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Abstract

Mice deficient in corticotropin releasing factor receptor 2 (CRF2) (C57BL/6J:129Sv background)
exhibit impaired maternal defense (protection of offspring) and are more reactive to stressors than
wild-type mice. To further understand CRF2’s role in maternal behavior, we crossed the knockout
mice with a line bred for high maternal defense that also has elevated maternal care relative to inbred
lines. Maternal care was normal in knockout mice (relative to wild-type). Maternal defense was
impaired as previously observed. Exposure to a mild stressor (15 min restraint) did not trigger deficits
in maternal defense in either genotype as determined by a two-way repeated measures ANOVA
analysis. However, when examining difference scores between unrestrained and restrained
conditions, knockout mice exhibited significant decreases in maternal defense with stress, suggesting
knockouts are more susceptible to a mild stressor’s effects. To gain possible insights into brain
activity differences between WT and KO mice, we examined c-Fos expression in association with
stress. Unrestrained KO mice exhibited significantly lower c-Fos levels relative to unrestrained WT
mice in 9 regions, including lateral septum and periaqueductal gray. For WT mice, restraint stress
triggered c-Fos activity increases in 3 regions while for KO mice, restraint stress triggered c-Fos
increases in 16 regions. Taken together, our results suggest both altered behavioral and c-Fos
responses to stress in lactating CRF2 KO mice.
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Introduction

Maternal defense is a highly aggressive behavior performed by lactating females in protection
of their offspring. This behavior has been shown to be inhibited by central administration of
the anxiogenic peptide corticotropin releasing factor (CRF) and its related family of peptides,
urocortin (Ucn) 1 and Ucn 3 (Gammie, Negron et al. 2004; D’ Anna, Stevenson et al. 2005),
possibly suggesting decreased neurotransmission of these peptides during lactation to facilitate
the normal display of maternal defense. Furthermore, during lactation, the CNS is less
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responsive to CRF and stress (da Costa, Wood et al. 1996; da Costa, Kampa et al. 1997),
suggesting that the activation of this G-protein coupled receptor family, including both CRF
receptor 1 (CRF1) and CRF receptor (CRF2), may be altered during lactation in order to support
full maternal care. Interestingly, the CRF-related peptides have varying binding affinities for
these receptors. CRF and Ucn 1 bind to both CRF1 and CRF2, whereas Ucn 3 specifically
activates CRF2 (as well as Ucn 2) (Hauger, Grigoriadis et al. 2003). It has been demonstrated
that CRF2 activation alone is sufficient to impair the behavior as evidenced by central injections
of Ucn 3 alone diminishing maternal defense. Thus, the regulation of CRF2 activation during
lactation likely influences the normal display of this behavior.

One way to assess the relative contribution of CRF2 to maternal defense behavior is to
investigate genetically altered mice lacking CRF2. Mice deficient in CRF2 (C57BL/6J:129Sv
background) exhibit deficits in maternal defense (Gammie, Hasen et al. 2005) and display a
heightened stress reactivity in various experimental paradigms (Bale, Contarino et al. 2000).
The basis of this effect is unknown. However, CRF overproduction in these mice has been
documented (Bale, Contarino et al. 2000) and a CRF1 antagonist mitigates aspects of their high
stress reactivity (Bale and Vale 2003). Thus, it has been hypothesized that overproduction of
CRF acting on an intact CRF1 may account for the effects on heightened stress reactivity and
may underlie the low maternal aggression in these CRF2 knockout (KO) mice. Thus, CRF2
KO mice with heightened CRF1 activation may have difficulty producing normal maternal
behaviors, including protection of offspring.

Although our previous CRF2 KO study examined maternal defense regulation, an inbred
background was used and effects on other maternal behavior were not determined. For this
study, we crossed KO mice with mice selected for high maternal defense that show excellent
maternal profiles (Gammie, Garland et al. 2006) and we directly looked at the loss of the CRF2
and its role in the stress-induced impairment of maternal aggression in these stress sensitive
mice. Because central CRF can be released in association with stress (Givalois, Arancibia et
al. 2000; Makino, Hashimoto et al. 2002) and 30 min of acute restraint applied postpartum
impaired maternal aggression in outbred mice (Gammie and Stevenson 2006), one possibility
is that central CRF release is a mechanism for the negative regulation of maternal defense by
stress. Whether a shorter duration restraint stress (mild) could differentially alter maternal
aggression in mice with different stress reactivities had not been tested. Thus, we hypothesized
that increased stress sensitivity makes an aggressive lactating female more susceptible to the
inhibitory effects of stressors and that increased stress reactivity may also alter other maternal
behaviors. The goals of this study were to examine CRF2 loss on maternal defense and maternal
care in a robust genetically diverse background, to test the behavioral effects of a mild stressor
in wild-type versus KO dams, and to examine neuronal c-Fos activity with and without a
stressor to understand how gene loss leads to an altered response to stress.

Effect of genotype on maternal behavior on postpartum Days 2 and 3

On postpartum Days 2 and 3, mice were examined for maternal behaviors for 60 minutes. CRF2
mutant mice and their WT counterparts did not exhibit a difference in any measure maternal
care (Table 1).

There was no difference in mean pup weight (H (1) = 0.866, p = 0.352; ANOVA on Ranks)

or mean dam weight (F (1,32) = 0.00156, p=0.969; ANOVA) on postpartum Day 1 between
WT and KO dams nor did WT and KO dams differ in mean litter size (F (1,31) =0.309, p=0.582;
ANOVA).
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Effect of genotype on maternal aggression and pup retrieval on postpartum Day 4

There was a significant effect of genotype in one of the maternal defense behavioral measures
(Fig 1A-C). There was a significant effect of genotype on latency to first attack (F (1,30) =
5.433, p =0.027; ANOVA) and post-hoc tests revealed an increased latency to first attack in
KO dams relative to WT mice (t=2.331 , p=0.027; Holm-Sidak) (WT, mean+SEM: 3.4+0.4;
KO, mean+SEM: 4.5+0.3). To allow for the performance of parametric tests, data were natural
log (In)-transformed. However, there was not an effect of genotype on number of attacks (F
(1,30) = 2.125, p = 0.155; ANOVA) (WT, mean+SEM: 2.8+0.5; KO, mean£SEM: 1.8+0.4) or
total time aggressive (F (1,30) = 1.409, p = 0.245; ANOVA) (WT, mean+SEM: 3.2+0.6; KO,
mean+SEM: 2.2+0.5). Data were square root-transformed.

Additionally there was no significant effect of genotype (WT vs. KO dams) on pup retrieval
behavior, including time to fourth pup (F (1,30) = 2.083, p = 0.159; ANOVA) (Fig 1D).
However, while not significant, time to retrieve first pup exhibited a strong trend towards KO
dams retrieving their pups faster than WT mice ( F (1,30)= 3.916, p=0.057; ANOVA). Data
on time to first pup were In-transformed.

Effects of mild stressor and genotype on maternal defense behavior on postpartum Days 5
and 6

A two way RM ANOVA revealed there was a significant effect of genotype on mean number
of attacks, such that KO dams exhibited fewer attacks (F (1,30)=5.877, p=0.021). There was
no significant genotype by restraint interaction on latency to first attack ( F (1,31)= 0.0930,
p=0.911) or mean total time aggressive (F (1,31)=0.956, p=0.390), but there was a strong trend
in terms of number of attacks (F(1,31)= 3.071 , p=0.054) with restrained CRF2 KO dams
displaying fewer attacks than WT mice. Table 2 shows statistics and means and standard errors
for all maternal defense behaviors examined.

When only animals with robust baselines of maternal aggression (>10 sec, as determined on
Day 4) were analyzed as a change from non-restraint to restraint treatment, there was an overall
significant effect of the mild stressor on CRF2 KO mice in 2 of the 3 maternal defense measures.
The rationale for the 10 sec cutoff is that if one is testing the hypothesis that stress decreases
aggression, then mice with low aggression cannot be properly be evaluated due to a floor effect.
The mild stressor significantly affected latency to first attack (H (1)= 3.982, p=0.046; ANOVA
on Ranks) and post-hoc tests revealed an increased change in latency to first attack from non-
restraint to restraint treatment in KO dams relative to WT mice (Q = 1.960, p< 0.05; Dunn’s
Method) (Fig. 2A). The mild stressor did not significantly affect number of attacks, however
there was a trend towards decreased change in the number of attacks exhibited by KO vs. WT
mice (F (1,14) = 3.611, p = 0.080; ANOVA) (Fig 2B). The mild stressor also significantly
affected total time aggressive F (1,14) =4.709, p = 0.049; ANOVA) and post-hoc tests revealed
a decreased change in total time aggressive from non-restraint to restraint treatment in KO
dams relative to WT (t = 2.17, p=0.049, Holm-Sidak) (Fig 2C).

Effects of mild stressor and genotype on maternal behavior

Pup retrieval, when analyzed with a two way RM ANOVA, was not significantly affected by
the mild stressor on WT or CRF2 mutant mice in any of the 3 measures of pup retrieval. There
was not an effect of restraint on WT and KO mice based on the differences in time to retrieve
first pup (F (1, 31) = 0.703, p = 0.408), fourth pup (F (1,31) = 0.448, p = 0.508) or all pups (F
(1,31) =0.921, p = 0.345) (Table 2). However, there was an effect of genotype on time to

retrieve first pup (F (1, 31) = 4.164, p = 0.050; Two Way ANOVA) and post-hoc tests reveal
that KO mice (regardless of restraint type) retrieve their first pup faster than WT dams (t=2.041,
p=0.050; Holm-Sidak). In addition, there was a significant effect of genotype on time to retrieve
all pups (F (1, 31) = 4.668, p = 0.039; Two Way ANOVA) and post-hoc tests reveal that KO
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mice (regardless of restraint type) retrieve all their pups faster than WT dams (t= 2.160,
p=0.039; Holm-Sidak).

There was not a significant effect of the mild stressor on WT or CRF2 KO mice in any measure
of maternal behavior (Table 3). While not significant, restrained KO dams did exhibit a strong
trend towards decreased time spent arched-back nursing relative to WT dams( F (1,31) = 3.124,
p = 0.053; Two Way RM ANOVA).

Effects of mild stressor and genotype on elevated plus maze performance

There was a limited effect of mild stress on WT and CRF2 KO mice on elevated plus maze
performance. Two-way ANOVA analysis did not reveal a significant genotype by restraint
interaction in any of the measures. However, the two way ANOVA revealed that restrained
mice (regardless of genotype) entered the open arms more than the unrestrained mice ( F (1,26)
=5.702, p=0.024; Two Way ANOVA). Table 4 contains means and standard errors for all
measures on elevated plus maze.

Effects of Fos immunoreactivity (Fos-IR) in association with a mild exposure and genotype

On postpartum Day 8 dams were either restrained or unrestrained for 15 min, returned to their
home cage with their pups and brains collected 105 min later (5 min). No behavioral tests
were performed. To analyze how restraint affected c-Fos activity, 31 mice were randomly
assigned to 2 groups: unrestrained (WT, n= 6; KO, n= 8) or restrained (WT, n=8; KO, n=9)
to determine changes within the CNS using Fos-IR.

One brain region, caudal periaqueductal gray (cPAG), out of the 44 regions examined showed
a significant increase in Fos-IR in the restrained CRF2 KO, but not WT mice, when evaluated
with a two way ANOVA to assess the interaction between genotype and restraint type ( F(1,24)
=6.585, p = 0.017; Two Way ANOVA) (Table 5; Fig 4). However, 2 regions showed a
significant effect of genotype, the bed nucleus of the stria terminalis dorsal (BNSTd) (F (1,26)
=7.693, p=0.010) and dentate gyrus (DG) (F (1,23) = 9.296; p = 0.006), while 10 regions
showed a significant effect of restraint, infralimbic cortex (IL) (F (1,24) = 4.650; p = 0.041),
nucleus accumbens core (NUAbC) (F (1,24) = 6.237, p = 0.020), lateral preoptic area (LPO)
(F(1,24)=5.872,p=0.023), BNSTd (F (1,26) = 4.620, p=0.041), paraventricular hypothalamic
nucleus (PVN) (F (1,26) = 35.311, p<0.001), anterior hypothalamic area anterior (AHA) (F
(1,23) = 12.820, p = 0.002), ventromedial hypothalamus (VMH) (F (1,21) = 6.391, p = 0.020),
anterior hypothalamic area posterior (AHP) (F (1,23) = 6.358, p = 0.019), dorsomedial
hypothalamus (DM) (F (1,27) = 15.608; p<0.001), and perifornical nucleus (PeF) ( F(1,26) =
24.443, p<0.001) (Table 5). Table 5 contains means and standard errors for all brain regions
examined.

In addition, with planned comparisons 3 brain regions out of the 44 examined showed a
significant increase in Fos-IR in unrestrained relative to restrained WT mice, including
suprachiasmatic nucleus (SCN), PVN, and PeF (Table 5). However, following planned
comparisons, sixteen brain regions out of the 44 regions examined showed a significant
increase in Fos-IR in restrained relative to unrestrained KO mice including, anterior olfactory
nucleus medial (AOM), anterior olfactory nucleus posterior (AOP), ventral tenia tecta (VTT),
medial frontal cortex (MFC), lateral septum ventral (LSV)1, PVN, AHA, paraventricular
thalamic nucleus anterior (PVA), VMH, AHP, DM, perifornical nucleus (PeF), posterior
hypothalamic area (PH), ventral tegmental area (VTA), caudal periaqueductal gray (cPAG),
dorsal raphe nucleus dorsal (DRD) (Table 5; Fig 3).

In addition, 9 brain regions out of the 44 examined demonstrated a significant increase in
baseline Fos-IR levels in WT mice relative to KO mice in the unrestrained condition (Table
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5). These regions include AOM, AOP, VTT, nucleus accumbens shell (NuASh), MFC, LSV1,
DG, VTA, cPAG. However, no brain regions out off the 44 examined demonstrated a
significant increase in Fos-IR in WT relative to KO mice in the restrained condition.

As away to examine whether previous experience altered final c-Fos expression, all significant
brain regions were additionally analyzed with the restraint treatment the animal had received
the previous day as a covariate. No effect of previous experience on c-Fos expression was
found in any of the significant regions (data not shown).

Discussion

Mice deficient in CRF2 were used to evaluate the contribution of CRF2 to the regulation of
maternal defense behavior. This study found that baseline levels of maternal aggression were
lower in CRF2 KO lactating dams in a mixed background and exposure to a mild stressor
significantly impaired maternal defense in KO dams relative to WT without altering other
maternal behaviors. In the unrestrained condition, WT mice exhibited significantly higher
levels of c-Fos relative to KO mice in 9 regions. In response to stress, WT dams exhibited c-
Fos increases in three regions, while KO dams exhibited increases in c-Fos activity in 16
regions. An important caveat of the c-Fos results is that all mice had previously been examined
for offspring protection and exposed to restraint, so it is not known whether or how this previous
experience altered final c-Fos expression.

To ensure robust levels of maternal aggression and maternal care, inbred mice (C57BL/6J:
129Sv) with the CRF2 deletion were bred into a strain selected for high maternal aggression
within our laboratory (Gammie, Garland et al. 2006). Previously, our laboratory (Gammie and
Stevenson 2006; Gammie, Bethea et al. 2007) along with others (Sibille, Pavlides et al.
2000; Olivier, Pattij etal. 2001; Toth 2003; VVan Bogaert, Oosting et al. 2006), have successfully
placed deletions into more varied backgrounds to measure behavior. By varying the
background in which the deletion was bred, our measures could be more sensitive to changes
in maternal aggression levels and better represent how a gene may work in humans where
alleles have not been completely fixed (as with inbred mice) (Toth 2003). In addition, levels
of maternal defense were weak in the inbred mouse as evidenced in the previous study
evaluating maternal defense in CRF2 KOs (Gammie, Hasen et al. 2005). Inbred WT mice
exhibited one-third the amount of maternal aggression (15 sec of maternal aggression in 10
min) (Gammie, Hasen et al. 2005) as outbred S females (45.6 sec of maternal aggression in 3
min) (S.A. Stevenson and S.C. Gammie, unpublished observations). Thus, by creating a new
mixed background, maternal aggression levels of WT dams in this study were able to
correspond to the robust levels in outbred S mice.

Baseline levels of maternal defense were lower in KO dams relative to WT in this study
consistent with the previous study with inbred CRF2 KO mice (Gammie, Hasen et al. 2005).
However, following a mild stressor (15 min restraint), there was not a restraint by genotype
interaction on latency to first attack or total time aggressive, but there was a strong trend towards
stressed CRF2 KO dams displaying less number of attacks relative to WT (p=0.054). In
addition, when animals with robust levels of defense maternal defense (>10 sec) were analyzed
as a difference between restraint treatment, mild restraint significantly reduced the maternal
defense behavior of CRF2 KO dams. On average, CRF2 KO dams exposed to 15 min restraint
exhibited a decrease in maternal defense of 20 sec, whereas WT dams showed almost no change
in maternal aggression to this mild stressor. This finding suggests that heightened stress
reactivity is detrimental to maternal care because even a mild stressor can negatively impact
protective behavior. Previous work has suggested that an overproduction of the anxiogenic
peptide, CRF, acting on CRF1 underlies the heightened stress sensitivity of CRF2 KO mice
(Bale, Contarino et al. 2000) and a recent study suggested the importance of an intact CRF1
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in modulating aggressive behavior in hamsters (Farrokhi, Blanchard et al. 2004). Thus, one
possible explanation of our results may be that the behavioral deficits seen in our KO mice are
due to altered activation of CRF1 and naturally released CRF in response to the stressor may
be acting on this intact receptor. However, it is also possible that some basal activation of CRF2
is required for full maternal defense, even though at higher levels of activation this receptor
inhibits the behavior (D’ Anna, Stevenson et al. 2005).

In the present study, no differences were observed in any measure of maternal behavior in
CRF2 KO dams relative to WT and pup weight was similar between genotypes. KO dams
showed a trend toward faster retrieval of the first pup (p=0.057) under baseline conditions and
when examined using a two way ANOVA (regardless of restraint treatment), KO mice were
quicker to retrieve their first pup and all pups relative to WT dams. This finding is consistent
with pup retrieval results obtained on Day 6 in the previous study where time to retrieve first
pup almost reached significance for KO mice (Gammie, Hasen et al. 2005). Why a deletion of
CRF2 would result in faster retrieval times is not known.

Analysis of CRF2 KO and WT lactating females in the elevated plus maze as an indirect
measure of anxiety did not reveal an effect of genotype, consistent with the previous
performance of inbred KO dams on the elevated plus maze (Gammie, Hasen et al. 2005), nor
did it reveal an interaction between genotype and restraint (Table 4). There was significant
effect of restraint increasing the number of entries to the open arms of the maze (regardless of
genotype), suggesting restraint stress here promoted an increase in locomotion or exploration.
However, it should be noted that baseline level of entries and time in open arms was extremely
low in both unrestrained groups. Both WT and KO mice average less than 2 entries to the open
arms and less than 10 sec on the open arms for a 3 min test. Also, plus maze results are not
always consistent (Hogg 1996) and outcome can change depending on light levels (Handley,
McBlane et al. 1993). Thus, the elevated plus maze results should be interpreted with caution.
Future work examining short restraint and anxiety would need to involve a more reliable
baseline measure of anxiety on an independent group of CRF2 KO and WT mice without
previous behavioral experience.

In terms of changes in brain activity, a two way analysis found a significant genotype by
restraint interaction in one brain region, cPAG, in which restrained CRF2 KO, but not WT
mice, exhibited increases in Fos-IR (Table 5; Fig 4). Increases in Fos-IR have been shown in
this region following various stressors both outside of the postpartum period (Cullinan, Herman
et al. 1995;Gavrilov, Perekrest et al. 2008) and during lactation (Gammie and Stevenson
2006), suggesting its involvement in the general regulation of stress. cPAG is also implicated
in the regulation of maternal aggression (Lonstein and Gammie 2002;Gammie 2005;Hasen
and Gammie 2005;Hasen and Gammie 2006), suggesting it may be a critical node in the
negative regulation of maternal defense behavior modulated by stressors.

Unrestrained Fos-IR levels were significantly higher in nine regions in WT relative to KO
mice, including within AOM, AOP, VTT, NuASh, MFC, LSV1, DG, VTA, cPAG (ANOVA;
Table 5). These unrestrained differences may be associated with the heightened stress
sensitivity of CRF2 KO mice. However, c-Fos expression in WT lactating dams may already
be induced in many regions, and therefore they are non-responsive to restraint during lactation,
whereas in the stress sensitive CRF2 KO dams, c-Fos expression is already low, and therefore
more responsive to stress. These differences in c-Fos activity in WT and KO mice may be
related to their previous behavioral experience or may also reflect a differential response of
these mice to pup separation since an additional group without pup separation was not included
in this study. While these differences seen in c-Fos activity are interesting, this data should be
considered preliminary and be used as a point of reference for future studies to determine which
brain regions underlie the behavioral phenotype of CRF2 KO mice.
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WT brain activity increased in response to stress in three brain regions including SCN, PVN
and PeF (ANOVA,; Table 5; Fig 4 for PVN results). All these brain regions show changes
following stressful encounters. Increases in Fos-1R have been observed in PVN following both
restraint stress (Gammie and Stevenson 2006) and immobilization stress in lactating females
(da Costa, Wood et al. 1996) and male rats (Cullinan, Herman et al. 1995;Y okoyama and Sasaki
1999). In addition, both the PVN and PeF have been associated with cellular changes following
stress-induced immunosuppression in rats (Gavrilov, Perekrest et al. 2008). Likewise,
increases in the regulatory peptide vasopressin are seen in SCN following footshock (Handa,
Zoeller et al. 2007). Thus, this study demonstrates distinct changes in the brain activity of WT
mice following mild restraint stress in three stress-related brain regions. However, it is possible
the previous behavioral manipulations of the WT mice in this experiment concealed other
stress-induced effects of c-Fos expression observed in other studies (Schreiber, Tocco et al.
1991;Yokoyama and Sasaki 1999). It also is possible that the central nervous activity of a
lactating WT dam is less responsive to stress in general. Previous studies have shown that the
brain activity of intact lactating rats are less responsive (relative to virgins) to both stress (da
Costa, Wood et al. 1996) and CRF (da Costa, Kampa et al. 1997), thus a lack of a robust c-Fos
response to stress may be characteristic of WT lactating mice. It would be interesting to perform
another experiment on mice without previous behavioral experience to confirm the low levels
of c-Fos activity in WT mice observed following a mild stressor.

Bouts of restraint stress that impaired maternal defense, triggered increases in Fos-IR in 16
brain regions in KO dams, including: AOM, AOP, VTT, MFC, LSV1, PVN, AHA, PVA,
VMH, AHP, DM, PeF, PH, VTA, cPAG, DRD (ANOVA,; Table 5; Fig 3), six of which also
exhibited increased c-Fos with restraint (regardless of genotype) in the two-way ANOVA
(PVN, AHA, VMH, AHP, DM, PeF). Increases in Fos-IR have been observed in some of these
regions following 30 min restraint in outbred lactating mice (LS, cPAG, DRD, and PVN)
(Gammie and Stevenson 2006) and after 30 min immobilization stress in virgin, pregnant, and
lactating female rats (LS, PVN, and VTA) (da Costa, Wood et al. 1996). Some regions,
including DRD (Hammack, Richey et al. 2001;Hammack, Richey et al. 2003;Hammack,
Schmid et al. 2003), LS (Henry, Vale et al. 2006) and PVN have been specifically linked to
how an animal responds to a stressor. Many of these regions also exhibit cellular changes in
response to stress, including PVN, VMH, DMH, PH and various anterior hypothalamic nuclei
(Gavrilov, Perekrest et al. 2008). c-Fos changes occur following either restraint or swim stress
in LS, PVN, AHA, DMH and cPAG (Cullinan, Herman et al. 1995). Any of these 16 regions
could be a critical site for the modulation of maternal defense in CRF2 KO dams. Since
CRF2KO mice overproduce CRF (Bale, Contarino et al. 2000), it is possible that CRF is
released by mildly stressed CRF2 KO mice and the peptide alters maternal aggression by acting
on CRF1 in a number of regions. All of the highlighted regions contain CRF1, including LSV,
DM, VMH, PVN (Potter, Sutton etal. 1994;Chalmers, Lovenberg etal. 1995), DRD (Chalmers,
Lovenberg et al. 1995), VTA, PH, and the olfactory pathway (AOM, AOP, VTT) (Potter,
Sutton et al. 1994) (Fig 3) as based on previous studies in rats. While thought to be similar, it
is not certain if the distribution of CRF1 receptors is absolutely identical in mice and rats. Many
of these same regions contain CRF2, including AOM, AOP, LSV, DM, VMH, PVN, AHP,
DRD, VTA, PH and cPAG (Potter, Sutton et al. 1994;Chalmers, Lovenberg et al. 1995;Van
Pett, Viau et al. 2000) (Fig 3), however, CRF2 is not present in these mice. Thus, it is possible
that in the present study that CRF, a potent inhibitor of maternal defense, is naturally released
in response to the mild stressor and acts on an intact CRF1 at the regions highlighted by this
analysis to decrease maternal defense. However, under normal conditions, CRF, and its related
peptides Ucn 1 and 3, could be acting at either receptor in these regions to facilitate the stress-
induced impairment of maternal defense.

A subset of the regions identified in this analysis have been implicated in the regulation of
maternal aggression, including LS, PVN, VMH, AHP, DM, and cPAG (Lonstein and Gammie
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2002; Gammie 2005; Hasen and Gammie 2005; Hasen and Gammie 2006). Thus, altered
activity within these regions due to mild stress in KO mice may be directly affecting key
components of the maternal defense circuitry. Increases in c-Fos with mild stress do not indicate
whether a neuron received inhibitory or excitatory input, only that a change in second
messenger activity occurred (Dragunow and Faull 1989). Thus, restraint stress may inhibit
maternal defense by acting on or near maternal aggression circuitry neurons, but this is
unknown.

In humans, CRF hyperactivity, similar to CRF2 KO mice, is linked to depression and stressful
life events that often precede depressive episodes (Anisman and Zacharko 1982). There is also
evidence supporting the role of CRF in the relationship between postpartum depression and
stressful life events (O’Hara, Schlechte et al. 1991; Stevens-Simon, Kelly et al. 2000). Our
findings support an important role for CRF-related peptides and their receptors in postpartum
stress reactivity and demonstrate how that can modify protection of offspring in a mouse model.

Experimental Procedures

Mice

Genotyping

CRF2-deficient mice on a 50:50 mixed C57BL/6Jx129Sv inbred background strain were used
(originally a kind gift of Dr. Wylie Vale, Salk Institute) (Bale, Contarino et al. 2000; Gammie,
Hasen et al. 2005). Mutant males were crossed with females selected for high maternal
aggression (outbred S) that were generated in our lab using a within-family selection approach
(starting stock was outbred hsd:ICR (CD-1) mice) (Gammie, Garland et al. 2006). The mice
used for this study were from generation 13 mice and averaged 45.6 s of maternal aggression
in a 3 minute test (S.A. Stevenson and S.C. Gammie, unpublished observations). The
heterozygote CRF2 (+/-) mice (with a 50:50 mix of these two backgrounds) produced from
this cross were then bred to produce the wild-type (WT) and KO female mice used in this study.
Offspring were weaned at 21 days and housed until pairing as adults. All genotyping occurred
after 21 days. Thus, WT and KO female siblings were exposed to the same maternal
environment. All females (~45 days old) regardless of genotype were housed with a single
outbred breeder male (Mus musculus:~ 42-56 days postpartum) (Harlan, Madison, WI).
Following impregnation (~2 weeks), each female was housed individually for the remainder
of the study. Polypropylene cages were cleaned weekly prior to parturition, but afterwards
cages were unchanged until the end of the experiment. Mice were given ad lib access to Breeder
Chow (Harlan) and tap water. Sexually naive male mice of the same age and strain (hsd:ICR)
were used as intruders during maternal aggression tests. Intruder males were group housed (4
animals/cage) and never used more than once daily and for ~3 total tests each. Over the course
of testing, each female was exposed to three different intruder males. Due to the
counterbalanced nature of the study (see below), males with similar testing experience were
used equally for all groups. All animals were housed on a 14:10 light/dark cycle with lights on
at 0600 CST. All testing was performed between 0930 and 1500 h. All procedures followed
the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals, and were approved by the Animal Care and Use Committee of the University of
Wisconsin.

Mice were genotyped by PCR using sense WT (5'-TGTGG-AAGCTGATCCTGGTG-3),
sense KO (5-GGGAACTTCCTG-ACTAGGGG-3') and acommon antisense primer (5'-CCT-
GATGCCTGCTGAGTTGA-3'). Reactions were run with purified DNA and analyzed as
previously described (Bale, Contarino et al. 2000; Gammie, Hasen et al. 2005).
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Maternal behavior examination

All animals in this study underwent the series of behavioral tests described below. On
postpartum Days 2 and 3 (parturition is postpartum Day 0) each dam was observed for an hour
between 1000 and 1200 h. Dams were observed within their home cages in the homeroom
(WT, n=16; KO, n=18). Every minute for one hour, observers blind to treatment noted the
maternal behavior of the dam. The behaviors examined included: arched-back nursing (females
adopting a crouched position over pups), supine nursing (the dam on her side next to pups),
nest building, pup-directed licking, on-nest, off-nest, self-grooming, and eating/drinking. Off-
nest, on-nest and nursing are all mutually exclusive behavioral categories. Therefore, we also
analyzed whether the dam participated in other maternal behavior while off-nest, on-nest or
nursing (i.e. pup licking, nest building while nursing). Latency to nurse, on-nest behavior, and
pup licking were quantified by measuring the time elapsed to the onset of the mentioned
behaviors.

Maternal aggression and behavior testing

On postpartum Days 4, 5 and 6 each female was exposed to an intruder male for 5 min in her
home cage between 900 and 1300 h. Females were moved into the testing room and tested in
their home cages, an environment kept constant during the experiment. The maternal
aggression test began by introducing a male intruder for 5 min. After the intruder male was
removed, the pups were scattered evenly away from the nest allowing the female to retrieve
and interact with her pups for 30 minutes. The total testing process lasted for 35 minutes. Each
test session was recorded on videotape and subsequently analyzed off-line by individuals blind
to testing conditions. For quantification of maternal aggression the following features were
measured: latency to first attack, number of attacks, and total duration of attacks (total time
aggressive) (Gammie and Nelson 1999; Gammie, Huang et al. 2000). Pup retrieval was
quantified by measuring the time elapsed to retrieval of first and fourth (Gammie, Negron et
al. 2004; D’ Anna, Stevenson et al. 2005) and time to retrieve all pups. Other maternal behavior
measures (see above) were surveyed every 30 seconds.

Restraint stress

Restraint stress occurred directly before the behavioral test by placing individual mice into a
clear Plexiglas tube with a flat bottom and curved (semi-circle shaped) siding. In all cases,
mice were moved to a testing room under low lit conditions, placed in the restraint tubing and
set back in their home cages for 15 min. Following restraint, animals were removed from the
tubes and allowed to freely move about the cage for 15 min, as based on previous studies where
30 min of restraint reduced maternal aggression (Gammie and Stevenson 2006). Prior to the
dam being placed in restraint, pups were removed from the home cage and placed under a
warming light until they were reunited with the dam following the maternal aggression test.
All mice (n=36) were either exposed to restraint stress for 15 min or not restrained as a control
on postpartum Days 5 and/or 6. For example, if a mouse was restrained on Day 5, it was not
restrained on Day 6 and if a mouse was not restrained on Day 5 it was restrained on Day 6,
thus each animal received every treatment in a counterbalanced order. The effect of day on
behavior did not significantly affect the results. When evaluated with a two way ANOVA
analysis there was no effect of day on any measure of maternal defense, including time to first
bite, number of attacks or mean number of attacks (data not shown). Thus, day was not included
in a further analysis and allowed restraint vs. non-restraint to be compared on postpartum Days
5 and 6. Separation from pups for long periods (> 5 hours) prior to testing decreases maternal
aggression, but separation for a short time does not affect maternal aggression in rats or mice
(Stern and Kolunie, 1993; Svare and Gandelman, 1973). Still, to rule out any subtle effects that
30 min pup separation might have on maternal aggression, unrestrained mice were also
separated from their pups 30 min prior to testing. All mice used in this study were first tested
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on postpartum Day 4 without restraint to provide a baseline level of maternal aggression. All
mice were age matched, housed together in the same room, and tested within a 10 day window.
All restraint treatments were counterbalanced such that for Days 5 and 6, an equal number of
animals of each genotype were restrained or not restrained on each of the days and the testing
of individuals from the two genotypes was interspersed.

Elevated plus maze

The plus maze apparatus was made of black Plexiglas and consisted of two open arms (35 x 5
cm) and two closed arms of the same dimensions with walls 15 cm high. The maze was elevated
70 cm off the ground. The arms were connected in the middle by a square (5 cm x 5 cm).
Indirect lighting was used in an otherwise dark room. All testing was conducted on postpartum
Day 7. Mice were tested individually in 3 min sessions. Each mouse had its pups removed and
was either restrained (WT, n=8; KO, n=9) or unrestrained (WT, n=9; KO, n=10) as previously
described. Mice from both groups were placed on the center platform facing an open arm to
initiate the test. Behaviors scored were the number of closed and open arm entries and time
spent in the center, closed and open arms of the maze. Arm entries were defined as entry of all
four paws into the arm. Each test session was recorded on videotape and subsequently analyzed
off-line by individuals blind to testing conditions.

Immunohistochemistry for c-Fos

One day following the last behavioral test (postpartum Day 8) mice were either restrained or
unrestrained for 15 minutes, returned to their home cage with their pups and brains were
collected 105 minutes later (+5 min). No behavioral tests were performed. To analyze how
restraint affected c-Fos activity, 31 mice were randomly assigned to 2 groups: unrestrained
(WT, n=6; KO, n=8) and restrained (WT, n=8; KO, n=9). Following isoflurane anesthesia,
mice were sacrificed and the brains removed. Brains were post-fixed overnight in 6% acrolein
in phosphate buffered saline (PBS) and cryoprotected in 30% sucrose in PBS for two days.
Brains were frozen on a platform and cut into 40 micron thick sections using a sliding
microtome (Leica, Microsystems, Heidelberg, Germany) and stored in a cryoprotectant
solution at —20 degrees C until processing for immunohistochemistry with antibodies specific
to recognizing c-Fos. All sections underwent previously described immunohistochemical
processes, which included incubating the sections for two days at 4 degrees C with rabbit anti-
Fos antibodies (1:15,000; Calbiochem, San Diego, CA, catalog # PC38) (Gammie, Negron et
al. 2004; D’ Anna, Stevenson et al. 2005). The sections were then mounted, dehydrated in a
series of ethyl alcohols and xylenes, and coverslipped. Brain sections from all animals were
processed simultaneously in one batch.

Analysis of c-Fos immunoreactivity (Fos-IR)

For all sections, previously described bright field microscopy was used for counting c-Fos-
positive cells (Gammie, Negron et al. 2004; D’ Anna, Stevenson et al. 2005). Dimensions and
locations of boxes used to count cells in specific regions are those that have been previously
used by other studies (Gammie, Negron et al. 2004; D’ Anna, Stevenson et al. 2005; D’Anna
and Gammie 2006; Gammie and Stevenson 2006; Lee and Gammie 2006).

Data analysis

Data were analyzed with the assistance of the statistical software, SigmaStat 3.0 (SPSS Inc,
Chicago), in which the normality of the data were determined and the correct parametric or
non-parametric test utilized. Maternal aggression and other maternal behavior testing variables
were analyzed using a one way analysis of variance (ANOVA). In the cases where the data
were not normally distributed, (i.e. nest-building) a non-parametric Kruskal-Wallis one way
ANOVA on Ranks test was performed. In the case of latency to first attack, if an animal was
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non-aggressive, a time of 300 s was assigned (the maximum time of the maternal aggression
test). Likewise, if an animal did not retrieve at least 4 pups or any pups at all, a time of 120
seconds was assigned as previously performed (Gammie, Negron et al. 2004; D’ Anna,
Stevenson et al. 2005).

For maternal defense analysis, a two way RM ANOVA was used to examine effects of restraint
type and genotype interaction. In the previous analysis mice with varying levels of aggression
were included. However, to decrease variability and uncover more robust differences in
aggression, further analysis included only mice with 10 sec of more of maternal aggression.
The rationale for the 10 sec cutoff is that if one is testing the hypothesis that stress decreases
aggression, then mice with low aggression cannot be properly be evaluated due to a floor effect.
Maternal aggression data were then analyzed by establishing differences between unrestrained
and restrained conditions for each mouse to further incorporate individual variability into the
statistical model. The standard p-value cutoff of 0.05 was used to evaluate the significance of
the behavioral data. Non-normal maternal defense data from postpartum Day 4 were either
transformed with natural log (In) or square root to allow for the performance of parametric
tests.

For maternal behavior analysis, a two way RM ANOVA was used to examine effects of

restraint type and genotype interaction on all measures. For elevated plus maze analysis, a two-
way ANOVA was used to examine restraint type and genotype interaction on the number of
closed and open-arm entries and the time spent in the center, closed and open arms of the maze.

For c-Fos analysis, a two way ANOVA examined restraint type and genotype interaction.
Separate planned comparisons (one way ANOVASs) were used to test the effect of restraint
stress and non- restraint on the number of c-Fos positive cells in 44 separate brain regions. In
cases where the data were not normally distributed, a non-parametric Kruskal-Wallis ANOVA
on Ranks test was used. For all other measures, parametric tests were employed. Areas
evaluated include those previously implicated in either maternal aggression and enriched with
CRF1 and/or CRF2 receptors.

In order to correct for multiple comparisons the False Discovery Rate method of Storey (2002)
was applied using the open source software Qvalue (Dabney and Storey 2002). This method
is used to estimate the p-value cutoff to use for each test that will yield a global, experiment-
wide, false discovery rate of 5% and has been used previously to correct for multiple
comparisons (Gammie, Negron et al. 2004; D’ Anna, Stevenson et al. 2005; Rhodes, Ryabinin
et al. 2005). To examine the number of c-Fos positive cells in all brain regions, applying the
pvalue standard cut-off of 0.05 would only yield a false discovery rate of 4%, therefore, it
remained appropriate to apply the pvalue 0.05 to the data set.

In addition, all brain regions with significant changes in c-Fos expression were examined with
the most recent restraint treatment (restraint vs. non-restraint) received the day before brain
collection as a covariate to examine if previous experience altered final c-Fos expression. There
was not an effect of previous restraint treatment on c-Fos expression (see Results).
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caudal periaqueductal gray

corticotropin releasing factor receptor 2

urocortin

corticotropin releasing factor receptor 1

the bed nucleus of the stria terminalis dorsal

dentate gyrus

infralimbic cortex

nucleus accumbens core

lateral preoptic area

paraventricular hypothalamic nucleus

anterior hypothalamic area anterior

ventromedial hypothalamus

anterior hypothalamic area posterior

dorsomedial hypothalamus

perifornical nucleus

suprachiasmatic nucleus

anterior olfactory nucleus medial

anterior olfactory nucleus posterior

ventral tenia tecta
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MFC
medial frontal cortex
LSV1
lateral septum ventral
PVA
paraventricular thalamic nucleus anterior
PH
posterior hypothalamic area
VTA
ventral tegmental area
DRD
dorsal raphe nucleus dorsal
NuASh
nucleus accumbens shell
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Fig. 1.

Effects of genotype on maternal aggression in CRF2 KO and WT mice. Bars represent non-
transformed mean differences £ SEM within each genotype. Statistics represent transformed
data (see Results). A) Mean latency to first attack was significantly longer in CRF2 KO dams
relative to WT dams (ANOVA). B) Mean number of attacks was not significantly altered in
CRF2 KO dams relative to WT dams (ANOVA). C) Mean total time aggressive was not
significantly altered in CRF2 KO dams relative to WT dams (ANOVA). D) mean time to
retrieve first and fourth pup was not significantly altered in CRF2 KO dams relative to WT
(ANOVA). * p<0.05.
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Fig. 2.

Effects of mild restraint stress on maternal aggression in CRF2 KO and WT mice with a
baseline of aggression > 10 seconds. Bars represent mean conditions (non-restraint) and stress
conditions (15 min restraint) within each genotype. A) Mean latency to first attack was
significantly delayed by restraint stress in CRF2 KO dams relative to WT dams (ANOVA on
Ranks). B) Mean number of attacks was not significantly altered by restraint stress in either
CRF2 KO dams relative to WT dams (ANOVA). C) Mean total time aggressive was
significantly decreased by restraint stress in CRF2 KO dams relative to WT dams (ANOVA).
* p<0.05
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Fig. 3.

Schematic of brain regions exhibiting a significant increase in c-Fos activity in CRF2-deficient
dams following exposure to a mild stressor (p<0.05) and their relative receptor contributions.
Regions showing significantly lower c-Fos activity in KO animals in the unrestrained condition
relative to WT are indicated with * (p<0.05). WT dams exhibited increased in c-Fos activity
following exposure to a mild stressor in three regions; PVN, SCN and PeF (not highlighted on
drawing).
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WT non-restraint WT restraint CRF2 KO non-restraint ~ CRF2 KO restraint

Fig. 4.

Examples of c-Fos immunoreactivity (Fos-IR) following either the restraint or non-restraint
condition for WT and CRF2 KO mice. Restraint or non-restraint were performed 105 min (£5
min) before brain fixation. Unrestrained CRF2 KO mice exhibit significantly lower levels of
Fos-IR relative to unrestrained WT mice in cPAG. In addition, with restraint, CRF2 KO mice
show significant increases in Fos-IR relative to their unrestrained state in cPAG. These
differences in cPAG were photographed on the right side of the brain. PVN shows significant
increases in Fos-IR with restraint for both WT and CRF2 KO mice (see Results for more
details).

PVN
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