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Abstract
Oxytocin (Oxt) and vasopressin (Avp) are important for a wide variety of behaviors and the use of
transgenic mice lacking the peptides or their receptors, particularly when their loss is spatially and
temporally manipulated, offers an opportunity to closely examine their role in a particular
behavior. We used a cued fear conditioning paradigm to examine associative learning in three
lines of transgenic mice: mice that constitutively lack vasopressin 1a (Avpr1a−/−) or Oxt receptors
(Oxtr−/−) and mice that have oxytocin receptor loss restricted to the forebrain that begins post-
weaning (OxtrFB/FB). Oxtr−/− and Avpr1a−/− mice have normal conditioned freezing. OxtrFB/FB

mice have a reduction in freezing behavior during acquisition, as well as during context and cue
retention. In addition to reduction of Oxtr in the central nucleus of the amygdala, in vitro receptor
autoradiography revealed that the OxtrFB/FB mice have significantly reduced levels of Avpr1a
only in that structure. Our results show that post-weaning alteration of the distribution of Oxtr
receptors is critically important for fear behavior, an effect mirrored in the neural structures that
mediate it. While constitutive knockouts of Oxtr and Avpr1a are useful for identifying the neural
underpinnings of some behaviors, compensatory mechanisms within some circuits may obscure
other behavioral roles.

Introduction
Oxytocin (Oxt) and vasopressin (Avp) have effects on a wide variety of behaviors, most
notably social behavior (Bielsky et al., 2004; Lee et al., 2008; Wersinger et al., 2002). While
Avp and Oxt receptors have been found in the amygdala, hippocampus and other areas
involved in fear behavior (Insel et al., 1991; Lee et al., 2008; Veinante and Freund-Mercier,
1997) little is known about their role in fear conditioning. Fear conditioning is a learning
paradigm in which a neutral stimulus (conditioned stimulus; CS) such as a tone, and a mild
aversive stimulus, such as a shock (unconditioned stimulus; US), are paired in a manner that
results in an association between the two. The neural circuitry mediating the association
between an aversive event and the stimulus that predicts it has been extensively
characterized, and the amygdala plays a key role (Fanselow and LeDoux, 1999; LeDoux,
2007; Shi and Davis, 2001). Oxtr and Avpr1a have been found in several amygdalar areas,
including the central nucleus (CeA) (Cassell et al., 1999; Tribollet et al., 1988; Veinante and
Freund-Mercier, 1997). Recent evidence suggests that Avpr1a and Oxtr in the CeA may play
a role in fear behavior (Huber et al., 2005).
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The present study utilized an associative learning paradigm to examine fear behavior in two
total receptor KOs (Oxtr−/− and Avpr1a−/−)(Hu et al., 2003; Lee et al., 2008) and one
relatively forebrain-specific KO of Oxtr (OxtrFB/FB)(Lee et al., 2008). While the Oxtr and
Avpr1a lines lack receptors from the time of conception, the OxtrFB/FB mice have an
induced receptor loss after postnatal day (PND) 21 when expression of cre recombinase,
under control of the Camk2a promoter, begins (Lee et al., 2008). This line has some
phenotypic differences from the Oxtr line: in particular, there is a more pronounced deficit
in social memory (Macbeth et al., 2009; Lee et al., 2008), an effect mediated in part by the
medial nucleus of the amygdala (Ferguson et al, 2001). Some have suggested Oxt and Avp
may control behavior as part of balanced, individually tuned circuits within the amygdala
(Viviani and Stoop, 2008). Since Oxt has organizational effects during the pre- and neonatal
periods (Takayanagi et al., 2005; Winslow et al., 2000), this balance may be uniquely
affected by the post-weaning loss in the OxtrFB/FB line.

We predicted, based on the studies by Huber et al. (2005), that Avpr1a−/− mice would
display a deficit in fear conditioning, while Oxtr−/− mice would show enhanced fear. Since
OxtrFB/FB have a more profound deficit in social recognition and the post-weaning loss of
Oxtr may have a more profound effect on the Oxtr/Avpr1a balance in the CeA, we thought it
possible to see a potentiation of fear behavior, compared to the Oxtr−/− mice.

Methods
Animals

The development and genotyping of all lines has been described in detail previously (Hu et
al., 2003; Lee et al., 2008). Oxtr−/− and OxtrFB/FB mice were developed using transgenic Flp
and Cre recombinase lines on a C57BL/6J background, resulting in Oxtr−/− and OxtrFB/FB

mice that have now been crossed further into C57BL/6J (from Jackson Labs, Bar Harbor,
ME) for at least nine generations. All OxtrFB/FB mice are heterozygous for the Cre
recombinase transgene. Avpr1a−/− subjects were originally an equal mix of the C57BL/6J
and 129X1/SvJ strains [RW4 embryonic stem cell line (Shipley et al., 1996)] but have been
repetitively backcrossed for greater than 10 generations with C57BL/6J mice. All subjects
were littermates from crosses of non-sibling heterozygous mice. Subject males were group-
housed (2–5 mice per cage) upon weaning at 21 days old.

All mice were maintained on a 12-hour light/dark cycle (lights on at 0400) with food and
water available ad libitum. Behavioral tests were conducted during the light phase. All
animal procedures were approved by the National Institute of Mental Health Animal Care
and Use Committee and were in accordance with the National Institutes of Health guidelines
on the care and use of animals.

Procedures
Fear Conditioning—Fear conditioning experiments used 49 male Avpr1a mice (25 WT,
24 KO) taken from 15 different litters, 56 male Oxtr mice (28 WT, 28 KO) taken from 16
different litters and 48 male FB Oxtr mice (24 WT, 24 KO) taken from 15 litters. All mice
were between 60 and 130 days old at the time of testing. Subjects were age matched such
that there was no difference in age at the time of testing for any of the lines (p>0.10 for all
lines). Mice used in fear conditioning experiments were not re-used for shock reactivity or
receptor autoradiography experiments so that these results would be unaffected by the prior
experience of fear conditioning.

Mice were pair housed in a clean cage at least three days prior to the start of the experiment
and their tails were marked for identification. During all phases of the experiment, mice
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were transported to and from the behavioral testing in their home cage. They were allowed
to sit undisturbed in the behavioral suite for ten minutes prior to experimental procedures
and for five minutes following.

The fear conditioning apparatus (Coulbourn Instruments Whitehall, PA) consisted of a
chamber (17.8 × 17.8 × 30.5 cm) with a shock grid floor (1.1 cm, center to center) and two
clear Plexiglas and two stainless steel walls. The chamber was placed inside an isolation
cubicle (71.1 × 45.7 × 48.3 cm) with a fan (background noise level 68dB). A light inside the
fear chamber produced illumination of 4.6 lux. 80dB, 2800Hz tones were delivered through
a speaker near the top of the fear chamber. The shock grid was connected to a programmable
shocker (Coulbourn Instruments). Tones and shocks were controlled by software on a PC
(Freezeframe, Actimetrics, Wilmette, IL). A camera mounted in the ceiling of the cage
recorded mouse behavior, which was later analyzed using the same software. The dependent
variable (freezing) was defined as the cessation of movement except for breathing for a
period at least 750ms long. Previous experiments analyzed with the Freezeframe software
and scored by an observer resulted in concordance greater than 95%.

There were two between subject variables: Genotype (WT vs. KO) and Group (paired vs.
unpaired). The paired group received tones and shocks that temporally overlapped and co-
terminated. The unpaired group received the tones during the first day and shocks on the
second. The unpaired control group receives the same number of tones and shocks as the
paired group, but in a manner that does not support fear to the tone. The explicit unpairing of
the CS and US is a control used in a wide array of associative learning paradigms to measure
non-learning related changes in behavior due to pseudoconditioning, sensitization, handling
stress or novelty. This control ensures that the behavioral changes seen following paired
training are due to learning and not a result of exposure to tones and shocks or some other
feature of the experiment. This method of unpaired training results in very low levels of
freezing to the tone during retention (Smith et al., 2007), though levels may be higher than
during baseline for the reasons just mentioned.

The experiment consisted of acclimation, acquisition and retention phases that occurred on
consecutive days. One the first day, the acclimation phase was 720s of exposure to the fear
chamber for the paired group. The unpaired group had six 20s, 80db (2800Hz) tones starting
at 120s, with an inter-trial interval (ITI) of 80s. Freezing was measured during the 720s of
acclimation for both groups.

On the second day, during acquisition, the paired group received 6 tone presentations and a
2s, 0.5mA shock that co-terminated with the tone. Tone-shock pairings (18s inter-stimulus
interval) started after a 260s stimulus free baseline period and were presented with an 80s
ITI. Six shocks were given to the unpaired group at the same interval used for the paired
group. Freezing was measured during the stimulus free period (baseline) and the 18s
preceding the shock for both paired and unpaired groups (tones 1–6).

On the third day, retention day, both groups were tested for fear to the context and, 2
minutes later, for fear to the cue. Mice were exposed to the testing environment to measure
freezing to the training context for 240s and were then returned to their cages for
approximately 2 min. Tone fear was tested in an opaque plastic cylinder with an open top
(Container & Packaging Supply, Eagle, ID) scented with vanilla extract placed inside the
fear chamber after the isolation chamber’s fan was disconnected. Four 20s tones were
presented after a 200s stimulus-free period with an 80s ITI. Freezing was recorded during
the 200s stimulus free period (baseline) and during the tone presentations. This arrangement
produced little freezing during the stimulus-free period prior to the presentation of the first
tone indicating no generalization of fear to the new context. The fear conditioning chambers
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were cleaned with a 70% ethanol solution between groups of mice. The chamber used for
testing cue retention was cleaned with Clidox solution. The use of separate cleaners and the
addition of vanilla scent to the cylinder were done to minimize similarities between the
training context and cylinder used to test fear to the tone (Davis et al; 2005; Gould &
Wehner, 1999).

The data were analyzed separately for each day of the experiment. Acquisition was a within
subjects variable with 7 levels (baseline, tones 1–6), Context Retention had two levels
(baseline and context retention), and Cue Retention had 2 levels (baseline and cue retention).
Data from the 120s stimulus free period on the Acquisition day was used as the baseline for
Acquisition and Context Retention. Since Cue Retention was run in a different context
(plastic cylinder) the baseline was the 200 stimulus-free seconds prior to tone onset. Results
were analyzed using mixed model ANOVA, with p-values adjusted using the Greenhouse-
Geisser correction for the within subject variable on the Acquisition phase. Post hoc
analyses were performed using Tukey’s honestly significant difference (HSD) test.

Shock Reactivity
A role for oxytocin in pain perception has been suggested (Breton et al., 2009; Rojas-Piloni
et al., 2010), though this may in fact be mediated by oxytocin acting at the Avpr1a in mice
(Schorscher-Petcu et al., 2010). To test for altered shock sensitivity, we examined reactivity
to shock in a startle chamber.

The shock reactivity experiment used 14 FB Oxtr male mice (7 WT, 7 KO) taken from 5
litters. Mice were housed and transported to the behavioral suite in the manner mentioned
above. Shock reactivity was measured in a startle chamber (San Diego Instruments, San
Diego, CA) to allow for quantitative measurement of the response to shock. Mice were
placed in a Plexiglas chamber (8.9 × 2.79 cm) mounted on a Plexiglas base inside of a
Formica-laminated chamber and after one minute received eight, 1s footshocks that
increased in intensity (.12mA, .24mA, .37mA, and .50mA) at one-minute intervals. Shocks
were administered through a metal grid consisting of seven bars connected to a mechanical
scrambler. Mice received each level of shock two times, in order of intensity. Chamber
displacement following shock was measured with a piezoelectric strain gauge attached to the
bottom of the Plexiglas chamber. SR-LAB software (San Diego Instruments) on a PC
controlled the delivery of shocks and recorded cage displacement. Cages were cleaned with
a 70% ethanol solution between mice. The average amplitude for the two shock
presentations at a given level was averaged to yield a single measure of reactivity at each
level of shock intensity. Results were analyzed using ANCOVA with weight as a covariate.
The effect of shock intensity and its potential interaction with genotype were also assessed
with a mixed model ANOVA, and followed up with Tukey’s HSD.

In vitro Receptor Autoradiography
Receptor autoradiography experiments used an additional 12 Avpr1a (6 WT, 6 KO) mice
from 9 litters, 12 Oxtr (6 WT, 6 KO) mice from 10 litters and 12 FB Oxtr (6 WT, 6 KO)
mice from 8 litters. In vitro receptor autoradiography was performed with modifications of
previous methods (Barberis et al., 1995; Elands et al., 1988; Young and Kuhar, 1979).
Briefly, mice were anesthetized using isoflurane and killed by cervical dislocation. The
brains were quickly removed and frozen in powdered dry ice. Coronal sections were taken at
16 µM thickness, thaw-mounted onto slides (Fisherbrand Superfrost Plus, Fisher Scientific,
Pittsburg, PA) and stored at −70°C. The slides with brain sections were warmed to room
temperature, rinsed in 170mM Tris-HCl (pH 7.4), for 5 min, fixed in 0.5% formaldehyde in
PBS for 5 min and rinsed in binding solution [160mM Tris-HCl (pH 7.4) containing 10mM
MgCl2, 0.05% bacitracin, 0.1% BSA] for 5 min. They were then incubated for 1 hr in the
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same solution plus 50pM 125I-ornithine vasotocin analog (NEX 254, PerkinElmer, Waltham,
MA) for Oxtr binding or 50pM 125I linear Avpr1a antagonist (NEX 310, PerkinElmer) for
Avpr1a binding. The slides were then rinsed twice for 5 min and then for 35 min in 50mM
Tris-HCl (pH 7.4) with 100mM MgCl2 at room temperature over a gently rotating stir bar.
The slides were rapidly dipped in deionized water and then blown dry. Dried slides were
apposed to phosphorimaging screens for 12 days and then scanned to create a digital image
using a Cyclone Phosphor System (PerkinElmer) connected to a PC. Digital images were
analyzed using OptiQuant software (PerkinElmer). Binding was measured in each structure
of interest and in a same size section of tissue that was without apparent binding
(background). The results are expressed as the ratio of binding within the structure to
background minus 1. No specific binding (as is seen in the total KOs) equals 0. Results from
the binding assay were analyzed using a one-way ANOVA, similar to (Insel et al., 1991).

Results
Fear Conditioning

Avpr1a−/− mice—Avpr1a−/− mice had the same level of freezing as Avpr1a+/+ during
fear acquisition (Fig. 1a). There was no main effect or interactions with Genotype (p >0.05),
but there were significant main effects for Group (F(1,45)=8.63, p<0.01), with the paired
group freezing more than the unpaired group overall. There was also a main effect for
Acquisition (F(6,270)=151.77, p<0.001). Freezing during baseline was equivalent to the first
two tones but freezing increased during the tone period for each successive tone thereafter
(p<0.05). The Avpr1a−/− and Avpr1a+/+ mice also froze the same to the context twenty-four
hours after training (Fig. 1b). There was no main effect or interactions of Genotype or Group
(p>0.05), but significantly more freezing to chamber exposure during retention than prior to
training (F(1,45)=116.82, p<0.001). Cue retention was unaffected by Genotype (p<0.05),
but mice receiving paired tone/shock froze more than those that received unpaired tones and
shocks (Group: F(1,45)=30.97, p<0.001) (Fig. 1c). There was also a significant main effect
for Cue Retention (F(1,45)=182.10, p<0.001) and a Group × Cue Retention interaction
(F(1,45)=39.72, p<0.001). There were no interactions with Genotype (p>0.05). Post hoc
analysis of the Group × Cue Retention interaction showed that while both the paired and
unpaired groups froze more during tone presentation than during the baseline period
(p<0.001 for both), overall the paired group froze more than the unpaired (p<0.001).

Oxtr−/− mice—Oxtr−/− and Oxtr+/+ had the same levels of freezing during fear
acquisition (Fig. 2a). There was no main effect for Genotype or Group (p>0.05) and no
interactions between them or with Acquisition. There was a main effect for Acquisition
(F(6,312)=216.7,p<0.001). The baseline and first tone had equal levels of freezing, with
more freezing in each successive tone thereafter (p<0.001 except for 4<5 which was
p<0.05). Freezing to the context was also unaffected in the Oxtr−/− mice (Fig. 2b). There
was no effect for Genotype or Group (p>0.05) and no interactions. There was a main effect
for Context Retention, however (F(1,52)=253.3, p<0.001): mice froze more to the context
after training than during the baseline period. Cue Retention was similarly unaffected in the
Oxtr−/−, with no effects or interactions with Genotype (p<0.05)(Fig. 2c). There was a main
effect for Group (F(1,52)=26.80, p<0.001) and Cue Retention (F(1,52)=211.60, p<0.001),
and an Group × Cue Retention interaction (F(1,52)=58.40, p<0.001). The paired and
unpaired groups did not differ on baseline freezing levels (p>0.05). Both groups froze more
during tone presentation than during baseline (p<0.001) but the paired group froze more
than unpaired (p<0.001).

OxtrFB/FB mice—The OxtrFB/FB mice performed worse than the WT on acquisition (Fig.
3a, left). There were main effects for Genotype (F(1,44)=11.50, p<0.01) and Acquisition
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(F(6,264)=110.78, p<0.001). Post hoc analysis of the Acquisition variable demonstrated that
freezing was equal during the baseline and first tone, rose until the fourth tone and plateaued
(p<0.05). There were also interactions between Genotype × Acquisition (F(6,264)=4.71,
p<0.01) and Genotype × Group × Acquisition (F(6,264)=3.30, p<0.05). Post hoc analysis of
the Genotype × Acquisition interaction showed that the KO froze less on trials 4 and 6
(p<0.05)(Fig. 3a, right). The three-way interaction was assessed by running separate
Genotype × Group ANOVAs for each trial of Acquisition. Trial 6 had the only Genotype ×
Group interaction. Post hoc analysis showed that the unpaired OxtrFB/FB differed from the
WT on trial 6 (p>0.001), but the paired groups did not differ across genotype (p>0.05).

Freezing to the context twenty-four hours later was also reduced in the OxtrFB/FB mice (Fig
3b). There were main effects of Genotype (F(1,44)=12.04, p<0.01) and of Context Retention
(F(1,44)=272.55, p<0.001). There was also an interaction between the two variables
(F(1,44)=15.46, p<0.001). Post hoc analysis showed that both groups froze more to the
context after training (p<0.001). While both groups had equivalently low levels of freezing
during the baseline period (p>0.05), the WT froze more following training (p<0.001).

Freezing to the tone was also reduced in the OxtrFB/FB mice, though for both genotypes,
freezing in the paired group was higher than the unpaired group (Fig. 3c). There were main
effects for Genotype (1,44)=9.49, p<0.01), Group (F(1,44)=13.21, p<0.001) and Cue
Retention (1,44)=98.65, p<0.001). There were also interactions between Genotype × Cue
Retention (F(1,44)=6.57, p<0.05) and Group × Cue Retention (F(1,44)=23.75, p<0.001).
Post hoc analysis of the Genotype × Cue Retention interaction indicated that both groups
froze more following training (p<0.001) and while freezing was the same during the
baseline periods (p>0.05), the WT mice froze more than the OxtrFB/FB mice during tone
presentation (p<0.001). For the Group × Cue Retention interaction, the paired group
(p<0.001) and the unpaired group (p<0.05) froze more during tone presentation than during
the baseline period. While the two groups had equal levels of freezing during the baseline
period (p>0.05), the paired group froze more during the tones (p<0.001).

Shock Reactivity
We observed decreased freezing in the OxtrFB/FB mice relative to the controls during the
Acquisition, Context Retention and Cue Retention portions of the experiment. While the KO
group showed learning, as indicated by the elevated levels of freezing compared to baseline
in the later stages of acquisition and both retention tests, it was always less than the WT
group. The reduction in freezing could have been due to altered shock perception.

OxtrFB/FB mice did not differ in their reaction to shock at any of the four shock intensities
tested (Fig. 3d). In an ANCOVA using weight as a covariate, there was no effect of
Genotype on average startle amplitude (F(4,8)=2.21, p>0.05). A repeated measures ANOVA
indicated a difference in reactivity for the different shock intensities (F(3,36)=13.03,
p<0.001). Mice reacted more to shock levels of 0.24mA, 0.37mA and 0.50mA than to
0.12mA (p<0.05), but reacted equally to the higher levels of shock intensity
(0.24mA=0.37mA=0.50mA, p>0.05).

In vitro receptor autoradiography
The total KOs showed no binding of their respective ligands in any area examined (see
Table 1 and Fig. 4). Binding to Avpr1a and Oxtr was unaffected in Oxtr−/− and Avpr1a−/−

mice, respectively. The exception was in the BNST of the Oxtr line, where there is a
difference between KO and WT. This difference appears to be due to spuriously low levels
of binding in the Oxtr+/+, as binding in the Oxtr−/− mice was comparable to binding in WTs
from other lines (p>0.1). The OxtrFB/FB had reduced levels of Oxtr in every area examined
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(to between 12 and 17% of wildtype levels). Avpr1a were also reduced in the CeA of
OxtrFB/FB mice by about 50% (see Table 1).

Discussion
We examined the effect of total Oxtr and Avpr1a deletion, and post-weaning forebrain Oxtr
alteration on fear behavior. Total elimination of Oxtr or Avpr1a had no effect on fear
conditioning. We found no alteration of Avpr1a binding in the Oxtr−/−, or of Oxtr binding in
the Avpr1a−/− mice, despite elimination of the targeted receptor. Only the OxtrFB/FB mice,
with reduced Oxtr expression throughout the forebrain and concomitant Avpr1a reduction in
the CeA, had altered fear behavior. Post-shock, context and cue retention freezing were all
reduced relative to the WT mice. This did not reflect a perceived difference in shock
intensity, as OxtrFB/FB and Oxtr+/+ have similar levels of shock reactivity. It is not due to
hyperactivity, as OxtrFB/FB do not display increased locomotion in an open field or in an
empty cage (Lee et al., 2008). These data show that the timing of receptor loss/pattern of
elimination and sparing of Oxtr receptors are critically important for fear conditioning. The
OxtrFB/FB’s freezing deficit across experimental phases is consistent with a model in which
the acquisition of fear is reduced due to alterations in the CeA circuit that contains Oxtr and
Avpr1a. Spatial and temporal targeting of receptors in specific nuclei will determine their
role in other stages of memory.

That Oxtr and Avpr1a KOs have fear expression equal to their WT counterparts is
surprising. Administration of exogenous Oxt and Avp has effects on many forms of memory
and anxiety (see (Caldwell et al., 2008; Landgraf and Neumann, 2004; Lee et al., 2009;
Neumann, 2008; Ross and Young, 2009). Intra-amygdalar administrations of Oxt and Avp
have opposite effects on freezing and heart rate (Roozendaal et al., 1992). Similarly,
subcutaneous injections of Oxt C-terminal fragments decreases freezing while Avp
fragments increase freezing following foot shock (Stoehr et al., 1992). Recent work by
Huber et al. (2005) points to a circuit within the CeA where Oxtr are expressed on inhibitory
neurons in the lateral CeA (CeL) that project to Avrp1a-expressing neurons in the medial
CeA (CeM). Our expectation that Oxtr and Avpr1a deletion would have opposite effects on
fear behavior were not born out by our experiments.

A perceived decrease in US strength could explain the OxtrFB/FB performance on
acquisition, context and cued fear. Oxt and Avp have both been implicated in pain
perception in rats (Ge et al., 2002; Yang et al., 2007). The OxtrFB/FB receptor loss late in
development may have influenced perceived shock intensity (and thus US strength) in way
that the constitutive receptor loss in the Oxtr line did not. The OxtrFB/FB and OxtrWT/WT did
not differ in shock reactivity, however. Moreover, in mice, Oxt’s analgesic effect appears to
be mediated by Avpr1a. Oxtr−/− mice have pain sensitivity identical to WT mice, including
Oxt-induced analgesia, while Oxt administration has no effect on pain thresholds in
Avpr1a−/− mice (Schorscher-Petcu et al., 2010). The reduced freezing reported in the
OxtrFB/FB mice is not likely a performance effect, either: while they showed lower levels of
freezing than WTs, their levels of freezing did increase across acquisition. Reduced
OxtrFB/FB freezing is not due to the inability to freeze. Future work examining behavioral
endpoints not dependent on freezing, or measuring freezing to an unconditioned fear
stimulus, will provide additional insight.

Oxtr binding was reduced throughout the forebrain of the OxtrFB/FB mice; it is difficult to
pinpoint exactly the structures for which Oxtr loss critically affected behavior. Oxtr and
Avpr1a are expressed in several areas involved in fear conditioning. Lesions of the dorsal
hippocampus attenuate contextually conditioned freezing, cued fear, under conditions that
support robust conditioning (Kim and Jung, 2006; Phillips and LeDoux, 1992). This may
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reflect the association strength and the nature of the cues (Maren, 2008), as dorsal
hippocampal lesions reduce cued fear with fewer trials or a weaker US (Quinn et al., 2008).
Lesion of dorsal and ventral hippocampus can also reduce cued fear, however (Burman et
al., 2006). Oxtr are robustly expressed throughout the hippocampus (Insel et al., 1991; Lee
et al., 2008; Veinante and Freund-Mercier, 1997) and may have influenced OxtrFB/FB fear.
Oxtr reduction in the perirhinal cortex (PRh) also may have influenced the OxtrFB/FB deficit
through direct involvement in memory retrieval (Burwell et al., 2004) or by providing
additional cues that aid retrieval (Corodimas and LeDoux, 1995). Lesions of the PRh block
fear potentiated startle to a visual cue (Rosen et al., 1992) while inactivation impairs
freezing to discrete auditory and contextual cues (Sacchetti et al., 2002). Lesions of the
amygdala also decrease freezing to both context and discrete cues (Goosens and Maren,
2001; LeDoux et al., 1990; Maren, 1999; Wallace and Rosen, 2001), a finding also seen
with inactivation of just the CeA (Wilensky et al., 2006). Huber et al. (2005) described a
population of Oxtr-expressing neurons in the CeL that inhibit neurons in the CeM. CeM
neurons are excited by Avp, through Avpr1a, and likely project to areas mediating fear
responses. This is consistent with local inhibitory connections within the CeL and between
the CeL and CeM that are crucial for plasticity related to conditioned fear (Ciocchi et al.,
2010; Haubensak et al., 2010). While each of these areas, or interactions between them, may
have contributed to the OxtrFB/FB deficit, it is interesting to note that only the OxtrFB/FB had
both a behavioral deficit and Oxtr/Avpr1a reduction. Other receptor levels in the CeA may
be modulated following Avpr1a or Oxtr deletion, and may be differently modulated by our
constitutive versus conditional receptor deletions. Future research will focus on changes in
CeA gene expression that may occur as a result of receptor deletions in the KOs.

Oxt has organizational effects during gestation and the neonatal period. Male Oxtr−/− mice
(Takayanagi et al., 2005) and Oxt KO mice born to homozygous KO parents (Winslow et
al., 2000) have elevated levels of aggression, a phenomenon not seen in KOs from non-
obligate Oxt KO pairings (both parents heterozygotes). Thus prenatal Oxt has an important
organizational effect that influences adult aggressive behavior. In C57BL/6 mice, maternal
separation during the first two weeks of life increases anxiety behavior and maternal
aggression in females, effects that are mirrored by a concomitant decrease in Oxt
immunoreactivity in the paraventricular nucleus of the hypothalamus (Veenema et al.,
2007). A high amount of maternal grooming increases Oxtr in the CeA of adult female mice,
while the same grooming increases Avpr1a binding in the CeA of male mice (Francis et al.,
2002). Oxt also influences the expression of other receptors. Neonatal Oxt increases the
expression of estrogen receptors (ER) in hypothalamic regions of adult female prairie voles,
while Oxt antagonists increase ER in the bed nucleus of the stria terminalis of males
(Kramer et al., 2007). A single injection of Oxt or an Oxt antagonist given to prairie voles
on the first postnatal day alters the expression of Avpr1a in several brain regions of adults
(Bales et al., 2007).

The opposing actions of neuropeptides like Oxt and Avp in the CeA are part of balanced,
individually tuned circuits acting in concert to control behavior (Viviani and Stoop, 2008).
The timing of receptor deletion could alter this balance differently, leading to different
phenotypes. Oxtr−/− mice constitutively lack Oxtr and are not subject to Oxt’s pre- and
postnatal effects. The effects of lifelong Oxtr deletion may be obscured by compensatory
mechanisms yet to be identified. Oxtr deletion in the OxtrFB/FB mice begins after PND 21
(Lee et al., 2008) when expression of cre recombinase, under control of the Camk2a
promoter, begins. In OxtrFB/FB, receptor loss may occur after the organizing effect of Oxt
and beyond the point at which compensation can occur; the critical period for Oxt’s
organizational effects remains to be determined. Future work focusing on spatially restricted
elimination of Oxtr across developmental time points will be useful in teasing apart the
contribution of Oxt’s organizational and activational effects.
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Fear is a basic emotion that strongly motivates behavior. Its maladaptation is associated with
a variety of emotional disorders. Reduction of Oxtr and Avpr1a within the CeA of OxtrFB/FB

mice may upset the balance of a circuit critical for specific fear responses (Huber et al.,
2005; Viviani and Stoop, 2008). We hypothesized that a reduction in Oxtr would reduce
inhibition of Avpr1a neurons in the CeA and would result in potentiated fear responding.
This had presumed normal levels of Avpr1a that the OxtrFB/FB mice do not have: it is
apparent from the binding results that the post-weaning loss of Oxtr affected Avpr1a levels
as well. Reduction of Avpr1a may have reduced activation of the CeM and consequently
diminished behavioral responding. Homozygous Brattleboro rats, known for their absence of
Avp, show decreased freezing when re-exposed to a context associated with footshock
(Stoehr et al., 1993). While there is evidence to suggest a causal link between early Oxt
manipulations and effects on Avpr1a (this paper; Bales et al., 2007) the mechanism is
currently unknown. Understanding this relationship is necessary for comprehending how
perturbation of the amygdalar circuit is involved in the etiology of affective disorders.
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Figure 1.
Avpr1a performance on fear conditioning (mean ± SEM). There were no effects of genotype
on Acquisition, Context or Cue Retention (left panels, a,b,c; p>0.05). Group had an effect on
acquisition but not context retention (right panels, a and b; P<0.01, P>0.05, respectively),
but the paired group had higher levels of freezing during cue retention (P < 0.0001).
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Figure 2.
Oxtr performance on fear conditioning (mean ± SEM). There were no effects of genotype on
Acquisition, Context or Cue Retention (left panels, a,b,c; p>0.05). Group had no effect on
Acquisition or Context Retention (right panels, a,b; p>0.05), but the paired group had higher
levels of freezing during Cue Retention (p<0.001).
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Figure 3.
FB Oxtr performance on fear conditioning and shock reactivity. a) OxtrFB/FB mice were
worse overall on acquisition (p<0.01; left panel). On trial 6 (right panel), OxtrFB/FB in the
unpaired group froze less than Oxtr+/+; freezing was equal in the paired group. b) While
OxtrFB/FB mice froze to the context following training (p<0.001), they froze less than the
Oxtr+/+ (p<0.001). c) Mice receiving unpaired tones/shocks froze less than those that
received paired training (p<0.01). OxtrFB/FB froze more during tone presentation than during
the baseline period (p<0.001), but still froze less than Oxtr+/+ mice (p<0.05). d) Shock
reactivity was the same in OxtrFB/FB and Oxtr+/+ mice.
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Figure 4.
Images from in vitro receptor autoradiography of the Avpr1a, Oxtr and FB Oxtr lines
(columns). Coronal sections are approximately 2mm behind bregma.
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