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Abstract
Modulators of unconditioned fear are potential targets for developing treatments for anxiety
disorders. We used blood oxygen level dependent (BOLD) MRI to investigate the pattern of brain
activity during the presentation of a predator odor (cat fur) and a repulsive novel odor, butyric acid
(BA), to awake rats. We further tested whether odor-evoked BOLD activation involved oxytocin
(OT) and vasopressin V1a receptors. Animals were subdivided into groups either administered an
intracerebroventricular injection of artificial cerebrospinal fluid (CSF), an OT receptor antagonist
or a V1a antagonist (125 ng/10 μL each) 90 min before studies. BA odor evoked robust brain
activation across olfactory, sensory, memory and limbic regions. The magnitude of BOLD
activation across these regions was greater for BA than with cat fur. However, blockade of OT and
V1a receptors differentially modulated odor evoked neural activity, particularly in the amygdala.
OT and V1a antagonism preferentially modulated BOLD responding to BA in the cortical
amygdala. While, OT and V1a antagonisms preferentially modulated BOLD responding to cat fur
in the central amygdala. The data suggest that although OT receptors modulate BOLD activation
in response to a novel and repulsive odor such as BA, vasopressin V1a receptors exert a
modulatory influence on the neural response to a predator odor.
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1. Introduction
Rodents exposed to predator odors show elevated anxiety, including fear-associated freezing
behavior, a heightened physiological stress response and defensive reactions (Blanchard et
al., 2003; Dielenberg et al., 2001; Li et al., 2004; McGregor et al., 2002; Staples et al.,
2008). For example, freezing behavior is increased in the presence of a chemical extract of
fox feces, 2,4,5-trimethylthiazoline (TMT) (Fendt et al., 2003). TMT triggers behavioral and
autonomic signatures of fear and anxiety that are not produced by other repulsive odors. It
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has also been reported to elevate plasma corticosterone levels and increase prefrontal
cortical dopamine metabolism, which are considered signs of intense stress reactivity
(Morrow et al., 2000a, 2000b; Thomas et al., 2006; Vendruscolo et al., 2006). The
behavioral responses to TMT seem to be mediated through specific neural circuits. Lesions
of the ventral bed nucleus of stria terminalis (BNST) and lateral septum have been reported
to significantly attenuate TMT-induced freezing (Endres and Fendt, 2008; Fendt et al.,
2003). Expression of c-fos in response to TMT has been observed in the central amygdala
(Staples et al., 2008), a structure that controls autonomic output (Huber et al., 2005; Viviani
et al., 2011). Increased c-fos expression has also been observed in the olfactory system,
orbital cortex and anterior cortical amygdala (Staples et al., 2008). However, the latter areas
were not unique to TMT and other brain areas are activated by cat odors but not by TMT
(Staples et al., 2008). Moreover, unconditioned fear measured by performance on an
elevated plus maze (EPM) is enhanced by cat fur odor but not TMT (McGregor et al., 2002).
TMT does not lead to conditioned fear, whereas exposure to cats produces contextual fear
learning in rats (Blanchard et al., 2003). There is concern that rodents do not recognize TMT
as an actual predator threat, but instead it constitutes a naturally repulsive odor that is
capable of reproducing only partial activation of fear circuitry (Endres and Fendt, 2008). On
the other hand, odors derived from cat fur elicit consistent freezing behavior, specific
defensive reactions and lasting effects on anxiety levels (Blanchard et al., 2003; McGregor
et al., 2002). The use of cat odors instead of TMT may therefore improve research on the
neural circuitry of unconditioned fear, its neurobiological control and pharmacological
modulation.

Brain regions associated with unconditioned fear overlap to a certain degree with receptors
for the neuropeptides oxytocin (OT) and vasopressin (AVP). The central distribution of OT
and AVP suggest they play a role in modulating olfactory processing, social behavior, as
well as cognitive, emotion-related and goal-directed behavioral functions (Huber et al.,
2005; Ostrowski et al., 1994; Szot et al., 1994; Tribollet et al., 1988a; Tribollet et al., 1988b;
Veinante and Freund-Mercier, 1997; Yoshimura et al., 1993). The distribution of the
receptor sites for OT and AVP support their role in neuromodulation. There is growing
evidence that OT-mediated effects have a role in anxiolysis, while AVP actions through the
V1a receptor promote aggression and heightened anxiety (Appenrodt et al., 1998; Knobloch
et al., 2012; Murgatroyd et al., 2004; Waldherr and Neumann, 2007). Not only do these
neuropeptides control anxiety, but also their presence in amygdala and hippocampus
suggests a prominent role in cognitive mechanisms, such as conditioned fear learning
processes (de Wied et al., 1984a; De Wied et al., 1984b). Based on their location within the
components of the olfactory system, such as the anterior olfactory nucleus and the olfactory
tubercles, as well as a differential expression of their messenger RNA in regions such as the
central amygdala and BNST, these peptides may control olfactory perception and the
association between smell and emotionality (Ferris et al., 2008). Given the spatial
distribution of the relevant neuroanatomy, we used functional MRI to investigate the role of
OT and V1a receptors in modulating odor evoked brain activity in the awake rat. A novel
repulsive odor for the rats, butyric acid (BA), and unknown chemical constituents present in
cat fur were chosen in order to examine unconditioned fear and anxiety responses. Our data
show a role of OT receptors in modulating the neural response to BA, while V1a receptors
appear to preferentially modulate the neural response to cat fur.

2. Results
2.1. OT blockade reduces avoidance-like behavior in the presence of cat fur and butyrate

A modified version of a place preference test cage was used to examine place aversion in the
presence of BA and cat fur. Using these methods, we examined the natural and
unconditioned tendency of rats to avoid a novel repulsive odor and to avoid odorants present
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in cat fur. Results are presented in Fig. 1 and Supporting Online Fig. S2. Supporting Online
Fig. S2 shows an example video frame with one rat on the far left approaching the odor tube
and another located away from the odor compartment inside the no odor part of the cage.
Analysis of variance revealed a significant main effect of time spent in each compartment
(F2,81=5.8, p=0.004) and interaction with ICV drug treatments (F4,81=3.2, p=0.02). In CSF
treated rats, we observed a significant reduction in time spent inside the cat odor-paired side
of the test cage compared to no odor condition (Kruskall–Wallis H3=9.9, p=0.007; Dunn’s
multiple posthoc comparison test p <0.05). Interestingly, CSF rats also spent less time in the
non-odor paired side of the cage (Kruskall–Wallis H3=6.9, p=0.03; Dunn’s multiple posthoc
comparison test p <0.05) and much of its time was spent inside the middle adjacent
compartment (Kruskall–Wallis H3 =6.7, p=0.03; Dunn’s multiple posthoc comparison test p
<0.05). This was not observed with BA presentation. Thus, in CSF treated rats cat fur but
not BA elicited avoidance behavior and rats spent most of the time inside the middle
(smaller) chamber of the test cage and avoided the larger, open ends of the cage. Blockade
of OT receptors resulted in indiscriminate transitions between all three sub-compartments of
the test cages, regardless of the presence or absence of odors. Thus, OT blockade reduced,
and it could perhaps even be said that it eliminated avoidance in response to cat fur odor
(Fig. 1). Blockade of V1a receptors did not alter the pattern of behavioral responses when no
odor was present. V1a-A treated rats showed less time spent in the odor-paired side of the
test cage when cat fur was present than when no odor was present (Kruskall–Wallis H3=9.6,
p=0.008; Dunn’s multiple posthoc comparison test p <0.05). There was a tendency for
greater time spent in the middle or adjacent compartment, which is consistent with the
observations of CSF-treated rats. Supporting Online Fig. S2 summarizes the same data from
a different perspective, which shows the sharp shift in time spent from side compartments to
the middle (adjacent) compartment with cat odor in CSF and V1a-A treated animals but not
OT-A treated rats.

2.2. OT and AVP V1a receptor antagonists modulate butyrate and cat fur odor evoked
neural activity

We analyzed stimulus evoked signal changes across 69 major and minor ROI’s. Fig. S1
shows an example of an anatomical scan well aligned with a digital atlas of the rat brain.
Signal increases and decreases in response to both odors were analyzed. Fig. 2 shows
composite statistical maps of positive BOLD activity in response to BA odor and Fig. 3
summarizes the results for cat fur. As an olfactory stimulus, BA exerts a robust effect on the
extent of activation across the rat brain, including multiple olfactory, limbic and cortical
structures. This is much less so for cat fur. BA odor increases BOLD activity in areas of the
medial prefrontal cortex (mPFC), dorsal and ventral striatum, olfactory tubercles, piriform
cortex, amygdala, hypothalamus, insular and gustatory cortices, and the anterior and medial
thalamic areas, among others (Fig. 2). The volume activation was also more limited with cat
fur (Fig. 3). Although some significant activation (red–yellow pixels in Fig. 3) is observed in
mPFC areas, gustatory and insular cortices, hypothalamic structures, the extent or volume is
much smaller when compared to BA. Since there appeared to be a greater response to BA
versus cat fur, we compared the responses to an innocuous odor that would also not be
appetitive to rats, cinnamon (Supporting Online Fig. S3). BA was still observed to evoke
greater BOLD activation than this other novel, but innocuous scent, regardless of
presentation order (Supporting Online Fig. S4).

ANOVA showed a main effect of smell (BA versus cat fur) in the anterior thalamic nucleus
(F2,47=5.8, p=0.02), BNST (F2,47=18.5, p <0.0001), ventral CA3 (F2,47=4.7, p=0.03),
cortical amygdala (F2,47=7.8, p=0.007), lateral amygdala (F2,47=11.4, p=0.001), medial
amygdala (F2,47=7.5, p=0.008), olfactory tubercle (F2,47=3.9, p=0.05), posterior amygdala
(F2,47=4.2, p=0.04), PAG (F2,47=5.1, p=0.03), posterior hypothalamus (F2,47=11.4,
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p=0.009), dorsomedial, dorsolateral and ventromedial regions of the striatum (ventromedial
F2,47=7.4, p=0.02), nucleus accumbens core (F2,47=4.2, p=0.04), subiculum (F2,47=11.3,
p=0.001), and ventral tegmental area (F2,47=8.7, p=0.005). In all cases, BA-induced percent
BOLD activation was greater than that observed with cat fur exposure.

We investigated the effect of blocking OT and V1a receptors on the BOLD response to BA
and cat fur. Significant effects of treatment (CSF, OT-A and V1a-A) were observed in the
agranular insular cortex (F2,47=3.2, p=0.05), cortical amygdala (F2,47=7.7, p=0.001),
olfactory tubercles (F2,47=4.8, p=0.01), periaqueductal grey (PAG; F2,47=6.7, p=0.002), and
entorhinal cortex (F2,47=3.2, p=0.04). Bonferroni’s multiple comparisons posthoc test
indicated that out of these regions, the cortical amygdala, lateral amygdala, and olfactory
tubercle were significantly different between the treatment conditions (p <0.05). In all 3
regions, the V1a blockade group showed a lower BOLD signal response to BA odor than
CSF treated animals (p <0.05). However, the cortical amygdala was the only ROI showing a
significant interaction between odor and treatment (F2,47=5.0, p=0.01; Fig. 4). While OT-A
rats showed a lower BOLD signal response to BA, V1a-A treated animals showed a
significantly greater response compared to CSF treatment. The temporal profile for the
cortical amygdala is shown in Fig. 5B. A similar pattern of BOLD activation was not
observed in the olfactory tubercle (Fig. 5A). Here, V1a blockade showed a lower BOLD
signal response than CSF treated animals and OT-A treatment showed a similar but non-
significant trend. Indeed, the multiway ANOVA did not reveal any significant effects of OT
and V1a receptor blockade on the BOLD response to cat fur. However, given the magnitude
of the differences between the odor conditions (Figs. 2 and 3) and the nature of the stimuli (a
known odorant chemical such as BA versus cat fur, which has unknown chemical or set of
chemicals), we performed one way ANOVA to examine the effects of drug treatment
(independent variable) on BOLD response to cat fur separate from that of BA. Using this
strategy, we observed that several brain regions showed a significantly attenuated BOLD
signal response to cat odor with V1a blockade (Fig. 6). These included the dorsal CA1
(F2,28=3.3, p=0.05), ventral CA3 (F2,28=3.2, p=0.05), olfactory tubercle (F2,28=4.0, p=0.02),
PAG (F2,28= 10.0, p=0.0006), central amygdala (F2,28=7.8, p=0.002), and the subiculum
(F2,28=5.1, p=0.01). However, upon evaluation of the temporal profile of the BOLD signal
(Supporting Online Fig. S5), it was still apparent that the BOLD signal magnitude in
response to cat fur was tenuous compared with that produced by BA (Fig. 5). Moreover, the
increase in BOLD evoked by BA appears immediate, whereas that of cat fur builds up over
time (comparison between Fig. 5A and Supporting Online Fig. S5). Signal decreases (or
negative BOLD signal changes) mostly followed a similar pattern as that observed for
positive signal changes. This is consistent with ‘vascular steal’ effects and does not support
selective inhibition. However, there were some specific effects associated with signal
decreases in the presence of BA versus cat fur. Negative BOLD signal changes and
statistical comparisons are reported as online supporting material (Supporting Online Fig.
S6).

3. Discussion
This is the first study to investigate the neural circuitry of unconditioned fear by presenting
cat fur odor as a stimulus to awake rats undergoing functional MRI. Our results indicate that
BA-induced BOLD signal increases were significantly greater than with cat fur. While BA
activated several olfactory system structures and areas of the brain involved in the neural
processing of smell, cat fur odor only caused modest activation. We did observe a
significant effect of cat fur in the present study across numerous regions, including the
anterior thalamic nucleus, BNST, ventral CA3, cortical amygdala, lateral amygdala, medial
amygdala, olfactory tubercle, posterior amygdala, PAG, posterior hypothalamus,
dorsomedial, dorsolateral and ventromedial regions of the striatum, nucleus accumbens core,
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subiculum, and ventral tegmental area. Across all of the regions, BA induced greater BOLD
signal changes than cat fur. Behavioral tests done in a separate group of animals provided
support for the presence of a volatile odorant chemical in the cat fur. Therefore, we expected
cat fur would have elicited greater BOLD activation. However, although it is assumed here
that cat fur contains such an odorant chemical, or a set of chemicals, that drive activity
through stimulation of main olfactory receptors, it is possible that a putative odorant
chemical(s) present in cat fur may drive activation through the accessory olfactory system
instead. Thus, the pattern of activation produced by the cat fur odor could have involved a
different mechanism than that of BA, perhaps through the vomeronasal system (Papes et al.,
2012). Alternatively, a full neural response to cat fur may require activation through other
sensory modalities in addition to olfactory stimulation. In spite of the weaker activity
generated by cat fur, an important finding was that OT and V1a receptors differentially
modulated BA- and cat fur-induced BOLD signal responses in several brain areas. BA-
induced BOLD signal changes were curtailed in the cortical amygdala by OT-A. AVP V1a
receptor blockade exerted an opposite effect. Interestingly, the V1a receptor antagonist
reduced cat fur-induced BOLD signal changes in the amygdala, hippocampus and PAG. OT
blockade had no effect on the response to cat fur in these and other regions of the brain, only
in the central amygdala where both OT-A and V1a-A both curtailed the BOLD response to
cat fur.

Overall, our findings suggest that OT-mediated neuro-transmission is important in
responding to a novel and repulsive odor such as BA. Since this is the first exposure to BA,
then OT receptor activation might be involved in an olfactory learning process during the
initial experience of the odor (habituation). On the other hand, AVP V1a mediated
neurotransmission appeared more closely associated with cat fur induced BOLD activation
across several brain regions. This could indicate an association between AVP V1a receptors
and unconditioned fear rather than a habituation process. Our behavioral data provide only
partial support for this. We used a very simple measure of avoidance (less time spent in an
odor-paired side of a test cage) that did not truly represent fear, as would be the case with
the measurement of freezing behavior, performance on an EPM, light-dark transitions and
startle response. The avoidance may have been influenced by the repulsive and/or novel
nature of the odors presented and not by the triggering of an unconditioned fear response.
Notwithstanding, OT blockade increased time spent near the odor-paired side (for both cat
and BA) and V1a receptor blockade had no effect compared to the CSF vehicle group. Thus,
OT blockade reduced avoidance whereas V1a blockade was indistinct from vehicle effects.
Overall, the present data support actions via OT receptors, which modulate the neural
response to odors. However the results only partly direct our attention towards a possible
role of these neuropeptide receptors on innate fear circuitry.

We initially expected that regions such as the ventral BNST, amygdala, ventral
hippocampus, lateral septum, and other regions previously identified with cellular markers
of neuronal activation would distinguish the effects of cat odor from BA. Using c-fos
immunolabelling, Staples et al. (2008) identified regions of the rat brain that responded
selectively to cat and TMT over no odor and formalin odor conditions. They reported
selective cat-induced activation of c-fos labeling in VTA, striatum (dorsal and ventral), basal
and medial amygdaloid nuclei, subareas of the anterior olfactory nucleus, medial prefrontal
cortex, anterior and ventromedial hypothalamic nuclei, BNST and dorsal premammilary
nucleus (Staples et al., 2008). TMT had only modest effects on cellular activation,
increasing activity in the cortical amygdala (anterior portion), piriform and ventral orbital
cortices. Rosen et al. (2005) reported increased mRNA expression of egr-1 in the
hypothalamic paraventricular nucleus (PVN) of rats following exposure to a cat (Rosen et
al., 2005). This is interesting since this region contains OT and V1a receptors that control the
central release of their corresponding neuropeptides via magnocellular neurons (Knobloch et
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al., 2012). Several lesion studies have provided evidence of a role for the ventral
hippocampus and BNST in unlearned fear reactivity. Inactivation of the ventral BNST or
blockade of norepinephrine α2 receptors reduces freezing in response to TMT (Fendt et al.,
2003, 2005). Similar effects are observed with lateral septum inactivation (Endres and
Fendt, 2008). These areas express V1a receptor mRNA (Veinante and Freund-Mercier,
1997). In the case of the ventral hippocampus, lesions to this site result in significantly more
time spent in the open arms of an EPM (Kjelstrup et al., 2002). The ventral hippocampus
also shows significant V1a receptor mRNA expression (Ostrowski et al., 1994). Here, we
found significant effects of V1a blockade on cat but not BA induced BOLD activation (Fig.
6), which is consistent with some of the aforementioned studies.

The fact that both BA and cat fur odors were both novel odors for the tested rats could help
explain the lower BOLD response to cat versus BA. The saturation of olfactory epithelia
with BA odor before the presentation of cat fur may have obscured the effects of the latter
on neural activity. This argument would assume, however, an overlap between the odorant
receptors that are activated by cat odor and BA. It is possible that the lower BOLD response
is due to the inability to calibrate the concentration of the fear-inducing component of cat
fur. This scenario still presents potentially interesting future directions. Rats exposed to BA
and cat fur showed avoidance-like responses (during behavioral tests), which may have
arisen from novelty effects and mild stress during this first exposure. It appears that only OT
blockade was able to reduce this effect by increasing the amount of time spent near the odor
source (for BA and cat). Thus, instead of anxiety produced by OT blockade, the perception
of the novel and repugnant odors may have been reduced. One possible mechanism could be
through the modulatory effects of OT on the olfactory system and amygdala, which was
observed in the present study. V1a blockade did not have a similar effect and given that our
behavioral measurements may have been insensitive to fear associated behaviors, one might
argue that only the novelty associated and not the fear inducing effects of the odors were
examined in our behavioral assay. However, the V1a antagonist clearly modulated the neural
response to cat fur odor, thereby providing some evidence that it does exert central effects
on brain activity. Our BOLD MRI findings for the cat odor should be viewed with some
caution, as we did not (or could not) counterbalance the order of odor presentation (see
Section 4.5.2, MRI procedures). All rats received a receptor antagonist/CSF, then BA, then
the cat odor. As the cat odor was always presented after BA, it is not possible to separate out
any potential effects of the BA pre-treatment on the BOLD MRI response to the cat odor. It
is possible that exposure to cat odor alone would not have elicited the changes we report
here.

We did not find any cat odor-specific effects or any effects of AVP and OT antagonists in
the lateral amygdala and prefrontal cortex, although these regions play key roles in fear
conditioning. TMT increases dopamine metabolism in the prelimbic prefrontal cortex and
disrupts its cognition-related functions such as working memory (Morrow et al., 2000a,
2000b). Prelimbic dopamine increases with TMT exposure appears to adapt over time,
possibly indicating changes in stress reactivity (Morrow et al., 2000b). A tetrodotoxin-
inactivation study found, however, that the mPFC plays an active role in the expression of
conditioned fear but not predator induced fear responses (Corcoran and Quirk, 2007).
Similarly, lesions of the lateral amygdala, which is important in context dependent fear
conditioning, does not reduce the expression of unconditioned fear response to a predator
(Wallace and Rosen, 2001). We also expected an outcome partly consistent with previous
fMRI work using TMT as the predator stimulus (Febo and Pira, 2011). In the previous
study, several brain areas showed greater BOLD percent changes with TMT than BA. These
included the ACC, retrosplenial cortex, subiculum, and the SSC (Febo and Pira, 2011). Most
of the areas were cortical and regions such as the BNST, amygdala, septum and prefrontal
cortex did not distinguish between BA and TMT. This differs somewhat from Chen et al.

Reed et al. Page 6

Brain Res. Author manuscript; available in PMC 2014 February 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(2009), which measured the BOLD signal response to TMT in female rats and reported
increased in BOLD in BNST, septum, hypothalamic nuclei, hippocampus, in addition to
similar regions reported in the present study and in Febo and Pira (2011). However, Chen et
al. (2009) did not include a control odor during scanning which makes it difficult to compare
the studies and to discern whether the pattern of BOLD signal changes corresponds to innate
fear circuitry or the neural response to an aversive odor.

It is important to note that the rats in the present experiment, as well as those in other
neuroimaging experiments, are restrained and consequently unable to elicit full freezing
responses, defensive reactions, or escape. Ferris et al. (2008) cleverly measured piloerection
in aggressive male rats before and after neuroimaging and therefore provided a behavioral
index for their aggression studies (Ferris et al., 2008). We failed to take such measures here.
Importantly, the pattern of BOLD activation (the magnitude signal changes and the set of
regions that are active during the initial exposure to the cat fur and BA) may correspond to
neuronal processing before the triggering of behavioral responses. In other words, the
pattern of activation observed with fMRI may be different from c-fos studies due to the mere
fact that animals in immunolabelling experiments are able to express the full set of
behavioral responses. However, markers of cellular activity cannot provide real-time neural
activity and many events can trigger cellular activation of c-fos during 1–2 h before tissue
harvesting. Collectively, fMRI studies and ex vivo work could provide a complementary
picture of the neural control of unconditioned fear that would otherwise be inaccessible
using one or the other method alone.

AVP V1a receptors are important mediators of anxiety in rats. Intra-septal infusion of the V1
receptor antisense oligonucleotide sequence dramatically increased time spent in open arms
of an elevated plus maze (Landgraf et al., 1995). AVP V1a receptor knockout mice show
significantly reduced anxiety as demonstrated by increased dark–light box transitions,
increased time spent in open arms of an elevated plus maze and time spent in center of an
open field (Bielsky et al., 2004; Egashira et al., 2007). This was observed in the absence of
differences in acoustic startle response or paired pulse inhibition, suggesting that inhibitory
control is unaffected in these mice (Bielsky et al., 2004). Rats inbred for high anxiety
behavior trait show greater basal levels of AVP synthesis in the PVN but not brain V1a
receptor density or OT levels (Murgatroyd et al., 2004). Single nucleotide polymorphism of
an AVP gene promoter sequence that prevents the binding of a transcriptional repressor
protein may underlie the higher AVP levels in these animals (Murgatroyd et al., 2004). Our
findings using fMRI may arise from the release of AVP in some brain regions during
predator odor presentation, an effect that is blocked by the V1a receptor antagonist. Opposite
modulatory effects of OT on anxiety, stress and/or fear have been reported, which could
arise from cell populations in the central amygdala (Huber et al., 2005). AVP is reduced in
the bloodstream and OT is increased in rats during unconditioned responses to footshock
(Yagi and Onaka, 1996). We did not observe a large effect of the OT receptor antagonist on
BOLD response to cat fur. However, an interesting interaction between drug treatment and
smell was observed in the central and cortical amygdala and the olfactory tubercle. In the
central amygdala, both OT and V1a antagonists curtailed the BOLD response to cat fur but
not BA. OT and V1a receptors are expressed within the central amygdala and inputs to this
region have recently been proven to arise from the PVN and accessory magnocellular
nucleus (Knobloch et al., 2012). OT and AVP mediated responses in the central amygdala
gate the output of separate populations of neurons that perhaps lead to behavioral and
autonomic responses associated with fear (Huber et al., 2005; Viviani et al., 2011). The
reduced BOLD in the central amygdala is consistent with blockade of receptors found within
this region, and would also be consistent with its role in fear and anxiety. Both OT and V1a
antagonists reduced BOLD activity in the olfactory tubercle, an effect that is consistent with
the activation of the main olfactory system. This would also suggest that both neuropeptides
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exert effects on olfactory perception. The effect upon the cortical amygdala is interesting in
light of the opposite effects of these antagonists on the BOLD response to BA (Fig. 5). The
cortical amygdala shows moderate to high levels of OT receptors and almost no V1a
expression (Ostrowski et al., 1994; Veinante and Freund-Mercier, 1997; Yoshimura et al.,
1993). This site may be involved in the reduced behavioral avoidance we observe with OT-
A treatment.

Finally, we observed signal decreases (negative BOLD signal changes) across several of the
same regions and in the same magnitude as with the positive BOLD signal changes.
Negative signal changes in fMRI studies are still a subject of research and are difficult to
interpret. Shmuel et al. (2006) reported evidence that BOLD signal decreases in the visual
cortex of anesthetized Rhesus macacques correlates well with local field potentials over
individual spike activity (as reported for BOLD signal increases in Logothetis et al. (2001)).
In addition, they noted that the signal decreases could be largely explained by reductions in
synaptic activity in localized regions of the cortex (Shmuel et al., 2006). Based on their
results, it is tempting to infer that the aforementioned set of regions is inhibited or inactive
during the presentation of the predator stimulus odor. However, a ‘vascular steal’ effect in
these regions is also a mechanism to consider and could account for the observed changes in
negative BOLD (Harel et al., 2002). The presence of the V1a receptor in arteriolar smooth
muscle cells may have partial effects on vasoconstriction, which may reduce the BOLD
response to cat odor. However, given the low-to-moderate dose used here, and the findings
with OT-A and the reduction in the BOLD response to BA, this is unlikely to contribute
significantly to our present findings.

4. Conclusion
In summary, our data provide an initial account of the regions of the rat brain that respond to
the first 5 min of exposure to a predator odor and a novel odor. Our behavioral results show
that cat fur elicits a greater avoidance behavior than BA. Blocking OT receptors reduces
avoidance behavior, whereas blocking V1a receptors was without any significant effect when
compared to CSF treated rats. This counterintuitive finding, which suggests that OT
receptors mediate avoidance behaviors and blocking these receptors eliminates this effect,
may be in part due to the presence of OT receptors in the olfactory system. Indeed, our fMRI
data show that OT receptor blockade reduces BOLD activation in olfactory-related
structures. Interestingly, our fMRI data also show that V1a receptor blockade exerted actions
that were specific for cat fur odor and not BA. Thus, even though our behavioral findings
using a place avoidance assay do not support a role for V1a receptors in avoidance, fMRI
findings do show reduced BOLD activity that may underscore the role of this neuropeptide
receptor within innate fear circuitry. Recent data show the presence of vasopressin within
the anterior olfactory nucleus and olfactory bulb and it appears that this AVP system
regulates social interactions in rodents (Tobin et al., 2010; Wacker et al., 2010). Thus, it is
possible that our present data reflect mechanisms involving AVP and OT in controlling
social olfactory processing.

5. Experimental procedures
5.1. Subjects

Male Long Evans rats weighing 300–400 g were purchased from Charles River laboratories
(Wilmington, MA). Animals were housed in pairs under a 12 h light:dark cycle (lights off at
19:00 h). Rats were singly housed following intracranial surgeries (see below). Water and
Purina rat chow were provided ad libitum. Rats were acquired and cared for in accordance
with the guidelines published in the Guide for the Care and Use of Laboratory Animals (8th
Edition, 2011) and adhere to the National Institutes of Health and the American Association
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for Laboratory Animal Science guidelines. The Institutional Animal Care and Use
Committee at Northeastern University approved the protocols used for this study. Two
separate experiments were carried out. The first evaluated the behavioral effects of cat odor
and butyric acid (BA) exposure on place avoidance and the second study examined neural
activity in response to the same odors using fMRI.

5.2. Chemicals

The OT receptor antagonist (OT-A) (d(CH2)5-[Tyr(Me)2,Thr4, ]Ornithine
vasotocin, 125 ng/10 μL), the V1a receptor antagonist (V1a-A) [β-Mercapto-β,β-
cyclopentamethylenepropionyl1, O-me-Tyr2,Arg8]-Vasopressin were purchased from
Sigma-Aldrich (St. Louis, MO). Sterile artificial cerebrospinal fluid (CSF) was purchased
from Harvard Apparatus (Holliston, MA). Butyric acid (BA) was purchased from Sigma-
Aldrich and diluted to 170 mM. 5 μL was on a piece of absorbant paper. Cat fur was
obtained from a local veterinary hospital and was collected by a staff member as part of
standard grooming procedures. 1.5 mL microcentrifuge tubes were filled with cat fur and
replaced between test sessions.

5.3. Surgical procedures for behavior and MRI studies
Before behavior experiments, animals were fitted with stainless steel injection cannulas
(Plastics One, Roanoke, VA) in one of the lateral ventricles. Surgical implants were
performed 7 days before behavioral testing. The inner cannula guide penetrated 2 mm into
the brain to just above the lateral ventricle. Three to four steel screws and dental cement
were used for securing the cannula to the skull. Injector tips extended 1.5 mm beyond the tip
of the cannula guide into the lateral cerebral ventricle (Bregma coordinates: DV −3.5 mm,
ML ±1.5 mm, AP −0.3 mm). Ninety minutes before studies rats received a 10-μl bolus
injection containing 125 ng OT-A, 125 ng V1a-A or artificial CSF.

For MRI studies, rats were fitted with custom-designed MR compatible injection cannulas
(Plastics One, Roanoke, VA). Surgeries were done 3–5 days prior to MR experiments. The
outside pedestal of the cannula guide extended 2 mm above the surface of the skull to allow
the animal to be positioned inside the radiofrequency coil system without compressing the
cannula. The inner plastic cannula guide penetrated 2 mm into the brain to just above the
ventricle (Supporting Online Fig. S1A). Three to four plastic screws, along with a thin layer
of acrylic dental cement, were used for securing the cannula to the bone. Injectors extended
1.5 mm beyond the tip of the cannula guide into the lateral cerebral ventricle (Bregma
coordinates: DV −3.5 mm, ML ±1.5 mm, AP −0.3 mm). Fig. S1A shows an example of
cannula placement. Only scans with good cannula placements were used. Ninety minutes
before MRI studies rats received a 10 μl bolus injection containing 125 ng OT-A, 125 ng
V1a-A or artificial CSF.

5.4. Experiment 1: Behavior
5.4.1. Place avoidance following OT receptor and AVP V1a receptor blockade
—Thirty animals were tested inside a 3-compartment place preference chamber (Med-
Associates, St. Albans, VT). The test chambers are typically used for conditioned place
preference or conditioned avoidance; however, we modified their use for the present study
in order to examine several unconditioned avoidance-like behaviors in the presence of cat
fur and BA odors. Each test chamber contains two equal-sized compartments, each
measuring 8.25 in. W × 8.24 in. H × 11 in. L. One compartment has black walls and floor
made from 0.1875 in. (4.8 mm) stainless steel rods, placed on 0.625 in. (16 mm) centers, and
the other compartment has white walls and a 0.5 in. × 0.5 in. (1.25 cm × 1.25 cm) stainless
steel mesh floor. A third and smaller compartment located in between the other two
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measures 8.25 in. W × 8.24 in. H × 4.75 in. L and has grey walls and a smooth PVC floor.
All three chambers have hinged clear polycarbonate lids. The chambers were located in a
test room with a digital video camera located above the chambers. Videos were recorded
during test sessions and imported to a PC for further analysis of various behaviors using
OdLog software (Macropod Inc.). Animals were habituated to the boxes and an odor
presentation tube for 1 h on the day before testing.

On the day of testing, animals were given an ICV injection 90 min before being placed into
the chambers. Animals were first placed into the middle (smaller) compartment and allowed
to freely move within the 3 compartments inside the test chamber. Four animals were tested
per session, with at least one animal from each of injection group (CSF, OT-A, and V1a-A;
10 rats per each group). Odors were always handled inside a fume hood in an adjacent
laboratory and were stored inside a refrigerator at 4 °C in the same laboratory. Presentation
of odors inside the boxes was achieved by adhering a 1.5 mL plastic eppendorf tube to the
wall of one of the lateral compartments. The height of the tube was just below the cage lids
and the rats could stand and extend to sniff and approach the tube (Fig. S2). Animals were
also habituated to the odor tube and test cages on the previous day. Three consecutive 15-
min test sessions were carried out in which the rats inside the chambers were exposed to an
empty tube first, followed by BA or cat fur. The placement of the tube inside the chamber
was counterbalanced across groups between the white and dark side compartments (Fig. S2).
The chamber was cleansed with 70% ethanol solution between test sessions and the
chambers and the room were ventilated for 20–30 min before the subsequent sessions. A
researcher blind to the treatment scored the videos. The purpose was to examine place
avoidance. Time spent in each of the 3 subcompartments (odor-side, non-odor side and in
the middle or adjacent compartment) was scored. Raw values were analyzed using a two
way analysis of variance with odor (No Odor × Cat × BA) and ICV treatment (CSF × OT-A
× V1a-A) as independent variables (significant p <0.05). Posthoc tests were done using
Bonferroni’s multiple comparisons test.

5.5. Experiment 2: Functional MRI
5.5.1. Acclimation to restraint for MRI experiments—A group of rats were
acclimated for 5 days to MRI restraint before surgical procedures and MRI experiments
using procedures outlined previously (King et al., 2005). Animals were anesthetized with 2–
4% isoflurane gas anesthesia and prepared for a ‘mock’ imaging session by placing them
inside of a replica of a radiofrequency coil system (insightMRI, Shrewsbury, MA). On each
acclimatization day, rats were placed inside a chamber that simulated the spectrometer bore
environment. They were then exposed to pre-recorded MR pulse sequence sound. The
acclimatization procedures were repeated over 5 days, with daily increments in the amount
of time spent under restraint (20 min on the 1st day to 60 min the last day).

5.5.2. MRI procedures—We examined odor-evoked brain activation using fMRI in
awake rats. Animals were presented with air that continuously flowed through vials
containing cat fur (unconditioned fear odor stimulus) or a small patch of absorbent paper
containing 5 uL of 170 mM butyrate (BA) solution (repulsive odor). Both of these were
novel odors for the experimental subjects. The hair from various male cats was redistributed
into equal amounts in airtight Ziplock bags and stored at 4 °C until used. All open vial/bag
odors were handled inside a fume hood to minimize dispersion of odors. Dedicated plastic
tubing lines for each scent were used and thoroughly washed or discarded after each
imaging session. Before imaging, rats were given an ICV injection of CSF, OT-A or V1a-A
in order to investigate the effects of blocking OT or AVP V1a receptors on odor stimulated
BOLD activation. Animals were anesthetized with 4% isoflurane before MR scanning and
setup with the radiofrequency coil system. Imaging sessions included an anatomical scan
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lasting 6 min followed by two 10-min functional scans. Each functional scan had a 5-min
baseline epoch followed by a 5-min stimulus period. The stimulus for the first functional
scan was BA. The same animal was then exposed to cat fur following a subsequent baseline
epoch. Functional scans were carried out in immediate succession. Air was continuously
delivered to animals during baseline and stimulus periods; however, odors were presented
during the latter 5 min. A pump (Aqua Culture Air Pump MK 1504) was used to deliver
odors (up to 1200 cc/min). The entire imaging session was over before an hour to minimize
prolonged exposure to restraint. It is important to note here that although a counterbalancing
of smells is important across many studies, we avoided utilizing such a design in face of
possible conditioning effects of the cat fur odor. Cat before BA is likely to impact the
normal neural response to BA within the 5-min of MRI data acquisition (more than vice
versa). Cat fur could serve as an unconditioned fear stimulus that leads to processing of BA
as a conditioned fear stimulus. In the present design we attempted to avoid such effects.
Counterbalancing is important across many studies, for this imaging experiment specifically
it is not favorable due to the lasting effects of cat fur.

Experiments were conducted in a Bruker 7T/20 cm horizontal magnet controlled by a
Paravision 5.0 (Bruker, Billerica, MA USA). Studies were performed with a quadrature
(transmit/receive) radiofrequency (rf) coil (InsightMRI, Shrewsbury, MA). Functional
imaging was performed using a T2-weighted fast spin echo pulse sequence with the
following parameters: repetition time TR=1562 ms, echo time TE=7.5, effective echo time
TEeff=45 ms and an echo train length ETL=16. Geometry was setup as follows: 12 slices,
field of view of 28 mm, 1.0 mm thick slices with no gaps, data matrix of 642 for functional
scans and 2562 for anatomical scans (The in plane 2D pixel resolution was 438 μm2 for
functional and 117 μm2 for anatomical scans). A full set of 12 coronal slices across the brain
was collected at each effective repetition time and was completed every 6 s.

5.5.3. Statistical analysis—Full details for the MRI data analysis using Medical Image
Analysis and Visualization software (MIVA; ccni.wpi.edu) has been previously reported
(Ferris et al., 2008). Scans were pre-screened for motion and corrected for linear drift using
previously described criteria and methods (Ferris et al., 2008). Scans exceeding an average
displacement threshold of 25% (110 mm along X–Y direction) were removed from the study
(Supporting Online Fig. S1B and C). Original groups sizes were 10–13 rats per group. Final
group sizes were Cat/CSF=9, Cat/V1a-A=10, Cat/OT-A=10, BA/CSF=7, BA/V1a-A=8, and
BA/OT-A=9. Each subject was registered to an electronic rat brain atlas (Supporting Online
Fig. S1A). Statistical t tests were performed on each subject within the original coordinate
system. The baseline period used was 48 repetitions immediately preceding odor and the
stimulation window was 48 repetitions. Statistical t tests used a 95% confidence level, two-
tailed distribution, and heteroscedastic variance assumptions. In order to provide a
conservative estimate of significance, a false-positive detection-controlling algorithm was
introduced into the analysis (Genovese et al., 2002). This ensures that the false-positive
detection rate is below our confidence level of 5% (Ferris et al., 2005). Statistically
significant pixels were assigned their percentage change values (stimulus mean minus
control mean). Percent signal change values were exported for statistical comparisons
between groups. Percent change values were statistically evaluated between 6 scan groups
(cat/csf, cat/V1a, cat/OT, BA/csf, BA/V1a, BA/OT) using a two by three analysis of variance
with odor (Cat × BA) and ICV treatment (CSF × OT-A × V1a-A) as independent variables
(significant p <0.05). Posthoc tests were done using Bonferroni multiple comparisons test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Time spent in one of three compartments of a test chamber during no odor, butyric acid
(BA) and cat fur exposure. Each odor was presented during a 15-min (900 s) test during
which an empty vial or a vial containing an odor was present in one compartment. Ninety
minutes before behavioral testing, rats received a 10 uL intracerebroventricular injection of
CSF, an oxytocin antagonist (OT-A) or a vasopressin V1a receptor antagonist. Figure on the
left depicts the three-compartment test cage with odor-paired, adjacent, and non-odor paired
sides. Data are presented to the right in that same order from top to bottom. Columns
represent the three different groups, CSF-treated, OT-A and V1a-A treated male rats. All
data presented as mean±standard error. Asterisks denote significant differences from no
odor condition (open columns; two way ANOVA *p<0.05;**p<0.01).
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Fig. 2.
Butyric acid induced neural activity in the awake rat. Shown are composite maps for
significant increases in signal intensity during presentation of air containing 5 uL 170 mM
butyrate (airflow rate 1200 cc/min). Ninety minutes before behavioral testing, rats received a
10 uL intracerebroventricular injection of CSF (left column images), an oxytocin antagonist
(+OT-A) or a vasopressin V1a receptor antagonist (+V1a). Overlay coloring threshold is set
between 1% and 10% signal changes. Left column indicates specific regions of interest. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3.
Cat fur induced neural activity in the awake rat. Shown are composite maps for significant
increases in signal intensity during presentation of air flowing through a connector vial
containing humidified cat fur (airflow rate 1200 cc/min). Ninety minutes before behavioral
testing, rats received a 10 uL intracerebroventricular injection of CSF (left column images),
an oxytocin antagonist (+OT-A) or a vasopressin V1a receptor antagonist (+V1a). Overlay
coloring threshold is set between 1% and 10% signal changes. Left column indicates
specific regions of interest. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Reed et al. Page 17

Brain Res. Author manuscript; available in PMC 2014 February 04.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
BOLD signal changes in response to a novel butyric acid odor and cat fur odor. Shown are
subnuclei of the amygdala and the lower right panel shows data for the olfactory tubercle.
All data presented as mean±standard error. Each panel shows the mean percent change in
BOLD signal in response to butyric acid and cat fur for CSF, OT-A and V1a-A treated
animals. *OT-A significantly different from CSF, **V1a-A significantly different from CSF
and φV1a-A significantly different from OT-A (Two way ANOVA p<0.05).
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Fig. 5.
Temporal profile of the BOLD signal change in response to butyric acid odor. Data are
shown for the olfactory tubercle (A) and the cortical amygdala (B). Shaded areas
surrounding plot lines indicate±standard error. Arrows show the time of onset of odor
delivery.
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Fig. 6.
BOLD signal changes in response to cat fur odor. All data presented as mean±standard
error. Each panel shows the mean percent change in BOLD signal in response to cat fur for
CSF, OT-A and V1a-A treated animals. *OT-A significantly different from CSF and **V1a-
A significantly different from CSF (One way ANOVA p<0.05).
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