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Figure 3.3. Fish exposed to PEA as juveniles show more cells
expressing otx2 in the olfactory epithelia (OE). (A, C) Expression
of otx2 (arrow) in the ventral-anterior region of the OE in control
fish at 48h and 72h of development. (B, D) Expression of otx2
(arrow) in the ventral-anterior region of the OE of PEA-exposed
fish at 48h and 72h, respectively. The number of cells expressing
otx2 was increased in PEA-exposed fish  (B, D) compared to that
in control fish (A, C). (E) There was a statistically significant
increase in the number of cells expressing otx2 in the OE of the
PEA-exposed vs. control zebrafish at 48h (control= 8.5+0.48;
PEA= 12.6+0.51), 72h (control= 3.6+0.38; PEA= 5.9+0.53), and
as adults (control= 11.9+1.25; PEA= 22.6+4.16). Bars represent
the average number of cells in control (blue) and PEA-exposed
(red) fish. Data are plotted with S.E.M., asterisks indicate: p<
0.0005 for juveniles, p<0.05 for adults. Scale bars:  A-D= 40 µm.
n=40 OE for juveniles per treatment per time point; n=20 OE for
adults per treatment.
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respectively; Fig. 3.3 C, D, E). This odor induced increase in otx2 expressing

cells was statistically significant (p < 0.0005; Fig.3.3E). The location of the

cells expressing otx2 was consistently in the ventral-anterior region of the

developing OE of the control animals (Fig. 3.3A, C). PEA exposure resulted in

an increase in number of cells within the same region of the OE (Fig. 3.3B, D).

The number of otx2 expressing cells shows a significant reduction from 48h to

72h in all treatments. This could be due to a reported peak in neurogenesis at

48h in the OE of the developing zebrafish (Mueller and Wullimann, 2003). We

see a similar reduction in gene expression for the immediate early gene c-fos

(McKenzie, Harden and Whitlock, unpublished). The intensity of the otx2

signal in the midbrain was similar for both groups of embryos (not shown)

indicating that the change in levels of otx2 expression was specific to the OE.

Thus, PEA exposure in juvenile zebrafish results in an increase in the number

of cells expressing the transcription factor otx2 in the OE.

Maintenance of otx2 expression in the adult olfactory epithelia

To determine whether the difference in otx2 expression is maintained in

the PEA-exposed adult fish we performed in situ hybridization on the dissected

OE (olfactory rosettes) of adult (1 year old) zebrafish (Fig. 3.4). The PEA-

exposed fish were first tested to confirm their behavioral response (see

above). The otx2 expression was measurable by whole mount in situ

hybridization in adult OE and strikingly animals raised in the presence of PEA

for the first 3 weeks of life displayed a statistically significant (p<0.05) increase

in the number of cells expressing otx2 (Fig. 3.3E). The greatest increase in

number of otx2 expressing cells was observed in the caudal region of the OE

(Fig. 3.4A, 3.4B, Fig. E, F). In examining the overall pattern in the OE otx2
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Figure 3.4. The number of cells expressing otx2 is increased in
the adult olfactory epithelium (OE) of fish raised in PEA. (A) Low
magnification (20x) image of the adult OE. Caudal lamellae to
left of the page. Cells expressing otx2 were mainly observed in
two different regions: the midline raphe (blue box) and in the
caudal lamellae (red box). (B) Camera lucida drawing of adult
OE illustrating the distribution of otx2 cells. Caudal is toward the
top of the page. otx2 cells were only observed within the sensory
region of the OE. There was a high density of cells in the caudal
lamellae (dark gray, speckled region). The midline raphe
(medium gray) has a lower density of otx2 positive cells. otx2
cells were observed sporadically in the OE (light gray) and never
observed in the non-sensory (white) area. Black areas are
pigment cells. (C-F) 40x images of otx2 cells in the midline raphe
region (arrows; C, D) and caudal lamellae (arrowheads; E, F).
(C, D) There were an increased number of otx2 cells in the
midline raphe of PEA (D) adult epithelia when compared to
controls (C). Gray arrow (D) marks an otx2 cell within the
sporadic region. (E, F) An increase of otx2 cells was observed in
the caudal lamellae of PEA (F, arrowhead) exposed fish when
compared to controls (E, arrowhead). (G, H) otx2 expressing
cells (open arrows) within the midline raphe (G) and caudal
lamellae (H). All images are viewing the cupped surface of the
olfactory rosette, which is the view illustrated in B. White asterisk
marks pigment cells. Scale bars: A= 100µm, C-F= 50µm, G, H=
30µm. con=control, MR= midline raphe, CL= caudal lamellae.
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expression was restricted to the midline raphe (Fig. 3.4A, 3.4B) and caudal

lamellae (Fig. 3.4A, 3.4B) of the OE with occasional otx2 positive cells

observed in the sensory epithelia (Fig. 3.4B). The cells on the midline raphe

(Fig. 3.4C, D) lie in the upper edge of the lamellae where they meet the raphe

and this region shows a modest increase in the number of otx2 expressing

cells in the PEA-exposed fish. The cells in midline raphe and the caudal

lamellae of the OE were morphologically similar in their appearance (Fig.

3.4G, H). The cells expressing otx2 lay in the region of the OE that expressed

the HuC gene (a marker for differentiating neurons, Fig. 3.5A, B) as well as

olfactory marker protein (OMP) a marker of terminally differentiated olfactory

sensory neurons (Fig. 3.5C, D). These data, coupled with our preliminary

microarray analysis, demonstrate that the level of otx2 expression is higher in

the PEA-exposed adult animals and this is due at least in part to an increase

in the number of cells expressing otx2. Thus we conclude that the increase in

otx2 expression resulting from PEA exposure is maintained in the OE of adult

zebrafish.

Expression of otx2 in response to other odorants

In order to determine the specificity of the increase in otx2 expression

during the first three days of development, we tested two additional chemicals

for effects on gene expression: L-cysteine an amino acid that has a known

behavioral response, and vanilla that was a non-toxic chemical. It is well

documented that fishes respond to amino acids and bile acids (Hara, 1993;

Hara, 1994). Previously it has been demonstrated that zebrafish show a

physiological response to L-cysteine as adults (Michel and Lubomudrov, 1995)

and we have shown that three day old zebrafish move away from L-cysteine
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Figure 3.5. Cells in the midline raphe of the adult
olfactory epithelium express neuronal markers. (A, C)
Whole mount in situ hybridizations of olfactory rosettes
(OE) showing HuC (A) and OMP (C) expression in the
adult. White asterisk indicates region of the midline
raphe where high magnification images were taken. (B,
D) High magnification images of HuC (B) and OMP (D)
expressing cells (arrows) in the midline raphe. All
images are viewing the cupped surface of the olfactory
rosette. Scale bars: A, C =100µm; B, D= 30µm.
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(Vitebsky et al., 2005). Exposure to L-cysteine resulted in no statistically

significant increase (p>0.05) in otx2 gene expression during the first three

days of development (Fig. 3.6), the time period in which we measured PEA-

induced changes in otx2 expression. Exposure to vanilla at 48h showed a

slight statistically significant increase in otx2 expressing cells (p<0.05),

however, this difference is not as significant as what is observed between

control versus PEA-exposed fish at 48h (p<0.0000001). Furthermore, this

difference is not maintained at 72h (p>0.05) while the difference we observed

with PEA is maintained at 72 h (p<0.0005). These observations suggest that

the increase in otx2 expression is not a generalized response to chemicals

added to the water. Because we did not observe maintained changes in the

otx2 gene expression during the first three days of development we did not

further investigate the otx2 expression in L-cysteine or vanilla exposed adult

OE.

Identity of otx2 expressing cells in the olfactory epithelium

In order to characterize the otx2 expressing cells in the developing OE

we used double in situ hybridization to determine whether the cells expressing

otx2 also express other neuronal markers. We carried out these experiments

in 48h fish, which is the time point when the greatest number of otx2

expressing cells is observed (Fig. 3.3E). We examined the expression of

notch1a, ngn1, HuC, and OMP (Olfactory Marker Protein), four genes involved

in sensory neuron differentiation. Otx2 expressing cells in the basal epithelium

also expressed notch1a (Fig. 3.7A, B, H). We were unable to double label with

ngn1 and otx2 due to the low level of expression of ngn1 in the developing

OE. However, the single label of ngn1 (data not shown) was reminiscent of the
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Figure 3.6. otx2 expression in embryos exposed to L-cysteine and
vanilla. Embryos exposed to L-cysteine (light grey) showed no
significant increase in the number of otx2 cells at 48h (control=
7.7+0.35; L-cysteine= 8.5+0.50) and 72h (control= 4.9+0.37; cysteine=
5.4+0.32) in comparison to distilled water control (dark grey) exposed
embryos (p> 0.05). Embryos exposed to vanilla (stipple) showed a
significant difference in cells expressing otx2 at 48h (control= 7.7+0.35;
vanilla= 8.8+0.44). This difference was not maintained at 72h (control=
4.9+0.37; vanilla= 4.3+0.31). Data are plotted with S.E.M., asterisk
indicates p<0.05.
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Figure 3.7. Otx2 is expressed in developing olfactory sensory
neurons. (A-F) All preparations are whole mounts, ventral view,
anterior to the top of the page. Dashed line indicates location of
basal lamina. (A) Cells expressing only otx2 (blue, black
arrowhead) are apical in the epithelium and those expressing
only notch1a (red, white arrowhead) lie in the ventral posterior
region. Cells co-expressing otx2 and notch1a (arrow) lie in the
ventral anterior region. (B) High magnification view of double
labeled cell in (A). (C) otx2 (blue) and HuC (red) are co-
expressed in cells in the ventral anterior region (arrow). (D)
Single label of HuC expression in cells in the ventral anterior
region (open arrow). (E) Cells expressing OMP (red, white
arrowhead) lie deeper in the OE. otx2 expressing cells (blue,
black arrowhead) lie out of the plane of focus. (F, G) otx2 (blue)
and HuC (red) in control (F) and PEA-exposed (G) 48h fish.
Brackets indicate expansion of the double-labeled pool of cells
seen in fish raised in PEA. Scale bars: A, C, F = 20µm, B, D, E =
10µm (H) Diagram of developing OE at 48h summarizing gene
expression patterns. Cells expressing otx2 (purple outline) are
located in the anterior-ventral region of the OE. Notch1a is
expressed in two patches of cells in the basal part of the OE
(red). HuC (yellow) is expressed more broadly in the basal-
intermediate OE at 48h. The co-expression of otx2 with notch1a
(see A,B)  or HuC (see C,D,F,G) in the basal OE suggests that
these cells express both HuC and notch1a (orange). OMP (light
blue) is expressed in cells lying in a ring (grey) in the inner layers
of the developing OE. (I) Proposed model for the differentiation
of otx2 positive cells. Neuronal stem cells (black) give rise to
progenitor cells expressing notch1a (red) and otx2 (purple
outline). Cells expressing otx2 + notch1a define a specific pool of
neuronal progenitors that give rise to immediate neuronal
precursors (INPs) (blue), characterized by ngn1 expression as
proposed by Calof et al., (2002). INPs give rise to newly
differentiated olfactory sensory neurons expressing HuC + otx2.
Terminally differentiated olfactory sensory neurons (light blue)
express OMP in the absence of otx2.
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notch1a pattern of expression (Fig. 3.7A, red), which suggests that ngn1 may

be expressed in precursor cells (Fig. 3.7I). Notch1 has been proposed to have

two separate roles in ear development, initially establishing sensory neuron

fields in the otic epithelium, and later defining cell identity within the sensory

field (support cells versus neuronal ear hair cells), (Bryant et al., 2002; Daudet

and Lewis, 2005). To determine whether the otx2/notch1a positive cells in the

olfactory epithelium become neurons or support cells, we double labeled for

otx2 and HuC, (a marker of newly differentiated neurons). In the basal-medial

region of the epithelium otx2 and HuC were co-expressed (Fig. 3.7 C, D, F, G)

suggesting that the otx2/notch1a cells become neurons. Thus otx2 appears to

play a role in specifying sensory neurons in the olfactory sensory system,

although we cannot eliminate the possibility that some of the cells expressing

otx2 and notch1a are going to differentiate into non-neuronal cell types (Fig.

3.7I). To further explore the differentiation of the otx2 expressing cells we

double labeled with otx2 and OMP and found that they were not co-expressed

in the developing OE. OMP is expressed in the inner part of the OE (Fig. 3.7E,

white arrowhead; H, grey region) and otx2, notch1a and HuC expressing cells

lie in the outer region of the developing OE (Fig. 3.7H). OMP is a marker for

mature olfactory sensory neurons (Rogers et al., 1987) and lack of co-

localization is consistent with previous studies showing that otx2 is expressed

in neuronal precursor cells and not in differentiated olfactory sensory neurons.

To determine if the increase in the number of otx2 expressing cells

observed in PEA-exposed juveniles was due to an expansion of the otx2

positive olfactory sensory neuron population we exposed juvenile zebrafish to

PEA for the first two days of development and performed double in situ

hybridization with otx2 and HuC. We found that the expanded domain of cells
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expressing otx2 was also HuC positive in the PEA exposed fish when

compared to controls (Fig. 3.7F, G). Thus, exposure to PEA increases the

number of cells in the otx2 positive neuronal precursor pool.

DISCUSSION

Odorant exposure is correlated with changes in gene expression

Inspired by previous studies, primarily in fishes, we have used the

zebrafish to investigate molecular mechanisms underlying olfactory imprinting.

The biological process and necessity of olfactory imprinting is most studied

and dramatically obvious in the salmonid fishes (for review see: (Hasler and

Scholz, 1983; Quinn, 2005) Interestingly, but not surprisingly, we have shown

that zebrafish, like salmonids, make and maintain an olfactory memory of PEA

when exposed during the first three weeks of development. We hypothesized

that environmentally driven changes in gene expression in the olfactory

sensory system may contribute to changes underlying olfactory memory. This

hypothesis was supported by findings from our preliminary microarray

analyses, which showed that gene expression, including the transcription

factor otx2, was up regulated in the PEA-exposed OE versus control OE.

Importantly we have demonstrated that more cells express otx2 in the OE of

both the juvenile and adult PEA-exposed zebrafish. Thus, the odor

environment (PEA) experienced during development affects gene expression

resulting in an expanded neuronal precursor pool that is maintained in the

adult zebrafish.

Olfactory imprinting and odorants

It is most likely that a variety of compounds can induce olfactory
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imprinting. In our investigations presented here we modeled our experiments

after previous work in salmon. Initially we intended to imprint fish on both

morpholine and PEA as both compounds have been shown to be effective in

olfactory imprinting of salmon. However, we found that morpholine was toxic to

the developing zebrafish embryos even at low concentration (10-6 M). A

physiological response has been recorded in morpholine imprinted animals

relative to controls (Cooper and Hasler, 1974; Hara et al., 1975). It appears

that morpholine may be a general irritant having a physiological response that

is not olfactory sensory in nature (Hara et al., 1975). Additionally it may block

olfactory response to amino acids, although the studies have been

controversial (Hara et al., 1975). Therefore in addition to being lethal to

juvenile zebrafish it appears to have a possible irritant effect in salmon.

Salmon have a life history strategy whose success is dependent upon

retaining a memory of their natal site. Indeed, they are known to migrate to

sea to feed and grow to adulthood and then return to the freshwater habitat in

which they were successfully reared. Why would a zebrafish show olfactory

imprinting behavior? Clearly olfactory imprinting is essential to many animals

for many purposes: foraging, finding mates, and selecting a substrate

necessary for spawning. Zebrafish are like salmon in that they are broadcast

spawners; thus their ability to retain memories of odors may play a role in

choice of substrate. The role of olfactory cues in salmon homing is complex in

that they are clearly using multiple cues in their migration. As adults migrate

homeward juveniles are migrating within the same river systems, thus

providing olfactory cues (pheromone hypothesis; (Nordeng, 1971; Nordeng,

1977; Doving and Stabell, 2003). Furthermore, under certain circumstances

adult reef fishes can discriminate odors of conspecifics (Doving et al., 2006)
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and larval reef fish demonstrate a preference for scents of their natal lagoons

and settle according to the odors of the lagoons (Atema et al., 2002).

Zebrafish show a preference for conspecifics as juveniles (6-8 weeks old) thus

they may use these odor cues to school as juveniles (Mann et al., 2003).

In addition to odor cues from other fishes, the substrate of the stream

may also be part of the odor landscape. This idea of “substrate marking” is

supported by a study demonstrating that Atlantic salmon prefer water that was

extracted from gravel over which conspecifics were housed (Stabell, 1987). In

thinking about the spawning sites of salmon, which contain large numbers of

carcasses of adult fish, we investigated more “natural” odors by exposing

zebrafish to dead fish odor (DFO: made from decomposing zebrafish) using

the same imprinting regime described here. We observed that zebrafish

preferred the arm baited with the DFO regardless of whether they were raised

with the DFO or control water (Smith and Whitlock, 2005). Additionally,

exposure to DFO did not result in increased expression of otx2 in the

developing OE (Whitlock and Harden, unpublished) in agreement with our

results showing that neither vanilla nor L-cysteine caused a non-specific

increase in the expression of otx2. Thus PEA is a simple odor that can elicit an

imprinting response, an event possibly representing a singular odor in the

environment. In reality the animals are most likely imprinting on a complex

bouquet of odors such as polyamines in the substrate (Rolen et al., 2003)

resulting from the rotting carcasses and odors of conspecifics which could

include MHC proteins (Olsen et al., 1998; Olsen et al., 2002).



101

Changes in the peripheral nervous system

Previously it has been demonstrated in studies using both rabbit

(Semke et al., 1995; Hudson and Distel, 1998) and salmon (Nevitt and Moody,

1992) that there are physiological changes in the OE as a result of exposure to

odorants during early development. This odorant exposure during early

development, in utero in the case of rabbits and prior to smoltification in the

salmon, is an essential component to imprinting. Studies suggesting that the

peripheral nervous system is changed by olfactory experience have been

carried out in mammals. In these studies short-term exposure to specific

odors, such as androstenone, resulted in short-term increased sensitivity to

this odor in adult humans when tested during and immediately after exposure.

This increased sensitivity was assayed by behavioral tests (Wysocki et al.,

1989; Jacob et al., 2006) and physiological response (Wang et al., 2004).

Induced sensitivity to androstenone in the adult mouse results at least in part

from changes in the peripheral nervous system as evidenced by olfactory

nerve transection studies (Yee and Wysocki, 2001). In contrast to induced

sensitivity our experimental paradigm testing olfactory imprinting demonstrates

that the memory is maintained long-term without additional priming by the

stimulus thus implicating permanent changes within the peripheral nervous

system.

Expression of otx2 in the olfactory epithelia

The olfactory sensory neurons regenerate throughout life with the basal

stem cells generating the new sensory neurons. We observed that the cells

expressing otx2 in the OE of the juvenile fish generally lie in the basal-medial

region of the developing OE (Fig. 3.3, 3.7B) a region previously shown to
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express neurogenic genes in the developing zebrafish (Mueller and

Wullimann, 2005). We have shown that the otx2 expressing cells also express

notch1a which is a transcription factor expressed in a neuronal precursors in

vertebrates including zebrafish (Mueller and Wullimann, 2003; Mueller and

Wullimann, 2005). In the adult OE, within the lamellae where spatial resolution

is possible, otx2 expressing cells are rarely observed in the apical epithelium.

This is consistent with previous reports of cell division on in the basal region of

the lamellae in the adult zebrafish (Byrd and Brunjes, 2001).

The spatial segregation of the otx2 expressing cells in the adult OE

(Figs. 3.4, 3.7C) is striking in that the greatest increase in otx2 expression in

the PEA-exposed fish is in the caudal lamellae. The OE grow continuously in

fish adding lamellae as the animal grows. The caudal, and largest, lamellae

are the oldest lamella (Hansen and Zeiske, 1998); thus the relatively large

number of otx2 expressing cells in this region suggests that the change in

expression observed in the PEA-exposed juvenile is maintained in the adult

within the oldest region of the OE. The second highest region of otx2

expression was observed in the lateral regions of the midline raphe (Fig. 3.4,

3.7C). The midline raphe is covered by non-sensory epithelium with the

sensory epithelium of the lamellae continuing at the junction of the lamellae

and the midline raphe, at times reaching the top of the midline raphe (Hansen

and Zeiske, 1998; Hansen et al., 1999). In carefully examining the otx2

expression at the midline raphe the positive cells appear at these junctions of

the lamellae with the midline raphe. This coupled with the expression of HuC

and OMP in this region of the midline raphe suggests that the otx2 positive

cells are sensory cells.
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Is otx2 expression necessary for olfactory imprinting on PEA odorant?

Here we have shown a strong correlation between olfactory imprinting

on PEA and the changes in otx2 expression in the OE. In order to prove that

the role for otx2 is causal in olfactory imprinting on PEA we would need to

knock-down (Ekker, 2000; Nasevicius and Ekker, 2000) the otx2 gene and test

whether or not the fish can imprint on PEA. Because the otx2 gene is an

essential transcription factor widely expressed in the developing embryo

starting during epiboly, loss of this gene function is lethal. The most elegant

experiment would be to do a targeted knock-out of the otx2 gene in the OE.

The tools to carry out such an experiment have yet to be developed in

zebrafish.

Environmental determination of olfactory sensory neuron precursors

The transcription factor otx2 as well as other homeodomain

transcription factors have previously been shown to play a role in the

differentiation of olfactory sensory neurons in the nematode, Caenorhabditis

elegans (Sagasti et al., 1999; Lanjuin et al., 2003). The presence of otx2

transcript and protein has been documented in cultured neuronal precursors in

mouse OE explant cultures (Calof et al., 1996) and in subsets of cells in the

developing OE of mammals (Mallamaci et al., 1996). Here we have shown that

otx2 co-localizes with the proneural gene notch1a and the early neuronal

marker HuC, suggesting that otx2 plays a role in the specification of a pool of

olfactory sensory neurons in the developing olfactory epithelium. The lack of

co-expression of otx2 with OMP is consistent with previous studies showing

that the otx class of transcription factors is important in differentiation of

sensory neurons but not maintenance of identity once terminal differentiation
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has occurred (Lanjuin et al., 2003). Our data support a model where the

increased number of otx2 expressing cells observed in PEA-exposed juvenile

fish and the behaviorally imprinted adults represents an expansion of a

neuronal precursor population that is maintained in the constantly regenerating

adult OE.

Are olfactory receptors involved?

Because odor stimuli are transduced through the olfactory receptors

(ORs) in the olfactory sensory neurons, the changes in otx2 gene expression

may be both triggered by OR activation and in turn affect expression of ORs.

In zebrafish, expression of ORs is apparent starting around 24h (Barth et al.,

1996; Byrd et al., 1996; Whitlock and Westerfield, 1998), thus odors

experienced during early development could affect the pattern of OR

expression such that neurons with activated ORs would be maintained in

higher numbers by recruiting otx2 positive neuronal precursors. In order to

determine whether OR expression was affected by olfactory imprinting, we

compared the levels of OR mRNA from the OE of adult PEA-exposed vs.

control fish (for the receptors with available sequence information). Using

quantitative reverse transcription polymerase chain reaction and microarray

analyses we have not to date found any significant effects (data not shown;

(Rivard et al., 2003). Once complete sequence data as well as receptor

expression profiles are available, we will be able to target specific olfactory

receptors expressed during early development (around 24h) and determine

whether their expression is modulated in a pattern similar to that of otx2.
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Conclusion

We have shown that zebrafish can make and maintain olfactory

memories of odorants experienced as juveniles. Furthermore, our reported

changes in gene expression within the OE are first evident early in

development and are maintained throughout the life of the animal (Fig. 3.8).

These observations suggest that part of olfactory memory formation may

involve an environmentally-driven genomic response in the OE resulting in an

expansion of a specific pool of neuronal precursors. Our data show for the first

time that gene expression in the peripheral nervous system is modified by

sensory stimuli and this change is correlated with olfactory imprinting.

METHODS

Animals

We used two different wild type strains of zebrafish (AB, Eugene, OR;

NWT, Whitlock Lab). Most of the fish in the initial group of PEA-exposed fish

(AB strain) were lost due to a fish facility accident; the next groups of PEA-

exposed fish (NWT strain) were the strain on which all further analyses were

done. The care and well-being of the animals in this study was in accordance

with Cornell University’s institutional guidelines.

Imprinting of juvenile zebrafish

To develop an olfactory imprinting assay in zebrafish we followed

previously reported protocols from salmon that used two different novel

odorants, morpholine and/or phenylethyl alcohol (PEA), defined as having a

physiological response but neutral behavioral response (Scholz et al., 1976;

Hasler and Scholz, 1983). We observed that morpholine was toxic to juvenile
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Figure 3.8. Summary of changes in otx2 expression in the
olfactory sensory epithelia of developing zebrafish. (A) Fish
raised in PEA (right) show preference for PEA baited arm of
the Y-maze, the control fish (left) do not show a preference.
(B) When scored at 2 and 3 days post fertilization the control
fish have a small population of cells expressing otx2 in the
ventral-anterior region of the OE (left) and the PEA-exposed
fish show an increase in the number of otx2 cells (right). (C)
When scored in adult OE the control fish have otx2
expressing cells in the midline raphe and caudal lamellae of
the OE (left) and the PEA-exposed fish show an increase in
the number of otx2 cells in these regions (right). Cells
expressing otx2 are shown in purple.
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zebrafish in sub-micromolar concentrations (Whitlock, unpublished

observations) and therefore used PEA as the artificial odorant for our

imprinting experiments. Embryos were collected immediately after fertilization

and clutches of siblings were divided into experimental and control groups

(Fig. 1A), and raised in our fish facility system water. Juveniles were exposed

to either PEA (in distilled water; PEA group) or distilled water (control group),

which were added daily. Fish were exposed to a final concentration of 1.0x10-6

M PEA (Sigma Aldrich, P-4277) by adding the appropriate amount of PEA

stock (10-4M) to system water. PEA and control (distilled water) odorants were

added daily for three weeks and this addition was not paired with feeding or

cleaning. After three weeks the fish were moved to our re-circulating aquaria

racks and allowed to grow to adulthood in the absence of PEA and control

odors.

Non-PEA odorants

To test for the specificity of otx2 response to PEA we exposed juvenile

fish for the first three days of development to L-cysteine (final concentration of

1 x 10 
-6

M; Sigma) and vanilla [food grade, organic vanilla in water (not

alcohol), 10µl/1000 ml; water based, Greenstar Cooperative, Ithaca NY]. In all

cases the addition of the odorant was not paired with feeding or cleaning of

the embryos.

Testing apparatus

The adult fish were tested in a Y-maze built from opaque, white 3/8 inch

Plexiglas© and plumbed into the re-circulating system (Aquatic Habitats,

Apopka FL). The two inflow tubes had fittings where odorants could be added.
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The test odorant was delivered from a stock of 1.0 x 10-5 M PEA (final dilution

of 0.5 x 10-6 M in the Y-maze), a concentration that was previously reported to

cause maximum response in fish (Nevitt et al., 1994). The odorant was added

to the water inflow and the baited arm was switched randomly across trials. All

fish groups (n=20 groups) were tested only once. During the experiments the

exit flow on the Y-maze was run directly into the drain to prevent the

introduction of the odorants into the re-circulating system. The maze was

monitored for side bias in behavioral response. The behavioral response was

recorded remotely on a SONY digital DCR-TRV11 video camera. The videos

were analyzed using the Adobe Premier, Microsoft Excel, and Cricket Graph

programs. The Y-maze was divided into quadrants and the number of fish per

quadrant was recorded at one-second intervals for 4 minutes starting 30

seconds after the onset of the odor introduction. These data were then

combined and averaged across the time interval and plotted with the Standard

Error of the Mean (S.E.M., Fig. 2C-H). The numbers differ amongst the groups

of fish because the initial clutch sizes were different and each group

experienced some mortality over time.

Statistical analysis of behavioral experiments

Data from 5000 behavioral observations were analyzed using the

statistical software program SAS System Version 8.2 (SAS Institute Inc., Cary,

NC 1999). Twenty different groups of fish, (5-11 fish per group), were

observed every second for four minutes, resulting in 250 observations on each

group of fish. Data were analyzed using a random coefficients model in PROC

MIXED via minimum variance unbiased quadratic estimation of parameters

(SAS Institute, 1999)MIVQUE0 in SAS). This is an analysis of covariance
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where the treatments are the four combinations of strain and PEA-

exposed/control fish, with the coefficients of the quartic regressions in the

covariate time estimated separately for each group of fish. This is a random

coefficients model (Littell et al., 1996), where the coefficients within a single

quartic regression were assumed to be independent, and is similar to an

analysis of covariance except that the quartic effects of time were allowed to

differ for each group of fish. This random coefficients modeling of fish behavior

was essential as each group of fish, which were usually schooled, had their

own patterns of moving into and out of the odor plume over time (Fig. 3.1B).

This behavior is common to animals tracking odor plumes. Thus the response

variable analyzed was the proportion of each group of fish downstream of the

flow with the odor (the proportion of the group in quadrants I and II combined,

see Fig. 2B).

In situ hybridization

Single-stranded RNA probes were generated from cDNA plasmids for

the following genes: otx2, (Mori et al., 1994), notch1a (Bierkamp and Campos-

Ortega, 1993); Ngn1 (Neurogenin 1, (Korzh et al., 1998); HuC a marker of

newly differentiated neurons (Kim et al., 1996); and OMP (Olfactory Marker

Protein) previously shown to be expressed in the zebrafish olfactory epithelium

at 48h (Celik et al., 2002; Mueller and Wullimann, 2003). Probes were labeled

with digoxigenin-UTP or fluorescein-UTP using the RNA labeling kit

(Sp6/T7/T3) (Roche). Zebrafish embryos were staged as described in (Kimmel

et al., 1995). Olfactory rosettes (olfactory epithelia; OE) of adult zebrafish were

dissected from the animal after fixation. All tissues were fixed in phosphate-

buffered 4% paraformaldehyde. Whole-mount in situ hybridization on both
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juvenile and adult OE was performed as described in (Thisse et al., 1993)

except that the duration of the proteinase-K (Sigma) permeabilization step was

modified as follow: 3 minutes for 48h embryos, 12 minutes for 72h embryos

and 35 minutes for the whole mount adult OE. Experimental and control

groups were processed in parallel. otx2 expression was analyzed in two

separate experiments with PEA-exposed and control juveniles. Double in situ

hybridizations were performed as described in (Schulte-Merker, 2002) with the

exception that the anti-fluorescein antibody (Roche) was used at 1:10,000.

Blue coloration reaction was done using NBT/BCIP (Roche) and red coloration

reaction using INT/BCIP (Roche) following the manufacturer’s instructions. For

any given probe the INT/BCIP (red, Fig. 3.7) coloration reaction is more diffuse

than seen with NBT/BCIP (blue, Fig. 3.7); however, similar patterns were

observed when NBT/BCIP was used to develop these probes (see Fig. 3.7D

for comparison of HuC probe with blue coloration reaction).

RNA isolation and microarray analysis

Olfactory epithelia (OE) were isolated from adult zebrafish, flash-frozen

in liquid nitrogen and stored at –80oC. Total RNA was isolated from OE using

the RNeasy® kit (Qiagen) following manufacturer's instructions. An on-column

DNase digestion was performed using the RNase-Free DNase Set (Qiagen).

Microarrays and initial analysis were performed at the Microarray Core Facility

at the Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA.

Microarrays were done using zebrafish oligo expression array chips from

Compugen/Sigma-Genosys. ESTs were identified by using EST sequences to

perform BLAST searches against NCBI (www.ncbi.nlm.nih.gov/BLAST/),
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Zebrafish Ensembl genome v6 (www.ensembl.org/Danio_rerio/blastview) and

Zebrafish Information Network (Zfin) (www.zfin.org) databases.

Statistical analysis of cell number

For experiments with juvenile zebrafish, 40 OE were scored for each

treatment. The average and SEM were plotted (Figs. 3.3E, 3.6). The number

of otx2 expressing cells per OE in control and experimental (PEA, L-cysteine,

vanilla) juveniles were compared using a t-test (two tailed; unequal variance,

(http://faculty.vassar.edu/lowry/VassarStats.html). For experiments with adults,

20 OE (ten males and ten females) were scored for each treatment (PEA,

control). Cell count data for the adult OE was compared using a Mann-

Whitney test (http://faculty.vassar.edu/lowry/VassarStats.html). In all analyses

there was no observed difference in the number of otx2 cells between male

and female fish for a given treatment.
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CHAPTER 4

ODORANT MODULATION OF IMMEDIATE EARLY GENE EXPRESSION IN

THE ZEBRAFISH OLFACTORY EPITHELIA3

ABSTRACT

Immediate early genes (IEGs), a class of transcription factors rapidly

up-regulated in response to sensory stimuli, are expressed in a variety of

neuronal systems including the olfactory bulb. We cloned IEGs c-jun, c-fos

and egr1 from the zebrafish and examined their expression patterns during

early development. We show that both c-jun and c-fos are expressed in the

developing olfactory placode and egr1 is expressed outside the olfactory

placode in a variety of tissues including the differentiating olfactory bulb.

Previously it has been shown in that IEG expression in the olfactory bulb can

be modulated by odorant exposure. In order to determine whether odorant

exposure can modulate IEG expression in the developing olfactory epithelia

we exposed zebrafish embryos to odorants known to elicit behavioral

responses in fishes. Because of the restricted pattern of expression of c-fos

we used this gene to determine whether odorant exposure modulates IEG

expression of c-fos in the olfactory epithelia. We used two odorants shown to

be behaviorally significant to fishes: the hormone prostaglandin (PGF2α) which

modulates reproductive behaviors in adult goldfish, and taurocholic acid, an

                                               
3 This chapter will be submitted for publication to the journal Mechanisms of Development.
Melissa G. McKenzie and I are sharing first authorship of this paper. Dr. Kathleen E. Whitlock
is corresponding author on this manuscript. Melissa and I performed cloning and odorant
exposure experiments together. Melissa characterized c-fos expression after odor exposure
and I examined OR expression after odor exposure. I generated the protein alignments of c-
fos and c-jun.
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odorant we have shown previously to elicit a behavioral response in juvenile

and adult zebrafish. After 2 days of chronic exposure to PGF2α the frequency

of embryos displaying high numbers of c-fos expressing cells increased

relative to unexposed control siblings. In contrast, taurocholic acid caused a

dramatic decrease in the number of c-fos expressing cells. Whether these

changes in c-fos expression are related to neuronal activity, differentiation or

both remains yet to be determined.

INTRODUCTION

Immediate early genes

One class of genes classically associated with the interaction between

sensory environment and the sensory nervous system are the immediate early

genes. Immediate early genes (IEGs) are a class of short-lived transcription

factors that are rapidly up regulated and down regulated in response to

environmental stimuli (Tischmeyer and Grimm, 1999). IEGs are a unique class

of genes whose transcriptional induction can take place in the absence of

protein synthesis, and often in response to an intracellular signaling cascade.

Two IEGs previously shown to be activated in the olfactory sensory system of

rodents (Guthrie et al., 1993; Guthrie and Gall, 2003; Halem et al., 2001), c-fos

and c-jun, have the ability to heterodimerize with each other and form an AP-1

transcription factor. An IEG that appears to work independently of other IEGs,

egr1 or zenk (also zif/268, krox-24, TIS 8, and NGFI-A (Tischmeyer and

Grimm, 1999)) has been shown to be activated upon vocalization in

hummingbirds (Jarvis et al., 2000). Most of the analysis both of c-fos/c-jun

induction in the olfactory bulb and egr1 induction in the vocal control centers of



122

hummingbirds have focused on IEG induction in the central nervous system

(CNS) (Sng et al., 2004).

IEG expression is not only connected to sensory stimulation but also

stress, behavioral training, learning, long-term memory formation, and

neuronal plasticity; egr1 is up-regulated in learning regions of the brain in

response to auditory imprinting in newborn chicks (Bock et. al., 2005) and c-

fos is essential for vocal learning in songbirds, an auditory imprinting process

that is vital for obtaining mates (Tischmeyer and Grimm, 1999). Some data

suggest that c-fos is necessary for the formation of long-term memory in

mouse, and the concurrent expression of c-jun is necessary for normal

neuronal functioning during the learning process (Tischmeyer and Grimm,

1999). Important for this study, there are data that show c-fos is induced in the

adult mouse olfactory epithelium in response to exposure to particular

odorants (Norlin et al., 2005). In zebrafish, egr1 expression has been

characterized in the developing zebrafish but expression in the olfactory

system was not closely examined (Close et al., 2002). c-fos expression has

been shown to occur in the brain of zebrafish at 7 days post fertilization

(Baraban et al., 2005). However, these initial characterizations of IEGs in

zebrafish have not examined changes in gene expression within the olfactory

epithelium in response to sensory stimuli.

Stimulus driven changes in the peripheral nervous system

Perhaps the least intensively studied effects of sensory experience on

development and physiology of the nervous system are effects on the

peripheral nervous system. There is a growing body of evidence that the

sensory organ is not simply a passive transmitter of sensory information to
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higher processing centers in the brain (Brunjes and Greer, 2003; Dukes et al.,

2004; Hudson, 1999; Nevitt et al., 1994). Instead, the sensory organ may

establish filters, dynamically respond to changing environments, or its

development may be specifically directed by sensory stimuli in the

environment. Rabbit pups nursed by a female fed the aromatic juniper berry as

adults show a feeding preference and increased olfactory sensitivity to juniper

odor by electroolfactogram (Hudson and Distel, 1998). In salmon, there is

good evidence to suggest that the olfactory epithelium is physiologically

altered after behavioral imprinting. Olfactory sensory neurons present in the

olfactory epithelium of imprinted salmon show an increased sensitivity as

assayed by patch clamp to the imprinted odorant as compared to that of

unexposed controls. This increased sensitivity suggests a physiological

change on the level of individual neurons (Nevitt et al., 1994). In addition to

physiological changes, environmental stimuli can also result in effects on gene

expression. Recently we have shown that zebrafish will behaviorally imprint on

an artificial odor and this process is accompanied by changes in gene

expression within the olfactory epithelia that are first detected during early

development and maintained until adult life (Harden et al., 2006).

Odorants in fish

Combinations of different odors convey information necessary for

ascertaining reproductive states, kin cognition, and familiar environments. In

this study, we focused on 2 putative pheromonal cues, prostaglandin F2α

(PGF2α) and a progesterone (4-pregnen-17,20β-diol-3-one,20-sulphate; 17,

20P), which are behaviorally relevant social cues used in goldfish

reproduction. PGF2α and 17, 20P have been shown to be pheromones present
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in the urine of ovulatory goldfish and to elicit behavioral and physiological

responses in adult male goldfish (Sorensen et al., 1988). PGFs are also

important social odorants for Atlantic salmon, Artic char (Salvelinus alpinus),

brown trout (Salmo tutta), and lake whitefish (Coregonus clupeaformis) (Sato

and Suzuki, 2001). To date, whether these odorants act as pheromones in

zebrafish has not been tested, however they do elicit a behavioral response in

zebrafish (Sorensen, personal communication). We also examined the bile

acid taurocholic acid, which we have previously show to elicit an attractive

behavioral response in juvenile and adult zebrafish (Vitebsky et al., 2005) and,

which evokes a physiological response in zebrafish as measured by

electroolfactogram (Michel and Lubomudrov, 1995) and calcium imaging in the

olfactory bulb (Li et al., 2005). Finally, it has also been suggested that bile

acids (e.g. taurocholic acid) are a component of the odor mix responsible for

kin recognition in fishes (Zhang et al., 2001).

 In order to determine whether we could detect odor induced changes in

IEG response in the peripheral nervous system, we assayed the gene

expression of egr1, c-jun, and c-fos in the olfactory epithelium of the

developing zebrafish. Here we report the cloning of the zebrafish homologues

of these genes and describe their expression pattern in the olfactory sensory

system during the first 3 days of development. At all time points investigated,

we have found that egr1 is expressed only in the olfactory bulb. In contrast, c-

fos and c-jun are expressed in the developing olfactory epithelium as well as

the olfactory bulb. These data suggest a role for c-fos and c-jun in the

development of the olfactory epithelium. Next, we altered the olfactory

environment to determine if these change affected the expression pattern of c-

fos. Of the three odorants chosen, PGF2α, progesterone, and taurocholic acid,
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two had effects on the expression of c-fos in the developing olfactory

epithelium. Our data suggest that c-fos could play a role in environmentally

induced changes in gene expression in the developing olfactory epithelium.

RESULTS

Cloning of the c-fos and c-jun

The sequences of IEGs egr1, c-fos, and c-jun were found to be highly

conserved across species. egr1 has previously been cloned and characterized

in the developing zebrafish embryo (Close et al., 2002). We identified c-fos

and c-jun sequences (Fig. 4.1, 4.2) in the zebrafish genome based on their

homology to other animals. Alignments of predicted amino acid sequences

show that both sequences are highly conserved across animals (Fig. 4.1, 4.2).

c-jun displays 90.6% identity with the goldfish, Carassius auratus, 79.2 %

identity with the mouse (Mus musculus) and the rat (Rattus sp.), and 77.3%

identity with the human (Homo sapiens) c-jun sequence (Fig. 4.1). Two of the

most conserved domains of c-jun among species are the leucine zipper

domain in amino acid residues 5-218 (Fig. 4.1 red line) and the Jun domain in

residues 227-290 (Fig. 4.1 blue line). The c-fos amino acid sequence also

shows a high level of conservation among species (Fig. 4.2), 85.4% identity

with goldfish, 84.8% identity with carp (Cyprinus carpio), 64.2% identity with

cherry salmon (Oncorhynus masou), 52.7% identity with chicken (Gallus

gallus), 57.6% with mouse, and 57.9% identity with human. One region of

considerable identity is that of the basic leucine zipper domain located from

residues 122-173 (Fig. 4.2 red line). The highly conserved leucine zipper

domains of c-fos and c-jun are
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Figure 4.1. Alignment of c-jun amino acid sequence with that of goldfish,
chicken, mouse, rat and human shows high levels of conservation among
species. Dark bars denote regions of identity, dashes represent sequence not
present in those species. Red line above sequence shows conserved leucine
zipper domain. Blue line denotes the conserved Jun domain.
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Figure 4.2. c-fos amino acid sequence alignment with that of goldfish, carp,
cherry salmon, chicken, mouse and human shows highly conserved sequence
across species, especially in the leucine zipper domain. Dark bars denote
regions of identity; dashes represent sequence not present in those species.
Red line above sequence shows conserved leucine zipper domain.
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consistent with the proposed transcription factor functionality of these proteins

(Sng et al., 2004).

Characterization of IEG gene expression in the olfactory system

In order to characterize the pattern of IEG gene expression during

development, we generated digoxigenin labeled single strand RNA probes for

whole mount in situ hybridization on embryos at 24, 48 and 72 hours post-

fertilization (h). egr1 mRNA expression in the developing zebrafish embryo

has previously been characterized but has not been closely examined in the

olfactory system (Close et al., 2002). We performed whole mount in situ

hybridization in order to more specifically characterize the expression of egr1

in the developing olfactory system. egr1 was not expressed in the OE at any of

the time-points investigated (24-72h) (Fig. 4.3A-C). However, egr1 expression

was detected in the olfactory bulb at 24, 48, and 72h (Fig. 4.3J, asterisks). In

order to characterize the developmental expression of c-jun and c-fos, we

performed whole-mount in situ hybridization on embryos at 24, 48, and 72h. c-

jun was expressed throughout the OE at 24, 48 and 72h (Fig. 4.3 D-F), though

the message appeared to become less abundant over the course of time (Fig.

4.3 B, C).  c-jun was not expressed in the olfactory bulbs at the time points

examined (Fig. 4.3K, asterisks). Examining the whole embryo, c-jun

expression was limited to the region of the developing olfactory system at all

time points investigated.

At 24h, c-fos expression is concentrated in the developing olfactory

system; however, it is also expressed throughout the developing brain region,
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Figure 4.3. Expression patterns of egr1, c-jun, and c-fos in the
developing olfactory system. Ventral views of developing OE (A-
I, dashed line) and forebrain (J-L) showing both olfactory organs
(dashed lines). egr1 expression is in the olfactory bulb (OB) (J,
asterisks). Expression in the OE is absent at all time points (grey
dashed line outlined areas (A-C). (D-F) c-jun is expressed
throughout in the developing OE at 24h (D), and decreases in
intensity by 48h (E) and 72h (F). c-jun is not expressed in the
OBs (K, asterisks). (G-I) c-fos is expressed in cells in the anterior
OE at 24h (G, arrow), and generally there is no c-fos expression
in the OE at 48h (H) or 72h (I). c-fos is weakly expressed in the
OB (H, I (OB), L, asterisks). Scale bars: A-I=20 µm; J-L=50µm.
n= 25-30 embryos per time point per gene.
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and is not restricted to specific regions as it is in the OE (Fig. 4.3 G-I). At 24h

c-fos was expressed in a small cluster of cells in the anterior OE (Fig. 4.3G,

arrow). Expression in the olfactory epithelia was down-regulated at later

stages in development, but c-fos expression was maintained in the olfactory

bulb (Fig.4.3 H, I, OB). Occasionally, small numbers of cells in the olfactory

epithelium expressed c-fos (see Fig. 4.4 B,C). Generally, expression of c-fos

at 48h was isolated to the olfactory bulb (Fig. 4.3 L, asterisks). Sometimes, c-

fos message was abundant enough to be detected visually in axon tracks and

cells located in the anterior commissure (data not shown). Variable expression

of c-fos was also observed intermittently in the developing anus at 48h (data

not shown).

The absence of egr1 expression in the OE during early zebrafish

development made it an unlikely candidate for modulation by odorants during

these time points. Similarly, c-jun’s relatively uniform expression throughout

the OE during the first 72 hours of development made it difficult to ascertain

any differences in expression through the use of in situ hybridization in whole

mount embryos. However, because of c-fos’s relatively low level of expression

and the distinct pattern of expression in the OE, we decided to test whether c-

fos expression might respond to odorant stimulation.

IEG response to odors

To ascertain the effect of odorants on c-fos expression in the OE, we

selected an array of 3 social odorants shown to be important in other fishes.

The odors 17, 20P, PGF2α, and taurocholic acid are present in the urine of

adult fish and/or ovulated females making their presence likely in the odor

environment of recently laid eggs and the developing embryos. In preliminary
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experiments using 48h and 72h zebrafish embryos developing in either

standard embryo medium or water in which adult fish live (fish water), we

found differential expression of c-fos in the OE of 48h embryos suggesting the

more complex odors in fish water were affecting the c-fos expression. This

difference in c-fos expression was not present at the later age of 72h. These

results, along with evidence that 48h is a period of extensive neurogenesis

(Mueller and Wullimann, 2003), suggested that the most relevant time period

to investigate was 48h. Thus we exposed embryos to odorants from

fertilization through 48h at concentrations known to surpass olfactory detection

thresholds (10-8M and 10-10M) (Sorensen et al., 1998).

We assayed potential changes in c-fos expression in response to odors

by counting the number of c-fos expressing cells in the OE of odor exposed

embryos and controls (Fig. 4.4 A-C). Zebrafish embryos raised in embryo

medium (EM) had 0-6 c-fos positive cells per OE (n=192). In EM raised

embryos most OE showed 0-2 cells (90%) and the number of OE with 0 cells

was about equal to the amount expressing 1-2 cells (43% and 47%,

respectively) (see Fig. 4.4 D1-3). The remaining 10% had 3 or more c-fos

expressing cells (Fig. 4.4 D1-3). After determining this baseline of gene

expression, we next counted c-fos positive cells in the odor treatment (17,

20P, PGF2α, and taurocholic acid) and paired control (diluent) groups (see Fig.

4.4 D, Table 4.1). We compared the number of c-fos cells in the odor treated

fish and the control groups using the Mann-Whitney statistical test. No

statistical difference was found between the number of c-fos expressing cells

in the EM and EM +EtOH control groups (p= 0.58, Table 4.1). The diluent for

17,20P and PGF2α is EtOH and the lack of statistical difference between the

EM and EM+EtOH groups demonstrates that exposure to EtOH
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Figure 4.4. Analysis of c-fos expressing cells in the olfactory
epithelia (OE) of odor treated embryos. A-C, ventral views of
individual OE with cells expressing c-fos (arrows). c-fos is also
expressed in the developing olfactory bulb (OB). (A) OE showing
0 cells expressing c-fos. (B)OE with 2 cells expressing c-fos
(arrows). (C) Example of an OE containing 4 cells expressing c-
fos (arrows). (D1) Treatment with 17, 20P at 2 concentrations
does not result in changes in distribution of c-fos expressing cells
in the OE relative to controls (see Table 4.1). (D2) Exposure to
10-8 M PGF2α resulted in an increase in the number of
preparations having 3+ c-fos expressing cells and associated
controls (see Table 4.1). (D3) Exposure to taurocholic acid at 2
concentrations (10-8M and 10-10M) resulted in a decrease in the
number of preparations having 3+ c-fos expressing cells relative
to controls (see Table 4.1). Percentages were rounded to the
nearest integer for presentation purposes. Percentage is of
individual noses out of total noses counted (n-values in Table
4.1). Scale bar: 20 µm.
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