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Non-associative memory contributes to filtering extraneous information from the 

environment. Additionally, behavioral state alterations such as stress have long been implicated 

in memory. Here, I determined how stress, through evoked changes in the noradrenergic system, 

affects early processing of sensory information during non-associative tasks. In chapter 1, I show 

that behavioral habituation to odor stimuli is correlated with adaption of neural responses in 

mitral/tufted (M/T) neurons of the main olfactory bulb (MOB) in anesthetized rats. I further 

show that both behavioral and neural habituation require functioning NMDA receptors in the 

MOB. This suggests a likely odor experience-dependent plasticity that occurs in the MOB. In 

chapter 2, I show that noradrenergic manipulations affect odor memory duration. Specifically, 

acute stress abolishes odor memory expression at a 30min delay, but this effect is blocked by 

infusions of noradrenaline (NA) antagonists into the MOB prior to the experiment. Moreover, 

infusing NA directly into the MOB also decreases the duration of odor memory. In chapter 3, I 

show that a chronic stressor, early life social isolation, also decreases odor memory duration as 

well as odor detection and discrimination ability. In chapter 4, I tie the behavioral results from 

chapters 2-3 to the electrophysiological data presented in Chapter 1. In anesthetized rats, 5Hz 

electrical stimulation of the locus coeruleus (LC) reduces the rate of spontaneous activity and 

responses to odors in M/T cells of the MOB. Overall, this body of work suggests that acute 



 

stress, through increasing NA levels, decreases the sensitivity to odorants within the MOB. This 

decrease in sensitivity suggests an overall decrease in odor related activity in the MOB, and as a 

consequence less of a substrate for short term synaptic plasticity within the MOB. Functionally, 

this interpretation could explain both the decrease in odor memory duration and performance on 

other olfactory tasks. This work suggests that the stress environment and behavioral state in 

general has distinct consequences on the quality of sensory information transfer into the brain, 

which in turn can affect various behaviors which require accurate and sufficient sensory 

information.  
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PREFACE 

Non-associative memory processes, and particularly habituation, are part of an essential 

process allowing animals to filter information that is not immediately relevant to the present 

context. Habituation allows the animal to redirect focus onto aspects of the environment which 

may be either harmful or helpful to the animal’s fitness. For example, when foraging, it is 

beneficial to the animal to determine whether a particular odor object predicts food. If this object 

does not predict food, habituation allows the animal to deemphasize the object in order to 

potentially redirect attention to other odor objects which may predict a food reward.  

In the body of work presented here, I was interested in how behavioral states can affect 

efficacy of non-associative habituation processes. Specifically, I looked at the effects of acute 

and chronic stress on non-associative tasks. Acute and chronic stressors evoke changes in the 

noradrenergic (NAergic) system, as well as various other aspects of the central and peripheral 

nervous system (Pavkovich et al., 1991; Sands et al., 2000; Valentino & Bockstaele, 2008). 

NAergic changes have been implicated in some of these non-associative memory processes 

previously (Guerin et al., 2008; Escanilla et al., 2010; Doucette et al., 2007; Linster et al., 2011; 

Mandairon et al., 2008); here I explored how natural increases in noradrenaline release, induced 

by stressors, modulate behavior. Specifically, I explored the efficacy of stressors in changing 

non-associative odor memory duration, and well as memory specificity by looking at odor 

detection and discrimination. 

I also determined how evoked changes in activity patterns in the locus coeruleus (LC), 

the nucleus that provides NA to the forebrain, contributed to specific changes in activity patterns 

of the main olfactory bulb (MOB). To do so, I measured changes in spontaneous and odor-

evoked activity in the main output cells of the MOB, the mitral/tufted (M/T) cells, to determine 

http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B18
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B15
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B14a
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B33
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the summed output of the olfactory bulb after noradrenergic modulation. 

Overall, I found changes in non-associative memory and specificity in response to acute 

and chronic stress which may relate to a decrease in overall spontaneous and odor evoked 

activity in mitral/tufted cells of the MOB. This data suggests that non-associative processing of 

odors amidst stressful context is deemphasized, both within the olfactory bulb as well as 

behaviorally. 
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CHAPTER 1 

OLFACTORY BULB HABITUATION TO ODOR STIMULI 

Dipesh Chaudhury*, Laura Manella*, Adolfo Arellanos, Olga Escanilla, and Christiane Linster 

*Authors contributed equally to the this work 

Copyright  2010 by the American Psychological Association. Reproduced with permission. The 

official citation that should be used in referencing this material is [Chaudhury, D., Manella, L. 

C., Arellanos, A., Escanilla, O., and Linster, C. (2010). Behavioral Neuroscience 124(4): 490-

499]. No further reproduction or distribution is permitted without written permission from the 

American Psychological Association.  

ABSTRACT 

Habituation is a simple form of memory, yet its neurobiological mechanisms are only 

beginning to be understood in mammals. In the olfactory system, the neural correlates of 

habituation at a fast experimental timescale involving very short intertrial intervals (tens of 

seconds) have been shown to depend on synaptic adaptation in olfactory cortex. In contrast, 

behavioral habituation to odorants on a longer timescale with intertrial intervals of several 

minutes depends on processes in the olfactory bulb, as demonstrated by pharmacological studies. 

We here show that behavioral habituation to odorants on this longer timescale has a neuronal 

activity correlate in the olfactory bulb. Spiking responses of mitral cells in the rat olfactory bulb 

adapt to, and recover from, repeated odorant stimulation with five-minute intertrial intervals with 

a time course similar to that of behavioral habituation. Moreover, both the behavioral and 

neuronal effects of odor habituation require functioning NMDA receptors in the olfactory bulb. 
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INTRODUCTION 

Animals are submitted to a flow of sensory information which the nervous system filters 

to identify information that may be of particular importance. Habituation is a simple form of 

nonassociative learning in which behavioral responses to repeated, non-reinforced sensory 

stimuli are progressively reduced, enabling an animal to perceptually deemphasize persistent or 

static stimuli in favor of novel or changing stimuli. Habituation has been described 

experimentally in multiple sensory modalities within various invertebrate and vertebrate species 

including sea slugs, fruit flies, nematodes, birds, and mammals (Christoffersen 1997; Rankin and 

Broster 1992). In the rodent olfactory system, both autonomic and behavioral habituating 

responses can be evoked by repeated odor stimulation (Wilson and Linster 2008). 

Behaviorally, olfactory habituation can be induced by multiple paradigms that differ in 

timescale and are thought to be mediated by distinct mechanisms within different regions of the 

olfactory system (McNamara et al. 2008; Wilson and Linster 2008). For example, a form of 

short-timescale habituation, induced by repeated 20-second stimulations with 10-second intertrial 

intervals, persists for less than ten minutes and is mediated within piriform cortex, whereas a 

form of habituation induced by repeated 50-second stimulations with 5-minute intertrial intervals 

persists for at least 30 minutes and is mediated within the olfactory bulb. The neural correlates of 

this short-timescale behavioral habituation have been demonstrated in piriform cortical 

pyramidal cells in which adaptation is associated with mGluR II/III-mediated depression of the 

glutamatergic mitral-pyramidal cell synapse (Wilson 1998a; 2003; 1998b). In contrast, longer-

timescale behavioral habituation requires functioning NMDA receptors within the olfactory bulb 

and is not affected by blockade of mGluR II/III receptors therein (McNamara et al. 2008). 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R8
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R23
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R35
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R35
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R30
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R32
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R34
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
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Neuronal adaptation to persistent stimulation occurs at many levels in the olfactory 

system, including olfactory sensory neurons (Kurahashi and Menini 1997; Zufall and Leinders-

Zufall 2000) as well as neurons within the olfactory bulb and piriform cortex. As in other 

sensory systems, central olfactory neurons show greater adaptation than do primary sensory 

neurons, and both olfactory bulb mitral cells and piriform cortical pyramidal cells have been 

shown to adapt to odorant stimulation under certain conditions (Chaput and Panhuber 1982; 

Gray and Skinner 1988; Shea et al. 2008; Wilson 2000). 

In the present study, we investigated whether the adaptation of neuronal responses in 

olfactory bulb mitral cells could underlie a form of behavioral adaptation routinely used in 

olfactory behavioral studies (Bath et al. 2008; Cleland et al. 2002; Linster et al. 2001; Mandairon 

et al. 2006b; Wesson et al. 2008). We first show that odor responses in olfactory bulb mitral cells 

adapt to odorants in response to a similar stimulation paradigm than that used in behavioral 

habituation and that this neural adaptation depends on stimulus duration and intertrial interval 

parameters. We then show that both neuronal adaptation depends on functioning NMDA 

receptors in the olfactory bulb and follow up on this result by showing that behavioral 

habituation using the same experimental parameters also depends on functioning NMDA 

receptors in the olfactory bulb. We conclude that habituation to repeated odor stimulation in this 

paradigm is likely to be mediated by reductions in the odor responses of olfactory bulb mitral 

cells and that bulbar NMDA receptors are involved in this process. 

 

 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R15
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R37
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R37
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R5
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R12
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R26
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R2
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R17
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R20
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R20
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R28
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METHODS 

Electrophysiology 

Animals  

Adult male Sprague-Dawley rats (200-250 g) were purchased from Charles River 

Laboratories (Wilmington, MA). Rats were singly-housed with water and food available ad 

libitum and maintained on a 12:12 hour light/dark cycle. All procedures were performed 

according to NIH guidelines under the supervision of the Institutional Animal Care and Use 

Committee of Cornell University. 

Experimental preparation  

Animals were anesthetized with urethane (1.5 g/kg intraperitoneal; Sigma-Aldrich, St. 

Louis, MO) and placed in a stereotaxic apparatus (Narishige Scientific Instruments, Tokyo, 

Japan). The skull was exposed by scalpel incision and a hole was drilled over each of the lateral 

olfactory tracts (AP +3.7 mm, ML ±3.4 mm) and over the olfactory bulbs (Paxinos and Watson, 

1998). Respiratory activity was monitored throughout the experiments using a piezoelectric 

monitor strapped around the animal’s chest and sent to the computer, hence enabling 

synchronization of odor delivery with inhalation. 

Drugs  

The NMDA antagonist MK-801 ((+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d] 

cyclohepten-5,10-imine hydrogen maleate; 8 mM concentration) was dissolved in sterile 0.9% 

physiological saline and directly 6 µL were infused into the MOB at an infusion rate of 2 µl/min 

using a 50 µl Hamilton syringe attached to a Stoelting stereotaxic syringe pump. The dosage and 

volume were based on previously published studies (Mandairon et al. 2006b). 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R20
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Electrophysiological recordings  

Bipolar stimulating electrodes (100 um stainless steel, Formvar-insulated) were 

stereotaxically placed in the lateral olfactory tract (LOT; AP +3.7 mm, ML ±3.4 mm, DV 6.5 

mm) in order to evoke antidromic action potentials in mitral cells. Stimulation currents (100 us 

duration, 200-900 uA) were delivered by a constant-current stimulus isolation unit (Grass model 

PSIU6) controlled by a Grass S88 stimulator (Grass Technologies, West Warwick, RI). Neuronal 

responses were recorded using tungsten stereotrodes (3-5 Mohm; World Precision Instruments, 

Sarasota, FL). Electrodes were lowered into the mitral cell layer using a stereotaxic 

micromanipulator (David Kopf Instruments, Tujunga, CA). Optimal placement of the recording 

electrode into the mitral cell layer of the MOB was achieved by monitoring the size and shape of 

field potentials (1000x amplification, 0.1Hz - 475Hz bandpass, 20 kHz sampling rate) following 

LOT stimulation. Single units (5000x amplification, 600 Hz – 6 kHz bandpass, 20 kHz sampling 

rate) were recorded in the ventrolateral and dorsomedial regions of the OB. Data were digitized 

and recorded to computer using a CED Power1401 digitizer and Spike2 software (Cambridge 

Electronic Design, Cambridge, UK). 

Odor Stimulation  

After establishing stable single-unit recordings, but prior to beginning each experiment, 

each cell’s responsiveness to a variety of odors was measured. Odorants screened were the esters 

ethyl butyrate and ethyl pentanoate, the alcohols heptanol and hexanol, the aldehydes heptanal 

and hexanal, and the organic acids butyric acid and propanoic acid. The odorant that evoked the 

most robust excitatory response (greatest increase in overall spike rate) in the majority of 

presumed mitral cells within each test was subsequently used in that experiment. For odor 

delivery, odorant chambers in a custom-built olfactometer were loaded with stock solutions of 
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odorants diluted in mineral oil so as to emit a consistent theoretical vapor-phase partial pressure 

of 100 Pa. Odors were then delivered by directing a 50 ml/min stream of humidified air through 

a selected odor chamber and subsequently into a carrier stream of charcoal-filtered, humidified 

air (1 L/min) resulting in an approximate 20x dilution to yield a final odorant vapor-phase partial 

pressure of ~5 Pa. 

Odor response testing and adaptation proceeded as follows. First, the cell’s odor 

responses were probed with a response testing protocol: five two-second odor pulses separated 

by two-minute intertrial intervals (Pre; Figure 1.1A; Chaudhury et al., 2009; Wilson 2000). An 

adaptation protocol matching that of the corresponding behavioral experiments was then 

immediately administered: four 50-second odor pulses separated by five-minute intertrial 

intervals. Finally, the response testing protocol was repeated at both 5-minute and 60-minute 

time points following the end of the adaptation protocol (Post5 and Post60; Figure 1.1A). In 

experiments designed to further characterize the stimulation parameters necessary to induce 

adaptation, either the stimulus duration (d = 2, 10, 20 or 30 seconds) or the interval between 

stimulations (ITI = 1 or 2.5 minutes) was varied. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F1/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R6
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F1/
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Figure 1.1. Schematic depiction of electrophysiological (A) and behavioral (B) 

experimental protocols. A. Electrophysiological protocol. During electrophysiological 

recordings, odor responses were first measured (Pre) by presenting a 2-second odor stimulus 

five times with 120 sec inter-stimulus intervals (response testing protocol). The adaptation 

protocol, consisting of four fifty-second presentations of the same odorant separated by five-

minute intertrial intervals, was then administered. In separate experiments, stimulus duration 

and ITIs were varied independently of each other. Five and sixty minutes after the end of the 

last adaptation trial (Post), the response testing protocol was again delivered. Bi. Behavioral 

protocol. Rats were presented with a weighing dish containing either mineral oil (MO) or the 

habituation/test odorant. Bii. After a single presentation of mineral oil alone, the 
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habituation/test odorant was presented for four consecutive trials, separated by five minute 

intertrial intervals, and then twice more at 30 and 60 minutes’ latency following the last 

habituation trial. 

Spike Sorting  

Single units were extracted offline using Spike2 software. Briefly, spike templates were 

derived and selected from the raw data and then used to extract units from the entire data set. 

Extracted spikes were further validated and separated using principal components analysis 

(PCA) whereby features from the data are extracted and clustered to groups of similar 

waveforms. Following spike sorting, the number of spikes for each single unit identified was 

automatically counted from 4 sec prior to 4 sec after each odor onset. 

Histological verification of electrode placements  

At the end of each experiment, positive current was passed through the recording 

electrodes (10 seconds duration, 1-15 mA) to produce a small lesion in the olfactory bulbs. 

Transcardial perfusion was then performed with saline and 10% neutral buffered formalin. 

Brains were removed, sectioned at 40 um, and subsequently stained with cresyl violet for 

electrode localization. 

Data Analysis  

We first determined whether a given cell exhibited a significant increase in firing rate in 

response to odor exposure by comparing the number of spikes evoked in the 4 second window 

immediately prior to odor delivery to the 4 second window beginning at odor onset (paired t-test, 

α = 0.05; (Chaudhury et al. 2009; Wilson 2000). If so, the given cell/odor combination was 

included in the data analysis. The pre- and post-adaptation response magnitudes of each cell to 

the test odorant used were calculated as the difference between the number of action potentials 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R6
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R29
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evoked four seconds before and after each odor stimulation onset. Pre- and post-adaptation 

response magnitudes were then normalized with respect to the average pre-adaptation magnitude, 

hence, all graphs depict response magnitudes as percentages with respect to the mean pre-

adaptation response. To determine if the adaptation protocol had a significant effect on mitral 

cell responses to odorants, an analysis of variance was performed on these normalized response 

magnitudes with test latency (i.e., pre-habituation, 5min post-habituation, 60min post-

habituation) as main effect. 

Behavioral experiments 

Subjects  

Eleven adult male Sprague-Dawley rats (250-300 grams), purchased from Charles River 

Laboratories (Wilmington, MA), were utilized for behavioral experiments. Animals were singly-

housed and maintained at a constant temperature on a 12:12 light/dark cycle with water and food 

provided ad libitum. Prior to behavioral experiments, animals were provided with seven days’ 

acclimation time, during which investigators handled them for one hour daily. All procedures 

were performed according to NIH guidelines under the supervision of the Institutional Animal 

Care and Use Committee of Cornell University. 

Cannulation  

Rats were anesthetized with an intramuscular injection of ketamine (50 mg/kg) and 

xylazine (7.5 mg/kg) and secured in a stereotaxic apparatus (Narishige Scientific Instruments, 

Tokyo, Japan). Guide cannulae (22-gauge; Plastics One, Roanoke, VA, USA) were inserted into 

both OBs according to standard procedures (Mandairon et al. 2006a). Cannulae were implanted 

at the following coordinates with respect to bregma: AP +8.0 mm, ML ±1.5mm, DV 4.5mm. The 

tips of the guide cannulae were positioned 1.0mm dorsal to the target infusion site; consequently, 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R18
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infusion cannulae extended 1.0mm from the end of the guide cannulae. Five screws were drilled 

into the skull, and dental cement was used to secure the guide cannulae to these screws and to 

cover the incision area. Dummy infusion cannulae were then placed into the guide cannulae to 

prevent blockage or infection. Following surgical implantation, rats were allowed to recover for 

10 days. 

Drug Administration  

For drug/vehicle administration immediately prior to behavioral experiments, two 

infusion cannulae were fitted into the guide cannulae so that their tips protruded 1.0mm beyond 

the ends of the guide cannulae into the center of each MOB. Two 10μl Hamilton syringes 

containing either drug solution or vehicle were attached to the cannulae with a polyethylene tube 

and driven with paired infusion pumps (YA-12 Genie pumps, Kent Scientific). Drug dosage and 

infusion volume were matched with those of the electrophysiological experiments in this study 

and have been shown to be effective in previous studies (Mandairon et al. 2006b). Specifically, 

the NMDA antagonist MK-801 (8mM and 4mM, Sigma-Aldrich, Natick, MA) was dissolved at 

37C in 0.9% saline; the drug (or saline vehicle) was then delivered bilaterally into awake rats at a 

rate of 2ul/min for 3 minutes (6μl total volume delivered per side). The infusion cannulae 

remained in place for 1 additional minute after the infusion ended in order to minimize backflow. 

Behavioral testing was performed 20 minutes after drug administration was completed. Infusion 

of 8mM MK-801 led to a general depression of the behavioral response which made results 

difficult to interpret; we therefore followed up with a lower dosage (4mM) and show results 

obtained with the lower dosage in the figures. 

 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R20


 

14 

Odors  

Two odorants, ethyl butyrate and ethyl pentanoate (Sigma-Aldrich, Natick, MA), were 

employed for habituation testing. Only one odorant was used during a single day of 

training/testing; the experiment then was repeated in each rat on a different day using the second 

odorant to enable counterbalancing of drug/vehicle administration groups. Prior to testing, 

odorants were diluted in mineral oil so as to each theoretically emit a vapor-phase partial 

pressure of 5Pa (corresponding to vol/vol dilution of 0.09 for ethyl butyrate and 0.3% for ethyl 

pentanoate). Vapor pressures of pure odorants were estimated with the Hass-Newton equation as 

implemented in ACD/Boiling Point & Vapor Pressure Calculator (version 4.5; Advanced 

Chemistry Development, Toronto, Ontario, Canada). 

Behavioral Experiments  

An olfactory habituation task measures non-associative memory formation; cross-

habituation testing with multiple odors can then be used to measure the specificity of this 

memory over time (Cleland et al. 2002). The behavioral experiments performed here replicate 

those previously performed in mice in our lab (McNamara et al., 2008); however, the 

experiments presented here were conducted with the goal of directly comparing 

electrophysiological and behavioral data by matching species, drug dosages, odors and odor 

concentration. All habituation experiments took place in the home cage under red light. Odors 

were presented by placing 60 ul of the diluted odor stimulus onto filter paper (Whatman #1) 

contained within a weighing dish that was placed on top of the cage lid (Figure 1.1Bi); this 

procedure enabled the observer to change the odor stimulus without disturbing the animal. Each 

test session was preceded by one 50-second presentation of plain mineral oil (MO). Test sessions 

comprised four 50-second presentations of diluted odorant separated by five-minute intertrial 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R9
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F1/
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intervals, followed by one additional presentation of the same odorant at 30- and 60-minute time 

points after the last habituation trial (Figure 1.1Aii). Comparison of investigation times during 

the first and fourth odor habituation trials measures initial habituation (5-minute delay), whereas 

comparison between the first odor presentation and either of the two delayed (30- and 60-minute) 

trials measures the persistence of habituation memory. The 5-minute and 60-minute delayed 

trials (i.e., the fourth and sixth odor presentations) are emphasized in analyses for direct 

comparison with electrophysiological data. Active sniffing within one centimeter of the odor 

source was recorded with a stopwatch. The observer was blind as to the treatment group and in 

experiments involving more than one odor, odors were coded and randomized by a member of 

the lab. Figures show mean investigation times +/ standard error. All rats underwent both drug 

treatments using a separate odor for each and the order of drugs was counter balanced among the 

rats. 

In a control experiment, rats were presented with the mineral oil carrier alone for four 

50-second trials after which the odorant was presented in a single test trial, hence measuring rats’ 

ability to detect the odorants used. This control ensured that rats treated with the NMDA 

antagonist were not simply unable to detect the odors presented. As in the first experiment, all 

rats were tested with both odorants and drugs and the order of drug was counterbalanced. 

Data analysis  

An analysis of variance (ANOVA) was performed using SPSS statistical software (SPSS, 

Chicago, IL) with odor investigation time as the dependent variable, and drug group and odor 

presentation trial number as main effects. Fisher post hoc pairwise testing was then used to 

assess whether the time spent investigating during the fourth habituation trial or later test trial 

were significantly lower than the time measured during the first habituation trial (α = 0.05). 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F1/
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RESULTS 

Neural adaptation to repeated odor stimulation 

We recorded from a total of 33 presumed mitral cells, of which 20 (60%) exhibited a 

significant excitatory response to at least one of the odors used in the study and hence were 

included in analyses. Cells’ spontaneous activities ranged from 3 – 60Hz with an average value 

of 29.23 Hz (+/- 5.17 Hz). Cells’ firing rates in response to odorants (difference between pre and 

post odor firing rate) ranged from 4 to 19 Hz with an average rate of 6.3Hz (+/- 1.7Hz). Figure 

1.2 shows raw traces of one mitral cell over the course of the experimental paradigm. Overall, 

cells exhibited robust adaptation after exposure to the adaptation protocol of repeated odor 

stimulation, as evidenced by a significant reduction in mitral cell responses to the test odor 

during post-adaptation tests (Figure 1.3). There was no correlation between the initial response 

rate and the degree of adaptation (Pearson’s R = 0.38; p > 0.2). Specifically, analysis of variance 

revealed a significant difference during pre- and post-adaptation tests (F(2,54) = 19.371; p < 

0.001); subsequent post hoc comparisons showed that mitral cell odor responses at 5 minutes 

following the adaptation protocol were significantly attenuated relative to pre-adaptation 

responses (p < 0.001 in both cases; Fisher LSD), but not at 60 minutes (p > 0.05, Fisher LSD). 

Control experiments (47 cells, of which 7 (15%) exhibited significant odor responses and hence 

were included in analyses), in which only mineral oil odor was presented during the adaptation 

protocol, showed no significant effect on mitral cell odor responses among the three test 

latencies (F(2, 18) = 0.532; p > 0.5), indicating that mitral cell adaptation is not due simply to 

fatigue and does not arise from stimulation with the carrier alone (Figure 1.3A). Moreover, 

mitral cells’ spontaneous activity (measured in the 4 second window before each odor 

stimulation) was not affected by repeated odor stimulation (ANOVA comparison of pre-

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
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adaptation, 5-minute post-adaptation and 60-minute post-adaptation latencies; F(2, 27) = 0.18, p > 

0.05). 

 

Figure 1.2. Raw recorded data from one mitral cell are shown during pre-tests (five 2-

second odor presentations separated by 2-minute ITIs), followed by four 50-second 

adaptation stimuli with the same odorants separated by 5-minute ITIs (adaptation), followed 

5 minutes later by a second series of five 2-second odor stimuli separated by 2-minute ITIs. 

Gray bars indicate odor stimulation times and durations 
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.Figure 1.3. Neural adaptation to repeated odor presentations. A. Average number of 

spikes evoked by odor presentations during pre- and post- adaptation testing expressed as 

percentages of the response during pre- adaptation testing. Mitral cells stimulated with the 

adaptation odorant (Odor adaptation, solid line) over four trials during the adaptation 

protocol responded significantly less during both 5- but 60-minute post- test than during the 

pre- adaptation tests. Asterisks indicate a significant decrease as compared to pre-testing. In 

contrast, mitral cells stimulated with plain mineral oil (Mineral oil adaptation, dashed line) 

during the adaptation protocol did not change their responses significantly compared to pre- 

adaptation test responses. B. Post-test responses to odorants expressed as the percentage of 

the pre-test responses in cells stimulated with 5 repeated stimulations of 2, 10, 20, 30 and 50 
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second durations and 5 minute ITIs. C. Post-test responses to odorants expressed as the 

percentage of pre-test responses in cells in cells stimulated with 5 repeated stimulations of 50 

seconds separated by 1, 2.5 and 5 minute ITIs. D. Post-test responses to test odorants 

differing by 1, 2, 3 or 4 carbons from the odorant used as the adaptation odorant expressed as 

percentage of the pre-test response to this odorant. Asterisks indicate a significant reduction 

in response magnitude as compared to pre-adaption. 

Additional experiments were conducted to further characterize the parameters of neural 

adaptation after repeated odor stimulation. First, experiments were performed to determine the 

duration of odor exposure required to induce response adaptation in mitral cells (Figure 1.3B). 

Rats were exposed to adaptation protocols of four odor stimulations with reduced durations (d = 

2, 10, 20 or 30 seconds) separated by 5 minute ITIs. Recordings were made respectively in 24 (d 

= 2, 13 (54%) responsive), 19 (d = 10, 10 (58%) responsive), 27 (d = 20, 12 (44%) responsive) 

and 28 (d = 30, 6 (21%) responsive) cells. Repeated stimulation with either 2, 10 or 20 second 

odor durations did not evoke significant adaptation in mitral cells (d = 2: F(1, 36) = 0.892, p > 

0.4; d = 10: F(1, 27) = 0.736, p > 0.4; d = 20: F(1, 33) = 1.504, p > 0.2); however, repeated 

stimulation with 30-second odor durations evoked significant adaptation (d = 30: F(1,15) = 

4.331; p < 0.05). Second, we tested the length of the ITI required to induce significant adaptation 

(Figure 1.3C). Rats were exposed to four repeated odor stimulations of 50 seconds each, but with 

shorter ITI durations (ITI = 1.0 and 2.5 minutes; compare to the previous experiments using ITI 

= 5.0 minutes). Repeated stimulations with 50 second odor pulses and 1 minute ITIs did not 

induce significant adaptation of odor responses (F(1,21) = 2.4; p < 0.1), whereas repeated 

stimulations with 2.5 minute ITIs did induce significant adaptation (F(1,39) = 10.2; p < 0.005). 

The data from the above two experiments show that in order to induce the type of neural 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
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adaptation observed here, odor stimulations presented for longer than 20 seconds, with ITIs 

longer than 1 minute, are required. Third, we tested cross-adaptation between odorants (Figure 

1.3D). Briefly, mitral cell responses to two odorants, differing by 1 (C1), 2 (C2) or 3 (C3) 

carbons in their carbon chain were tested (pre-test); the cell was then repeatedly stimulated with 

one of these two odorants using 50 second stimulus duration and 5 minute ITIs (adaptation). The 

cell’s responses to both test odorants after adaptation was then recorded five minutes after the 

adaptation protocol (post-test). Figure 1.3D shows that compared to the pre-test response, the 

responses to all tested odorants differing by 0 (CO = habituation odor), 1 (C1), 2 (c2) and 3 (C3) 

carbons from the habituated odor were significantly lower than during pre-tests (C0 or adaptation 

odor: F(1, 24) = 88.838, p < 0.001; C1: F(1, 17) = 127.849, p < 0.001; C2: F(1, 16) = 249.789, p 

< 0.001; C3: F(1, 15) = 15.081, p < 0.005). Responses to odors differing by 4 carbons from the 

habituated odor were not significantly decreased after the adaptation protocol (C4: F(1, 14) = 

2.900, P > 0.1). This shows that as expected from previous behavioral and electrophysiological 

experiments, bulbar adaptation is relatively, but not completely, odor-nonspecific (Wilson, 2000; 

McNamara et al., 2008). 

Neural adaptation is NMDA receptor-dependent 

In electrophysiological experiments, pharmacological blockade of NMDA receptors in 

the olfactory bulb impaired the adaptation of mitral cell responses to odor stimulation. 

Recordings were made from 30 cells of which 13 (43%) exhibited significant excitatory 

responses to at least one odor. In contrast to the significant effect of adaptation on mitral cell 

odor responses in animals infused with saline (Figure 1.4A), mitral cells’ odor responses in the 

presence of the NMDA receptor antagonist MK-801 exhibited no significant effect of the 

adaptation protocol (F(2,36) = 0.555; p > 0.5), demonstrating that mitral cell response adaptation 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F4/
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to odors is NMDA receptor-dependent (Figure 1.4A). A second analysis was then performed on 

the same data under both drug conditions to compare the percentage of cells exhibiting 

significant odor responses 5 and 60 minutes after odor adaptation (among the cells tested, all of 

which had responded significantly to the test odor prior to adaptation). Analysis of variance 

demonstrated significant effects of both test number (pre-, 5-min post-, 60-min post-) and drug 

condition (saline or MK-801 infusion) as well as a significant interaction (F(2,63) = 11.162, p < 

0.01; Fdrug(1,63) = 7.513, p < 0.01; Fdrug*test(2,63) = 3.532, p < 0.05). Post hoc comparisons 

indicated that test latency was a significant main effect only in the vehicle-infused control group 

(F(2, 27) = 10.8, p < 0.001), in which responses in all three test phases were significantly 

different from one another (p < 0.05 for all pairwise comparisons; Fisher LSD). In contrast, there 

was no significant effect of adaptation on mitral cell responses in the presence of MK-801 

(Figure 1.4B), thereby confirming the role of NMDA receptors in mitral cell adaptation. 

 

Figure 1.4. Effect of bulbar NMDA receptor blockade on neural adaptation. A. Average 

responses of mitral cells during pre-adaptation and post-adaptation odor tests in rats infused 

with MK-801, expressed as percentages of the average pre-adaptation test response. In these 

rats, responses to odorants post-habituation were not significantly different from those 

recorded pre-adaptation. B. Percentages of cells responding significantly to odor 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F4/
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presentations in pre- adaptation and post- adaptation tests under control and MK-801 

conditions. Asterisks indicate a significant decrease in response magnitude as compared to 

the first trial or pre- adaptation response (p < 0.05). 

Comparison of mitral cell responses to odor before and after the administration of MK-

801 (prior to any adaptation protocol) showed that the addition of MK-801 alone did not affect 

mitral cell responses to odors (p > 0.05; Fisher LSD). Furthermore, odor-independent 

spontaneous activity in mitral cells was not affected either by the application of MK-801 (in 

agreement with (Philpot et al. 1998)) or the administration of the odor adaptation protocol 

(comparison of pre-odor baseline activity levels from four experimental timepoints: before MK-

801 administration, after MK-801 but prior to the adaptation protocol, and 5 and 60 minutes 

post-habituation; F(3,12) = 0.3; p = 0.8, data not shown). 

Mitral cell odor responses decrease over the course of repetitive, but not single, 50 

second odor stimulation 

In the present experiments, mitral cell adaptation occurs when cells are stimulated 

multiple times with odor stimulations of at least 30 seconds, separated by more than 2.5 minute 

intertrial intervals. Previous experiments by Wilson (2000) showed that during a single 50-

second odor stimulation mitral cells adapted to a much lesser degree than the adaptation shown 

here after four consecutive adaptation stimuli. To better compare these experiments, we analyzed 

the responses of mitral cells during the four 50-second adaptation trials in saline-infused and in 

MK-801-infused rats. No significant differences in spontaneous activity over the course of the 

four adaptation trials were observed in control (F(3, 54) = 0.094; p > 0.9) or MK-801 rats (F(3, 

72) = 0.241; p > 0.5) (Figure 1.3Ai, Bi). When average numbers of evoked spikes during the four 

50-second adaptation trials were compared, a significant effect of trial number was observed in 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R22
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R29
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
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saline control (F(3, 15) = 3.345; p < 0.05, Wilks-Lambda, Figure 1.3Aii) but not MK-801 infused 

rats (F(3, 10) = 7.69; p > 0.05; Figure 1.3Bii). Further analysis showed that in saline infused 

control rats, average spike rates were significantly lower during the third adaptation trials as 

compared to the first (p < 0.05 with Fisher LSD). No significant changes in spike rate over the 

course of any adaptation trials were observed (p > 0.05 in all cases) when trials were analyzed in 

10 second bins (Figure 1.1B), except for the third adaptation trial in saline infused rats (p < 

0.05). These data suggest that the NMDA-dependent process leading to adaptation in this 

paradigm happens mostly in between odor stimulus presentations rather than during prolonged 

odor stimulation. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F3/
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Figure 1.5. Average responses of mitral cells during the adaptation protocol in control 

and MK-801 rats. Ai and Bi. Spontaneous activity, recorded for 4 seconds before each odor 

presentation, did not change significantly over the course of a recording protocol (Ai: control 

rats, Bi: MK-801 infused rats). Aii and Bii. Average number of evoked spikes per second 

during pre-test, adaptation trials and posttests. In control rats, the average number of odor 
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evoked spikes per second significantly decreased after the first two adaptation trials (Aii), 

whereas in MK-801 infused rats no significant decrease was observed (Bii). Asterisk 

indicates a significant difference to the first adaptation trial. Aiii and Biii. Time course of 

mitral cell responses during adaptation trials. The graphs show the average number of odor-

evoked spikes normalized by the number evoked during pre-tests recorded in 10-second 

intervals. No significant change over the course of a 50-second odor presentation was 

observed in either group of animals, except for the first adaptation trial in control rats. 

Behavioral habituation to repeated odor stimulation requires functioning NMDA receptors in 

the OB 

Behavioral studies were performed to test the dependence of odor habituation on bulbar 

NMDA receptors in rats. One group of rats received infusions of the NMDA receptor antagonist 

MK-801 (4mM) into the olfactory bulb while a control group was infused with saline vehicle 

(Figure 1.6); rats were then presented with mineral oil, then four habituation trials separated by 5 

minute ITIs, and finally two additional odor presentations at 30 and 60 minutes after the last 

habituation trial. Analysis of variance revealed significant main effects of both drug treatment 

(Fdrug(1, 114) = 11.462, p < 0.001) and trial number (Ftrial(5, 14) = 5.136, p < 0.001), as well as a 

significant interaction (Fdrug*trial(5, 114) = 2.394, p < 0.05). In vehicle-infused controls, there was 

a significant effect of trial (ANOVA; Ftrial(5, 60) = 7.555, p < 0.001) and a significant reduction 

of investigation time in the fourth trial as compared to the first (p < 0.001), as expected based on 

previous experiments. In contrast, no significant effect of trial was observed in MK-801-infused 

rats (Ftrial(5, 54) = 1.507; p > 0.2) and there was no significant difference between the response 

during the first and fourth trial (p > 0.7; Figure 1.6A). 

 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F6/
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Behavioral results 

To ensure that MK-801 treated animals were still able to detect odorants, we performed a 

behavioral control experiment in which vehicle-infused and MK-801-infused rats were presented 

with mineral oil over four successive trials, followed by a single presentation of a test odorant. 

We found no significant effect of drug group (Fdrug(1, 91) = 0.013, p > 0.9), indicating that both 

groups performed similarly in this control experiment. Specifically, in both groups rats 

investigated the odor significantly more than the mineral oil (p < 0.05 for both groups, Figure 

1.6B). 

 

Figure 1.6. A. Average behavioral investigation times in saline and MK801 infused rats over 

the course of the behavioral experiment. Saline-injected control rats responded significantly 

less on the fourth habituation trial as compared to the first trial (* indicates a significant 

difference between responses during the first and fourth trial), whereas MK-801 infused rats 

did not significantly habituate, as indicated by a non-significant difference between 

investigation times during the fourth and first trials. B. Blockade of bulbar NMDA receptors 

does not impair odor detection. The graph shows the average investigation times of saline-

infused and MK-801 infused rats presented with the mineral oil carrier during four trials 

followed by a single odor presentation. All rats responded significantly more to the odor than 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F6/
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to the carrier alone, indicating that they detected the odorant. 

DISCUSSION 

Repeated exposure to an odorant induces perceptual habituation evidenced by a reduction 

in active investigation behavior. The present results suggest that this behavioral phenomenon 

could be at least partially mediated by the adaptation of neural responses in mitral cells in the 

olfactory bulb. Single-unit recordings of presumptive mitral cells in freely breathing rats showed 

that repeated 50-second odor presentations delivered at five-minute intertrial intervals induced 

significant reductions in mitral cell responses to that odor when tested after completion of the 

adaptation protocol (Figures 1.2,1.3). Local blockade of NMDA receptors in the olfactory bulb 

abolished both the adaptation of mitral cell responses to odorants in these experiments (Figure 

1.4), as well as the behavioral habituation to odorants (Figure 1.6) as previously shown in mice 

(McNamara et al., 2008), supporting the idea that the reduction of mitral cell responsiveness to 

odorants is the neural correlate of behavioral habituation to repeated odor stimuli at the 

timescales used here. 

Previous behavioral studies have shown that habituation protocol variants can elicit odor 

habituation that differ in duration, odor specificity, neural location and pharmacology 

(McNamara et al. 2008) depending on the exact set of task parameter used. For example, a short-

timescale habituation protocol utilizing brief, 4-second odor presentations separated by 10-

second intertrial intervals resulted in relatively transient habituation (persisting for up to ten 

minutes) that was highly specific for the habituated odor and could be blocked by mGluRII/III 

antagonists administered in the anterior piriform cortex (Best et al. 2005; Yadon and Wilson 

2005). A similar paradigm, using 20 second stimulations separated by 10 second ITIs, induced a 

highly odor-specific habituation that persisted for a few minutes (McNamara et al., 2008). The 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F2/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F4/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R36
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R36
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
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pharmacology, persistence and odor-specificity of behavioral habituation at this timescale 

mimics the characteristics of odor adaptation in piriform cortex pyramidal cells in urethane-

anesthetized rats (Best et al. 2005; Best and Wilson 2004; McNamara et al. 2008; Wilson 2001; 

1998b; Yadon and Wilson 2005). Our current data show that the pharmacology, persistence and 

specificity of behavioral habituation using a different paradigm (50-second odor presentations 

with five-minute ITIs) similarly mimics the properties of mitral cell odor responses in the 

olfactory bulbs of urethane-anesthetized rats. 

Direct comparisons between behavioral phenomena in awake animals and recordings in 

anesthetized animals are not straightforward, as substantial differences between olfactory bulb 

odor responses in awake and anesthetized animals have been reported (Rinberg et al. 2006). 

However, behaviorally, olfactory habituation at the timescale used here does not depend on 

feedback connections to the olfactory bulb (Kiselycznyk et al. 2006), or on bulbar cholinergic or 

noradrenergic inputs (Chaudhury et al. 2009; Mandairon et al. 2006a; Mandairon et al. 2008), 

suggesting that, in this case, a predominantly feedforward model of processing may be utilized 

that could be minimally disrupted by anesthesia. Moreover, both behavioral and neuronal 

habituation are impaired by local blockade of NMDA receptors, an additional commonality 

between the two levels of analysis that is unlikely to depend on behavioral state. In the 

anesthetized preparation, significant adaptation could not be elicited with stimulus durations 

shorter than 30 seconds, which is significantly longer than the observed time range of active 

investigation during our behavioral tests. Behavioral trials lasted 50 seconds and exposed the 

animals to the odorant for the duration of the trial; differences between long duration passive 

exposure, as is the case in the electrophysiological experiments, and active short duration 

investigation, as is the case in the behavioral experiments, are difficult to assess. Given the 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R3
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R4
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R21
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R33
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R34
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R36
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R24
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2919830/?report=classic#R14
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observed similarities in specificity, dependence on ITI and pharmacology of mitral cell 

adaptation and behavioral habituation one may assume a causal, if not exclusive relationship 

between these two observations. 

The observed NMDA receptor-dependent adaptation to repeated odor stimuli in mitral 

cells is most likely due to changes in inhibitory input to mitral cells by granule cells in the 

external plexiform layer. Excitation of mitral cells results in glutamate release from mitral cell 

secondary dendrites onto the dendritic spines of granule cells which, in turn, release the 

inhibitory neurotransmitter GABA back onto mitral cells (Balu et al. 2007; Chen et al. 2000; 

Halabisky et al. 2000; Urban and Sakmann 2002). An increase in granule cell excitation, whether 

mediated by enhanced inputs from mitral cells or from centrifugal glutamatergic inputs (Balu et 

al. 2007; Chen et al. 2000), would presumably lead to the suppression of mitral cell responses to 

odorants as demonstrated here. NMDA receptors in the olfactory bulb external plexiform layer 

mediate recurrent (self-) and lateral inhibition as well as auto-excitation of mitral cells and have 

been shown to underlie synaptic transmission and some forms of plasticity in the OB (Chen et al. 

2000; Friedman and Strowbridge 2000; Halabisky et al. 2000; Satou et al. 2006). Furthermore, 

bulbar NMDA receptors have been shown to be involved in the coupling of mitral activity to 

respiratory patterns (Philpot et al. 1998). Recent experiments showing synaptic plasticity in 

response to theta-burst stimulation of centrifugal excitatory synapses onto granule cells suggest 

that this enhanced excitation of granule cells releases the Mg+ block of granule cell NMDA 

receptors that are activated by mitral cell inputs to granule cell spines, resulting in increased 

feedback inhibition onto mitral cells (Gao and Strowbridge 2009). This mechanism potentially 

could underlie the NMDA receptor-dependent adaptation to repeated odor stimulation observed 

in the present work. Behaviorally, NMDA receptors serve a functional role in modulating bulbar 
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responses during sensory deprivation, olfactory enrichment, and associative and nonassociative 

learning on a long (weeks) timescale (Lincoln et al. 1988; Mandairon et al. 2006b; Wilson 1995). 

Our results, which demonstrate similarities between NMDA receptor-dependent behavioral 

habituation and neuronal adaptation responses, suggest a second, shorter (minutes to hours) role 

for NMDA receptor-mediated plasticity in the olfactory bulb. 

The degree of adaption of mitral cell responses observed here differs substantially from 

that reported by other groups. Using a direct comparison of bulbar and cortical response 

adaptation during prolonged odor stimuli (20 – 50 seconds of continuous stimulation) Wilson 

(2000) reported that mitral cells adapted to about 50-75% of their initial response and that this 

adaptation was not specific to the odor used for prolonged stimulation. In our hands, repeated 

stimuli of that duration, separated by at least 2.5 minutes, resulted in greater adaptation during 

post-testing, suggesting a cumulative effect working on a minutes to hours time scale. Indeed, we 

observed no significant adaptation over the course of a single 50-second odor stimulation in our 

experiments, yet, a significant decrease in response was observed over the course of repeated 50-

second stimuli. The induced adaptation was not specific to the odorant used during repeated 

stimulation, as reported in response to a single 50-second stimulation (Figure 1.3D; Wilson, 

2000). In a previous report, Chaput and Panhuber (1982) saw a range of adaptation in mitral cells 

in response to continuous odor stimulation for up to 60 minutes. Recently, Shea et al. (2008) 

showed that using repeated 2-second odor stimulations with 30-second ITIs did not induce mitral 

cell adaptation; these results agree with our results showing that longer odor pulses separated by 

longer ITIs are needed to induce this form of adaptation (Figure 1.3B,C). Interestingly, Shea et 

al. (2008) also showed that the stimulation of noradrenergic pathways to the olfactory bulb 
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during these short pulsed odor stimuli with shorter ITIs resulted in significant adaptation of 

mitral cell odor responses. 

In summary, our results, taken together with experiments from other groups, further 

support the idea that olfactory behavioral habituation can be mediated by a variety of neural 

phenomena operating at different timescales and located in different neural structures, including 

the olfactory bulb. 
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CHAPTER 2 

STRESSORS PRODUCE OLFACTORY BULB AND NOREPINEPHRINE-

DEPENDENT EFFECTS ON ODOR MEMORY DURATION 

Laura Clare Manella, Samuel Alperin and Christiane Linster 

Originally published in Frontiers in Integrative Neuroscience, 2013, doi: 

10.3389/fnint.2013.00097 

ABSTRACT 

Non-associative habituation and odor recognition tasks have been widely used to probe 

questions of social recognition, odor memory duration, and odor memory specificity. Among 

others, these paradigms have provided valuable insight into how neuromodulation, and 

specifically norepinephrine/noradrenaline (NE) influences odor memory. In general, NE levels 

are modulated by arousal, stress, and behavioral state, but there is sparse evidence of a direct 

relationship between NE and odor memory in adult rodents. The present study uses simple mild 

psychological stressors (bright light and sound) to modulate NE levels physiologically in order to 

probe stressors NE-dependent effect on odor recognition memory. In rats with bilateral bulbar 

cannulations, we show that these stressors modulate olfactory memory and that this effect is at 

least partially mediated by the olfactory bulb. Specifically, we show that the presence of stressors 

during the acquisition of odor memory suppresses memory for an odor when tested 30min after 

familiarization to that odor. This suppression is blocked by infusing NE antagonists into the 

olfactory bulb prior to odor acquisition. Additionally, we find that infusion of bulbar NE is 

sufficient to suppress odor memory in a manner mimicking that of our stressors. These effects 

are unlikely to be solely mediated by locomotor/exploratory changes produced by stressors, 

although these stressors influence certain behaviors not directly related to odor investigation. 



 

37 

This study provides important information about how behaviorally relevant changes in NE can 

influence top-down sensory processing and odor memory. 

INTRODUCTION 

Object recognition is a standard behavioral paradigm used to test non-associative 

recognition memory in animals. An object recognition task generally consists of two trials: a 

familiarization trial in which the animal has a chance to investigate an object, followed by a test 

trial in which the animal is presented with the familiar and a novel object. If the animal 

investigates the novel object more vigorously than the familiar object during the test trial, this is 

taken as an indication that the animal remembers the familiar object from the previous trial 

(Bevins and Besheer, 2006). The object recognition task can be used to test memory duration by 

varying the intertrial interval (ITI) between the familiarization trial and the test trial, as well as 

memory specificity by varying the similarity of familiar and novel objects. This task relies on the 

robust neophilic tendency characteristic of rodents and many other animals. This type of task has 

been used to test a diverse set of questions including, but not limited to the effects of stress (Beck 

and Luine, 1999; Bowman et al., 2003; Okuda et al., 2004; Scullion et al., 2009; Cazakoff et al., 

2010), neuromodulation (Roozendaal et al., 2008; Jurado-Berbel et al., 2010), and aging and 

gene mutations (Bevins and Besheer, 2006) on memory. 

Odor recognition tasks are similar to object recognition tasks in that they also rely on 

neophilia toward novel versus familiar odorants. Odor recognition and very similar habituation 

tasks have been successfully used to probe questions of social recognition, odor learning, 

memory duration, and contributions of various brain areas in these processes (Robert, 1993; 

Ferreira et al., 1999; Petrulis and Johnston, 1999; Johnston and Peng, 2000; McNamara et al., 

2008; Wilson and Linster, 2008; Linster et al., 2009). Habituation has also been used recently 
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using non-social odors to address questions of neuromodulation in general, and its specific 

effects in the olfactory bulb (OB) (Wilson and Sullivan, 1992; Wilson and Stevenson, 2003; 

Veyrac et al., 2007; Guerin et al., 2008; Mandairon et al., 2008; Mandairon and Linster, 2009; 

Escanilla et al., 2010; Freedman et al., 2013). 

Non-associative odor learning has been shown to depend critically on a variety of 

neuromodulators. In particular, manipulation of norepinephrine/noradrenaline (NE) within the 

OB has pronounced effects on behavior. The OB is the recipient of rich centrifugal projections 

from noradrenergic neurons in the locus coeruleus (LC) (Aston-Jones et al., 2000; Sara, 2009). 

To date, most studies that manipulate NE within the OB show an effect on the novelty detection 

aspect of olfactory non-associative learning but not the memory formation per se (but see Guerin 

et al., 2008). Enhancement of NE in the OB increases spontaneous discrimination of similar 

odors (Escanilla et al., 2010), whereas blockade of noradrenergic α1 receptors in the OB impairs 

spontaneous discrimination of similar odors (Doucette et al., 2007; Mandairon et al., 2008). At 

the neural level, stimulation of the LC paired with odor presentations in anesthetized animals 

produced a marked reduction in mitral cell responses (the main output cells of the OB) to odor, 

and correlated with behavioral recognition memory to the paired odor later in the awake animal 

(Shea et al., 2008). Therefore, the LC stimulation-induced reduction of mitral cell activity is 

likely produced by a plasticity that is related to the long term odor recognition memory. A 

proposed explanation for behavioral recognition via anesthetized habituation in odor 

responsiveness of mitral cells is related to a study by Chaudhury et al. (2010). In this study, rate 

of habituation of mitral cell responsiveness to odors in anesthetized animals was comparable to 

behavioral habituation in awake animals when equating for the total amount of odor exposure 

and patterns of odor exposure between anesthetized and awake animals. Moreover, brain slice 

http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B57
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B56
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B53
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B18
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B33
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B40
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B15
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B17
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B4
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B1
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B18
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B18
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B15
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B14a
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B33
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B50
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B11


 

39 

experiments show that NE affects excitability of both mitral and granule cells in the OB (Jiang et 

al., 1996; Nai et al., 2009; Smith et al., 2009). Computational models of NE modulation in the 

OB incorporating known physiological features can readily account for the influence of NE on 

processing of very low odor concentrations and odor discrimination (Escanilla et al., 2010; 

Linster et al., 2011; Devore and Linster, 2012). 

While these studies have shed a great deal of light on the role of NE in OB odor 

processing, we still know relatively little about the relationship between endogenous patterns of 

NE release–such as those based on changes in vigilance (Rajkowski et al., 1994), arousal (Aston-

Jones et al., 1996, 2000), wakefulness (Pavcovich and Ramirez, 1991; Rajkowski et al., 1994; 

Sands et al., 2000) or acute stress (Axelrod and Reisine, 1984; Aston-Jones et al., 1996, 2000; 

Valentino and Van Bockstaele, 2008)—and OB odor processing in adult rodents. However, the 

roles of stress, glucocorticoids, and NE have been well characterized in neonatal olfactory 

learning. Critical periods both overlap with and are dependent upon levels of corticosterone, 

stress, and specifically NE release into the OB (Moriceau and Sullivan, 2004; Moriceau et al., 

2009, 2010). In adults, the application of an acute stressor that activates the LC (Valentino and 

Van Bockstaele, 2008), such as a bright light or sound, or a context that modifies the arousal of 

the animal can affect memory consolidation and recall, although the precise effects depend on 

the timing, context, intensity and duration of the stressor involved (reviewed in Joels et al., 2006; 

Sandi and Pinelo-Nava, 2007). However, these particular effects of acute stress have not been 

studied in the adult olfactory system. 

In the present study, we examine whether natural changes in the NE levels in the OB 

affect short term odor recognition memory. We use a non-associative odor recognition paradigm 

to investigate how mild acute stressors—bright light or sound—modulate odor memory. Our 
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results demonstrate that the delivery of a mild acute stressor during the familiarization trial of an 

odor recognition task suppresses odor memory. We further show that this effect is at least 

partially mediated by OB NE: the effects of stressors can be blocked by bulbar NE antagonists 

and can be mimicked by infusion of NE into the OB. 

 MATERIALS AND METHODS 

Animals 

Adult male Long Evans Hooded rats, (Charles River Laboratories, Wilmington, MA, 

USA) initially weighing between 250 and 300 g were used. 12 rats were used for experiment 1 

(odor memory duration). A second group of 12 rats was used for experiment 2 (modulation of 

odor memory). Rats were housed singly in standard laboratory cages (46 × 24 cm). Animals 

were housed on a reversed 12-h light cycle in constant temperature and food and water available 

ad libitum. All procedures were approved by the Cornell University Institutional Animal Care 

and Use Committee and were in accordance with NIH guidelines. 

Cannulation Surgery 

Rats underwent bilateral cannulation surgery under asceptic conditions. Anesthesia was 

induced using an intraperitoneal injection of ketamine-xylazine (50 and 5 mg/kg, respectively) 

and maintained using 1–3% isoflurane. At the start of the surgical procedure, rats received 

subcutaneous injections of prophylactic anitibiotics (Baytril, 5 mg/kg) and analgesics 

(meloxicam, 2 mg/kg and butorphanol, 2 mg/kg). Rats were then affixed to a stereotaxic 

instrument (David Kopf Instruments, Tujunga, CA) and the skull overlying the OB s was 

exposed. Guide cannulae (22-gauge; Plastics One, Roanoke, VA) were implanted bilaterally into 

the OB s at coordinates with respect to bregma (AP: +8 mm; ML: ±1.5 mm; DV: −4.5 mm), 1 

mm dorsal to the target infusion site, and affixed to the skull using skull screws (Plastics One, 
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Roanoke, VA) and dental cement. Each infusion cannula (28-gauge, Plastics One, Roanoke, VA) 

extended 1 mm from the end of the guide cannula directly into the center of the OB. Dummy 

cannulae were placed into the guide cannulae to keep the guide cannulae free of debris and 

prevent infection. Rats were allowed to recover for at least five days before acclimation to the 

experimental procedures commenced. 

Drugs 

All drugs were diluted in 0.9% sterile saline, which was also used as a vehicle control. To 

block NE signaling in the OB, we used a cocktail of NE antagonists consisting of the α1-receptor 

antagonist prazosin hydrochloride (1mM, Sigma, Natick, MA), the α2-receptor antagonist 

yohimbine hydrochloride (2 mM, MP Biomedicals, Solon, OH), and a non-selective β-receptor 

antagonist alprenolol hydrochloride (120 mM, Sigma, Natick, MA). NE was prepared at a 

variety of dosages (L-(−)-Norepinephrine (+)-bitartrate salt monohydrate; Sigma, Natick, MA). 

Drugs were prepared before beginning the experiment, separated into aliquots, and frozen at 

−20°C for daily use. During experiments, 6 μL of solution was infused into each OB 

simultaneously using a double-barreled Pump 11 Elite Nanomite Syringe Pump (Harvard 

Apparatus, Holliston, MA) at a rate of 2 μL/min. Drugs were infused 20min prior to the first trial 

for a given session. Past studies have shown this volume and rate to be adequate to spread 

throughout the OB but unlikely to spread beyond the OB (Mandairon et al., 2006). 

Stressors 

We selected bright light and sound stimuli as mild stressors based on their history of 

being robust modulators of open field behavior (Archer, 1973; Roth and Katz, 1979; Katz et al., 

1981) and startle response (Walker and Davis, 1997), as well as promoting phasic NE release 

from the LC (Koyama et al., 1994). Moreover, these are non-invasive, relatively non-traumatic 
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stressors and pilot studies suggested that animals continue to engage in investigation of odors 

during familiarization trials regardless of whether a stressor was delivered. For bright light 

stimulation, a 40 watt desk lamp was placed at the end of the chamber facing inwards in the case 

of the odor recognition paradigm (Figure 2.1). For sound stress, we used a computer speaker 

playing music toward the testing chamber (Brick by Boring Brick, performed by Paramore) at a 

volume, on average, of approximately 70 dB, compared to background level of ambient noise of 

approximately 56 dB. Both the bright light and sound stressors were present for the 

familiarization trial (Trial1) for appropriate sessions. 

 Odors 

Monomolecular odorants were diluted to approximately 1 Pa vapor partial pressure to 

normalize the rate of particle dispersion based on concentration and volatility of odors (Table 1). 

For the odor recognition task, we used pairs of perceptually and chemically dissimilar odors. For 

a given experiment, a rat was presented with all odors sets randomly assigned across 

experimental conditions (Table 2.2). 

 

Table 2.1. Odor dilutions  

  

Odor Name  % v/v Dilution 

  

ethyl acetate 0.0016 

hexyl acetate 0.2274 

ethyl butyrate 0.0182 

hexyl butyrate 1.627 

hexanal 0.0222 

decanal 1.7768 

propanoic acid 0.0332 

heptanoic acid 4.6272 
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Table 2.2. Odor sets     

       

Experiment 2. Memory duration   Experiment 3: NE and stress experiment  

         

Set # Odor 1 Odor 2  Set # Odor 1 Odor 2 

         

1 heptanoic acid hexyl butyrate  1 propanoic acid ethyl acetate 

2 hexyl acetate decanal  2 ethyl butyrate hexanal 

3 decanal hexyl acetate  3 heptanoic acid hexyl butyrate 

4 hexyl butyrate heptanoic acid  4 decanal hexyl acetate 

    5 ethyl acetate ethyl butyrate 

    6 hexanal ethyl acetate 

    7 hexanal propanoic acid 

    8 hexyl acetate heptanoic acid 

    9 ethyl acetate hexanal 

    10 hexyl butyrate hexyl acetate 

    11 ethyl butyrate propanoic acid 

    12 decanal hexyl butyrate 

    13 heptanoic acid decanal 

    14 hexyl acetate decanal 

    15 hexyl butyrate heptanoic acid 

    16 propanoic acid ethyl butyrate 

 

 

Odor Recognition Task  

Rats were first acclimated to handling through at least three 10-min daily handling 

sessions before surgery. After surgery, rats were acclimated to infusion procedures using 0.9% 

sterile saline infusions and to the testing chamber and room for at least 4 sessions on separate 

days. To determine the effects of bright light stress and NE within the OB on odor memory, we 

used an odor recognition paradigm. This paradigm consists of two three-minute trials, separated 

by 30, 60, 120, or 180-min intertrial intervals (ITIs). At the start of each trial the rat was 

transferred from its home cage into the testing chamber: a clean, clear, plastic cage (46 × 24 cm) 

with a wire lid (Figure 2.1). Following a two-minute acclimation period, odor stimuli were 

introduced to the rear corners of the cage lid. Odor stimuli were presented by pipetting 60 μl of 
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diluted odors (Table 2.1) onto a one-inch square piece of filter paper (Kim Wipe) inside a 

weighing dish (Figure 2.1). In Trial 1 (familiarization trial), both weigh dishes contained the 

same odor (referred to as the familiar odor) while in Trial 2 (test trial) one weigh dish was 

scented with familiar odor and the other was scented with a novel odor (Table 2.2). The 

orientation of the two odor stimuli during the test trial was randomized (Figure 2.1). The amount 

of time spent actively investigating each odor—defined as the nose within 1 cm of the weighing 

dish was determined. High resolution video was recorded during all test sessions and locomotor 

activity of the rat was determined off-line. 

Figure 2.1. Experimental paradigms. The odor recognition task timeline and paradigm. 

Infusions were given 20min prior to the familiarization trial (Trial 1) for all sessions (vehicle, 

NE antagonist cocktail, or a dosage of NE). For sessions where stressors were implemented, the 

stressor source (lamp for bright light or speaker for sound) was located adjacent to the testing 

chamber in the position shown in the figure during the entire odor exposure during Trial 1. For 

each trial, two inverted weigh dishes were placed on the top of the lid, in the far back corners. 
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For Trial 1, as shown by an overhead view, the familiarization odor, “odor 1,” is pipetted onto a 

one inch square kim wipe into each of two weigh dishes. Between Trials 1 and 2, a variable 

intertrial interval is implemented (30, 60, 120, 180 min, depending on the particular experiment). 

For the Trial 2, odor 1 is placed in one weigh dish and a novel odor, “odor 2,” chemically and 

perceptually dissimilar from odor 1 is placed in a second weigh dish. The two dishes are placed 

in a randomized orientation. For each trial, investigation is defined as the rat's nose being within 

1 cm of the weigh boat (white box in Trial 1, where each arrow is 1 cm). Memory is defined as 

significantly more investigation of odor 2 compared to odor 1. Additionally, note the quadrant 

markings at the base of cage in the photo of Trial 1 that were used for transitions in video 

scoring. 

Experiment 1: Odor memory duration 

To determine how long rats could remember a discrete odor stimulus for use in 

subsequent experiments, each rat ran through a variety of ITIs between familiarization and test 

trials. Each rat ran through a randomized block design, experiencing one ITI per day of each of 

the following ITIs in a randomized order: 30, 60, 120, or 180 min. Four odor sets made up of 4 

perceptually and chemically disparate odors (Table 2.2) were used, randomized across sessions 

so that each odor set had equal representation across each ITI. To be able to compare with the 

results from experiment 2, rats were infused with vehicle 0.9% sterile saline into their OBs 

bilaterally 20min before the first trial (injection volume 6 μl, rate of 2 μl/min). 

Experiment 2: Effect of Stressors and Bulbar NE on Odor Memory 

Next, we determined if short-term odor recognition memory is affected by bright light or 

sound stressors, and NE blockers (Experiment 2a) or bulbar NE (Experiment 2b). To determine 

if stressors or bulbar NE infusions enhance odor memory duration, we tested ITIs of 60 and 180 
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min—ITIs in which our non-stressed rats could not remember, and subsequently an ITI of 30 

min—an ITI in which non-stressed rats could remember (Figure 2.3). In order to minimize 

acclimation to stressors, we interleaved experimental sessions for the two experiments, 

randomizing all conditions across days (Table 3). Additionally, each session was spaced at least 

three days apart to additionally reduce acclimation to the stressors as well as to the experimental 

paradigm itself. For Experiment 2a and then Experiment 2b, odor sets from Table 2.2 were used, 

and odor sets were randomized across conditions, similarly to in Experiment 1. 

Table 2.3. Experiment 3 conditions (for each intertrial 

interval) 

   

condition stress drug 

   

1 no stress saline 

2 no stress NE antagonist cocktail 

3 no stress 1µM NE 

4 no stress 10µM NE 

5 no stress 100µM NE 

6 no stress 1mM NE 

   

7 bright light saline 

8 bright light NE antagonist cocktail 

   

9 noise saline 

10 noise NE antagonist cocktail 

 

Experiment 2a: does stress enhance odor memory (60 and 180min ITIs)? 

To determine whether stressors have an effect on odor memory and whether this effect is 

dependent upon OB NE, we used a 2 × 3 × 2 design where infusions of drug (saline or NE 

antagonist cocktail) were paired with stressors (no stress, bright light, or sound) at two ITIs (60, 

180 min). As a consequence, each rat experienced 20 sessions, each time with different 

combinations of stress, drug and ITI (Table 2.3). 
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Experiment 2b: does bulbar NE enhance odor memory (60 and 180min ITIs)? 

We also determined the effect of NE infusions on odor memory during the odor 

recognition task. We used a 5 × 2 design, whereby each rat received each drug (vehicle 0.9% 

saline, 1, 10, 100 or 1000 μM NE) at different ITIs (60, 180 min), but in this case without the 

addition of stressors. 

Experiments 2c and 2d: do stress or bulbar NE impair odor memory (30min ITIs)? 

After collecting the data for 60 and 180min ITIs, we determined whether stress/NE could 

suppress odor memory by testing an ITI of 30 min—an ITI for which our control rats could 

remember. The experimental design was identical to testing the longer ITIs above, with the 

exception that only a 30min ITI was tested for all conditions. Thus, each rat experienced ten 

sessions in a randomized order (Table 3). 

Analysis 

All data analyses were done using SPSS statistical software (SPSS, Chicago, IL). 

Odor memory 

To test for odor memory duration (Experiment 1) and effects of NE and stressors on 

odor memory (Experiment 2), we analyzed the amount of investigation in response to familiar 

and novel odors during the test trial. Wilks' lambda, a multivariate analysis of variance 

(MANOVA) statistic, was used because MANOVA approaches to repeated-measures analyses of 

variance do not assume sphericity. Investigation times in response to familiar and novel odor (in 

seconds) were used as a within subjects factor for Experiments 1 and 2. For Experiment 1, ITI 

(30, 60, 120, or 180 min) was set as the between subjects factor. Results from Experiments 2a 

and 2c were analyzed using MANOVA (as above), but with stress (no stress, bright light or 

sound) and drug (saline or NE antagonist cocktail) as additional between subjects factors. For 

http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#T3
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Experiment 2, analyses were run separately for each ITI tested (30, 60, and 180 min). 

Experiments 2b and 2d (NE infusions) were analyzed using MANOVA with drug dosage 

(saline, 1, 10, 100, or 1000μM NE) as a between subjects factor. For each experiment 

(Experiments 1, 2a-d), posthoc tests (Fisher LSD, with α = 0.05) determined if rats investigated 

the novel odor significantly more than the familiar odor during the test trial within each 

experimental condition. 

To further analyze Experiment 2, and compare the relative investigation of the novel 

odor across experimental conditions, we used an ANOVA with experimental group as the 

between subjects variable and relative investigation times as the dependent variable, followed by 

pairwise comparisons between experimental groups (Fisher LSD). 

Data points containing outliers (more than two standard deviations from mean) were 

excluded from the data analysis (<10% of total). In our experiments these outliers are due to 

external startling stimuli or distractions. 

Analysis of investigation time and locomotor activity during the familiarization trial 

To test if differences in odor memory in Experiment 2 could be due to variability in 

familiar odor investigation time during Trial 1 (the familiarization trial), we ran an ANOVA with 

drug (saline, NE antagonist cocktail) or stress (no stress, light, or sound) as the between subject 

effects on total time spent investigating the familiarization odor as well as an ANOVA with NE 

dosage as the between subject effect (1, 10, 100, 1000 μM NE), both including data from all 

ITIs. 

To test the effect of drug and stressor on investigation and locomotor activity during the 

odor recognition task, rats' behavior during the familiarization trials (Trial 1) was scored blindly 

by a trained observer using LabVIEW custom software. The number of rearing bouts per minute 
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(forepaws raised from the cage floor) not including bouts when exploring the weigh boats, 

proportion of time spent grooming (licking the body, feet and genitals, stroking the face and 

whiskers with forepaws), and the rate of transitioning from quadrant to quadrants of the testing 

chamber (Figure 2.1), were measured. Data were pooled across ITIs. An ANOVA was run for 

each variable (rearing, grooming, and transitioning) defining drug (saline, NE antagonists) and 

stress (no stress, bright light, sound) as the between subjects factors. To determine the effect of 

all drugs, an ANOVA was run for each variable, defining drug (saline, NE antagonist cocktail, 1, 

10, 100, 1000 μM NE) as a between subjects factor. 

Histological Verification of Cannula Placement 

At the end of each experiment, rats were infused with 1% methylene blue solution (in 

0.9% sterile saline, 6 μl at 2 μl/min infusion rate) in order to assess the extent of diffusion within 

the OB of a single infusion by the beginning of a behavioral trial (Mandairon et al., 2006). After 

20 min, animals were perfused transcardially using 0.9% saline followed by 10% neutral 

buffered formalin. Immediately following brain extraction, the OB and brain were examined 

visually to assess the spread of dye. Brains were stored in cryoprotectant for at least three days 

and then sectioned at 40 μm and stained with cresyl violet to further determine precise cannula 

placement within the OB (Figure 2.2). To view and image the slices, we used a Zeiss Stemi 

2000C stereo microscope mounted on a transmitted light base with oblique illumination with 

dual fiber optics for reflected illumination, equipped with a Moticam 2300, 3.0 megapixel color 

CCD camera (Motic.com) and the Motic acquisition software. 
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Figure 2.2. Histological verification of cannula placement. This is an example of an 

olfactory bulb slice verifying cannula placement. Arrowheads indicate location of 

cannula tracts. The left hemisphere indicates where cannulae were implanted (red 

cylinder) and how far the infusion needle extends beyond the cannula (black rectangle) 

during infusion of drug into the olfactory bulb. 

RESULTS 

The main goal of this study was to assess effect of mild stressors and intrabulbar infusions of NE 

on odor recognition memory. 

Rats Remember Odor Objects for 30, but not 60min (Experiment 1). 

In Experiment 1, we tested the duration of rats' memory using an odor recognition task. 

Figure 2.3 shows the average investigation time of the novel and familiar odor (Figure 2.3A) and 

the percentage of investigation spent dedicated to the novel odor (Figure 2.3B), both during Trial 

2 and averaged across rats (n = 12). These results indicate that rats exhibit a robust novelty 

response following an ITI of 30min that is largely diminished by 60 min. A MANOVA revealed 

a significant effect on investigation time between novel and familiar odorants during the test trial 
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[F(1, 41) = 20.06; p < 0.001] as well as a significant interaction between investigation time and ITI 

[F(3, 41) = 7.416; p < 0.001] indicating that the difference in investigation time was dependent on 

ITI. Posthoc tests (Fisher LSD) show that only rats tested at 30min ITI investigated the novel 

odor significantly more than the familiar odor in the second trial (p < 0.05). 

 

Figure 2.3. Odor recognition memory duration (Experiment 1). (A) The graph shows 

average investigation times for familiar and novel odors during Trial 2 for 30, 60, 120, and 

180min ITIs. Rats investigate the novel odor more than the familiar odor only at the 30min 

ITI, but not at longer ITIs (60, 120, or 180min ITIs). An * indicates significant values for 

pairwise comparisons (p < 0.05) for investigation time between novel and familiar odors 

(Fisher's LSD tests). (B) The graph shows the relative investigation of the novel odor as 

compared to the familiar odor by showing percentage of total investigation time in which rats 

investigate the novel odor; this is a measure for odor recognition memory. 

Bright Light, Sound and Bulbar NE Modulate Odor Memory (Experiment 2) 
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Having established the time course of odor recognition memory under control conditions, 

we examined whether an acute mild stressor or manipulation of bulbar NE during the 

familiarization trial (Trial 1) could modulate odor memory. We tested if memory could be 

enhanced by these manipulations by using ITIs long enough for control rats to no longer 

investigate the novel more than the familiar odor (60 and 180min). We then tested if these 

manipulations could decrease odor memory duration by using an ITI at which control rats could 

remember the odor (30min). 

At ITIs longer than 30min (60 and 180min), the control group (saline, no stress) do not 

investigate the novel odor more than the familiar odor (similar to Experiment 1 in Figure 2.3), 

and stress and drug do not have an effect on odor memory (Figure 2.4). For Experiment 2a 

(Figure 4A), at ITIs of 60 and 180, although MANOVAs reveal a significant overall effect of 

investigation time between the familiar and novel odor in Trial 2 when data is pooled across all 

experimental groups [Wilk's Lambda: 60 min: F(1, 57) = 10.306; p = 0.002; 180 min: F(1, 49) = 

7.442; p = 0.009] there is no interaction of investigation time with stress [60min: F(2, 57) = 2.023; 

p = 0.142; 180min: F(2, 49) = 0.649; p = 0.527] or drug [saline or NE antagonist cocktail; 60min: 

F(1, 57) = 0.001; p = 0.974; 180 min: F(1, 49) = 0.168; p = 0.684]. At these two ITIs, no treatment 

group investigated the novel odor significantly more than the familiar odor (p > 0.05 in all 

cases). For Experiment 2b (Figure 2.4B), a MANOVA with level of NE (0, 1, 10, 100, or 1000 

μM) as a between subjects effect showed no effect of investigation time overall at 60min [F(1, 47) 

= 2.162; p = 0.148], but did show a significant effect of investigation time at 180min [F(1, 41) = 

16.912; p < 0.001] but no interaction between drug and investigation time [F(4, 41) = 0.370; p = 

0.823]. No individual treatment group investigated the novel odor significantly more than the 

familiar odor during Trial 2 (p > 0.05 in all cases). 
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Figure 2.4. NE and stressors have no effect at longer, 60 and 180 min, ITIs. (A) 

Experiments 2a (A) and 2b (B): The graphs show the average investigation times to familiar 

and novel odorants during trials 1&2 at 60 (A) or 180 (B)min ITI, as a function of stressors 

(Ai) and (Bi) or NE dosage (Aii) and (Bii). At these ITIs no treatment groups investigate the 

novel odor significantly more than the familiar odor during Trial 2. Stressors and infusion of 

NE antagonist cocktail have no effect. 

In contrast, Figure 2.5 shows that with subsequent testing at a shorter, 30min ITI, control 

rats were able to detect the novel odorant indicating memory for the familiar odor (similar to 

Figures 2.3, 2.5). For Experiment 2c (Figure 2.5A), with 30min ITIs, a MANOVA reveals a 

significant effect of investigation time between familiar and novel odor during Trial 2 [F(1, 45) = 

11.083; p = 0.002]. However, unlike the longer ITIs, there was a significant interaction with 

stress [F(2, 45) = 4.765; p = 0.013] but not drug [saline, NE antagonist cocktail; F(1, 45) = 2.611; p = 

http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#F5
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0.113]. Control rats (no stress + saline) displayed significantly higher investigation of novel 

compared to familiar odors (p < 0.05), as did rats infused with NE antagonists before stressors 

were applied (p < 0.05). Rats stressed with light or sound did not show significant differences in 

novel vs. familiar odor investigation. (Figure 2.5B). 

 

Figure 2.5. NE and stressors suppress memory at 30min ITIs (Experiment 2c and 2d). 

These graph show average investigation times to familiar and novel odors in trials 1&2 under 

different experimental conditions with an ITI 30 min. * indicates a significant difference in 

investigation time between novel and familiar odor in Trial 2. (A) Experiment 2c: In non-

stressed conditions (either with saline or NE antagonists cocktail infusion into the olfactory 

bulb prior to the familiarization trial), rats investigate the novel odor significantly more than 

the familiar odor. However, when either light or sound is implemented during the 

familiarization trial, rats do not investigate the novel odor more than the familiar odor. The 

effect of light or sound is counteracted by infusion of NE antagonist cocktail before the 

familiarization trial. (B) Experiment 2d: Saline infused control rats and rats infused with 10 

μM NE investigate the novel odor significantly more than the familiar odor during Trial 2. 

For Experiment 2d (Figure 2.5B), there was an overall effect of investigation time when NE 

levels (0, 1, 10, 100, 1000 μM NE) were analyzed [F(1, 41) = 11.094, p = 0.002], as well as 
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significant interaction between investigation time and NE levels [F(4, 41) = 3.2334; p = 0.042]. 

Rats infused with 1, 100, and 1000 μM NE before the familiarization trial did not investigate 

the novel odor more than the familiar odor (p > 0.05), whereas those infused with 10 μM NE 

did (p < 0.05) (Figure 2.5B). 

In summary, the experiments using the 30min ITI show that memory for the odor, present 

in saline infused control conditions, is impaired by light or sound stress as well as by NE 

infusions. Blockade of NE receptors during odor encoding prevents the effects of light and sound 

stress. The relative investigation of the novel odor as compared to total investigation during the 

memory trial is commonly used as a measure for the strengths of odor recognition memory 

(Petrulis and Johnston, 1999; Johnston and Peng, 2000; Veyrac et al., 2007; Guerin et al., 2008). 

To compare the relative investigation of the novel odor across experimental conditions in the 

30min ITI experiment, we used an ANOVA with experimental group as the main effect and 

relative investigation time as the dependent variable. Statistical analysis showed a significant 

effect of treatment group [F(9, 81) = 3.309; p = 0.002], with light and sound treated saline rats, 1 

μM, 100 μM and 1000 μM NE infused rats investigating significantly different from saline 

treated non stressed rats (p < 0.01 in all cases). Figure 2.6 shows the summary of relative 

investigation times across the treatment groups used in experiments 2c and 2d (30min ITI). This 

summary clearly shows that (a) light and sound stress during encoding impair memory at 30min 

in a manner similar to a range of NE dosages, and (b) that blockade of NE receptors counteract 

the effect of light and sound, suggesting a noradrenergic contribution in the OB to the effects of 

light and sound. 
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Figure 2.6. Summary of effects of stress and NE on short term odor memory. Light and 

sound stressors, as well as 1 μM NE, reduce the relative amount of investigation of the novel 

odor. The graph shows relative investigation times of the novel odorant during Trial 2 (test 

trial) with stressor (A) or NE infusions (B). The dashed line indicates the relative time above 

which the difference between novel and familiar odor investigation was significant, as 

analyzed from raw data and detailed in results section. *indicates significant differences 

between treatment groups. 

Control experiments for activity patterns during trial 1 of experiment 2 

Figure 2.7A shows the results of testing if the effects seen above could be attributed to a 

change in duration of investigation during the familiarization trial. To do so, we tested the effects 

of stress (no stress, bright light, sound) and drug (saline, NE antagonist cocktail) on total 

investigation time during the familiarization trial. ANOVA with stress (no stress, light or sound) 

or drug (saline or NE blocker) showed no effect of either stress [F(2, 157) = 1.488; p = 0.220] or 

drug [F(1, 157) = 0.631]. Additionally, to test if NE dosage affected investigation, we ran an 

ANOVA with NE dosage (0, 10, 100, 1000 μM NE) on investigation time in the familiarization 

trial [F(4, 135) = 1.848; p = 0.123]. This suggests results were not due to changes in investigation 
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of the odor during familiarization. 

 

Figure 2.7. Effect of stressors on locomotor activity during the familiarization trial 

(Trial 1). Stressors enhance exploratory and suppress resting-state activities of rats during the 

familiarization trial of the odor recognition task while leaving investigation of odor 

unaltered. (A) The graph shows that neither stressor has any effect on total time of odor 

investigation during the familiarization trial when compared to the non-stressed condition. 

(B) The graph shows the number of rearing events per second, suggesting that stressors (both 

light and sound) enhance the rate of non-odor based rearing events. (C) The graph shows that 

stressors (both light and sound) suppress percentage of time spent grooming. (D) The graph 

shows that sound but not light increases the rate of transitioning between quadrants of the 
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testing chamber compared to the non-stressed condition. *indicates significant pairwise 

comparisons. 

To further investigate how stressors and drugs affect behavior during the familiarization 

trial, we measured a variety of locomotor/activity measures during the familiarization trial 

(Figures 2.7B–D). First, we found the rate of rearing during a trial, not including bouts where the 

animal reared to investigate the odors. ANOVA results show a significant effect of stress on the 

rate of rearing during the familiarization trial [F(2, 159) = 6.51, p = 0.0019]. Although a trend 

exists for both bright light and sound increasing rate of rearing, posthoc analysis shows a 

significant increase as compared to saline infused control rats only with sound (Figure 2.7B). 

There is no interaction between stress and drug [saline or NE antagonist cocktail; F(1, 159) = 0.44, 

p = 0.51]. There was also no effect of any drug treatment (saline, 1, 10, 100, 1000 μM NE, NE 

antagonists) on rearing [F(5, 150) = 0.045, p = 1.0]. 

Next, we measured amount of time grooming during the trial, and normalized the value to 

length of video analyzed (Figure 2.7C). ANOVA results show a significant effect of stress (no 

stress, light, sound) on percentage of time spent grooming [F(2, 157) = 6.921, p = 0.001], but no 

effect of drug (saline or NE antagonist) [F(1, 157) = 0.005, p = 0.94], or interaction between stress 

and drug [saline or NE antagonist cocktail; F(1, 159) = 0.124, p = 0.88]. Posthocs (Fisher's LSD) 

show that bright light and sound both decrease the percentage of time rats spend grooming when 

compared to no stress control sessions (Figure 2.7C). There was also no effect of NE dosage 

(saline, 1, 10, 100, 1000 μM NE, NE antagonists) on grooming [F(5, 150) = 0.05, p = 1.0]. 

Finally, we measured locomotor activity throughout the trial by dividing the chamber into 

four quadrants and measuring the rate of crossings within these quadrants (quadrants shown in 

Figures 2.1, 2.7D). There was a main effect of stress on rate of transitioning throughout the 
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chamber [F(2, 157) = 3.73, p = 0.026], whereby posthoc LSD tests show that sound but not bright 

light increase rate of transitions throughout the test chamber when compared to no stress controls 

(Figure 2.7D). However, there was no effect of drug [saline or NE blockers, F(2, 157) = 0.17, p = 

0.90], and no interaction between drug and stress [F(2, 157) = 1.058, p = 0.35]. Additionally there 

was no effect of any drug treatment (saline, 1, 10, 100, 1000 μM NE, NE antagonists) on rate of 

transitions [F(5, 150) = 0.87, p = 0.51]. 

DISCUSSION 

We show here that moderate and acute stressors during acquisition of an odor memory 

can later suppress that memory. The effect of stressors is impaired by local bulbar blockade of 

noradrenergic processing and can be mimicked by local infusion of NE (Figures 2.5, 2.6). This 

suggests that NE release from the LC in response to the stressors during memory acquisition 

(Pavcovich and Ramirez, 1991; Rajkowski et al., 1994; Sands et al., 2000; Valentino and Van 

Bockstaele, 2008) modulates OB processing to suppress acquisition or expression of the odor 

memory. Future studies are necessary to determine the particular origin of this effect; whether it 

abolishes encoding of the memory altogether or alters duration of the odor memory. Regardless 

of these options, however, these results suggest an importance of state-dependent processing of 

non-social odors, in this case produced by stressors and dependent upon noradrenergic inputs to 

the OB. 

Our results are in agreement with studies in other brain systems. Chronic stress, for 

instance, is associated with elevated NE levels and has been linked to suppression of object 

recognition memory in male rats (Beck and Luine, 1999; Bowman et al., 2003). Additionally, 

acute stress both during and after acquisition of an object or spatial memory tends to suppress 

later memory expression (Cazakoff et al., 2010). Although these results are complementary to 
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present findings, it is important to note that odor recognition memory (Cleland and Sethupathy, 

2006; Wilson and Sullivan, 2011); involves circuitry and specific plasticity that may not be 

involved in spatial and object recognition memory (DeVito and Eichenbaum, 2010; Izquierdo et 

al., 2002), and vice versa. In other cases, NE can enhance memory (Roozendaal et al., 2008), 

highlighting the notion that NE can produce differing results dependent upon task, dosage, brain 

area, and timing-dependent effects. 

We found that in our behavioral paradigm light and sound stressors alter overall activity 

levels during the odor acquisition trial when the animal would be stressed (Figure 2.7). Rats were 

more likely to engage in rearing while being less likely to groom. Additionally, sound but not 

light enhanced rate of transitions throughout the chamber. Overall, these results suggest that, 

similar to previous studies (Archer, 1973; Roth and Katz, 1979; Katz et al., 1981), light and 

sound tend to increase active exploration while inhibiting passive activities such as grooming. 

These active states have often been shown to relate to higher levels of NE levels in downstream 

targets of the LC (Pavcovich and Ramirez, 1991; Rajkowski et al., 1994; Sands et al., 2000; 

Valentino and Van Bockstaele, 2008). Unsurprisingly, the effects we find on exploratory 

activities are maintained regardless of whether the animal is given bulbar infusions of vehicle or 

NE antagonists, and are not altered by infusions of any dosage of NE. This maintenance of effect 

confirms that modulation of other brain areas than the OB promotes these locomotor effects. 

With respect to olfactory memory, local blockade of NE receptors in the OB only was 

sufficient to block the suppression of memory due to stressors; suggesting that the OB at least 

partially mediates a form of plasticity underlying odor recognition memory (as suggested by the 

Shea et al., 2008 study). We have previously shown in mice and rats that the formation of a non-

associative olfactory memory can be suppressed by bulbar manipulations (Guerin et al., 2008; 
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McNamara et al., 2008; Chaudhury et al., 2010). In mice and rats, bulbar blockade of NMDA 

receptors impaired the formation of a non-associative memory (McNamara et al., 2008; 

Chaudhury et al., 2010) and in rats we showed that the associated changes in mitral cell firing 

were also impaired by local blockade of NMDA receptors (Chaudhury et al., 2010). In mice, 

lesions of noradrenergic neurons in the LC prevented the formation of odor memory; the effect 

of these non-specific noradrenergic lesions on olfactory memory formation could be restored by 

local bulbar infusions of NE (Guerin et al., 2008). 

The suppression of memory duration by bulbar NE or stressor is one possible 

interpretation of our results. Based on data from other groups, alternative interpretations need to 

be considered. OB NE could act to reinforce the presence of the familiar odor, rendering it more 

attractive and therefore leading to higher investigation times in a subsequent trial. This type of 

preference modulation through NE/stressor mechanisms has been shown extensively in neonatal 

rodents (Moriceau and Sullivan, 2004; Moriceau et al., 2009, 2010). On the other hand, extensive 

results from our own group using a classical habituation paradigm with repeated odor 

presentations in the presence of bulbar NE have not shown such a change in odor preference as 

in these studies habituation itself was not modulated by NE (Wilson and Sullivan, 1992; Wilson 

and Stevenson, 2003; Veyrac et al., 2007; Guerin et al., 2008; Mandairon et al., 2008; Mandairon 

and Linster, 2009; Escanilla et al., 2010; Freedman et al., 2013). 

Previous data from our group has shown a general enhancement of odor detection and 

discrimination at very low odor concentration by bulbar NE (Escanilla et al., 2010), which may 

seem contradictory to the results presented here. This apparent disconnect could potentially be 

explained by the time course of these behaviors and potentially different roots in the underlying 

plasticity. The 2010 study showed effects immediately following habituation, while we tested at 
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30min and beyond following habituation. In that light, our results may indicate a more 

interesting tradeoff between an immediate enhancement of detection and discrimination and 

subsequent suppression of short term memory of that same odor. 

Stress, arousal, and NE generally produce an inverted U-shaped curve that predicts 

performance on memory tasks (Joels et al., 2006; Sandi and Pinelo-Nava, 2007), also seen in 

recordings of NE modulation in OB slices (Nai et al., 2009) as well as olfactory mediated 

behaviors (Escanilla et al., 2010). In the present study, the effect of mild stressors could be said 

to be mimicked by a low dose of NE (1μM NE, Figures 2.5, 2.6). The response to NE then 

follows a non-linear, dose-response curve reminiscent of the typical inverted U-shaped dose 

response curve of lower and higher dosages suppressing memory performance more so than 

intermediate dosages (Figures 2.5B, 2.6). This result is also similar to the curve describing 

effects of NE on mitral cell inhibition triggered by NE infusions in OB slices (Nai et al., 2009). 

Overall, our results strongly suggest modulation of bulbar processing during memory 

acquisition by stress-induced NE release into the OB. Using stressors is a valuable, 

physiologically and behaviorally relevant mechanism to manipulate NE levels behaviorally 

rather than by infusion or stimulation. 
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CHAPTER 3 

SOCIAL ISOLATION IMPAIRS PERFORMANCE ON NON-

ASSOCIATIVE OLFACTORY TASKS  

Laura Clare Manella, Devon McMahan, Sarah Lane and Christiane Linster 

ABSTRACT 

Early life social isolation, in both rodents and humans, has been shown to later produce 

behavioral and psychological psychopathogies. Moreover, social isolation and other early life 

trauma has been shown to effect a variety of neuromodulatory and stress-related physiological 

systems. Since these systems have been shown to affect olfactory behavior, we focus here on the 

effect of socially isolating post-weaning rats on aspects of odor-related behaviors. Moreover, we 

test how rats respond to acute stressors within each of these tasks. We find that early life social 

isolation leads to a change in performance in a non-associative odor memory duration task, an 

odor detection task, and an odor discrimination task. In general, social isolation decreases 

performance on the olfactory tasks tested here: decreasing odor memory duration, increasing 

odor detection thresholds, and decreasing discrimination ability. Acute stressors also decrease 

performance in these tasks. We find no differences in post-sacrifice serum glucocorticoid levels, 

but a trend towards fewer neurons in the locus coeruleus. These data suggest that social isolation 

either decreases non-associative olfactory function and/or shifts the motivation of the animal 

from performing optimally on non-associative olfactory tasks. We discuss the possibility of a 

relationship between changes in the noradrenergic system and the observed behavioral changes.  

INTRODUCTION 

Early life social isolation in rodents has been used to understand human 

psychopathologies resulting from early social isolation and other stressful early experiences. 
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These early life circumstances can have major impacts on development and have long-lasting 

social, emotional, and cognitive impacts on humans and rodents alike. Post-institutionalized 

youths exhibit higher incidences of ADHD, lower IQ, attachment disturbances, depression, and 

abnormal development of emotion recognition (Nelson, 2013; Fries & Pollack, 2004). 

Analogously, animal models of early life, post-weaning social isolation exhibit similar 

behavioral alterations such as hyperactivity, aggression, and impaired spatial learning and 

working memory (Bianchi et al., 2006; Rone & Porkess, 2008; Jones et al., 2011; Winterfeld, 

1998; Toth, 2008). 

Childhood institutionalization and chronic stressors such as poverty have been shown to 

powerfully influence human neurological development, leading to reduction of gray and white 

matter, and hippocampal, corpus callosum and amygdala volume (Nelson, 2013; Luby, 2013; 

Sheridan, 2012). Loss of social interaction post-weaning rodents likewise has been shown to 

disrupt the development of limbic brain structures such as the medial prefrontal cortex and 

hippocampus (Baarendse et al., 2013; Makinodan, 2012; McCormick, 2010; Morrissey et al., 

2011; Suderman, 2012).  

One possible cause for the alterations in behavior and development due to social isolation 

in both humans and rodents is altered development of systems related to stress-responsiveness. 

Notably, both socially isolated humans (Nelson et al., 2013) and rodents (Toth et al., 2011) show 

increased behavioral responses to stressors, often in the form of aggression and/or anger. 

Although only severely neglected youths show increases in basal adrenal-released cortisol, 

neglected children tend to have inappropriately large cortisol responses due to stressors (Fries et 

al., 2008). Similarly, in post-weaning isolated rodents, baseline glucocorticoids remain largely 

unchanged while there is a sensitization of stressor-induced glucocorticoids (GC) (Toth et al., 



 

73 

2011). Additionally, noradrenergic and other neuromodulatory systems are also important for 

stress responsiveness (Pavkovich et al., 1988; Sands et al., 2000; Servova et al., 1999; Valentino 

& Bockstaele, 2008), and can be affected by social isolation. For instance, isolation increases 

dopamine neurotransmission, decreases serotonin release, and alters acetylcholine release 

(Fabricius et al., 2010; Hall, 1998; Chida, 2005). Importantly for this study, chronic social 

isolation increases expression of tyrosine hydroxylase within LC neurons, the rate limiting step 

for production of noradrenaline (NA) in the locus coeruleus (LC) (Angulo, 1991; Bravo 2013). 

Moreover, early life chronic stress can induce long lasting changes in the LC (Hall, 1998). For 

example, neonatal handling by the experimenter induces long lasting decreases number of LC 

neurons (Lucion et al., 2003). 

Both stress responsiveness and neuromodulators, as discussed above, are influenced by 

early life social isolation. Previous studies in our lab and others show that olfactory processing, 

particularly in early development (Moriceau & Sullivan, 2004) is impacted by stress (Manella et 

al., 2013) and neuromodulators like noradrenaline (Bouret & Sara, 2002; Guerin et al., 2008; 

Escanilla et al., 2010; Jiang et al., 1996; Mandairon et al., 2008; Nai et al., 2009). Moreover, 

social isolation has also been shown to induce morphological changes in the synapses and 

somata of the accessory olfactory bulb (Masuoka, 1994), and thus likely effect main olfactory 

bulb structure as well. However, to the best of our knowledge social isolation has only been 

shown to affect processing of socially-related odors. For instance, a recent study showed that 

isolated mice have depressed social odor memory but not necessarily altered non-social 

memories and/or olfactory discrimination (Gusmao, 2012).  

The aforementioned studies suggest that social isolation affects behavior and physiology, 

specifically involved with olfactory sensory memory processes. Here, we explore the effects of 
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post-weaning social isolation on exploration and processing of odor signals later in life. 

Specifically, we measure overall performance on a variety of olfactory tasks: odor recognition 

memory, detection, and discrimination. We then compare performance in isolated and pair 

housed animals, as well as their responses during these tasks to mild, acute stressors. Non-

socially motivated odors were used in order to determine if social isolation can affect olfactory 

processing in a generalized manner. We find that isolated animals perform worse than their pair 

housed counterparts, with lower memory duration as well as detection and discrimination. 

Additionally, acute stress often decreases performance in an additive way to isolation stress. 

MATERIALS AND METHODS 

Animals 

Twelve male Long-Evans hooded rats were obtained from Charles River Laboratory 

(Wilmington, MA) at postnatal day 21. The rats were provided with food and water ad libitum. 

Rats were housed in a 12-hour reversed light/dark cycle (lights on at 21:00), with behavioral 

testing taking place during the dark cycle. The animals were given three days to acclimate to the 

housing facility, and either pair-housed (n = 6) or isolation-housed (n = 6) in standard rat cages 

(24cm x 46cm) at postnatal day 24 (Figure 3.1A). The rats were located in the same room in an 

odor-neutral environment. All experiments were approved by the Cornell University Institutional 

Animal Care and Use Committee in accordance with National Institutes of Health guidelines. 

 Odors sets 

Monomolecular odorants, diluted to approximately 1Pa partial vapor pressure (or lower 

for detection experiments) were used for this study (Table 3.1). We used this method to control 

for the volatility of individual odorants. For the odor recognition task, pairs of chemically and 

perceptually dissimilar odorants were used for each day’s familiarization and novel odorants. For 
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detection and discrimination tasks, only one odor set was used to minimize variance across 

different odor sets. For a particular experiment, odorants were randomized across other 

experimental conditions. 

Table 3.1. Odor dilutions of 1Pa partial vapor 

pressure 

  

Odor Name  % v/v Dilution 

  

Experiment 1: Odor recognition memory 

2-octanone  

benzaldehyde 0.200 

citronellal 1.658 

decanal 1.777 

heptanoic acid 4.627 

hexanal 0.022 

ethyl acetate 0.002 

hexyl acetate 0.227 

ethyl butyrate 0.018 

hexyl butyrate 1.627 

propriophenone 2.052 

propanoic acid 0.033 

heptanoic acid 4.627 

  

Experiment 2: Detection thresholds 

methyl salicylate 3.474 

  

Experiment 3: Discrimination 

acetic acid 0.008 

propanoic acid 0.033 

butanoic acid 0.127 

pentanoic acid 0.450 

hexanoic acid 1.488 

benzaldehyde 0.200 

  

 

Stressors 

We used bright light and sound stress as mild, acute stressors. Stressors were chosen 
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based on a previous study in the lab (Manella et al., 2013) that showed robust alterations of odor 

recognition memory, as well as other studies which have demonstrated that light and sound 

strongly affect open field behavior and stress levels (Archer, 1973; Katz et al., 1981; Koyama et 

al., 1994; Roth and Katz, 1979; Walker and Davis, 1997). Light stress consisted of four, 40 Watt 

bulbs mounted in desk lamps placed around and facing into the behavior chamber (Figure 3.1A). 

Sound stress involved playing an approximately 70dB custom-made siren loop from two 

speakers in the chamber against an approximately 56dB background room noise (Figure 3.1A). 

Stressors were present within appropriate trials as addressed within the following behavioral 

paradigms. 

 

Figure 3.1. Behavioral setup and experimental timeline. A. All behavioral tests took place 

in this 1m x 1m x 0.5m clear acrylic chamber. White custom made, removable delrin 1.5ml 

http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B2
http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B26
http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B27
http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B27
http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B47
http://journal.frontiersin.org/Journal/10.3389/fnint.2013.00097/full#B54
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microcentrifuge tube holders were used to place 60µl of odorant within1.5ml microcentrifuge 

tubes. For the odor recognition task, two holders were used (placement depicted by the blue 

holders in the figure), whereas in the detection and discrimination tasks, all 6 holders were 

used. For the light stressor, four desk lamps were set up around the perimeter of the chamber, 

with the 40Watt light bulbs facing inward. Two speakers were set up as pictured to provide 

sound stress in the form of siren noises at approximately 70dB. B. This figure depicts the 

overall timeline for the entire experiment. Rats were obtained just after weaning, at 21 days 

postnatally, and after a short acclimation period where all rats were housed in pairs, rats were 

housed, either isolated or in pairs, for approximately five weeks before testing. Rats were 

first acclimated to the testing chamber and stressors, tested on various experimental 

paradigms, and then sacrificed. Brains were extracted, flash frozen and stored at -80ºC for 

later use with TH immunostaining, and serum samples were extracted for later glucocorticoid 

testing. 

Behavioral Testing 

For all behavioral tests rats were placed in a 1m x 1m x 0.5m Plexiglass open-top 

chamber. Over two weeks rats were acclimated to the box for twelve 10 minute periods with 

randomized light, sound, and no stress conditions before testing. 60µL of 1Pa odorants were 

placed in 1.5ml microcentrifuge tubes and secured to the base of the chamber with custom-made 

delrin holders.  

Experiment 1. Memory duration 

Odor recognition task 

We used an odor recognition task (Robert et al., 1993, Manella et al., 2013, Moreno et al., 

2009), similar to the commonly used object recognition task. This task was used to probe short 
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term, non-associative recognition memory for an odorant. In the familiarization trial, the rat is 

given five minutes to investigate the familiarization odor and/or a mineral oil blank. In a 

subsequent test trial, the rat is exposed to the familiarization odor from the familiarization trial as 

well as a chemically and perceptually novel odorant from a separate functional group of 

chemicals (Table 3.2). If the rat investigates the novel odor more than the familiarization odor 

during the test trial, this is used as a measurement of memory for the familiarization odor. 

Investigation during both trials was determined by close investigation of the odor holders (nose 

within 1cm of the holder), determined by hand timing. 

Table 3.2. Odor set for odor recognition memory 

    

Set # Familiarization odor Novel odor  

     

1 Heptanoic acid Hexyl acetate  

2 Decanal  Ethyl acetate  

3 Propionic Acid Hexanal  

4 Ethyl Butyrate Citronellal  

5 Hexyl Butyrate 2-octanone  

6 Benzaldehyde Propiophenone  

7 Hexyl Acetate Heptanoic Acid  

8 Ethyl Acetate Decanal  

9 Hexanal  Propionic acid  

10 Citronellal Ethyl butyrate  

11 2-octanone Hexyl butyrate  

12 Propiophenone Benzaldehde   

 

Here, we test the effects of housing and stress on odor recognition memory duration, 

using a 2 (isolation or pair-housed) x 3 (no stress, bright light, sound) x 4 (15, 30, 45, 60minute 

delays) experimental design, semi-randomizing condition across the 12 experimental days for 

each rat. Stressors were presented simultaneously with the odor during the entire five minute 

familiarization trial.  

To compare memory across groups, we used a mixed model ANOVA on SPSS to find 
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effects of the fixed factors of housing, stress, and delay and their interactions on the response 

variable of difference in odor investigation during the test trial (investigation time of novel odor-

investigation time of familiarization odor). Post-hoc multiple comparisons with Bonferroni 

corrections for multiple comparisons were used (α = 0.05). 

Additionally, to determine significant memory within each group, we used a mixed 

model analysis using SPSS software to analyze the effects of the fixed factors of housing, stress, 

test trial delay, and their interactions on the response variable of odor investigation 

(familiarization and novel odor). We used rat identification number as well as the trial within rat 

identification number as random effects. We used post-hoc multiple comparisons with 

Bonferroni corrections for multiple comparisons to deduce group differences in the response 

variable.  

Investigation and locomotor activity 

In order to control for housing and stressors affecting locomotor activity, we recorded 

several behavioral measures by analyzing video during the five minute familiarization trial in the 

odor recognition task. Firstly, we compared overall investigation time during familiarization 

trials with respect to housing (isolation and pair housed) and stress (no stress, bright light, sound) 

conditions. Additionally, we measured locomotor activity using ANY-maze (Stoelting Co., 

Wood Dale, IL) to track position of the rats across the trial, specifically measuring mean distance 

from the center, mean velocity, time spent in the outer segment, delay to entry within the center 

of the chamber, mean duration of visits to the outer and inner segments, and rate of entrance to 

the center. Lastly, we used custom-designed LabVIEW software to track time spent grooming 

and number of rearing bouts during the familiarization trials. JMP was used to perform mixed 

designs ANOVAs to determine the significance of housing and stress on all above variables. 



 

80 

Experiment 2. Odor Detection 

Next, we determined odor detection threshold. We used the same experimental chamber 

as in the odor recognition task, but this time we used six odors, rather than two. Methyl salicylate 

(Table 3.1) was serially diluted from 1Pa to10-1, 10-2, 10-3, 10-4 and 10-5Pa. During the first, 

acclimation trial, rats were introduced to six microcentrifuge tubes containing only mineral oil. 

After a five minute delay in the home cage, rats were placed back into the behavioral chamber 

for the test trial. One tube of mineral oil and five tubes of serially diluted odor (10-1, 10-2 , 10-3 , 

10-4 and 10-5Pa) were introduced, in randomized orientation. We used a 2 (isolation or pair 

housed) x 3 (no stress, bright light, sound) experimental design, whereby the three experimental 

days per rat were randomized. Investigation time was determined by the same criteria as above, 

but was determined post-hoc using custom-made computer software. Any odor investigated 

significantly more than mineral oil was classified as detected.  

We used a MANOVA using JMP software to analyze the effects of the between subject 

variables of housing and stress, and the within subjects variable of odor concentration. We used 

post hoc Tukey tests to determine the shape of the effects 

Experiment 3. Odor Discrimination 

To determine how housing and stress affect discrimination of similar odors, we used the 

same chamber and a task similar to those above. A carboxylic acid odor sequence was used. 

During the familiarization trial, rats were simultaneously introduced to five tubes of mineral oil 

and one tube of the 2-carbon carboxylic acid (acetic acid). We used a 2 (isolation or pair-housed) 

x 5 (bright light during familiarization or test trials, sound during familiarization or test trials, 

and no stress in either trial) experimental design. After a five minute delay, rats were then placed 

back in the behavioral chamber for the test trial, and again randomly stressed. Rats were given 
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five tubes containing carboxylic acids with increasing carbon chain length (Table 1), as well as 

one tube containing a chemically distinct odor (benzaldehyde). The stressors and placement of 

the odors were randomized for each rat. Time sniffing was recorded using custom-made 

computer software. Any novel odor investigated significantly more than the familiarization odor 

was classified as discrimination.  

We used a MANOVA using JMP software to analyze the effects of the between subject 

variables of housing and stress, and the within subjects variable of odor. We used post hoc Tukey 

tests to determine the shape of the effects. 

Tyrosine hydroxylase staining in the locus coeruleus 

After the completion of behavioral experiments, animals were sacrificed under deep 

anesthesia (isoflurane) by intracardiac perfusion of fixative (4% formalin in phosphate buffered 

saline (PBS) pH 7.4). Brains were placed in 20% sucrose in PBS to cryoprotect the tissue, flash 

frozen and stored at -80°C until processing. A cryostat was used to section brains serially using 

20μm frontal sections and were then stored at -80°C until staining. Slides containing one in every 

four slices containing brainstem sections containing or surrounding the LC were processed using 

tyrosine hydroxylase (TH) immunocytochemistry. The number of TH+ neurons within this subset 

of slices was determined to estimate the number of NAergic neurons in the LC. In slices from 

two brains, staining was counterstained with cresyl violet to determine the percentage of cells 

labeled by TH staining. The mounted sections were then dehydrated through an ethanol series, 

cleared with xylene, and mounted and coverslipped with DPX mounting media. Slides were 

imaged using photomicrographs taken on a Zeiss microscope with a 20x objective and hand 

counted. In slices from two brains, staining was counterstained with cresyl violet to determine 

the percentage of cells labeled by TH staining. Due to degradation of tissue, only three brains of 
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isolated rats and four brains of pair housed rats could be used. A student’s t-test was used to 

determine whether or not there was a significant difference in number of LC neurons dependent 

on housing. 

Serum ACTH and corticosterone analysis 

After deep anesthesia with isolflurane and just prior to cardiac perfusion with fixative 

(above), cardiac blood was harvested for use for serum corticosterone analysis. Time between 

anesthesia and blood collection was less than or equal to five minutes. Blood was allowed to sit 

at room temperature for 20-30 minutes, and subsequently centrifuged for five minutes. Serum 

was then separated from the clot and aliquoted and frozen at -20°C until processing. Both 

adrenocorticotropic hormone (ACTH) and corticosterone (CORT) were measured. An 

ImmunoChem Double Antibody Corticosterone RIA kit for rats and mice was used (MP 

Biomedicals, LLC, Orangeburg, NY). A student’s t-test was used to determine significance of 

housing on levels of corticosterone. 

RESULTS 

Experiment 1. Odor recognition memory duration 

Housing and acute stress suppress odor memory duration 

This experiment tested how long rats remember an odor as a function of housing 

conditions and mild stressors during familiarization trials. The degree of memory for the 

familiarization odor was calculated by using a memory score, i.e. the difference between 

investigation of the familiarization and novel odor during test trial (Figure 3.2). To compare the 

degree of memory among experimental conditions, we ran a mixed model analysis with stress, 

housing, and delay as fixed effects and memory as the dependent variable.  
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Statistical testing revealed a main effect of housing on memory scores (F(1, 10.01) = 20.80, p 

= 0.001), where pair housed rats exhibited overall higher memory scores than single housed rats 

(Figure 3.2). Stress also had a significant effect on memory (F(2, 109.04) = 16.06, p < 0.001; Figure 

3.2). Post hoc comparisons show that both light and sound stress decrease memory compared to 

no stress controls. Unsurprisingly, there was also a significant effect of delay on memory (F(3, 

109.08) = 35.3, p < 0.001), with shorter delays resulting in overall higher memory scores. Post-hoc 

multiple comparisons show that in general, longer test delays produce worse memory in a graded 

manner. Specifically, memory at 15min delays is better than any longer delay. 30min delays 

produce better memory compared only to 60min delays, and 45min delays are equivalent to 

60min delays. There were significant interactions of stress and delay (F(2, 109.08) = 3.05, p = 

0.008), or housing and delay (F(2, 109.09) = 6.73, p < 0.001).  

We also found a significant interaction of housing, stress, and delay on memory scores 

(F(6, 109.07) = 4.88, p < 0.001). Post-hoc multiple comparisons (α = 0.05) show differences in 

memory scores within conditions. First, we compared group differences within a single housing 

condition (Figure 3.2), summarized by a red or blue line between delays delineating the first 

delay where a decrease in memory score was determined). Isolated animals that were unstressed 

had significantly higher memory scores at 15min delays than with 30, 45, and 60min delays. 

However, non-stressed, pair housed animals had significantly higher memory scores at 15, 30 

and 45min delays than they do at 60min delays. This means that at baseline, non-acutely stressed 

conditions, isolated rats have better memory scores only at 15min delays compared to longer 

delays, whereas pair housed rats have higher memory scores at 15, 30, and 45min delays 

compare to longer delays (Figure 3.2A). Next we compared the effects of acute stressors on 

memory scores. In isolated animals, acute light stress did not further decrease memory scores, 
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and animals had similar memory scores compared to unstressed conditions (Figure 3.2B). When 

isolated animals were acutely sound stressed during the familiarization trial, there was 

equivalently poor low memory scores across all delays (as compared to having higher memory 

scores at 15min delays than in longer delays under no stress conditions) (Figure 3.2B). However, 

in pair housed animals that were sound stressed, animals then had higher memory scores at only 

15 and 30min delays compared to longer delays (rather than 15, 30 and 45min delays compared 

to longer delays without acute stress) (Figure 3.2C). Overall, isolated rats showed significant 

decreases in memory scores at earlier delays compared to pair housed animals. Acute stress 

further reduced memory scores compared to baseline, not acutely stressed conditions.  

Next, we compare memory scores within each condition across housing type (Figure 3.2, 

* symbol comparisons). At 15min delays, non-stressed animals of either housing type had non-

significant differences in memory scores (p > 0.05). However, in trials with 15min delays where 

rats were subjected to sound stress in the familiarization trial, memory scores are lower in 

isolated compared to pair housed animals. At the 30min delay, isolated animals show lower 

memory scores than pair housed animals in unstressed as well as light stressed conditions, but 

both housing types were equivalently poor after sound stress. At 45min delays, both housing 

groups performed equivalently poorly under both light and sound stress. At 60min delays, both 

housing groups performed similarly poorly under any stressed or non-stressed condition. Overall, 

both social isolation as well as acute stress reduces odor memory scores. Post-hoc analyses reveal 

group differences.  

A second mixed model ANOVA was used to determine under which conditions rats 

investigated the novel odor significantly more than the familiarization odor during test trials. 

This provides information not only on the differences in memory across groups, but rather if 
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there is a significant increase of investigation of the novel compared to familiarization odor. 

Some individual effects were present but will not be discussed due to redundancy with the above 

information. We found no effect of stress on overall differential investigation of novel and 

familiarization odor (F(1, 120) = 4.0, p = 0.26), meaning that the implementation of stress during 

the familiarization trial did not affect overall investigation of odors during the test trial. 

However, we did find a significant effect of housing on investigation during the test trial (F(1, 120) 

= 4.77, p = 0.05), but this increase in overall investigation in pair housed animals is likely due to 

the increased investigation of the novel odor explained by the effects below. 

Importantly, we found a significant interaction between housing, stress and delay on 

investigation between the novel and familiarization odor (F(6, 120) = 4.77, p < 0.001). Post-hoc 

multiple comparisons reveal group differences. These results are summarized by a dotted line in 

Figure 3.2: bars with means lying above this dotted line were shown here to have significantly 

higher investigation of the novel odor compared to the familiarization odor. In the non-acutely 

stressed condition (Figure 3.2A), isolated animals at 15min delays and pair housed animals at 15, 

30, and 45min delays investigated the novel more than the familiarization odor. In the light 

stressed condition (Figure 2B), isolated animals only investigated the novel odor significantly 

more at 15min delays, and pair housed animals at 15 and 30min delays. In sound stressed 

conditions (Figure 3.2C), isolated animals did not discriminate the novel from familiarization 

odor at any delay, while pair housed animals discriminated at only 15min delays. In summary, 

similar to the end results above, animals discriminated between novel and familiarization odors 

(a proxy for odor memory) for comparatively longer delays in 1.) Pair housed compared to 

isolated animals, and 2.) Non-stressed compared to acute stress conditions, and particularly 

sound stressors. 
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Figure 3.2. Housing and acute stress suppresses odor recognition memory duration. The 

graphs show memory indices as a function of test delay and experimental treatment. A * 

symbol indicates significant differences in memory score between paired housed and 
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isolation housed animals. Red or blue lines capped with a red or blue * symbol indicate 

significant differences within a group. The dashed line capped with an # symbol indicates the 

memory index value above which memory for the familiar odor was statistically significant. 

A. In baseline, non-acutely stressed conditions, pair housed animals investigated the novel 

more than the familiarization odor until at least a 45min delay, whereas isolated rats did so 

only in the 15min delay. Memory scores were significantly higher at 30 and 45 minutes in 

pair housed compared to isolated rats. B. Light stress abolished discrimination at the 45min 

ITI in pair housed animals, but did not measurably affect isolated animals. Moreover, 

memory scores were significantly lower at 30min delays in isolated than in pair housed 

animals. C. Sound stress abolished discrimination in novel and familiarization odors at and 

after 30min delays in pair housed rats, while memory scores were at baseline even at 15min 

delays in socially isolated rats. At this 15min delay, sound stress worsened memory scores at 

the 15min delay in isolated compared to pair housed rats. 

Investigation time and locomotor controls 

To control for non-specific motor and activity differences, we tested the effects of 

housing and stressors on investigation during the familiarization trial, grouping all delays 

together. There was no effect of housing (F(1, 119) = 1.247; p = 0.27) or stress (F(1, 119) = 2.45; p = 

0.09) on investigation of the familiarization odor during the familiarization trial (Figure 3.3A).  

Housing (F(1, 64) = 26.15; p < 0.001) but not stress (F(1, 64) = 0.25; p = 0.78) had an effect 

on number of rearing bouts, where isolation-housed rats reared fewer times than pair housed rats 

(Figure 3.3B). There was a significant effect of housing (F(1, 32) = 7.54; p = 0.006), but not stress 

(F(1, 32) = 1.3; p = 0.30) on delay to enter the center of the chamber (F(1, 32) = 7.54; p = 0.006). 

Isolation housed rats took longer to enter the center of the chamber than pair housed rats (Figure 
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3.3D). There was also a close to significant trend of housing (F(1, 32) = 3.36; p = 0.068) but not 

stress (F(1, 32) = 0.62; p = 0.31) on mean distance of the rat from the center of the chamber. 

Isolation housed rats tended to stay farther away from the center of the chamber than pair housed 

rats, on average. However, most factors yielded no significant response in stress or housing, 

including the following parameters: mean velocity (stress: F(1, 32) = 0.60; p = 0.54; housing: F(1, 

32) = 0.09; p = 0.77), time spent in the inner or outer segment (stress: F(1, 32) = 1.8; p = 0.16; 

housing: F(1, 32) = 0.20; p = 0.65, rate of entries into the center of the chamber (stress: F(1, 32) = 

0.60; p = 0.55; housing: F(1, 32) = 0.01; p = 0.92). This data ensures that the results outlined above 

are not likely due to changes in overall activity levels of the rats. Neither housing (F(1, 64) = 

0.008; p = 0.93) or stress (F(1, 64) = 0.84; p = 0.44) had a significant effect on time spent 

grooming. 
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Figure 3.3. Locomotor Control Experiments. Housing but not acute stressors affect 

selected aspects of locomotor activity during the familiarization trial of the odor recognition 

task. The graphs show activity measures as a function experimental manipulations. A. 

Neither housing nor acute stress significantly affected investigation of the familiarization 

odor during the familiarization trial. B. Isolation housed rats reared fewer times than pair 

housed animals, but stressors did not affect rearing. C. Neither housing or stress significantly 

affected time spent grooming during the familiarization trial. D. Isolated rats took 

significantly longer to first enter the center of the open field. * indicates significant 

differences between groups (Tukey HSD; p < 0.05). 

Experiment 2. Social isolation increases odor detection thresholds 

Next, to determine changes in odor detection threshold due to housing and acute stress, 

we used an odor detection task consisting of an acclimation trial with presentations of mineral oil 

vehicle and then a test trial consisting of presentations of various concentrations of the same 

odorant.  

There was a significant effect of odor investigation as a function of odor concentration of 

methyl salicylate (F(5, 166) = 32.43, p <0.001), showing that overall, animals did investigate odors 

differentially dependent upon concentration. Post hoc Tukey tests showed that, overall, rats 

investigated the highest odor concentration (10-1Pa) more than any other concentration of the 

odor (p < 0.05). We did not find an effect of stress on odor investigation (F(2, 30) = 0.19, p = 

0.82). We did find a significant effect of housing on odor investigation (F(1, 30) = 5.18, p = 0.03), 

whereby pair housed animals investigated slightly more overall than isolated rats, but that is 

logically explained by changes in the detection levels overall, as explained below. 

To determine how housing and stress influence detection thresholds, interactions between 
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stress, housing and odor investigation were determined. There was a significant interaction 

between housing and odor concentration (Figure 3.4A; F(5, 166) = 3.21, p = 0.0085). Post-hoc 

Tukey tests show that pair housed animals investigate 10-1 and 10-2Pa odor significantly more 

than lower concentration odorants (p < 0.05), whereas isolated animals only investigate 10-1Pa 

odor significantly more than subsequently diluted odorants (p < 0.05). This outcome suggests 

that isolated rats have higher odor detection thresholds. Acute stress during the test trial has no 

effect on detection (Figure 3.4B; F(2, 166) = 0.37, p = 0.68). Additionally, there is no interaction of 

housing, stress and odor (F(10, 166) = 0.20, p = 1.0). Overall, these results suggest that social 

isolation increases odor detection thresholds, thereby making it more difficult for isolated 

animals to detect odors at low concentrations. Moreover, acute stress does not affect odor 

detection. 
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Figure 3.4. Isolated rats have higher detection thresholds compared to pair housed rats. 

The graphs show investigation times in response to different concentrations of methyl salicylate 

as a function of housing conditions and acute stressors. * indicates a significant increase in 

investigation time as compared to no odor (0 Pa; Tukey HSD, p < 0.05). A. Housing status 

influenced detection thresholds. While isolated rats detected only at 10-1Pa, pair housed animals 

could detect starting at 10-2Pa. B. When averaged across housing groups, acute stressors did not 

affect how rats responded to different concentrations of odorant. In any acute stress condition (no 

stress, bright light, or sound), rats only detected odorants at 10-1Pa.  
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Experiment 3. Social isolation and acute stress decreases discrimination ability 

Next, to determine changes in odor discrimination due to housing and acute stress, we 

used an odor discrimination task consisting of a familiarization trial consisting of a presentation 

of acetic acid and then a test trial consisting of another presentation of acetic acid and other 

odorants differing from acetic acid by additionally carbons within the chemical formula. 

We found a significant overall effect of odorant on odor investigation time (F(5, 290) = 

6.89, p < 0.001) so that animals investigated odorants differentially. We did not find a significant 

effect of housing on overall odor investigation time (F(1, 10) = 0.40, p = 0.54). This suggests 

housing did not affect overall investigation levels. We did not find a significant interaction 

between housing and odor on odor investigation time either (F(5, 290) = 0.53, p = 0.74), suggesting 

that housing does not influence the discrimination curve when averaged across different 

stressors. 

We did find a significant effect of stress on overall odor investigation time (F(4, 290) = 

4.53, p = 0.002), but the increase in investigation overall is due to changes in discrimination 

noted below. We also found a significant interaction between stress and odorant on odor 

investigation time (F(20, 290) = 3.06, p < 0.001). Post hoc Tukey tests showed that only non-

stressed animals investigated the odors differing by four and five carbon from the familiarization 

odorant more than familiarization odor (p < 0.05). All other stress conditions, including bright 

light or sound either during the familiarization or test trial, yielded no significant differences in 

investigation of any of the odors (p > 0.05). This suggests that acute stress flattens the 

discrimination curve and may reduce discriminability of similar odorants across housing 

conditions.  

We did not find a significant interaction between housing and stress on odor investigation 
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time averaged across different odorants (F(4, 290) = 1.67, p = 0.16). However, we did find a 

significant interaction between housing, stress and odor on odor investigation time (Figure 3.5; 

F(20, 290) = 1.78, p < 0.022). Post hoc Tukey tests revealed that isolated animals do not investigate 

any odors more than the familiarization odor under any stress conditions (p > 0.05). Pair housed 

animals, however, can discriminate some odors when not acutely stressed: non-stressed pair 

housed animals investigate odorants with differences of four and five carbons from the 

familiarization odor more than the familiarization odor itself (p < 0.05; Figure 3.5B). With the 

addition of acute stress, either during the familiarization or test trial, differential investigation 

across odors is demolished (p>0.05). Overall, isolation abolishes ability of animals to 

discriminate in this task. Moreover, in pair housed animals which can discriminate some odors 

when not acutely stress, the ability is abolished with the addition of acute stress during either the 

familiarization or test trial. 
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Figure 3.5. Isolated rats have poorer discrimination of similar odors than pair housed 

rats. This figure shows investigation of odors similar to an odor which was previously 

exposed to the animal, in this case, acetic acid. Benzaldehyde (indicated in red) is an odor 

perceptually and chemically dissimilar from the acid series in this task. This figure shows the 

interaction between housing and stress on investigation of this odor series. A. Isolation 

housed rats did not discriminate, aka showed significant increases in investigation to any 

odors compared to acetic acid. B. With no acute stress, pair housed rats discriminated 

pentanoic acid, hexanoic acid (differing by 3 and 4 carbons from acetic acid), and 



 

96 

benzaldehyde from acetic acid when not acutely stressed. However, when rats are acutely 

stressed with either bright light or sound, rats no longer discriminated any odor from acetic 

acid, similar to isolated rats above. * indicates a significant increase in investigation from the 

familiarization odor (acetic acid; Tukey HSD; p < 0.05). 

Social isolation does not change baseline serum corticosterone 

Similar to other studies using chronic (Fries et al., 2008; Toth et al., 2011) isolation in 

rodents and humans, we found no significant effect of housing (isolation vs. pair housed) on 

levels of baseline serum corticosterone (t = 1.32, p = 0.22, Figure 6A). 

Social isolation decreases noradrenergic neurons in the locus coeruleus 

After brainstem slices were stained for tyrosine hydroxylase, cell counts were compared 

across the two housing conditions (Figure 6B-6E). No significant difference was found between 

isolated and pair housed animals, likely due to a small sample size (n=3, 4). However, we did 

find a trend towards lower overall cell counts in isolated compared to pair housed animals, 

similar to previous research (t = -1.99, p = 0.07). We then aligned slices in relation to the slice 

with the largest cell count to compare slice by slice across animals (Figure 6C). Qualitatively, 

although the range of number of slices was similar across housing groups, there was a trend 

towards lower cell counts in isolated animals across slices. 
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Figure 3.6. Housing affects number of TH+ neurons in the LC, but not serum 

glucocorticoid levels. This figure shows physiological substrates corresponding to housing 

status in rats after behavioral experiments were run. A. No significant changes in baseline 

glucocorticoid or adrenocorticotropic hormone (ACTH) were found using serum samples 

collected through cardiac puncture prior to perfusion. B. Although not a significant effect due 

to small sample size (n = 3,4), there was a trend towards isolated rats having fewer TH+ 

noradrenergic neurons in the locus coeruleus (LC) compared to pair housed rats. C. This 

figure shows TH+ cell counts across slices, with respect to the single slice in which the 

largest number of TH+ cells was measured. Overall, isolated rats tended to have fewer TH+ 

noradrenergic cells within many slices. D. This example slice from an isolation housed rat 

shows the location of the LC with respect to the 4th ventricle (V4). E. This zoomed in inset 
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shows an example of how cells were identified and counted. Red arrows indicate two of the 

tyrosine hydroxylase positive cells in the LC. 

DISCUSSION 

We show that early life social isolation as well as acute, mild stress have a profound 

negative effect on performance of a variety of olfactory tasks. Social isolation compared to pair 

housing 1.) Reduces recognition memory duration, 2.) Decreases the ability to perform in an 

odor detection task, and 3.) Reduces performance in an odor discrimination task. Moreover, 

acute, mild stressors (light and sound) also negatively affect performance, measureable in 

categories where animals do well enough in no stress conditions to show further reductions. We 

see a possible example of additive effects of stress due to a history of isolation and acute stressor 

presentation, whereby isolated animals have reduced memory duration, which is further reduced 

by acute stress. Moreover, these changes are not due to changes in baseline investigation of 

odors in these task. Since we and others (Lucion et al., 2003) have found a trend towards the 

reduction of noradrenergic neurons in the LC, we discuss the possibility that a lasting structural 

change in the NAergic system may be in part be influencing the observed behavioral effects. 

In the odor recognition task, isolated animals demonstrate odor memory at a duration of 

only 15min, compared to pair housed animals’ 45min memory duration (Figure 2). Pair housed 

animals that are acutely stressed during familiarization with an odor reduce their memory 

duration to 30 minutes with light stress and 15 minutes with sound stress. Since isolated animals 

already have reduced memory duration, sound stress further reduces/abolishes odor memory 

duration to less than 15min. Our results here may suggest an additive effect of chronic and acute 

stress, whereby acute stress further reduces memory duration of already impaired isolated 

animals. The effects of these acute stressors complement a previous study in our lab which also 
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showed that these acute stressors abolished memory at the 30 minute delay to the test trial 

(Manella et al., 2013). 

Additionally, housing affects performance on detection and discrimination tasks (Figures 

4 & 5). In the detection task, isolated animals demonstrate a higher detection threshold compared 

to pair housed animals, whereby they detect only at a higher concentration of the odorant. Acute 

stress did not have an effect on this task, perhaps because animals were already performing at a 

minimal efficacy. In the discrimination task, isolated animals did not preferentially investigate 

any odors compared to the previously exposed, whereas pair housed animals investigated odors 

that contained at least three additional carbons to the familiarization odor (Figure 5). Once pair 

housed animals were acutely stressed, animals did not discriminate any odor from the 

familiarization odor. We interpret these data as a general decrease in detection and 

discrimination ability, since animals maintain active investigation of the different odors 

presented.  

There are, however, important alternative explanations for these data. Perhaps isolation 

and/or acute stressors act as distracting stimuli that in some way impede task performance 

generally without effecting olfactory performance or baseline investigation, per se. Additionally, 

although we see little evidence for isolation or acute stress changing general arousal, since 

investigation of at least odors remains constant across the different tasks regardless of these 

factors (Figure 3.3A), there may be more subtle changes at play. In support of this, we do see 

fewer rearing bouts and an increased delay to enter the center of the arena (Figure 3.3). Changes 

in open field behavior have also been noted in the literature (Gentsch et al., 1982; Hall et al., 

1998; Manella et al., 2013). This could suggest that although rats investigate odors as much, they 

are not as actively engaged in processing odors and/or responding to odors than unstressed 
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animals. This is an important alternative explanation that merits further study. 

In order to determine plausible physiological correlates to these behaviors, we measured 

plasma GC levels and looked at the anatomy of the LC. Similar to previous studies of social 

isolation and other chronic stressors, isolation did not significantly affect baseline GC levels 

(Fries et al., 2008; Toth et al., 2011). Had we tested for levels of GCs in response to acute 

stressors, we would likely have seen an increase in GC levels to acute stressors (Fries et al., 

2008; Toth et al., 2011). We do, however, find at least a trend towards fewer overall LC neurons 

in isolated animals. This result is similar to a study showing that handling stress in young rats 

reduced the number of neurons in the LC (Lucion et al., 2003). The findings may indicate that 

there may be a long lasting structural change in the noradrenergic system. Since the LC is the 

major source of NA throughout the forebrain, and particularly olfactory areas like the piriform 

cortex and olfactory bulb (Aston-Jones et al., 1996), this trend may be important.  

This possible change in the LC still does not provide a clear cut explanation for the 

behavioral results found here, and must be put into context with other findings involving the 

NAergic system and its responses to chronic and acute stress. Chronic stress changes how an 

animal responds to acute stress. Generally, acute stress promotes a phasic electrophysiological 

response in the LC (Valentino & Bockstaele, 2008), corresponding to an increase in tyrosine 

hydroxylase expression in individual LC neurons (Chang et al., 2000; Hall et al., 1998). Post-

weanling social isolation (Heritch et al., 1990) and some other types of chronic stress such as 

cold stress (Irwin et al., 1986; Joels & Baram, 2009; Jedema et al., 1999) potentiate this release 

of NA during acute stressors. With respect to our data, perhaps the inherent stress of these tasks 

related to handling and/or transportation to the testing chamber for testing provoked differential 

stress responsiveness in animals of alternative housing schemes. Specifically, isolated animals 
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may have mounted a greater NAergic and GC response to the task itself. Therefore, this 

exaggerated response may be related to poorer task performance in all tasks tested here.  

It remains an open question as to how exactly these alterations in stress responsiveness 

affect olfactory processing in these particular tasks, particularly because the results cannot 

simply be explained by a change in investigation of the odors. One possible explanation for these 

results may be a change in the noradrenergic system due to stress, as discussed above. This 

scenario is likely due to various studies suggesting the importance a dose-dependent relationship 

between NA and processing of primary odor representations in the OB (Guerin et al., 2008; 

Escanilla et al., 2010; Jiang et al., 1996; Mandairon et al., 2008; Manella et al., 2013; Moriceau 

& Sullivan, 2004; Nai et al., 2009). Additionally, since NA rises rapidly with acute stress 

(Valentino & Bockstaele, 2008), NA may be released in a manner timed properly to effect the 

behaviors here. However, further experimentation will be needed to support this hypothesis. 
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CHAPTER 4 

STIMULATION OF THE LOCUS COERULEUS SUPPRESSSES 

SPONTANEOUS AND ODOR-EVOKED ACTIVITY IN THE 

OLFACTORY BULB 

Laura Clare Manella, Nicholas Petersen, and Christiane Linster 

ABSTRACT 

Neuromodulatory inputs to the main olfactory bulb (MOB) influence processing of odor 

information, influencing cellular excitability as well as likely affecting signal to noise ratio. 

Noradrenaline (NA) specifically has been shown to affect various layers of the olfactory bulb, 

but differing methods of study have produced contradictory evidence for the role of NA in the 

intact MOB. Here, we further explore the contribution of noradrenaline (NA) to information flow 

within the MOB in order to gain insight into how neuromodulators shape the processing of 

odors. We used anesthetized rats and recorded from mitral/tufted cells (M/T) cells of the MOB 

while simultaneously electrically stimulation the locus coeruleus (LC). LC stimulation reduced 

both spontaneous activity and odor responses in M/T cells. These results suggest that NA may 

reduce the overall activity of the MOB, as well as reduce the sensitivity to odors. Since LC 

activity is correlated to behavioral state, these results support our hypothesis that changes in 

sensitivity to odors depend on the current state of the animal.  

INTRODUCTION 

Odors are processed in the main olfactory bulb (MOB) through a convergence of 

olfactory sensory neuron projections onto apical dendrites of mitral/tufted cells at glomeruli at 

the surface of the MOB. Mitral cell odor responses are then shaped by connections with 

inhibitory interneurons within the olfactory bulb, such as periglomerular interneurons and 
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granule cells, and send their axons to a number of secondary olfactory brain regions. All of the 

cell types residing within the olfactory bulb participate in creating odor representations. Besides 

a dense network of interbulbar neurons, the olfactory bulb receives substantial modulatory inputs 

from the rest of the brain, which are known to participate in shaping bulbar outputs (for review 

see Wilson & Mainen, 2006). For example, cholinergic modulation arising from basal forebrain 

nuclei has been shown to sharpen and focus mitral cell odor responses in vivo (Chaudhury et al. 

2009; Rothermel et al. 2014; Ma and Luo, 2012). The reported modulation of olfactory output is 

predictive of behavioral observations after manipulation of bulbar cholinergic modulation 

(Mandairon et al., 2006;  

Here, we focus on the neuromodulatory effects of noradrenaline (NA) on mitral cell activity. 

The LC has two basic firing patterns, a slow 1-5Hz tonic discharge as well as short, phasic bursts 

of action potentials (Rajkowski et al., 1994, Vankov & Sara, 1995). Here, we use 5Hz LC 

stimulation partially because it has an established role in elevating NA levels in downstream 

targets (Devilbiss & Waterhouse, 2004, Shea, Katz & Mooney, 2009), and partially because it 

may mimic baseline changes in tonic firing rates of LC neurons that occur in various waking 

behavioral states. 

To date, in vitro and in vivo recordings of the MOB mitral cells have provided some input 

into NA’s function in the olfactory system. MOB slice preparations have shown the role of NA 

in increasing excitability of inhibitory granule cells in response to olfactory epithelium 

stimulation (Smith et al., 2009), and this effect depends on the concentration of NA (Nai et al., 

2009). These granule cells form reciprocal connections with mitral cells, and shape mitral cell 

odor responses and the dynamics of olfactory bulb activity. NA decreases response thresholds in 

mitral cells in response to stimulation of the olfactory epithelium (Jiang et al., 1996). In piriform 
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cortex, electrical stimulation of the locus coeruleus (LC) increases responses to odors in 

pyramidal neurons (Bouret & Sara, 2002); while tending to gradually reduce activity of mitral 

cells in the olfactory bulb (Shea, Katz, and Mooney, 2009). Behaviorally, increasing NA in the 

MOB decreases the olfactory thresholds for spontaneous detection and discrimination (Escanilla 

et al., 2010), and blocking NAergic α1 receptors blocks spontaneous discrimination of similar 

odors (Mandairon et al., 2008; Doucette et al., 2007).  

Overall, current data show that olfactory bulb processing can be substantially modulated by 

NA (for review see Devore and Linster 2012). However, little data is available on how bulbar 

outputs are modulated by NA directly (Shea et al. 2009). Here, our goal was to further clarify the 

role of NA on mitral cells of the MOB in intact animals. We performed electrophysiological 

recordings of mitral/tufted (M/T) cells in the MOB of anesthetized rats while stimulating the 

NAergic system directly. Specifically, we measured spontaneous and odor evoked responses of 

M/T cells in response to electrical stimulation of the locus coeruleus (LC). We find that LC 

stimulation reduces spontaneous activity of mitral cells as well as responses to odors. These 

changes last for at least an hour. These results suggest that NA may act to reduce or increase 

sensitivity to odors within the olfactory bulb, depending on the relative contributions of LC 

stimulation on spontaneous versus odor evoked activity.  

METHODS 

Animals 

Adult male Long Evans Hooded rats (275-350g) were obtained from Charles River 

Laboratories (Wilmington, MA). Rats were double housed, maintained with Purina rat chow and 

water ad libitum, and were maintained on a 12:12 hour reversed light cycle. Experiments were 

done in the dark cycle. All procedures followed NIH guidelines under the supervision of the 
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Cornell University Animal Care and Use Committee and an approved animal care protocol.. 

Surgery 

Animals were induced with 5% isoflurane in a stream of oxygen. Rats were then placed 

into a stereotaxic apparatus (Narishige Scientific Instruments, Tokyo, Japan) and maintained 

with 1-2% isolflurane in oxygen throughout the experiment. Viscous lidocaine was used as a 

local anesthetic prior to exposure of the skull via scalpel incision. A large craniotomy was made 

over the olfactory bulb (Paxinos and Watson, 2013). A craniotomy was also drilled over the 

locus coeruleus (AP 2.0mm posterior from the interaural line, ML ±1.2mm). A piezoelectric 

monitor was strapped around the animal’s chest to monitor breathing cycles. This respiration 

signal was used to trigger odor delivery upon inspiration for experiments requiring odor delivery. 

Electrophysiological recordings 

One or two 2MΩ tungsten, parylene-C insulated Monopolar stimulation probes (A-M 

systems, Sequim, WA) were used to find and record from M/T cells of the OB. Electrodes were 

lowered from the surface of the olfactory bulb using a stereotaxic micromanipulator (David Kopf 

Instruments, Tujunga, CA). The mitral cell layer was located by finding a layer whose activity 

was locked to respiration. Single units (5000X amplification, filtered from 600Hz to 6KHz, 

20kHz sampling rate) were recorded and data digitized and transferred to the computer using a 

CED Power1401 and Spike2 software (Cambridge Electronic Design, Cambridge, UK). For 

experiments where odors were presented, we selected for cells that displayed an qualitative 

increase or decrease in firing rate due to odor. 

Electrical stimulation of the locus coeruleus 

A 1MΩ tungsten, parylene-C insulated monopolar stimulation probe (A-M systems, 

Sequim, WA) was placed in the LC in appropriate experiments. The LC was located by placing 
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the electrode at a 78° angle from the plane of the skull, and lowering the electrode while 

recording unit recordings. The LC was identified by finding characteristic broad and slow (0-

2Hz) tonic activity and a phasic response to tail pinch (Bouret & Sara, 2004). Dorsal ventral 

coordinates ranged from approximately 4.1 to 6mm ventral from the surface of the brain. Once 

LC location was verified the electrode was instead connected to a constant current stimulus 

isolation unit (Grass model PSIU6) controlled by a Grass S88 stimulator (Grass Technologies, 

West Warwick, RI). During the experiment, 1, 2, 3, 4, or 5 Hz (100μs, 100μA) pulses were 

delivered to the LC while unit activity was collected from the olfactory bulb. In experiment 1, 

LC stimulation was given for a 60s period continuously (Figure 4.1A). In experiment 2, 

stimulation was given for 5s total (2.5s prior to odor exposure and 0.5s after the end of the odor 

exposure; Figure 4.1B). 

 Drugs 

For experiments where drugs were used, drugs were dissolved into 0.9% saline solution 

and then infused directly into the MOB (6μl, 1μl/minute) using a 33 gauge cannula attached to an 

infusion pump. A NA antagonist cocktail was made up of an α1 adrenergic receptor antagonist 

(prazosin hydrochloride, 1mM, Sigma), an α2 adrenergic receptor antagonist (yohimbine 

hydrochloride, 2mM, MP biomedicals), and a β adrenergic receptor antagonist (alprenolol 

hydrochloride, 120mM, Sigma). Additionally NA+antagonist cocktails were used to isolate 

effects of individual NA receptor subtypes on responses. Dosages of NA and antagonists were 

based on a previous study from our lab (Escanilla et al., 2010). 

Odor presentations 

An odor mixture was used to increase the probability to find odor responsive mitral cells. 

Within this odor mixture, each odorant was mixes to approximate a vapor-phase partial pressure 
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of 1Pa in mineral oil (Table 1) and then the mixture was then serially diluted to 0.1 and 0.01Pa. 

To deliver the odor, a custom built olfactometer was used. Clean, charcoal filtered, humidified 

air was pumped through the mask also used to deliver isoflurane at all times. When odor was 

delivered, clean air was shut off and replaced with air that first flowed through the appropriate 

bottle of odorized mineral oil. Odor presentations lasted 2s, and were separated by at least 30 

seconds. Odors were delivered by a customized software executed through Spike2. 

Table 4.1. Odor dilutions of 1Pa vapor partial pressure 

  

Odor name % v/v dilution 

  

butyl acetate 0.0218 

hexanal 0.0222 

butanol 0.0208 

propyl butyrate 0.0522 

propanoic acid 0.0332 

methyl 2-furoate 0.2472 

 

Experiment 1: Modulation of M/T cells spontaneous activity by LC stimulation 

In experiment 1, we examined the effect of LC stimulation on M/T cell spontaneous 

activity. We used 60s of electrical LC stimulation (1, 2, 3, or 5Hz) to determine how direct 

activation of the LC alters M/T cell spontaneous firing rates (Figure X). For each trial, we 

recorded three minutes of baseline activity, followed by 60s of LC stimulation, followed by three 

minutes of post-stimulation recording. These stimulation parameters are similar to those used in 

previous studies, (Eckmeier & Shea, 2014; Shea, Katz & Mooney, 2008), but of longer duration. 

In some experiments, multiple stimulation frequencies were tested per OB lobe per day, 

generally in increasing order, and always separated by at least 30min. In some experiments, to 

test if LC stimulation was affecting the M/T cells via direct action in the MOB, we infused a 

cocktail of NA antagonists (details about cocktail and mention that these were dosages shown 

effective in behavioral experiments) within the OB 20min prior to LC stimulation. In this set of 
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control experiments, we stimulated the LC at 5Hz, since we found the most dramatic changes in 

M/T cells with this frequency (Figure 4.1A). Within control experiments, we ran multiple trials 

of LC stimulation, but not for longer than 2hr post-infusion, and no less than 30min between 

trials. 

Experiment 2: Odor evoked responses in M/T cells of the MOB 

Experiment 2 tested the modulation of odor-evoked responses of M/T cells of the MOB 

by LC stimulation (Figure 4.1B). Based on our results from Experiment 1, we used 5s of 5Hz LC 

stimulation beginning 2.5s prior to odor onset during the LC stimulation trial block. LC 

stimulation was used during this trial block for all trials for all concentrations. For odors, we 

used three concentrations (corresponding to vapor partial pressures of 1, 0.1, 0.01Pa) of an odor 

mixture (Table 4.1). Six presentations of each odor concentration was given in a block, with odor 

concentration semi-randomized across experiment but consistent across blocks within a single 

experiment. All odor presentations within each block were presented with 30s inter-odor 

intervals (IOI). One block of each odor concentration was recorded prior to any LC stimulation. 

Then 5min after the first block, a second block with LC stimulation occurred. Similar to previous 

studies (Eckmeier & Shea, 2014; Shea, Katz & Mooney, 2008), the LC was stimulated at a 5Hz 

stimulation frequency 2s prior to odor onset and continued until 2s following odor offset. A third 

and fourth block followed this stimulation block 30 and 60min following the LC stimulation 

block to deduce whether any effects of LC stimulation were lasting (Figure 4.1B). 

Histological verification of electrode placement  

At the end of each experiment, a large positive electrical current (10s duration, 15mA) 

was run through each electrode (recording and stimulation) in order to create an electrolytic 

lesion (Figure 4.2). Rats were perfused using 10% neutral buffered formalin. Brains were 
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extracted and later sectioned at 40µm and stained with cresyl violet. Locations of the electrodes 

were verified, and if placement of recording electrodes in the MOB was not in the mitral cell 

layer of the olfactory bulb or stimulating electrodes were not in the LC, data was not used for 

further analysis. 

 

Figure 4.1. Experimental timeline. A. In experiment 1, we recorded one minute before 

stimulating the LC. Then we recorded during one minute of 1, 2, 3, or 5Hz LC stimulation, 

followed by another minute of post-LC stimulation. In experiments where we infused a 

NAergic antagonist cocktail, we did so at least 20min prior to recording the aforementioned 

trials. B. In experiment 2, we ran multiple trial blocks within a single experiment. Bi. A 

single consisted of 6 presentations of 1, 0.1, and 0.01Pa odors. The presentation order of 

these concentrations was randomized. Each trial centered around a 2s exposure to an odor 

mixture. Each trial had a 30s ITI. Bii. An experiment consisted of a pre-LC stimulation 

block, shortly followed by a trial block in which there was LC stimulation just prior to and 

immediately following odor exposure. There was subsequently two more trial blocks, one 30 
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minutes and one 60minutes following the LC stimulation block. 

 

Figure 4.2. Histological verification of electrode placement. This is an example of a brain 

slice showing an electrolytic lesion of the stimulation site. You can see some cell bodies in 

the LC, adjacent to the fourth ventricle (labeled ‘4’). 

Spike sorting 

Single units were extracted post-hoc using Spike 2 spike sorting software. Spike 

templates were derived from raw data, and then appropriate templates were subsequently chosen 

and refined. To refine these waveforms, principal components analysis was used to group 

features of the waveforms onto a three dimensional plot. Moreover, inter-stimulus inter 

histograms were used to determine the quality of the single unit, and multiunit and questionable 

single unit data was  

Data analysis 

Matlab was used to import spike timing data from Spike2 and to analyze spike trains. 

Data was excluded for trial blocks during which firing rates fell below 1Hz. We then used SPSS 

statistical software to determine group differences. 

Experiment 1. Spontaneous activity 

We determined firing rates before, during and after LC stimulation. To determine the 

effects of NA antagonists on the effects of either LC stimulation or NA infusion into the bulb, we 
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first made a series of scatterplots, plotting change in firing rate from baseline (rate during or after 

LC stimulation trial block – baseline, pre LC stimulation firing rate) versus baseline (pre-LC 

stimulation) firing rate. We then did a Pearson correlation of these relationships for 1-3Hz LC 

stimulation and 5Hz LC stimulation, each during and after LC stimulation.  

We used a mixed model analysis and post-hocs with corrections for multiple comparisons 

to determine group differences. We used recording epoch and stimulation frequency (1, 2, 3Hz 

vs. 5Hz) as fixed factors, neuron identification number as a random effect, and the square root 

transform of spike rate as the dependent variable. We used the square root transform in order to 

make the data normal so that the data fell under the assumptions of the test. We combined data 

for 1, 2, and 3 Hz because they produced a very similar effect (Figure 4.3).  

Next, we ran a mixed model analyses. We used infusion (no infusion or α1, α2, β 

NAergic antagonist cocktail) and recording epoch (pre, during, and post-stimulation) as fixed 

factors, and spike rate as the dependent variable.  

Experiment 2. Odor evoked responses 

We first determined if spikes were responsive to odor during any block of trials at any 

concentration. To do so, a student’s paired t test was performed on the 2s before odor onset 

compared to the 2s during odor exposure at each concentration in each block (α = 0.05). We 

defined the odor response as the difference in firing rate during 2s odor exposure compared to 

the firing rate 2s prior to odor exposure. 

We then made a series of scatterplots, plotting change in odor response (odor response in 

trial blocks during/after LC stimulation – odor response in pre-LC stimulation block) from 

baseline (pre-LC stimulation trial block). We then did a Pearson correlation of these relationships 

for each odor concentration in the trial block containing LC stimulation as well as 30 and 60min 
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post LC stimulation.  

Next, we determined changes in odor responsiveness over different trial blocks. To do so, 

we organized data depending on whether or not cells significantly responded to a particular odor 

concentration. If cells were responsive to a particular odor concentration in the pre-LC 

stimulation block, cell responses for that particular concentration were used for subsequent 

analyses across different trial blocks. We then separated data where cells either significantly 

increased or decreased firing rates in response to odor in the trial block before any LC 

stimulation occurred. Using this data, we ran a mixed model analysis for each set of odor 

responses. We used recording block (pre LC stimulation trial block, during LC stimulation trial 

block, 30min post LC stimulation block, 60min post-stimulation block), LC stimulation (5Hz or 

no stimulation), and odor concentration (1, 0.1, 0.01Pa odor mixture) as fixed factors, and used 

odor response (firing rate during odor-firing rate before odor) as the dependent variable. 

Additionally, we used the neuron identification number as a random effect.  

Additionally, we ran another two more mixed model analysis to determine the effect of 

NA antagonist cocktail on the odor responses. We used recording block (pre LC stimulation trial 

block, during LC stimulation trial block, 30min post LC stimulation block, 60min post-

stimulation block), odor concentration (1, 0.1, 0.01Pa odor mixture), and infusion (none or 

saline) as fixed factors, and used odor response (firing rate during odor-firing rate before odor) as 

the dependent variable. We only used 5Hz LC stimulation data here.  

RESULTS 

Experiment 1. LC stimulation reduces spontaneous firing in M/T cells of the OB, and this 

effect is dependent upon functioning NA receptors in the OB 

To record the effect of LC stimulation on spontaneous firing rate, we collected data from 
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171 cells from 35 rats. Of these cells, 97 stable M/T recording were used for experiments testing 

how different LC stimulation frequencies modulate spontaneous firing rates, and 17 M/T cell 

recordings were used for control experiments with an NA antagonist cocktail. Cells were 

excluded from analysis if their firing rate dropped precipitously within and across trials and/or 

rates fell below 1Hz. In general, baseline frequencies for cells ranged anywhere from 1-65Hz, 

with a mean of 13Hz +/- 15Hz. 

Individually, many (but not all) cells decreased their firing rates in response to LC 

stimulation (Figures 4.3A). Overall, there is a small but noticeable reduction of instantaneous 

firing frequency during and just after LC stimulation (Figure 4.3B). These results are quantified 

in the following analyses. 

 

Figure 4.3. Instantaneous firing frequency depreciates in individual neuron as well as 

overall. A. This shows an example M/T cell where firing rate decreased both during and 

after LC stimulation. B. This shows average instantaneous firing frequency over the 

experimental session. Overall, rate is reduced with and after LC stimulation, although much 

less than in particular neurons. 
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To determine the effect of the initial firing rate on the response to LC stimulation, we 

made a series of scatterplot correlations, plotting change in firing rate during or after LC 

stimulation versus initial firing rate (Figure 4.4A, B). We found significant correlations when 

pooling data from 1-3Hz LC stimulation as well as 5Hz stimulation on change in firing rate, 

showing that with increasing initial firing rates, there were greater reductions in firing rates 

during and after LC stimulation. 

Using a mixed model analysis on the square root transform of spike rate, we found a 

significant effect of recording period on overall rate (F(1, 170) = 7.60; p = 0.001). Post-hoc tests 

revealed that, in general, the period after LC stimulation had significantly lower firing rates 

compared to the period before LC stimulation. Although we did not find a significant interaction 

of frequency (1-3Hz, 5Hz) with recording period (pre-LC stimulation, during LC stimulation, 

post-LC stimulation (F(2, 170) = 1.66 ; p = 0.19), after adjusting for multiple comparisons, post hoc 

testing showed that a significant reduction of spontaneous firing was only observed post 5 Hz LC 

stimulation when compared to pre-LC stimulation (Figure 4.4C). Therefore, 5Hz but not 1-3Hz 

stimulation significantly decreases firing rate in the period following LC stimulation. 

Next, we tested if the effect of LC stimulation was due to local bulbar modulation by 

infusing a cocktail of NA antagonists locally into the MOB 20 minutes before LC stimulation. 

We found a significant effect of infusion on firing rates (F(1, 55.72) = 14.31, p < 0.001), when 

averaged across recording periods. Firing rates were overall lower in cells after NA antagonist 

infusions. Although we did not find a significant interaction of infusion and recording period 

(F(2, 109) = 1.114 ; p = 0.33), we did find significant corrected multiple comparisons of groups. In 

animals that did not receive infusions, the 5Hz LC stimulation resulted in significant reductions 

in M/T cell firing rate in the period after LC stimulation (p < 0.05), while in animals infused with 
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NA blockers in the OB, firing rates did not change across any recording period (p > 0.05; Figure 

4.4C). Therefore, LC stimulation likely affects M/T spontaneous firing through direct effects in 

the MOB. 

 

Figure 4.4. Instantaneous firing frequency decreases in response to LC stimulation. A. 

Firing rates of an individual mitral cell (xxx bins) as a function of time include pre-during 

and - post 5Hz LC stimulation. B. Average firing rates (xx bins) of all mitral cells recorded 

with 5Hz LC stimulation as a function of time showing pre-during and -post LC stimulation 

activity.  
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Experiment 2. LC stimulation reduces odor-evoked responses in M/T cells in the OB, 

dependent upon concentration of the odor presented 

We recorded 48 M/T cells from 26 rats in experiments where we stimulated the LC. Of 

these cells, 23 responded significantly with excitation or inhibition to one of the odor 

concentrations in the first trial block. During LC stimulation, 13 of these cells lose odor 

responsiveness either during or after LC stimulation during at least one trial block (52%), 

suggesting a general decrease in odor responsiveness as a result of LC stimulation. Figure 4.5A 

shows the number of cells still responsive at a given time block that had been sensitive during 

the first block of trials. 8 total cells that did not initially show a significant odor response did 

respond during or after LC stimulation to at least one concentration of the odor mixture (Figure 

4.5B) suggesting that LC can enhance odor responses in some cases. An example of a cell that 

was initially excited due to odor is shown in figure 4.5C. It significantly responded to 1Pa and 

0.1Pa in the pre-stimulation trial block, but not in any subsequent trial blocks. 
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Figure 4.5. Overall odor responsiveness of M/T cells. A. Number of recorded M/T cells 

that exhibited significant excitatory or inhibitory responses pre, during and after LC 

stimulation at three different odor concentrations. B. Number of recorded M/T cells that did 

not initially respond to odor stimulation but responded significantly during or after LC 

stimulation. C. Raster plots across an experiment for one particular neuron initially excited 

by the odor mixture. Shaded blue areas indicate timing of odor exposure, while shaded red 

boxes indicate timing of 5Hz LC stimulation. 

We then looked at the correlation of the odor response in the first trial, prior to LC 
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manipulation, and compared this to the change in odor response during different trials (Figure 

4.6). We found that in all concentrations of odor, 5Hz LC stimulation reduces odor responses, 

and that this is related to initial odor response. With larger initial odor responses (either 

excitatory or inhibitory), a larger reduction of odor response occurs. Regardless of initial 

response, however, the data closely mimic the y = -x function, suggesting the odor response is 

reduced to almost zero change in firing rate due to odor, on average, during or after the LC 

stimulation trial block (Figure 4.6, blue markers). Moreover, in groups with adequate control 

data where animals were run through the same odor protocol without LC stimulation (Figure 4.6, 

red markers), responses were largely retained (near change in firing rate = 0). 
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Figure 4.6. LC stimulation suppresses odor evoked responses of M/T cells in the 

olfactory bulb in cells that were initially responsive to odors. A. Points that fall along the 

dashed black line, y = -x, suggest that the initial odor response has been reduced to 0 
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difference between pre and odor firing rates. If points fall along the y = 0 line, this suggest 

that odor responses are unchanged during between the first and subsequent trial block. B. In 

M/T cells initially responsive to the 1Pa odor mixture, there is a significant correlation of 

initial odor response and change in odor response, suggesting that odor responses are 

diminished following LC stimulation across time, and the change in response is greater with 

a greater initial odor response. This is contrary to what happens in cells that do not receive 

LC stimulation: these cells largely maintain odor responses over time. Similarly, odor 

responses are reduced during and after LC stimulation at 0.1Pa (C.) and 0.01Pa (D.) odor 

mixture presentations, and these responsive are also divisive so that larger initial odor 

responses are reduced to a greater extent.  

We then looked specifically at cells that were initially responsive to odors, either showing 

significant increases or decreases in firing rate due to a particular odor concentration in the trial 

block prior to LC stimulation. First, we looked at amplitude of odor responses across trials in 

cells that were excited by odor in the first, pre-LC stimulation trial block. A mixed design 

analysis showed a significant effect of the block of trials (pre, LC stimulation, 30, 60min post LC 

stimulation) on overall rate (F(3, 87.2) = 6.36; p = 0.001), and post-hocs suggest that in the period 

during LC stimulation had significantly lower odor responses compared to the period before LC 

stimulation. Although there was no significant overall interaction between LC stimulation, 

recording period, and concentration (F(2, 87.307) = 0.559; p = 0.76), but there were a few important 

significant post-hoc comparisons when correcting for relevant multiple comparisons (Figure 4.7). 

When using the 1Pa odor mixture, at only 5Hz LC stimulation (and not when there was no LC 

stimulation), there was a significant decrease in odor response during the trial block with LC 

stimulation only (and not subsequent trials). However, in trial blocks with 0.1Pa odor 
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presentations, and in experiments with 5Hz LC stimulation (and not in trials without stimulation, 

there were decreases in odor responses during and 60min post LC stimulation. At the lowest 

concentration, 0.01Pa there were trends towards a decrease in responsiveness with LC 

stimulation, but no significant post-hoc tests. In summary, LC stimulation tended to suppress 

odor responses across time compared to controls which received the same protocol without LC 

stimulation. This suppression of responses was differential across odor concentrations, so that at 

1Pa odors, odor responses were suppressed significantly only during the trial block with LC 

stimulation, whereas at lower concentrations, responses were suppressed for at least 1hr after the 

LC stimulation trial block.  

Next we determined the effect of LC stimulation on amplitude of responses in cells that 

were initially inhibited by odor. We found a significant effect of the block of trials on overall rate 

(F(3, 34.06) = 5.2; p = 0.005), and post-hoc tests suggest that in the recording periods 30 and 60min 

after LC stimulation had significantly lower firing rates compared to the period before LC 

stimulation. Also, although there was no significant interaction between LC stimulation (vs. no 

stimulation), recording period, and concentration (F(2, 34.26) = 0.32; p = 0.97), there were 

interesting significant post hoc comparisons after adjustment for multiple comparisons (Figure 

4.7). At 1Pa, we did not find significant differences across trials for either LC stimulation or 

control (no LC stimulation) across odors). For 0.1Pa, with 5Hz LC stimulation, we found 

significantly different (aka less inhibition of) odor responses during, 30, and 60min post odor 

trials with LC stimulation. Unfortunately, we did not record from any cells that were inhibited 

and responded to 0.1Pa odor at baseline that we could compare this to. With 0.01Pa odor mixture 

presentations, neurons decreased their odor responses at 60min after the trial block with LC 

stimulation, but again, not enough cells were collected without LC stimulation to compare to this 
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outcome. In summary, like neurons that increased their firing rates due to odor, odor responses in 

cells that were inhibited by odor presentations were also suppressed overall, particularly at lower 

odor concentrations. 
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Figure 4.7. LC stimulation decreases amplitude of odor responses in a concentration-

dependent manner. The graphs show the amplitude of recorded odor responses (i.e. the 

difference between firing rate during odor and firing rate in the 2s prior to odor exposure. 

Blue or red lines above data indicate significant post-hoc comparisons between average odor 

responses between groups. Faint grey lines indicate responses of individual neurons. Across 

all concentrations, particularly at 0.1Pa odor mixture presentations, odor responses are 

diminished during and after the trial block with LC stimulation. This is true for cells that 

were initially excited (Ai) and inhibited (Aii) by odor exposure. B. Moreover, when data was 

available for control, non-LC stimulated experiments, these patterns were not seen, and 

responses were largely maintained. 

DISCUSSION 

Here, we showed that electrical LC stimulation affects spontaneous and odor-evoked 

firing of M/T cells of the MOB. Specifically, 60s of LC stimulation, particularly at 5Hz (but not 

as much with 1-3Hz LC stimulation) promoted a modest reduction in spontaneous firing rate. 

This reduction was more pronounced in cells with higher baseline firing rates. Moreover, these 

results are dependent upon functioning NA receptors in the MOB, since we do not see reduction 

of firing rates in experiments with a preemptive infusion of bulbar NA antagonists. We also 

found that 5Hz LC stimulation just prior to and continuous with odor exposure largely reduced 

the number of cells that respond to odor as well as the amplitude of odor responses at a variety of 

odor concentrations. This suppression of odor responses lasted at least an hour after the trial 

block that contains LC stimulation. These results have important implications for how NA may 

affect sensitivity to odors in the MOB. Furthermore, these changes likely affect downstream 
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processing of odor information, as discussed below. 

These data combined with previous research implicate the importance of NA in the MOB 

on sensitivity to odors. To study this, groups have measured odor detection thresholds, both 

behaviorally and physiologically. We find a reduction of responses, perhaps particularly at lower 

concentrations, suggesting an increase in odor detection thresholds. However, several studies 

suggest that NA can also decrease detection thresholds in some cases. Behaviorally, infusions of 

several dosages of NA within the MOB decrease detection thresholds in a non-associative 

olfactory task (Escanilla et al., 2010). Physiologically, NA decreases response thresholds in 

mitral cells in response to stimulation of the olfactory epithelium in MOB slices (Jiang et al., 

1996). Additionally, LC stimulation reduces odor responses in M/T cells (Shea, Katz, and 

Mooney, 2009). In the piriform cortex, electrical stimulation of LC increases responses to odors 

in pyramidal neurons (Bouret & Sara, 2002). These contrary results may be due to complicated 

and varied types and locations of NA receptors in the MOB and other olfactory areas. 

There is a complex dose-dependent relationship of NA on behavior and physiology 

(Escanilla et al., 2010; Nai et al., 2009). These relationships are related to the different affinities 

and efficacies of at least three adrenergic receptor subtypes. The α2 adrenergic receptors have a 

high affinity and have an overall inhibitory response. The adrenergic α1 and β receptors have a 

relatively moderate and low affinity, respectively, and an overall excitatory response in cells 

(Berridge et al., 2013; Nai et al., 2009; Wilson & Mainen, 2006). An example of these 

relationships is shown in, inhibitory granule cells of the MOB. In a slice preparation, there is a 

triphasic NA dose response curve due to selective activation of the three NAergic receptor 

subtypes (Nai et al., 2009). It is impossible to tell with our methods exactly how much NA is 

released due to LC stimulation at various locations in the MOB, making direct comparison in this 
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context difficult.  

 Additionally, there is a heterogeneous localization of LC afferents as well as NA 

receptors within the MOB (Wilson & Mainen, 2006). Many olfactory studies have focused on 

the effects of NA on the mitral-granule cell interactions (Jiang et al., 1996; Nai et al., 2009), 

since NA receptors are located on both mitral cells and inhibitory granule cells. However, 

NAergic receptors are also located in the glomerular layer of the MOB, where the olfactory 

sensory neurons form their first synapse in the brain. Indeed, it has been recently found that NA 

in the glomerular layer can decreasing responses to odors (Eckmeier & Shea, 2014). Due to the 

various locations and dose-response relationships of NA within the MOB, it is difficult to 

interpret these and other results. However, it is possible that NA dampens input into the MOB at 

the glomerular layer, and that is what we are seeing in this study. A different relationship with 

NA may occur at the mitral/granule cell layer which promotes a seemingly contrary decrease in 

odor detection threshold that is more difficult to capture without a larger population of neurons. 

The locus coeruleus (LC) is inherently involved in behavioral state, vigilance, attention, 

and memory processes in various sensory and memory systems (Aston-Jones et al., 1996; 

Rajkowski et al., 1994). Therefore, this study may provide an insight into how state-dependent 

modifications in LC firing rates during different behavioral states affect memory, particularly in 

primary sensory areas. Perhaps in relatively high arousal states, less sensory information may 

enter the brain to be processed. Since at least non-associative habituation memory has been tied 

to relatively long lived decreases in response to odorants (Chaudhury et al., 2009), it is possible 

that LC stimulation is affecting memory processes by reducing responses to odors. This provides 

one possible mechanism for NA-dependent changes in memory in general, and odor memory in 

particular (Guerin et al., 2008; Manella et al., 2013).  
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CONCLUSIONS 

Despite the importance of non-associative memory, relatively little is known about its 

physiological underpinnings and how it may be modulated by task or behavioral demands. In 

order to focus on a behaviorally and physiologically tractable system, I studied olfactory non-

associative memory, specifically in tasks shown to involve neural plasticity within the main 

olfactory bulb (MOB) (Mandairon et al., 2008; Wilson et al. 2003; Wilson & Linster, 2008). In 

our lab and others (Robert, 1993; Ferreira et al., 1999; Petrulis and Johnston, 1999; Johnston and 

Peng, 2000; McNamara et al., 2008; Wilson and Linster, 2008; Linster et al., 2009), habituation 

tasks have been used to probe mechanisms of odor memory duration and specificity 

In my first chapter, I discussed behavioral and physiological habituation to odor stimuli. 

Habituation is a form of non-associative learning that we operationally defined here as the 

gradual decrease in active investigation of a repeated and non-rewarding/non-threatening odor 

stimulus. We paired behavioral measures of habituation with recordings from mitral/tufted (M/T) 

neurons of the main olfactory bulb (MOB). These neurons receive direct and indirect input from 

olfactory sensory neurons and project to downstream processing areas (Wilson & Mainen, 2006). 

M/T cell output confers information about computations within the MOB, as their activity 

reflects sensory inputs as well as interactions with several layers of interneurons within the 

MOB. Therefore, the pattern of M/T cell activity provides information about the odor 

environment to the rest of the brain (Wilson & Mainen, 2006). Specifically, in Chapter 1, we 

found that with repeated exposure to odors in anesthetized animals, odor responses in M/T cells 

adapted over time. Moreover, this adaptation occurred at a time scale that was much longer than 

that of either olfactory sensory neurons or piriform cortical cells (Bouret & Sara, 2002; 

McNamara et al., 2008), suggesting that this adaptation was MOB specific. Both behavioral 
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http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B16
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B43
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B21
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B21
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B36
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B55
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habituation as well as neural adaptation to odors was dependent upon functioning NMDA 

receptors in the MOB. The NMDA dependence in addition to similar time scales strongly 

suggested that neural adaptation of odor responses may be a neural correlate of behavioral 

habituation. Since NMDA receptors have been shown to be involved in some forms of synaptic 

plasticity in the MOB (Ma et al., 2014), it is likely that plastic changes in the odor representation 

occurs in the MOB due to olfactory habituation.  

I then explored how behavioral state could modify these non-associative memory 

processes and the related plasticity that occurs within the MOB. Our lab and others have studied 

the contributions of various neuromodulators such as noradrenaline and acetylcholine to 

olfactory procession using non-associative habituation paradigms (Guerin et al., 2008; Escanilla 

et al., 2010; Doucette et al., 2007; Mandairon et al., 2008). However, because these studies used 

pharmacological techniques, the timing, microscopic placement, and dosage of neuromodulators 

may not be altogether relevant to changes in neuromodulators that occur during behavior. To 

circumvent this issue, I used stressors to naturally induce changes in neuromodulators. 

Specifically, I chose to focus on stress and its alterations of neural activity in the noradrenergic 

system.  

Acute stress has a variety of immediate and long term physiological consequences. One 

of these consequences is a central, relatively short term release of noradrenaline (NA) from the 

locus coeruleus (Pavkovich et al., 1991; Sands et al., 2000; Valentino & Bockstaele, 2008). This 

NA release generally lasts for the duration of an acute stressor plus a few minutes (Nelson, 2005; 

Pavcovich and Ramirez, 1991; Rajkowski et al., 1994; Sands et al., 2000; Valentino and Van 

Bockstaele, 2008). I therefore chose to use acute stress to induce NA release from the LC in a 

temporarily precise manner. It is noteworthy, however, that acute stress might be acting on 

http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B18
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B15
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http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B44
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B48
http://journal.frontiersin.org/article/10.3389/fnint.2013.00097/full#B52
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olfaction in additional complex potentially non-linear ways: through glucocorticoid and 

corticotropin releasing factor receptors in olfactory areas (Joels et al., 2006; Pavcovich and 

Ramirez, 1991; Rajkowski et al., 1994; Sands et al., 2000). 

In the 2nd and 3rd chapters, I therefore characterized changes in behavior during non-

associative olfactory paradigms in response to acute stress, particularly as they related to NA in 

the MOB. Specifically, I showed that acute stress during familiarization with an odorant 

decreased odor memory duration. This effect was dependent upon functioning NA receptors in 

the MOB. Moreover, infusing NA at a variety of dosages directly into the MOB prior to 

familiarization with an odor similarly decreased odor memory duration. This decrease in odor 

memory with stress/NA is also seen in object recognition memory (Beck and Luine, 1999; 

Bowman et al., 2003) and in some odor memory tasks (Guerin et al., 2008). Interestingly, this 

effect is not seen during some olfactory habituation tasks (Escanilla et al., 2010, Doucette et al. 

2007), but this could partially be due to determining memory through habituation rather than 

comparison of the familiar odor to a novel odor. 

In Chapter 3, I showed that chronic social isolation, acting at least partially as a chronic 

stressor, affects memory duration similarly to acute stress. It should be noted that a variety of 

chronic stressors modify behavior at least partially by potentiating the physiological response to 

stress (Toth et al., 2008, 2011) and specifically altering the NAergic system (Angulo, 1991; 

Bravo 2013 Hall, 1998 Lucion et al., 2003). Here, chronic social isolation may be acting to 

potentiate a stress response to the behavioral chamber. I also show that early life social isolation 

decreases odor detection and discrimination ability, or, at the very least performance on detection 

and discrimination tasks. These results suggest that stressors affect a variety of olfactory 

processes, perhaps indiscriminately.  
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Lastly, in chapter 4, I sought a physiological explanation for the observed behavioral 

changes dependent on stress and NA. I again used anesthetized rats and recorded from M/T cells 

of the MOB. LC stimulation suppressed spontaneous activity as well as odor-evoked responses 

in the M/T cells. The data may also suggest that responses to lower odorant concentrations are 

selectively suppressed. Although this data contradicts some data showing how NA can increase 

responses to low threshold stimuli (Bouret & Sara, 2002; Jiang et al., 1996, Escanilla et al., 

2010), it corroborates data more directly comparable to our experimental design (Shea, Katz & 

Mooney, 2008; Eckmeier & Shea, 2014). The latter studies (Shea, Katz & Mooney, 2008; 

Eckmeier & Shea, 2014) suggest an overall dampening of odor responses in the MOB, perhaps 

originating even in the glomerular layer of the MOB (Eckmeier & Shea, 2014). These 

differences across the literature highlight the importance of timing and duration of the NAergic 

activity, since NA likely lasts much longer when infused into the MOB or perfused across MOB 

slices rather than released in response to acute stress. Additionally, since the stress response is 

multi-tiered (Nelson, 2005; Pavcovich and Ramirez, 1991; Rajkowski et al., 1994; Sands et al., 

2000), NA could be interacting with other stress hormones or neuromodulators to produce the 

effects seen here. 

Overall, this thesis work implicates that the NA released during stressful stimuli likely 

dampens sensitivity to odors in the MOB. This decrease in sensitivity may explain the changes in 

olfactory behavior due to acute stress during memorization of an odor, because less information 

about the odor enters the brain, perhaps leading to a weaker memory trace. More specifically, 

less odor information entering the MOB could lead to decreased activity-dependent plasticity in 

the bulb. According to Chapter 1, this plasticity is necessary to form non-associative memories 

for an odor, and therefore could explain how stress and NA’s decreased odor memory duration. 
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Furthermore, it also follows that stress would decrease performance on a variety of other 

olfactory tasks due to poor odor information transferred to the MOB and beyond. 

This research reported here is interesting in light of the well conserved inverted ‘U’ 

shaped relationship between stress and performance on a variety of attentional and learning and 

memory tasks (Joels et al., 2006, Aston-Jones et al., 2000). This relationship suggests that a 

moderate amount of stress evokes maximal performance, while lower or higher amounts of stress 

precipitously decrease performance. Although the behavioral and physiological causation and 

significance of this relationship is argued, the relationship is highly conserved with different 

physiological correlates to stress as well as arousal states (Joels et al., 2006, Aston-Jones et al., 

2000). Importantly for the present work, a similar relationship is present in output of the LC 

during attentional tasks (Aston-Jones et al., 2000). Monkeys have focused attention and perform 

maximally when the tonic firing rates of NAergic neurons of the LC are at moderate levels. With 

lower tonic LC output animals are inattentive to the task, while at higher LC output animals tend 

to have diffuse attention. At both relatively low and high levels, animals perform worse on the 

task, but for the aforementioned reasons (Aston-Jones et al., 2000). Using the acute, mild 

stressors here, I may shift performance in some way to the left of this curve, based on the general 

decrease in performance in these tasks. This may mean that one of two following hypotheses is 

supported: 1.) Animals now perform maximally due to increased focused attention on relevant 

task parameters. I see decreases in performance on the behavioral measures chosen, but this 

could be due to the use of non-associative tasks. 2.) Animals are too stressed and their 

performance in general decreases. If this were true, we should also see a drop in performance in 

associative tasks as well. Further experiments could explore this potentially very interesting 

interaction between the interaction of attention and performance in associative and non-
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associative odor tasks. 
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