgärtel et al., 2008).  This is 

only a single exemplar of critical components of the molecular cascade.  The proteins and 

enzymes involved in intricate molecular and cellular cascades are all essential for learning and 

memory.  We are only beginning to unravel the networks involved in emotional learning and 

memory. 

Moreover, the intensity of IEG expression was also another factor.  The ImageScope 

nuclear quantification algorithm used in this study to automatically quantify IEG-positive cells 

provided four sets of counts based on staining intensity and other physiological characteristics 

(e.g. nuclear boundary definitions).  The automated output included counts for [0+], [1+], [2+], 

and [3+] intensities.  Please see methods (Chapter 3) regarding precise definitions.  To generate 

the density measurements, we have attempted to incorporate [1+ only], [2+ only], [1+ and 2+], 

and [1+, 2+, 3+] cell counts divided by the area of analysis to generate density.  However, when 

we examined these density measurements, we were not able to detect differences between groups 

and sublayers.  Most interestingly, the significant patterns observed were extracted by 

quantifying density measurement using [3+ intensity] cells only.  Thus, the patterns observed 

here are the result from the most-activated nuclei within the regions and layers of interest.  

Future studies are needed to determine the meaning associated with these lower intensity 

activated cells. 
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Future directions 

 Despite the large body of accumulated Egr-1 (and other IEG) literature, we are only 

beginning to unravel the molecular and cellular mechanisms of appetitive and aversive learning. 

With the incorporation of diverse paradigms, innovative techniques and a continued examination 

of IEG function, we could achieve a more complete understanding.  The brain regions examined 

thus far consisted of only a subset of crucial chemosensory, sub-cortical and cortical regions 

involved in learned-valence processing.  However, the structures examined in this dissertation 

are only a small subset of the regions in the network recruited during reward and aversive 

processing.  In the appendix, I have included the methods and preliminary results from an 

ongoing odor-shock experiment used together with the CLARITY technique (see Appendix I).  

This innovative mapping tool enables one to label thick sections and whole brains with desired 

antibodies, and image activity patterns in thick tissue sections.  Thus, we could label cleared 

brains with Egr-1 antibody, and quantify activity patterns in larger networks.  In addition to Egr-

1, it is possible to simultaneously map multiple IEGs and their distribution patterns.  

Other than innovations in brain mapping, it is also pertinent to include and further 

elucidate the vast neuromodulatory network, which includes DA from the midbrain VTA and 

SNpc, 5-HT from DRN, NE from LC, and ACh from HDB.  Large bodies of literature have 

shown that each may contribute differently to reward and aversive processing.  The incorporation 

of our appetitive and aversive paradigm, would elucidate how each neuromodulatory may be 

involved in comparable paradigms. 
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APPENDIX 1 

MAPPING ODOR-FEAR LEARNING INDUCED EGR-1 EXPRESSION WITH 

CLARITY 

Introduction 

Much of our understanding about olfactory and fear circuitries arose from a combination 

of thick in vitro slice preparations and thin tissue preparations combined with tracing and 

staining innovations.  Following the exhaustive collection of serial sections, we then utilize 

analysis tool packages to make interferes about the entire structure or region of interest.  Despite 

the immense body of anatomical knowledge gained from various sliced tissue preparations, there 

are fundamental limitations associated with the inferences made from tissue or cellular sampling.  

In addition to the cost and time associated with processing large batches of tissue, a large number 

of sections and animals are required to make accurate predictions about whole regions and brain-

wide networks.  Fortunately, with recent developments in brain clearing innovations, such as 

CLARITY, this technique enables one to examine anatomical questions about large-volume 

brain tissue samples, and even questions about the whole brain.  

In order to determine which brain regions are involved in olfactory fear conditioning, we 

measured Egr-1 (Early Growth Response-1) protein expression in response to the odor CS in 

olfactory learning and memory brain regions.  Egr-1 (or Zif268) is a transcription factor encoded 

by the immediate-early gene (IEG) egr-1, and is rapidly and transiently expressed following 

neuronal depolarization and the presentation of a variety of sensory stimuli.  Other than their 

conventional use as neuronal activity markers, other researchers have provided evidence that 

IEGs are molecular markers of learning and memory plasticity, and Egr-1 is crucial for late-

phase long-term memory (LTM) using genetic manipulations to artificially induce or inhibit 
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expression (e.g. antisense oligodeoxynucleotides, genetic knockout mice; Malkani, Wallace, 

Donley, & Rosen, 2004; Ko, Ao, Gallitano-Mendel, Qiu, Wei, … Zhuo; 2005; Ganesh, 

Bogdanowicz, Balamurugan, Varman, & Rajan, 2012; Katche, Goldin, Gonzales, Bekinschtein, 

and Medina, 2012).  Its role in late-phase LTM compared to early-phase contributes to its role in 

LTM persistence and reconsolidation.  Moreover, IEGs are crucial for olfactory memory 

(Mandairon, Didier, & Linster, 2008; Ganesh, Bogdanowicz, Balamurugan, Varman, & Rajan, 

2012), fear conditioning (Lamprecht & Dudai, 1996, as cited in Lamprecht, Hazvi, & Dudai, 

1997; Lamprecht, Hazvi, & Dudai, 1997; Ko et al., 2005), and various task types (hippocampal 

and non-hippocampal dependent; Jones et al., 2001).   

A large body of research involving fear conditioning is focused on classical, well-

accepted regions, such as the amygdala (AMG).   Several laboratories have shown that Egr-1 is 

expressed in AMG (more specifically, lateral nucleus (LA)) following fear conditioning. To 

elucidate Egr-1’s role in fear conditioning, researchers have utilized genetic manipulation 

techniques to reduce or inhibit Egr-1 expression. Following a bilateral injection of egr-1 

antisense oligodeoxynucleotide (antisense ODN) into the AMG, there was a reduction in cue-

induced freezing during the retention test (Malkani, Wallace, Donley, & Rosen, 2004).  Their 

data provided evidence that Egr-1 expression was crucial for fear learning and memory.  Less is 

known about the circuitry following odor fear learning. 

Here, we use the CLARITY technique to examine the main olfactory bulb (MOB) and 

olfactory circuitry (anterior olfactory nucleus (AON) and anterior (aPCx) and posterior piriform 

cortices (pPCx)) after odor-fear conditioning. Many of the historical paradigms to examine fear 

learning have used auditory, visual, or spatial cues as conditioned stimuli (CSs).  However, large 

bodies of literature have shown that olfactory learning (i.e. conditioning using odor stimuli) may 
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be superior due to the innate odor learning abilities (e.g. rapid acquisition), and also the 

connectivity of the primary olfactory structures with valence, and memory processing regions of 

the brain (Otto, Cousens & Rajewski, 1997). 

We cleared main olfactory bulbs (MOBs) and 2 mm thick cortical slices and stained for 

Egr-1 (early growth response-1) IEG protein expression.  The Egr-1 gene encodes a transcription 

factor which has been intimately associated with learning and long-term memory (LTM) phases.  

Moreover, Egr-1 is expressed transiently following stimulus exposure.  Thus, for several decades, 

researchers have used IEGs as a functional brain mapping tool.  

Prior research have shown that Egr-1 proteins are expressed in all layers of MOB: 

interneurons in the glomerular layer (GL), external plexiform layer (EPL), mitral cell layer 

(MCL), and most robustly in the granule cell layer (GCL).  The number of cells expressing Egr-1 

in the GCL has been correlated with odor discrimination.  Much of the Egr-1 expression in the 

GL is odor-dependent, along with various variables which could vary their expression (e.g. odor 

concentration, odor-stimulation length and number of repetitions).  

Moreover, previous studies on odotopic mapping in the MOB utilized radioactive 2-

deoxyglucose (2-DG) uptake (Inaki, Takahashi, Nagayama, & Mori, 2002), and optical imaging.  

However, with imaging techniques, only olfactory sensory neuron (OSN) activation patterns on 

the surface of the brain could be imaged.  IEGs became the alternative method due to its superior 

spatial resolution compared to optical imaging and 2-DG uptake.  Thus, the incorporation of IEG 

immunostaining in a cleared brain will contribute immensely to our holistic understanding of 

structure and function. 

 

Materials and Methods 



 

242 

Subjects 

Adult male Long-Evans rats (400 - 420 grams; Charles River Laboratories, Wilmington, 

MA) served as subjects for this study.  Subjects were experimentally naïve at the start of 

experiment.  They were single-housed in standard laboratory rat cages and handled immediately 

upon arrival to minimize environmental and experimenter-induced anxiety.  Daily handling was 

especially crucial for learning and memory tasks.  Standard laboratory rat diet and water were 

available ad libitum prior to the start of the experiment, and food restricted after the start of the 

acclimation phase.  Animals were fed following the completion of daily experiments.  All 

experiments were performed in the afternoons (1200 - 1700), during the dark phase of a 12-hr 

dark-light cycle, under dim lighting. Animals were treated according to the Cornell University 

Institutional Animal Care and Use Committee and National Institutes of Health guidelines for the 

care and use of animals in research.  
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Conditioning 

 

Figure 34. Odor-fear conditioning and odor-stimulation chamber. A.  Schematic of the odor-

fear conditioning chamber. The conditioning chamber consisted of two clear Plexiglas and two 

metallic walls. Three video cameras were attached to each chamber, which allowed a top view 

and two side views.  Odor was delivered via a single odor port and outlet tubing was connected 

to a exterior ceiling vacuum to remove excess odor buildup.  B.  Schematic of odor stimulation 

chamber.  The chamber was constructed entirely from clear Plexiglas, with one odor port and a 

ceiling vacuum to prevent odor build-up. Three cameras were attached, which provided a clear 

top view and two view views.  C.  Schematic of conditioning and odor stimulation paradigm 

prior to sacrifice.  Animals were acclimated in the chamber for 5 minutes prior to the start of the 

first trial. There were 10 trials total with 60-120 second ITIs.  During odor stimulation session 

(24 hours post conditioning), an identical paradigm was implemented without the shock 

overlapping with the end of the odor phase.  See methods for conditioning and group details.  

Following the last trial, there was a 5 minutes post acclimation. 
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Apparatuses 

 

Conditioning apparatus 

 Fear conditioning took place in an automated test cage equipped with a shock floor (12 

inches (width) x 10 inches (depth) x 12 inches (height); Coulbourn Instruments, Whitehall, PA) 

(Figure 34).  Shock was delivered via a Precision Animal Shocker (Coulbourn Instruments; 

Whitehall, PA). We have replaced the original chamber ceiling with a clear Plexiglas wall to 

enable high quality video recording and more precise behavioral quantifications.  There were 

three video cameras which encircled the camber, capturing two side views, and one top view. 

The chamber was equipped with one odor port located 1 inch above the base of the chamber.  

Also, to minimize odor build-up, an external vacuum was connected to the chamber via a strand 

of tubing located towards the ceiling of the chamber.  

 

Odor stimulation apparatus 

Odor stimulation took place in a custom-built, clear Plexiglas chamber (12 inches (width) 

x 12 inches (depth) x 13.5 inches (height)) equipped with one odor-input port 1 inch above the 

chamber base.  There were four video cameras which surrounded the chamber, capturing three 

side views, and one camera above the chamber (Figure 34). 

 

Odors 

The odor used for the study included: light mineral oil and (+)-limonene (1 Pascal; (Pa)). 

(+)-limonene was dissolved in light mineral oil to the desired vapor-phase partial pressure. 
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Odor-shock delivery 

Odor and shock delivery were automated via our custom in-house software written in 

Python that controlled the olfactometer and the Precision Animal Shocker (Coulbourn 

Instruments; Whitehall, PA).  During the experimental sessions, filtered air was continuously 

delivered into the chamber using a flowmeter (1.5 liter/minute).  Odorants were delivered to the 

subjects by bubbling a separate, filtered air stream through vials containing odor CS (1 Pa; 

diluted using mineral oil).  

 

Olfactometer design 

Our custom olfactometer consisted of a flowmeter (Cole Parmer; Vernon Hills, IL) set at 

1.5 liter/minute, followed by digitally-controlled solenoid pinch valves (NResearch Inc., West 

Caldwell, NJ).  To control the valves, we used custom-built hardware which allowed for 

independent valve operation by the custom written LabVIEW (National Instruments Corporation; 

Austin, TX) software running the experiment.  Another set of valves randomly opened and 

closed so that rats would not associate background valve noise with US delivery.  During the 

non-odor phases of the trials, air passing through the valves was bubbled through a vial 

containing mineral oil only.  During the odor phase of each trial (for standard-, pseudo- and 

odor-familiar controls), the olfactometer closed the valve gating the mineral oil, and opened the 

valve gating the odorant (limonene; CS).  Each odor vial (50 ml size) contained 15 ml of odorant 

(1Pa).  In the vial, a tube connected to the inflow end within the odor causing the air to saturate 

with odor before exiting to the behavioral chamber. 
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Acclimation  

Rats were first acclimated to the conditioning apparatuses for 6 days (3 alternating days 

for each chamber) (Figure 35). The duration and context of the acclimation phase were 

equivalent to conditioning and odor stimulation sessions.   
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Experimental groups and conditioning 

 

Figure 35. Odor-shock experimental timeline and groups.  A.  Animals were acclimated to 

the animal vivarium, researchers, and daily handling for 7 days prior to experimentation.  

Subsequently, they were habituated to the two chambers used in the study on alternating days (i.e. 

conditioning and odor stimulation).  Once they were completely acclimated, they were 

conditioned for one day, stimulated with the odor CS 24 hours later, and sacrificed 90 minutes 

from the start of the stimulation session.  B. There were four groups: [1] Standard training 

(Standard) [2] Pseudo-training (Pseudo) [3] Odor-familiarity control (Fam), and [4] Odor-

novelty control (Novel).  The Standard group received 10 paired odor- 0.5 mA shock trials (the 

odor CS was presented for 8 seconds per trial, with 1 second of odor-shock overlap). The Pseudo 

group received 10 odor-only trials and 10 shock-odor only trials (presented in pseudo-random 

order). The shock duration/amplitude and the total odor CS exposure matched the Standard 

group.  The Fam group received 10 odor trials only, and the Novel group was not exposure to the 

odor CS during conditioning.  They were exposure to the odor CS prior to sacrifice. 
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There were 4 experimental groups: [1] standard-training (Standard), [2] pseudo-training 

(Pseudo), [3] odor-familiarity control (Fam), and [4] odor-novelty control (Novel) (Figure 35).  

Each experimental session began with a 5 minute acclimation phase in the Coulbourn test cage 

or the odor stimulation cage. All animals were conditioned for one day, for 10 trials total (other 

than pseudo-training (see below)). The odor CS, (+)-limonene, was delivered via an olfactometer 

for 8 seconds per trial. A 0.5 mA (milliamp) shock was delivered for 1 second for the standard- 

and pseudo-trained groups.  The intertrial interval (ITI) was 60-120 seconds.  All trials were 

video recorded (5 seconds of ITI prior to odor delivery to 5 seconds post shock delivery) for 

standard- and pseudo-training groups.  Below are the four experimental groups and their 

parameter details. 

 

[1] Standard-training (‘Standard’) 

  The odor was delivered for 8 seconds overlapping with a 0.5mA shock during the last 

second of odor delivery.   

[2] Pseudo-training (‘Pseudo’) 

The odor was delivered for 8 seconds for 10 trials.  One second of 0.5mA shock was 

delivered for 10 trials.  Animals were conditioned for 20 trials total (pseudorandom presentation 

of 10 shock-only and 10 odor-only trials).   

[3] Odor familiarity control (‘Familiar’) 

 The odor was delivered for 8 seconds; no shock was delivered with the odor.   

[4] Odor-novelty control (‘Novelty’)  

No odor or shocks were delivered. All contextual variables were consistent with the other 

groups (background noise; olfactometer-generated noise, etc.)   
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Odor stimulation  

To induce IEG expression, rats were stimulated with (+)-limonene in the custom-

designed chamber.  After 5 minutes of acclimation, (+)-limonene was delivered into the chamber 

for 8 seconds. There were 10 trials total with 60-120 seconds ITI.  During the acclimation and 

ITI phase, filtered-air was bubbled through vials containing mineral oil (see olfactometer design).  

Following the stimulation session (approximately 30 minutes), animals were immediately 

returned to the rat vivarium (in a fresh cage with standard laboratory corn cob bedding) for 

precisely 1 hour prior to sacrifice.  Thus, the total duration from the initial odor onset until 

sacrifice was 90 minutes.  This time frame was consistent with the optimal time point for robust 

Egr-1 expression in rodent brains. 

 

Perfusion and passive clearing 

Rats were deeply anesthetized using halothane (2-Bromo-2-chloro-1,1,1-trifluoroethane), 

and were perfused transcardially with chilled phosphate buffered saline (PBS; Corning; 

Manassas, VA) until solution was clear, and fixed with ice-cold 4% paraformaldehyde solution 

(Electron Microscopy Sciences, Hatfield, PA) in PBS with 4% acrylamide (Bio-Rad; Hercules, 

CA).  Brains were extracted and post-fixed overnight in 4% paraformaldehyde/PBS with 4% 

acrylamide solution on ice, and the entire MOBs were removed (at the most-rostral anterior 

piriform cortex to preserve connectivity between left and right MOBs). The remainder of the 

brain tissue was sectioned into 2 mm coronal sections using an Adult Rat Brain Slicer Matrix 

(Zivic Instruments; Pittsburgh, PA). The brain sections were further incubated in 4% 

paraformaldehyde/PBS with 4% acrylamide.  Following complete fixation, sections were rinsed 

with chilled 4% acrylamide in PBS for approximately 24 hours, followed by an infusion of 4% 
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acrylamide in PBS with Photoinitiator VA-044 (Wako Chemicals USA, Inc., Richmond, VA) for 

24 hours.  The sample acclimated to room temperature (RT) and a light coating of mineral oil 

(Sigma-Aldrich, St. Louis, MO) was placed on top of the sample.  Polymerization was performed 

in a 37°C orbital shaker for approximately 4 hours, followed by PBS and PBST (PBS with 

Triton-X (Sigma-Aldrich, St. Louis, MO) and sodium azide (Sigma-Aldrich, St. Louis, MO) 

rinsing steps.  Passive clearing was performed using 4% SDS (J.T. Baker; VWR International; 

Bridgeport, NJ) in PBS (at 37°C on an orbital shaker) for approximately 20 days.  The sample 

was examined daily for transparency, replaced with fresh 4% SDS. 

 

Immunostaining (Egr-1) 

Following clearing treatment, brains were thoroughly rinsed with PBST for 3 days (37°C 

on an orbital shaker) with daily PBST replacements.  Following rinsing, sections were incubated 

with Egr-1 primary antibody (SC-189; rabbit polyclonal IgG; 1/200; Santa Cruz Biotechnology, 

Santa Cruz, CA) for 3 days at 37°C on an orbital shaker.  Following daily PBST rinses (3 days) 

to remove primary antibody, sections were incubated with Alexa Fluor 633 donkey anti-rabbit 

IgG (1/200; Life Technologies; Grand Island, NY) for 3 days at 37°C on an orbital shaker. 

During Alexa Fluor 633 incubation, samples become light sensitive, and additional precautions 

are crucial to preserve the sample. Following incubation, samples were again rinsed with PBST 

to remove residual Alexa Fluor secondary antibody.  

 

Refractive index matching and mounting 

 Stained samples were incubated in RIMS for 24 hours, and replaced with fresh RIMS 

(Histodenz; (Sigma-Aldrich, St. Louis, MO); in phosphate buffer (0.02M)) following initial 
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incubation. Samples were mounted onto coverglass (24x30 mm; Gold Seal; VWR International; 

Bridgeport, NJ) in RIMS and held in place using silicone isolators (VWR International; 

Bridgeport, NJ) and sealed with White Tack. 

 

Behavioral quantification 

To confirm whether the animals learned the odor associations successfully, we captured 

videos during both the conditioning- and odor-stimulation phase.  Recordings were obtained 5 

seconds prior to odor delivery to 5 seconds post shock delivery for each trial.  Video duration 

varied depending on the group.  Videos obtained from conditioning and odor-stimulation 

sessions were initially pre-processed using compression software, and the 4 videos (from the 

various camera angles) for each trial were overlaid into a single temporally synced 2x2 gridded 

video.  Subsequently, the rats’ behavior was quantified using an in-house software package 

('Glitter'), written using the Python-based Kivy framework.  Analyses were performed during the 

odor phase of each trial. Quantifications included: [1] active odor investigation duration and 

frequency; defined as the number and total duration of persistent nose-pokes in the odor port, [2] 

freezing duration and frequency; defined as the duration and number of episodes of body 

movement absence except for respiratory movement, [3] rearing duration and frequency; defined 

as the duration and number of episodes of lifting of forelimbs of the ground [4] time-to-odor port; 

defined as the number of seconds to reach the odor port following odor onset; [5] speed; defined 

as the average distance travelled divided by the time, [6] and distance travelled; defined as the 

average distance travelled during the odor-phase. 

 

Statistical analysis 
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To examine the effect of time, or accumulation of learning, the ten trials were divided 

into bins. Bin 1 consisted of trials 1-5, and bin 2 consisted of trials 6-10.  To examine the odor-

induced CRs, we used a linear mixed-effects model (MIXED) model. The [groups], [bins], and 

[group*bin] were fixed effects of interest, and the [rat] and [Researcher] was random effects.  

Post hoc analyses were made using a LSD procedure.  Statistical significance was achieved when 

P<0.05.  Statistical analyses were performed using IBM SPSS Statistics 23 (Armonk, NY). 
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Results 

 

 

 

 

 

 

 

 

Figure 36. Odor-induced freezing behavior during conditioning and odor-induced retrieval.   

A. Freezing count (episodes) during conditioning.  The Standard group demonstrated more 

freezing bouts compared to Novel and Fam. However, it was not statistically different from 

Pseudo. The Pseudo group also demonstrated greater bouts of freezing compared to Novel and 

Fam.  There was more freezing bouts during bin 2 (last 5 trials) compared to bin 1 (first five 

trials).  B. Freezing duration during conditioning. The Standard group demonstrated longer 

freezing durations compared to Novel and Fam; however, it was not statistically different 

compared to Pseudo group.  There were longer freezing episodes in bin 2 compared to bin 1.  C. 

Mean distance travelled during conditioning. The distance travelled was farther in bin 1 

compared to bin 2; however, groups or interactions were not statistically significant.  D. Mean 

speed during conditioning (mean distance/time).  Animals moved faster in bin 1 compared to bin 

2; however, groups or interactions were not significant.  E. Freezing count (bouts/episodes) 

during odor-induced retrieval prior to sacrifice. There were no statistical differences between 

groups, bins, or interaction.  F. Freezing duration during retrieval.  Rats demonstrated longer 

freezing in bin 2 compared to bin 1; however, there were no group effect or group and bin 

interactions.  G. Mean distance travelled during retrieval. The Standard group travelled farther 

distances compared to Pseudo and Novel groups.  H. Mean speed during retrieval. Standard 

group rats travelled faster compared to Pseudo and Novel groups. 
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Figure 36. Odor-induced freezing behavior during conditioning and odor-induced retrieval 

(Continued).  
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Figure 37. Cleared main olfactory bulb (MOB). The MOB was cleared using passive clearing 

methods subsequently stained with Egr-1 primary antibody (SC-189; rabbit polyclonal IgG; 

Santa Cruz Biotechnology) and Alexa Fluor 633 donkey anti-rabbit IgG (Life Technologies).  

Scans were taken at various depths of MOB using a Zeiss Laser Scanning Microscope (LSM) 

710.  The MOB was clear prior to staining.  All of the opacity in these images arises from Egr-1 

antibody staining. 

 

During the onset phase of each trial, there was an effect of group [F (3, 17) = 6.10; 

P<0.01], bin [F (1, 203) = 11.29; P=0.001], and significant interaction between group and bin [F 

(3, 203) = 3.84; P<0.05] for freezing bouts (Figure 36).  The Standard group demonstrated more 

bouts of freezing compared to Novel (P=0.01), and Fam (P<0.01) groups. However, it was not 

statistically different from Pseudo group (P>0.05).  Also Pseudo group demonstrated greater 

bouts of freezing compared to the Novel (P<0.05) and Fam (P<0.01) groups.  There was also 

significantly greater number freezing bouts during bin 2 (last five trials) compared to bin 1 (first 

five trials) (P=0.001).  In addition to bouts, we also examined the freezing duration during the 

conditioning day.  There was a significant effect of group [F (3, 17) = 7.80; P<0.01], bin [F (1, 

203) = 27.47; P<0.001], and also significant interaction between group and bin [F (3, 203) = 8.16; 

P<0.001].  The Standard group demonstrated longer freezing durations compared to Novel 

(P<0.01) and Fam (P<0.001) groups (Figure 36).  However, it was not statistically different 

compared to the Pseudo group.  The Pseudo group also demonstrated longer freezing compared 
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to Fam (P<0.05).  In addition, there were longer freezing episodes in bin 2 compared to bin 1 

(P<0.001). 

We also examined freezing bouts and duration during the odor stimulation/sacrifice phase.  

There was a significant effect of bin [F (1, 203) = 8.28; P<0.01]; however, we failed to find a 

significant group effect [F (3, 5) = 0.86; P>0.05] and group and bin interaction [F (3, 203) = 0.14; 

P>0.05].  Post hoc analyses suggested that rats demonstrated longer freezing in bin 2 compared 

to bin 2 (P<0.01) (Figure 36).  We also examined freezing bouts; however, we failed to find 

statistical significance for group [F (3, 19) = 1.96; P>0.05], bin [F (1, 203) = 2.46; P>0.05], and 

group and bin interactions [F (3, 203) = 1.03; P>0.05].  

In addition to freezing bouts and duration, we examined animal speed between groups.  

There was a significant effect of bins [F (1, 203) = 36.77; P>0.001], but we failed to find 

statistical support for group [F (3, 17) = 0.21; P>0.05] and group and bin interaction [F (3, 203) 

= 0.41; P>0.05].  Animals moved significantly faster in bin 1 compared to bin 2 (P>0.001) 

(Figure 36).  In addition to speed, we examined the averaged distance travel by rat between 

groups.  We found a significant effect of bins [F (1, 203) = 29.10; P<0.001], but failed to find a 

significant effect of groups [F (3, 17) = 0.67; P>0.05] and groups and bin interaction [F (3, 203) 

= 1.98; P>0.05].  The distance travelled was greater in bin 1 compared to bin 2 (P<0.001).  

We also examined speed during sacrifice to measure activity levels across during odor 

onset.  We found a significant effect of group [F (3, 17) = 3.58; P<0.05], bin [F (1, 203) = 13.14; 

P<0.001], and group and bin interaction [F (3, 203) = 5.28; P<0.01].  Standard group animals 

travelled faster compared to Pseudo (P<0.01) and Novel (P<0.05) groups. The other comparisons 

failed to reach statistical significance. Furthermore, there was more activity in bin 1 compared to 

bin 2 (P<0.001) (Figure 36).  In addition to speed, we also examined the distance travelled 
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between groups during the sacrifice phase. There was a significant effect of group [F (3, 17) = 

3.58; P<0.05], bin [F (1, 203) = 13.14; P<0.001], and also treatment groups and bin interaction 

[F (3, 203) = 5.28; P<0.01].  The Standard group travelled farther distances compared to the 

Pseudo (P<0.01) and Novel (P<0.05).  The other comparisons failed to reach statistical 

significance (Figure 36). 

 

Discussion 

Prior studies have examined a singular brain region within a large network or following a 

learning event.  It is imperative that we strive to examine the activity patterns of many brain 

regions simultaneously.  Previous laboratories have attempted to examine brain-wide activity 

using functional imaging or immediate-early genes.  However, there are weaknesses associated 

with each method.  Functional imaging lacks precise spatial resolution, and thus, many 

subregions or sublayers of the brain could not be examined.  IEG has more precise spatial 

resolution; however, it lacks precise temporal specificity.  After determining that a particular 

region is involved in a behavior or event, it is possible to further investigate a region using 

single-unit recording.  However, only a limited number of cells and or population activity 

patterns could be examined.  We know that spatial details are crucial; thus, depending on where 

the electrodes are placed, it may be possible to capture a distorted image of a region’s function.   

 Much of what we know about brain mapping and connectivity stemmed from studies 

using thin-section immunohistochemistry.  Post-processing and analyses of a large collection of 

thin brain sections allowed researchers to make claims about large networks.  These historical 

studies have provided a strong foundation for current anatomical research.  With innovative 

histological methods, it became possible to image large sections or even whole brains without 
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involving serial brain collections and repetitive immunohistochemical protocols.  Here, we 

developed a behavioral paradigm for cleared brains using CLARITY.  A large body of literature 

has focused on Classical fear conditioning using auditory cues and shock aversive stimuli.  For a 

long time, researchers avoided olfactory cues due to its complexity.  In addition, it was believed 

that rodents could not learn odor and shock pairings.  Here, we have generated a robust odor fear 

learning protocol.  We showed that rats displayed various CRs in response to odor onset during 

the conditioning session, and 24 hours post-conditioning in a different environment compared 

(compared to conditioning).  Thus, the aversive reactivity in response to fear is due to the odor, 

and learning was not specific to the environment.  Fear-conditioned rats demonstrated more 

freezing compared to odor controls during conditioning, and more and faster movement during 

the odor-retrieval stage.  We had a pseudo-conditioned group; they experienced equal 

presentations of odor and shock but not in a paired fashion.  The main goal was to examine 

brains from pseudo-conditioned animals compared to standard-trained animals to investigate the 

roles of paired learning.  The pseudo group also demonstrated significant levels of freezing 

compared to controls in response to odor onset.  It was hypothesized that the aversive reactivity 

was due to a lack of prediction.  There was an overall enhancement in aversive reactivity during 

the entire session, and not just during the odor onset.  Moreover, we incorporated an odor-

familiarity group and an odor-novelty group to determine the roles of odor familiarity versus 

novelty.   

Here, we initiated the foundation for CLARITY imaging study.  The animals demonstrate 

robust learning with one day of conditioning, and we have provided an effective brain clearing 

protocol (see methods; Figure 37).  Further studies include optimizing CLARITY imaging 

techniques and cell quantification for thick-section and whole brain tissue. 
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APPENDIX 2 

Immunohistochemistry procedure 
Edited by: SiWei Luo; 2015 

 

1. Prepare frozen sections using a cryostat. Store the sections at -80°C for long-term storage 

or let the slides dry overnight after thaw-mounting onto slides (if experiments take place 

the following day.) 

2. Prepare phosphate buffered saline (PBS) and phosphate buffered saline with Tween-20 

(PBST).  Both solutions must be made fresh; and stored at room temperature (RT). 

3. Load slides into a slide-holder, and rise them 3 times with PBST; (5 minutes; on orbital 

shaker.)   

 

Antigen retrieval:  

4. Fill clean, microwavable Coplin jars with citrate buffer (10 mM, pH = 6.0).  

5. Load the slides into Coplin jars. 

6. (Make sure each coplin jar has the same number of slides; balance empty spots with 

‘dummy’ slides if necessary.)  

7. Loosely cover the Coplin jar.  Do not tighten lids. 

8. Place the jars in a microwaveable Pyrex dish, and fill the dish with 600 ml of tap water.   

9. Place the Coplin jar in triangular configuration to balance their placement.  

a. This improves even heating since scientific microwaves are not used. 

10. Microwave: 2 x 10 minutes each. 

a. Gently shake and rotate the jars 90° between microwave sessions.  

b. Pay attention to the liquid levels to ensure that the slides are submerged in the 

buffer at all times.   

11. Add more citrate buffer after the first 10 minutes microwave session (even if the slides 

are fully submerged.) The amount of citrate buffer added affects the final temperature. 

12. Take the temperature of the buffer after microwave session.  

a. The temperature should be approximately 93-95 °C after microwave heating. 

13. After the two microwave sessions, place the Coplin jars in cold, tap water bath for 10 

minutes without the lid.  

a. During the cooling stage, start preparing the 3% hydrogen peroxide in PBS. This 

will minimize the amount of time the slices are exposed to water during the 

rinsing stage). 

14. Rinse the slides with dH2O—5X; on an orbital shaker. 

 

Blocking endogenous peroxidase: 

15.  Incubate the sections for 10 minutes in 3% hydrogen peroxide made in PBS. 

16. Rinse slides with dH2O to remove hydrogen peroxide; on an orbital shaker. 

17. Wash slides with PBST for 5 minutes. (2x; on an orbital shaker) 

 

Serum blocking: 

18. Vortex Normal horse serum (R.T.U. Normal horse serum 2.5%) immediately prior to use.  

a. Note: Normal horse serum should be stored at 4°C until use. 
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19.  Load the slides into the Sequenza devices, and apply 120 µL per slide with Normal horse 

serum. Avoid adding any of the bubbles in the horse serum bottle. 

20. Confirm that the system is loaded correctly—the applied solution should be moving 

slowly (not rapidly).  

21. Place the Sequenza system on an orbital shaker at low speed, and incubate at R.T. for 30 

minutes.  

22. Do not allow tissue to dry at all times.  

23. While waiting, prepare primary antibody and corresponding negative IgG control 

solutions. 

 

Primary Ab incubation: 

24. Calculate how much total volume is needed for both primary antibody and IgG negative 

control 

25. Prepare primary antibody solutions: dilute antibody in the selected buffer (PBS) 

containing 1x casein.  For negative controls, use IgG of the same species as the primary 

antibody, dilute to the same final concentration as the primary antibody.   

a. Note: Perform 2 set of controls.  

i. Set 1: Use the diluent solution only.  

ii. Set 2: Use the diluent and add normal horse serum; diluted to the same 

concentration as the primary antibody.  

26. Vortex primary antibody; vortex diluent; vortex negative control solutions. 

27. After serum blocking, remember not to rinse.  Apply 120 µL of primary antibody (or 

negative control solutions) per slide. 

28. Place the Sequenza devices into a 37°C incubator for 1.5 hours, or at 4°C overnight 

followed by 1 hour at 37°C.  

29. Following incubation, blot off the 1° Ab solution, and wash with PBST for 2 minutes in 

Coplin jar on an orbital shaker. Repeat for a 2
nd

 time for 5 minutes. 

 

Secondary Ab incubation:  

30. Blot the slide edges and re-load them into the Sequenza device. 

31. Vortex Anti-Rabbit Ig peroxidase; and confirm you have the correct solution.  

a. Use ImmPRESS Reagent; Anti-Rabbit Ig peroxidase. 

b. Solution should be stored at 4°C when not in use. 

32. Apply 120 µL of 2° Ab solution (slowly), and incubate at R.T. for 30 minutes on orbital 

shaker. 

33. Wash off the 2° Ab: blot off Ab solution and wash with PBST for 5 minutes in Coplin jar 

on orbital shaker. 

 

Enzyme/substrate reaction:  

Develop/prepare Nova Red/DAB reagent with foil surrounding glass tube (due to light 

sensitivity). 

34. To 5.0 ml of distilled water: 

a. Add 2 drops of Buffer Stock Solution and mix well. 

b. Add 4 drops of DAB Stock Solution and mix well. 

c. Add 2 drops of the Hydrogen Peroxide Solution and mix well. 

d. If a gray-black stain is desired, add 2 drops of the Nickel Solution and mix well. 
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35. Use Minipap pen to block off brain slices.  

36. Use Nova Red/DAB chromogen solution. Use 10 drops/ slide.  

37. Monitor color development (5 minutes; monitor intensity using microscope for the first 

reaction.)  

a. Develop in darkness if possible (cover with foil lid).  

38. Stop reaction by submerging slides in dH2O.  

 

For Counterstained reactions:  

39. Perform nuclear staining with Gill’s #2 hematoxylin.  

40. Submerge slides for 4 seconds for DAB or 30 seconds for Nova Red. 

41. Rinse in running tap water for 5 minutes to remove excess stain. 

 

Mounting-for both Nova Red/DAB staining: Dehydration 

42. 95% ethanol (3 minutes) 

43. 100% ethanol (3 minutes) 

44. 100% ethanol (3 minutes) 

45. Xylene (3 minutes) 

46. Xylene (3 minutes) 

47. Xylene (3 minutes) 

48. Permount; Let it dry overnight.  

 

For Nova Red (large volumes): 

Reagents  1 ml  2 ml 3 ml 4 ml 5 ml  2.5 ml  15 ml 

1 19 39 58 77 97 49 290 

2 12 24 36 48 60 30 179 

3 12 25 37 49 62 31 185 

H2O2 18 36 54 72 90 45 270 

 

For 3,3’-diaminobenzidine (DAB; tablet form): 

 

Make DAB solution under fume hood (30 minutes in advance): 

Tablet
 
method:  

1. 1.) 1 tablet of DAB     2 tablet of DAB 

2. 2.) 1 tablet of H2O2 (gold package) or 2 tablet of H2O2 (gold package) 

3. 3.) 15.0 ml of dH2O    30.0 ml of dH2O 

*Incubate in DAB solution to reveal stain (6-10 minutes) 

 

For 3,3’-diaminobenzidine (DAB; powder form):   

 

Make stock solutions: 

1% DAB (20x) in dH2O: 

1. Add 0.1g of DAB (3,3’-diaminobenzidine, Sigma Cat#D8001 or DAB-

tetrahydrocholoride) in 10 ml dH2O.  

2. Add 10N (moles) HCl 3-5 drops and solution turns light brown color.  

a. Shake for 10 minutes and DAB should dissolve completely. Aliquot and store at –

20 °C.  
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0.3% H2O2 (20x) in distilled water: 

1. Add 100 µl of 30% H2O2 in 10 ml dH2O and mix well.  

2. Store at 4 °C or aliquot and store at –20 °C. 

 

Working Solution (Note: develop with aluminum foil surrounding glass tubes; light-sensitive): 

1. Add 5 drops of 1% DAB (1 drop = 50 µL) to 5 ml of PBS, pH 7.2 and mix well.   

2. Add 5 drops of 0.3% H2O2 and mix well—(250 µL)  

3. Incubate sections @RT. 
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APPENDIX 3 

Rat Intraoral Cannulation Protocol 

 

PREPARATION: 

 

1. Autoclave cannulation supplies. 

a. Surgical forceps (2); scissor; stainless steel 19-gauge needles 

2. Pull up sterile saline for use during surgery. 

3. Prepare surgery surface. 

4. Prepare sterile gloves, q-tips, switch on sterilizer. 

5. Prepare drugs and saline injections for pre- and post-operational care. 

6. Prepare clean cages for rats to be put in post-operation. 

 

PRE-SURGERY:  

 

7. Place rat in prep room. 

8. Weigh animal. 

9. Induce rat briefly with 5% isofluorane in induction chamber 

10. Inject 0.12 mL/100 g of Ketamine (50 mg/kg) Xylazine (8 mg/kg) IM.  

a. Rat can be maintained with a 0.1 ml ketamine/Xylazine (booster) injected IM. 

11. Give 5mg/kg (5mg/ml; injection volume 0.1mL/100g) Baytril IP (antibiotic). 

12. Give 0.06mg/kg SC (0.06mg/ml; injection volume 0.1 mL/100g) Atropine (to prevent 

salivation). 

13. Give 2mg/kg Meloxicam SC (0.5mg/ml; injection volume 0.4 mL/100g) (analgesic). 

14. Give 2mg/kg Butorphanol SC (2mg/ml; injection volume 0.1 mL/100g) (morphine). 

15. Check that the rat is deeply anesthetized. 

16. Apply eye ointment  

17. Place hand warmers under the rat. 

 

SURGERY:  

 

18. Drape rat with sterile cloth; turn on surgical lights 

19. Keep sterile procedures from now on 

20. Open mouth with forceps 

21. Rub surgical site with topical lidocaine (xylocaine).  

22. Insert the 19-gauge stainless steel needle into the right cheek on the inner surface of the 

mouth, caudal to the eye. 

23. Once the needle has exited the muscular region smoothly, puncture the skin behind the 

ears, rotate the orientation of the needle (to an upward orientation), and make sure that 

the entire needle exits smoothly (include the arched region of the needle.)  

24. Once you have passed the muscular regions and the only remaining tissue attached is the 

skin (pull needle upwards to test whether any muscle is attached), apply Betadine 

solution to the outer skin region, and make an incision on the outer skin using a sterile 

surgical blade.  
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25. After the tubing portion of the cannula has exited the cheek, remove the needle, create an 

angled cut, place an acrylic washer on the outer end of the tubing, and position the 

washer along the curvature of the mouth wall. Make sure it is located behind the molars, 

and secured in place. Remove the forceps, and close the rat’s mouth. 

26. Position the washer so that it is close to the skin.  

27. Check the positioning of the washer again.  

28. Make a straight cut on the tubing, leaving 5cm of the tubing exposed. 

29. End sterile procedures; move rat to prep room  

30. Inject rat with 5 ml saline solution (5 ml saline again 2 hrs later) 

31. Place the rat back in a clean cage, on top of paper towels.  

32. Put the cage on top of the slide warmer until he is fully awake. 

33. Remove paper towels after waking up.  

34. Note on cage card the date of surgery.  

35. Place surgical tools in dry glass bead sterilizer.  

 

POST-OP CARE:  

 

36. Provide a mixture of regular, cracked, and cracked pellets soaked in water. Once the rat is 

capable of consuming dry pellets, switch over to cracked and full sized pellets.  

37. Give 2mg/kg Meloxicam SQ (analgesic) 24 hours after first dose. 

38. Two days following surgery, rinse the I/O cannula with sterile water to prevent infection 

and food/residue build-up.  

39. All rats that underwent surgery will be allowed 14 days of unlimited access to food and 

water prior to start of post surgery training. 

40. Weight and general health will be monitored on a regular basis over the entire period of 

recovery. 
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APPENDIX 4 

SOLUTION RECIPES 

0.1 M Citrate buffer; pH=6.0 

1L recipe 2L recipe 

2.1g citrate acid 4.2g citrate acid 

3 ml 10 N NaOH 6 ml 10 N NaOH 

in 1000 ml dH2O in 2000 ml dH2O 
*Final pH=6.0 (Use 1M NaOH and HCl 

3% hydrogen peroxide in PBS 

30% H2O2 PBS 

10mL of 30% H2O2 90 ml PBS 

20mL of 30% H2O2 180 ml PBS 

30mL of 30% H2O2 270 ml PBS 

40mL of 30% H2O2 360 ml PBS 

PBS (1X) (pH= 7.4) 

Amount Ingredients 

6.28 g sodium phosphate monobasic anhydrous (NaH2PO4 ·2H2O) 

21.8 g sodium phosphate dibasic anhydrous (Na2HPO4) 

18 g sodium chloride (NaCl) 

In 2000 ml dH2O  

PBS (10X) 

Amount Ingredients 

12.5 g sodium phosphate monobasic anhydrous (NaH2PO4 ·2H2O) 

45.5 g sodium phosphate dibasic anhydrous (Na2HPO4) 

174 g sodium chloride (NaCl) 

In 2000 ml dH2O For PBS-1X: 100 ml concentrated PBS (10x); 900 ml of H2O 

PBST (0.02%) 

PBS-1X Tween20 

1000 ml 200    
2000 ml 400    
3000 ml 600    
4000 ml 800    

Diluent (antibody dilutions) 

1L recipe 2L recipe 

1 ml of 10X PBS 2 ml of 10X PBS 

1ml Casein 2 ml Casein 

8 ml dH2O 16 ml dH2O 
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Cresyl violet Stain 

Step: Solution:  Duration: 

1 100 % EtOH  2 minutes 

2 100 % EtOH 2 minutes 

3 95% EtOH 2 minutes 

4 70% EtOH 2 minutes 

5 50% EtOH 2 minutes 

6 dH2O 2 minutes 

7 0.5% Cresyl Violet 

Acetate  

40 seconds- 1 minutes 

(depending on age of stain) 

8 dH2O (replace after use) 1 minutes 

9 50% EtOH 2 minutes 

10 70% EtOH 2 minutes 

11 95% EtOH 2 minutes 

12 100 % EtOH 2 minutes 

13 100 % EtOH 2 minutes 

14 Xylene 2 minutes 

15 Xylene  2 minutes 

16 Coverslip (Permount)   

General notes: It is best to replace EtOH solutions after single sessions.  100% and 95% EtOH 

will evaporate overtime if containers are not sealed properly. Beware of mold/bacterial growth in 

50%, 70% EtOH and dH2O.  Cresyl violet stains could be reused, but will lose its effectiveness 

depending on frequency of usage. Increase the cresyl violet incubation time (>1min) to 

compensate for stain age and frequent usage. 

 

0.5% Cresylviolet staining solution (For step 7) 

Cresyl violet Volume of dH2O 

1 g. cresyl violet acetate 200 ml dH2O 

2 g. cresyl violet acetate 400 ml dH2O 

3 g. cresyl violet acetate 600 ml dH2O 

Note: Filter cresyl violet acetate mixture prior to use. 

Alcohol series dilution volumes 

 1L recipe 500 ml recipe 

100% 

alcohol 

Directly from container  

(Dehydration alcohol 100) 

 

95% 

alcohol 

Directly from container  

(Dehydration alcohol 95) 

 

70% 

alcohol 

700 ml Dehydration alcohol 100; 

300 ml dH2O; mix thoroughly 

350 ml Dehydration alcohol 100 

150 ml dH2O; mix thoroughly 

50% 

alcohol 

500 ml Dehydration alcohol 100; 

500 ml dH2O; mix thoroughly 

250 ml of Dehydration alcohol 100; 

250 ml of dH2O; mix thoroughly 

 Note: Make fresh; do not store and reuse. 
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APPENDIX 5 

CRYOPROTECTION & CRYOBLOCKS 

Cryoprotection 

Cryoprotectant is a substance used to protect biological tissue from freezing damage (formation 

of ice crystals). 

 

1. Begin with solution making:  

a. (1) Phosphate buffer saline; PBS 

i. 6.28 g sodium phosphate monobasic anhydrous  

ii. 21.8 g sodium phosphate dibasic anhydrous  

iii. 18 g sodium chloride  

iv. in 2 L dH2O 

1. Using a pH meter, check that the pH is ~7.4 

2. Add sodium phosphate monobasic anhydrous and sodium 

phosphate dibasic anhydrous; mix well. Then, add sodium chloride. 

b. (2) 30% sucrose in PBS (cryoprotectant)  

i. 150 g sucrose  

ii. 500 mL of PBS  

iii. Change the recipe according to the number of brains. Solution should be 

fresh.  Avoid making a large batch if unnecessary since bacteria forms 

over time.  

 

2. Pour fixative (paraformaldehyde) from the storage vial into the ‘FIX Waste’ container 

located in the wet lab.  

3. Rinse the brain in PBS, 3x 10 minutes each. 

4. To rinse the brain: fill the vial with PBS and gently swirl the brain in the solution for a 

minute, then let it stand for 8 minutes, and again gently swirl the brain before you pour 

out the solution and fill with fresh PBS. Repeat 2 additional times. 

a. Note: Use the orbital shaker for better results. 

5. Put the brain in 30% sucrose in PBS for 4 days (brain will sink to the bottom after 4 day) 

a. Note: brains cannot stay in sucrose solution for more than 5 days. 

 

Cryoblocks 

6. Remove the brain from the Cryoprotectant- gently remove excess liquid using Kimwipe. 

7. Using a sharp & clean blade, section the brain into 3-4 sections. 

8. Fill a plastic weigh dish with OCT, and soak brains in OCT bath for ~5 minutes. Make 

sure brain tissue is covered at all times. 

9. Place the soaked brain in a cryomold, and fill the mold slowly with OCT. 

10. AVOID air bubbles—air bubbles must be removed prior to freezing.  

11. Fill Styrofoam container with liquid nitrogen- place a metallic dish in Styrofoam.  

12. Fill a beaker with isopentane, and place the beaker on top of the metallic dish.  

13. Lower the mold in isopentane using large forceps (without submerging the mold), until 

the clear mold turns opaque white.  
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14. Remove from isopentane bath, and carefully remove excess isopentane. Cryoblocks will 

crack if removed too quickly. 

15. Label foil, and wrap cryomold in foil. Place mold in secondary bag—remember to label 

with necessary information (Rat no., initials, date, regions of the brain (1/4; 2/4, etc.).  

16. It is now ready to go into -80° C for long-term storage.  

17. If sectioning right away, see next step.  

 

Sectioning  

18. Retrieve from -80° C, and let it sit in the cryostat for 30+ minutes.  

19. It is ready to be sectioned  
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APPENDIX 6 

SUPPLY LIST 

Intraoral cannulation 

Cannulae construction: 

 Acrylic Sheet, Clear 1/8" Thick 12" x 24" (Part Number: SLU-0125-D; B000FPC3CI) 

 Natural Latex Rubber Sheet,.050" Thickness 12" x 15" (Part Number: SLR-050-A; 

B000FP833Q) 

 Natural Latex Rubber Sheet .040" Thickness 12" x 15"(Part Number: SLR-040-E; 

B000RFU2S8) 

 Polyethylene tubing (PE-100-25’)   

 3/16” Hollow Steel Punch (Model:1280D; Do it Best SKU: 354342) 

 General Tools #1280F 1/4" Hollow Steel Punch    

 Self Healing Cutting Mat Double-Sided      

 Stanley 51-616 Wood-Handled Nail Hammer 

 Calico Brands #HF12CR RED MP Lighter      

 Surgery 

 Iris Scissors (straight, 12.5cm long)      

 Fine Dressing Forceps (serrated, straight, 12.5cm long) 

 Stainless Steel 316 Hypodermic Regular Wall Tubing (19 Gauge) 

 

Immunohistochemistry 

Antibodies: 

 Rabbit anti-Egr1 antibody (C-19):  SC-189; Santa Cruz Biotechnology, Inc. 

 c-Fos Antibody: sc-52; Santa Cruz Biotechnology, Inc. 

 Anti c-Fos (Ab-5) Rabbit pAb (Calbiochem) 

 Anti-Rabbit Ig peroxidase (Vector Laboratories; Cat. No. MP-7401) 

 

Reagents: 

 R.T.U. Normal horse serum 2.5% (Vector laboratories; ImmPress Kit) 

 Casein  

 Minipap pen (Invitrogen 008877) 
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 Thaw-mounted slide- and free-floating immunohistochemistry (c-Fos and Egr-1 

immediate-early genes)  

 Immunostaining with CLARITY 

 Hematoxylin/eosin (H/E); Nissl staining (cresyl violet; neutral red; thionine); nuclear 

counterstaining (hematoxylin) 

 

Imaging 

 

 Photomicrographs 

 Leica ScanScope; image analysis; nuclear quantification (Aperio ImageScope) 

 Confocal Imaging (Zeiss LSM 710) 

 

Behavioral, electrophysiological, and surgical protocols 

 

 Animal behavioral training (fear or reward conditioning protocols, conditioned place 

preference, Pavlovian conditioning) 
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