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Abstract
Increases in neuronal activity of hypocretin (HCRT), a peptide involved in arousal, and in HCRT-1
receptor mRNA expression have recently been identified in association with lactation. HCRT is
released within brain regions regulating maternal behaviour and it is possible that increased HCRT
neurotransmission during lactation supports maternal care. This study examined for the first time the
behavioural effects of HCRT on lactating mice. At intermediate doses, intracerebroventricular (i.c.v.)
injections of HCRT-1 (0.06 and 0.1 μg) elevated levels of licking and grooming of pups (but not self-
grooming) and number of nursing bouts without affecting other behaviours. At the highest dose, i.c.v.
HCRT-1 (0.3 μg) delayed latency to nurse, decreased nursing, increased time off nest, and decreased
maternal aggression. Intraperitoneal injections of the HCRT-1 receptor antagonist, SB-334867,
exhibited a general trend towards increasing time spent low-arched back nursing (p=0.053) and
decreasing licking and grooming of pups while high-arched back nursing (p=0.052). This suggests
that the endogenous release of HCRT, working independently or dependently with other
neuromodulators, may be necessary for full maternal behaviour expression. Possible sites of HCRT
action in enhancing and impairing maternal care were identified via examinations of c-Fos
immunoreactivity in association with i.c.v. HCRT injections. Together, these finding support the
idea of HCRT modulating maternal behaviour, with intermediate levels (0.06 and 0.1 μg) supporting,
even augmenting some behaviours, but with levels too high (0.3 μg i.c.v. HCRT) maternal behaviour
and aggression are suppressed.
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Lactation involves changes in arousal and wakefulness. Lactating rats exhibit increased sleep
disruptions to tend to offspring (1-4). Also, lactating women experience elevated nighttime
sleep disruptions and increased time awake associated with caring for offspring (5). These and
other studies suggest a close connection between production of maternal behaviour and altered
arousal during lactation.

Extensive evidence suggests that the neuropeptide, hypocretin (HCRT), modulates arousal
(6). HCRT exists in two peptide forms, HCRT-1 and HCRT-2, also called orexin A and orexin
B, respectively. Centrally administered HCRT increases wakefulness and arousal in rats (7)
and also reduces REM sleep (8). A correlation has also been suggested between low HCRT
neurotransmission and narcolepsy in mice (9). These links between HCRT and arousal suggest
that HCRT might play a role in modulating arousal and sleep during lactation.
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A recent study found increased diurnal c-Fos activity of HCRT neurones in lactating versus
virgin female mice (10). Another study found that on postpartum day 1, lactating rats had
increased mRNA levels of the HCRT-1 receptor (preferential binding site of HCRT-1) relative
to pregnant females (11). While HCRT neurones are found exclusively in lateral hypothalamus
(LH) and adjacent brain regions, HCRT receptors are found in a number of regions, including,
locus coeruleus (LC), paraventricular hypothalamic nucleus (PVN), arcuate nucleus, septal
regions, nucleus accumbens (NuAC), medial preoptic area (mPOA), and bed nucleus of the
stria terminalis (BNST) (12,13). Many of these regions are implicated in maternal behaviour
(14) and/or arousal (13). Intracerebroventricular (i.c.v.) injections of HCRT trigger increases
in c-Fos activity in most of these regions (13,15). Hence, it is possible that HCRT could directly
or indirectly influence maternal behaviour.

Despite indirect evidence linking HCRT to behaviour during lactation, no study has directly
examined HCRT’s effect on maternal behaviour. By conducting i.c.v. injections with a range
of HCRT doses into lactating mice, this study addresses whether or how HCRT supports
reproductive behaviour.

We hypothesised that at intermediate levels, HCRT may enhance maternal behaviour,
including maternal aggression, by elevating general arousal. At high levels of release, HCRT
triggers the release of corticotropin-releasing factor (CRF) (12,16), a peptide shown to impair
maternal aggression in mice (17) and maternal behaviour in maternally primed virgin rats when
injected centrally (18). Therefore, we hypothesised that at high doses HCRT might inhibit
maternal aggression and other maternal behaviours. We also predicted that the HCRT-1
receptor antagonist, SB-334867, would impair maternal behaviour and aggression by
preventing normal HCRT activity. To gain insights into where HCRT-1 is acting within the
CNS, we also examined where and how HCRT-1 altered c-Fos expression in association with
triggering changes in behaviour.

Materials and Methods
Mice

Outbred (hsd:ICR) female mice (Mus musculus; :~ 42-56 days postpartum) (Harlan, Madison,
WI) were housed with a single breeder male of the same strain. Following impregnation (~2
weeks), each female was housed individually for the remainder of the study. Female mice were
given ad lib access to Breeder Chow (Harlan) and tap water. Just prior to parturition, female
mice were given precut nesting material. Polypropylene cages were cleaned weekly prior to
parturition, but afterwards cages were unchanged until the end of the experiment. Sexually
naïve male mice of the same strain (~ 42-56 days postpartum) were used as intruders during
aggression tests. Intruder males were group housed (4 mice/cage) and never used more than
once per day (days between tests ranged between 3-7 days) and not for more than 3 total tests
each. Over the course of testing, each female was exposed to three different intruder males and
due to the counterbalanced nature of the study (see below), males with varying experience were
equally distributed over the various peptide treatments. Males in this study were highly
quiescent. As standard procedure intruder males are removed if they show signs of aggression
and only in ~ 4% of cases (6 out of 147 tests) were intruder males removed. All mice 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.

D’Anna and Gammie Page 2

J Neuroendocrinol. Author manuscript; available in PMC 2008 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cannulae surgeries
On postpartum Day 1 (parturition is postpartum Day 0), litters were culled to 11 pups and on
this same day each lactating female was fitted with cannulae to the lateral ventricle. Females
with less than 9 pups were omitted from the study. Before surgery, the hair above the skull was
shaved and the skin cleaned and treated with alcohol and Betadine (Purdue Frederick,
Stamford, CT). Under isoflurane anaesthesia, using a stereotaxic apparatus (David Kopf
Instruments, Tujunga, CA), a midline incision across the top of the skull was made and the
periosteum removed. A 1 mm hole was drilled −0.6 mm (posterior) to and 1.6 mm (lateral) to
Bregma. In the hole, a 26 gauge stainless-steel indwelling cannula (Plastics One, Roanoke,
VA) was implanted to −2.5 mm below the skull surface into the lateral ventricle. Two small
screws were drilled into the skull lateral and anterior to the cannula to help stabilise the cannula.
Each cannula was secured to the skull using dental cement (Plastics One). A dummy cannula
was inserted to maintain patency until injections were made. Injections were made manually
using a 33 gauge stainless-steel injector, which extended 1 mm beyond the guide, attached to
PE-50 tubing (Becton Dickenson, Sparks, MD) fitted to a 10 μl Hamilton syringe.

Intracerebroventricular injections (i.c.v.) of HCRT-1
Beginning 2 days after surgery (postpartum Day 4), single injections were delivered each day
for up to 3 consecutive days (postpartum Days 4-6) to mice under light isoflurane anaesthesia
to minimise an acute stress response. Previous studies show that mice continue to display high
levels of maternal behaviour when isoflurane is used for brief anesthetization, indicating that
this approach does not adversely affect the behaviour of interest (17,19). All injections were
made using a 1 μl volume over a 60 second time span. Infusions were verified by following
movement of an air bubble in the tubing and the injector remained in place for 60 sec following
each injection. Thirty minutes after injection, each female was tested for maternal aggression
for 5 min and maternal behaviour for 55 min as described below. After the completion of the
testing series and just prior to fixation (described below), a 1 μl volume of 0.01 % Chicago sky
blue (Sigma, St. Louis, MO) in saline was injected into the brain to verify cannulae placement.
Only results from cannulae correctly directed into the lateral ventricle were used. The following
doses were injected into two groups: HCRT-1/Orexin-A (Phoenix Pharmaceuticals, Belmont,
CA); 0.03 μg (0.008 nmol), 0.06 μg (0.016 nmol), 0.1 μg (0.028 nmol) and 0.3 μg (0.084 nmol)
dissolved in saline. Saline was used as the vehicle solution and control for each mouse. A range
of 4 doses of HCRT-1 were tested across two groups of mice (1 vehicle and 2 doses per group)
as each mouse underwent a maximum of three tests. Limiting each mouse to three tests was
done to ensure that all behavioural testing occurred during the window in which high levels of
maternal behaviour (Days 2-8) (20), including aggression, are expressed and is consistent with
previous studies (17,19). To test the behavioural effects of Group A (0.03 μg and 0.3 μg
HCRT-1 versus vehicle) 19 mice were used. For testing the behavioural effects of Group B
(0.06 μg and 0.1 μg HCRT-1 versus vehicle) 18 mice were used. Each mouse was tested as
part of a group (either A or B) and received each treatment within that group over 3 consecutive
days (e.g. 0.3 μg, 0.03 μg HCRT-1 and vehicle in Group A) employing a within animal repeated
measures experimental design. I.c.v. HCRT-1 has previously been shown to have a behavioural
timecourse of about 90 minutes (7,15) and site-directed injections have been shown to have
waking effects up to 4 hours (21), therefore repeated treatment would have limited impact on
the effects of HCRT-1 over time. The orders of all injections of HCRT-1 were counterbalanced
such that an equal number of mice received each of the three doses (including vehicle) on the
three different test days. Doses were chosen based on previous i.c.v. studies of the behavioural
effects of HCRT in rats (7).
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Intraperitoneal (i.p.) injections of HCRT-1 receptor antagonist SB-334867
A separate set of lactating mice from those used to test the effects of the i.c.v. injections were
used to investigate the effects of the HCRT-1 receptor antagonist, SB-334867 (Tocris
Bioscience, Ellisville, MO). On postpartum Day 4, 30 minutes following injection, dams
underwent a maternal aggression and behaviour test (without treatment) to determine
individual baseline levels. On postpartum Day 6 a single i.p. injection was delivered to mice
under light isoflurane anaesthesia to minimise an acute stress response of the mice. The
following two doses along with vehicle were injected i.p. into three discrete groups:
SB-334867; 10 mg/kg and 30 mg/kg dissolved in a 60:40 dimethyl sulfoxide (DMSO)/saline
solution, and vehicle; 60:40 DMSO/saline solution was used as the control. To test the
behavioural effects of SB-334867, 6 mice were used in each group for a total of 18 mice. Doses
were chosen based on previous i.p. studies of the behavioural effects of SB-334867 in rats
(22,23). The range of timing of the antagonist injections mirrored those used for the agonist,
HCRT-1.

Maternal aggression and behaviour testing
Prior to each injection (whether i.c.v. or i.p.), pups were removed from the home cage and
placed under a warming lamp until they were reunited with dam following the maternal
aggression test. After each injection, females were promptly returned to their home cages and
after 30 min elapsed, females were moved into the testing room, where they were tested in
their home cages, an environment kept constant during the experiment. Previously, females
had not entered the testing room, but had resided in their home cages since pairing. The maternal
aggression test began by introducing a male intruder for 5 min. Removal of pups from the home
cage of a dam before an aggression test does not diminish the expression of maternal aggression
in mice (24). After the intruder male was removed, the pups were scattered evenly away from
the nest allowing the female to retrieve and/or interact with her pups and perform maternal
behaviour for 55 minutes. The total testing lasted an hour. Each test session was recorded on
videotape and subsequently analyzed off-line to quantify maternal behaviour 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 (25,
26). Pup retrieval was quantified by measuring the time elapsed to retrieval of first, fourth and
all pups (17,19). Other maternal behaviour measures quantified included latency to nurse,
number of nursing bouts (nursing bout could include shifts in mother’s nursing as long as pups
remained in nipple contact and end of nursing bout was defined as all pups being off nipples),
duration of each nursing bout, total time nursing, time spent in the high-arched back nursing
(HAN) position (determined by females adopting a crouched position that arched over pups
with legs splayed and fully extended), time spent in the low-arched back (LAN) or supine
nursing position (determined by female adopting a “blanket” posture in which the dam lays
almost flat over the pups with minimal leg extension or if the dam is laying on her side while
the pups are nursing), total duration of nest building activity, total duration of licking and
grooming of pups by the female, latency for a dam to be on nest, total time a dam was on her
nest (often while engaging in other maternal behaviour), total time spent off the nest, time spent
off the nest subsequent to first nest bout, and total time the dam spent self-grooming. Also
analysed was time the dam spent licking and grooming her pups while HAN and LAN. Nursing
postures were determined from previous studies (27,28).

Immunohistochemistry for c-Fos
One day following the last behavioural test (postpartum Days 8) mice were injected with either
HCRT-1 or saline (described below), returned to their home cage with their pups and brains
were collected 105 minutes later (±5 min). No behavioural tests were performed. To analyze
how HCRT-1 affected c-Fos activity in Group A, 19 mice were randomly assigned to 2 groups:
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saline-injected (n=11) and 0.3 μg HCRT-1-injected (n=8). The dose of 0.3 μg HCRT-1 was
chosen because it was the lowest effective dose of HCRT-1 to reduce measures of maternal
aggression in Group A. To analyze how HCRT-1 affected c-Fos activity in Group B, 15 mice
were randomly assigned to 2 groups: 0.06 μg HCRT-1 (n=9) and 0.1 μg HCRT-1-injected
(n=9). Both doses of 0.06 and 0.1 μg HCRT-1 were chosen and a saline-injected control group
not collected because at the time of the collection, the behavioral analysis was not complete
and therefore it was not clear which dose, if any, would have an effect on maternal behaviour.
However, both doses of HCRT-1 were effective at elevating levels of licking and grooming of
pups in Group B lactating females and only the brains injected with 0.1 μg HCRT-1 were
further examined. A small number of brains were collected on Day 9 or 10 (rather than Day
8), therefore, a correlation analysis was performed only using those brains fixed on Day 8 (2
brains were fixed on Day 9). It was found that results from Day 8 only animals were highly
consistent with results from the correlation of all animals regardless of day of fixation (data
not shown). Therefore, all animals in Group B were included in the analysis.

Following isoflurane anaesthesia, 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 that are specific to recognizing c-Fos proteins. Immunohistochemistry was run
separately for Group A and Group B. Group A consisted of one of two sets of alternate sections
of 0.3 μg and vehicle and Group B consisted of one of two sets of alternate sections of 0.1 μg
HCRT-1. For both groups, 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) (17,19). The sections
were then mounted, dehydrated in a series of ethyl alcohols and xylenes, and coverslipped.

Analysis of c-Fos immunoreactivity (Fos-IR)
For both groups, previously described bright field microscopy was used for counting c-Fos-
positive cells (17,19). Dimensions and locations of boxes used to count cells in specific regions
are shown in Fig 1. All group sections were run in one batch.

Data analysis
Data was analysed with the assistance of the statistical software, SigmaStat 3.0 (SPSS Inc,
Chicago), in which the normality of the data was determined and the correct parametric or non-
parametric test utilised. For i.c.v. injections, maternal aggression and other maternal behaviour
testing variables were analyzed using a repeated measures (RM) ANOVA. In the cases where
the data were not normally distributed, (i.e. latency to first attack) a non-parametric Friedman
RM ANOVA on Ranks test was performed. In the case of latency to first attack, if an animal
was non-aggressive, a time of 300 s (the maximum time of the aggression test) was assigned.
Likewise, if an animal did not retrieve at least 4 pups or any pups at all, a time of 120 seconds
was assigned (the maximum assigned in previous studies) (17,19). In addition, the effect of
day on behaviour or treatment did not significantly affect of the results, therefore, this was not
included in the analysis. No mortality of pups occurred following any injections therefore this
measure was not analysed. The standard p-value cutoff of 0.05 was used to evaluate the
significance of the behavioural data.

It was found that Group A mice, when given the highest injections of HCRT-1 (0.3 μg),
displayed a longer latency to nurse (see Results). As a result these mice spent a shorter time
participating in maternal behaviour relative to when they were injected to vehicle (because
they took longer to become maternal). Therefore maternal behaviour in Group A was also
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analysed to evaluate the percentage of time the dams engaged in maternal behaviour once
becoming maternal. Becoming maternal was defined as the dam spending 10 or more
continuous seconds on-nest before engaging in off-nest behaviour. Percentage of time dams
engaged in maternal behaviour while on-nest was also evaluated for Group A.

All HCRT-1 receptor antagonist, SB-334867, behavioural data was analysed by first
establishing differences from baseline for each mouse with each treatment to incorporate
individual variability into the statistical model. A parametric one-way analysis of variance
(ANOVA) on difference scores was then performed between the three groups (e.g. vehicle,
n=6; 10 mg/kg SB-334867, n=6; 30 mg/kg SB-334867, n=6) for each behavioural measure.
This approach is modeled after standard statistical method used in other behavioral paradigms
(Toufexis et al., 2004; Walker et al., 2003). In cases where data were not normally distributed
(i.e. latency to nurse), a non-parametric test Kruskal-Wallis One Way Analysis of Variance on
Ranks was used.

For c-Fos analysis, separate one-way ANOVAs were used to test the effect of Group A (vehicle
and 0.3 μg HCRT-1) on number of c-Fos-positive cells in 52 separate brain regions. In cases
where the data were not normally distributed, then a non-parametric Kruskal-Wallis ANOVA
on Ranks test was used. For all other measures parametric tests were employed. In Group A,
the number of mice per group were, saline, n=11 and 0.3 μg HCRT-1, n=8. Areas evaluated
included brain regions containing HCRT-1 receptors (due to the high binding affinities of
HCRT-1 to this receptor) and brain regions previously implicated in maternal aggression,
maternal behaviour, and/or HCRT-1 signalling. In order to correct for multiple comparisons
(52 one-way ANOVAs) the False Discovery Rate method of Storey (2002) was applied using
the open source software Qvalue (29). This method can be used to estimate the p-value cutoff
to use for each test that will yield a global, experiment-wide, false discovery rate of 5%. This
method has been used previously to correct for multiple comparisons (17,19,30). Our data set
consisted of a combination of large and small p-values (13 out of 52 total tests yielded a p-
value of less than 0.05) (Table 2). Applying the p-value standard cutoff of .05 would only yield
a false discovery rate of 0.7% (e.g. 0.7 out of 100 positive results will be false positives).
Therefore, despite the performance of multiple tests, it remains appropriate to apply the
standard p value of 0.05 to the data set.

For the brain regions in Group B (for which no control group existed); 0.1 μg HCRT-1, n=9,
Pearson correlation coefficients were calculated between each brain region among the
individuals to assess the pattern of c-Fos co-activation triggered by the peptide, as previously
performed (31). After running a Pearson correlation on all data in Group B, clusters of
positively correlated regions were identified. Pearson correlations were also run on vehicle and
0.3 μg injected brains from Group A.

Results
Effects of i.c.v. HCRT-1 on maternal aggression

Group A—There was a significant overall effect of treatment on Group A on maternal
aggression expression in 2 different behavioural measures (described below) (Fig. 2B-C), but
not on latency to first attack (X² (2) = 2.657, p = 0.265; Friedman RM ANOVA on Ranks)
(Fig. 2A).

Group A injections significantly altered the mean number of attacks (X² (2) = 6.29, p = 0.043;
Friedman RM ANOVA on Ranks) (vehicle, median= 9, 25%=3.25, 75%=18.5; HCRT-1, 0.03
μg median= 8, 25%=3.5, 75%=17.75; HCRT-1, 0.3 μg median= 9, 25%=1.25, 75%=13) (Fig.
2B). Dunn’s Method post-hoc tests revealed that the lowest dose of HCRT-1 in Group A (0.03
μg) had no effect on the mean number of attacks relative to vehicle injections. In contrast, 0.3
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μg HCRT-1 significantly decreased the mean number of attacks relative to vehicle (Q = 2.028,
p<0.05; Dunn’s Method) (Fig. 2B).

Group A injections also significantly affected the total mean time aggressive (X² (2) = 9.233,
p= 0.010; Friedman RM ANOVA on Ranks) (vehicle, median= 13, 25%=4.75, 75%=29.0;
HCRT-1, 0.03 μg median= 17, 25%=5, 75%=31.75; HCRT-1, 0.3 μg median= 9, 25%=1.25,
75%=17) (Fig. 2C). Dunn’s Method post-hoc tests revealed that neither dose of HCRT-1 in
Group A (0.03 or 0.3 μg) had an effect on the mean time aggressive relative to vehicle
injections. However, 0.3 μg HCRT-1 decreased the mean time aggressive relative to 0.03 μg
HCRT-1 (Q = 2.433, p<0.05; Dunn’s Method) (Fig 2C).

Group B—There was not a significant overall effect of treatment on Group B in any of the 3
behavioural measures of maternal aggression (Fig 2A-C). Neither injection (0.06 or 0.1 μg
HCRT-1) affected latency to first attack (X² (2) = 0.116, p = 0.944; Friedman RM ANOVA
on Ranks), number of attacks (F (2,17) = 0.406, p = 0.669; One Way RM ANOVA), or total
time aggressive (X² (2) = 3.855, p = 0.146; Friedman RM ANOVA on Ranks).

Effects of i.c.v. HCRT-1 on maternal behaviour
Group A—There was no overall effect of treatment for Group A injections (0.03 and 0.3 μg
HCRT-1) on pup retrieval in relation to vehicle injections (Table 1), including time to retrieve
all pups (data not shown). There was an overall significant treatment effect of Group A
injections on 4 different measures of maternal behaviour (see below).

There was a significant overall effect of treatment Group A on latency for the dam begin nursing
(F (2,17) = 5.376, p = 0.009; One Way RM ANOVA). Holm-Sidak post-hoc tests revealed that
0.3 μg HCRT-1 significantly increased latency to nurse relative to vehicle injections (t= 3.268,
p= 0.002; Holm-Sidak), but there was no effect of the lowest dose of HCRT-1 (0.03 μg) on
latency to nurse (Table 1).

In addition, there was a significant overall effect of treatment on Group A on the total time
spent nursing by the lactating dam (F (2,19) = 6.985, p = 0.003; One Way RM ANOVA). Holm-
Sidak post-hoc tests revealed that 0.3 μg HCRT-1 decreased total time nursing relative to
vehicle injections (t=3.644, p<0.001; Holm-Sidak) and 0.3 μg HCRT-1 decreased total time
nursing relative to 0.03 μg HCRT-1 (t = 2.555, p =0.015; Holm-Sidak) (see Table 1).

Also, Group A treatment had an overall significant effect on total time the dam spent in the
LAN or supine nursing position (F (2,19) = 3.956, p = 0.028; One Way RM ANOVA). Holm-
Sidak post-hoc tests revealed that 0.3 μg HCRT-1 decreased total time LAN relative to vehicle
injections (t= 2.610, p= 0.013; Holm-Sidak) and 0.3 μg HCRT-1 decreased total time LAN
relative to 0.03 μg HCRT-1 ( t= 2.219, p= 0.033; Holm-Sidak) (Table 1), but no other effects
were observed.

Group A had an overall effect of treatment on the total amount of time a dam spent off her nest
(F (2,17) = 5.723, p = 0.007; One Way RM ANOVA). Holm-Sidak post-hoc tests revealed that
0.3 μg HCRT-1 increased total time spent off-nest relative to vehicle injections (t= 3.290, p=
0.002; Holm-Sidak) and 0.3 HCRT-1 increased total time spent off-nest relative to 0.03 μg
HCRT-1 injections (t= 2.339, p= 0.025; Holm-Sidak). No other measures of maternal
behaviour were significantly altered by either Group A dose of HCRT-1 (0.03 μg and 0.3 μg),
however, there was a general trend of treatment to increase the latency of a dam to lick and
groom her pups (F (2,19) = 3.151, p = 0.055; One Way RM ANOVA) (see Table 1).

Because mice, when injected with the highest level of HCRT-1 (0.3 μg), displayed an increased
latency to nurse, as an additional analysis, the percentage of time dams engaged in maternal
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behaviour once they became maternal was evaluated. Of the 3 other previously affected
maternal behaviours (total time nursing, total time LAN, and total time off-nest), 2 of the same
measures were still found to be significantly altered by treatment. These included decreased
the percentage of time dams spent in the LAN or supine nursing position (F (2,17) = 4.622, p
= 0.017; One Way RM ANOVA) and increased percentage of time the dam spent off her nest
(F (2,19) = 7.009, p = 0.003; One Way RM ANOVA). In addition, 0.3 μg HCRT-1 also
increased the percentage of time a dam spent self-grooming while nursing (F (2,19) = 4.388,
p = 0.020; One Way RM ANOVA).

Group A mice were also evaluated for the percentage of time dams engaged in maternal
behaviour while on-nest. None of the Group A injections (0.03 μg and 0.3 μg HCRT-1) had
any effect on maternal behaviour performed on-nest (data not shown).

Group B—None of the Group B injections (0.06 and 0.1 μg HCRT-1) had any effect on pup
retrieval in relation to vehicle injections (Table 1), including time to retrieve all pups (data not
shown). There was an overall significant effect of Group B HCRT-1 injections on 3 different
measures of maternal behaviour (see below). There was no effect of day of treatment on any
measure of maternal behaviour (data not shown).

Group B had an overall effect of treatment on the number of nursing bouts ( X² (2) = 6.303,
p=0.043; Friedman RM Analysis of Variance on Ranks) (vehicle, median=3, 25%=1.00, 75%
=4.00; HCRT-1, 0.06 μg median= 4.000, 25%=2.00, 75%=5.00; HCRT-1, 0.1 μg median=4,
25%=3.00, 75%=7.00). Dunn’s Method post-hoc tests revealed that 0.1 μg HCRT-1
significantly increased the number of nursing bouts relative to vehicle injections (Q= 2.333,
p<0.05; Dunn’s Method) (Table 1), but no other effects were detected.

In addition, there was a significant Group B overall effect of treatment on the level of licking
and grooming of pups by the dam ( X² (2) = 12.444, p=0.002; Friedman RM Analysis of
Variance on Ranks) (vehicle, median=21.5, 25%=107.00, 75%=4.00; HCRT-1, 0.06 μg
median= 78.50, 25%=40.00, 75%=153.00; HCRT-1, 0.1 μg median=118.500, 25%=34.00,
75%=154.00). Dunn’s Method post-hoc tests revealed that 0.06 μg significantly increased
levels of licking and grooming of pups relative to vehicle injections (Q= 2.667, p<0.050;
Dunn’s Method) and 0.1 μg HCRT-1 also significantly increased levels of licking and
grooming of pups relative to vehicle injections (Q= 3.333, p<0.05; Dunn’s Method) (Fig. 3).
Due to the difference in vehicle levels of licking and grooming behaviour seen between the
two groups (higher in Group A), data was also analysed just including mice with comparable
vehicle levels. When vehicle levels for Group A (68.6±20.0 sec; n=9) were made equivalent
to those of Group B (63.8±19.0 sec, n=18), there still was not a significant overall effect of
treatment of Group A on licking and grooming behavior (F (2,11) = 0.465, p = 0.635; One Way
RM ANOVA) (Fig. 3A’). Therefore, regardless of baseline levels, Group B injections still
significantly elevated levels of pup licking and grooming, while Group A injections did not.

Also, there was a significant Group B overall effect of treatment on the level of licking and
grooming of pups by the dam while in the HAN position (X² (2) = 6.533, p=0.038; Friedman
RM Analysis of Variance on Ranks) (vehicle, median=10.00, 25%=0.00, 75%=41.00;
HCRT-1, 0.06 μg median= 22.50, 25%=40.00, 75%=119.00; HCRT-1, 0.1 μg median= 39.50,
25%=0.00, 75%=99.00). Dunn’s Method post-hoc tests revealed that only 0.1 μg HCRT-1
significantly increased levels of licking and grooming of pups relative while HAN to vehicle
injections (Q= 2.333, p<0.05; Dunn’s Method) (Table 1).

Behavioural effects of HCRT-1 receptor antagonist SB-334867
There was not a significant overall effect of treatment in any of the 3 behavioural measures of
maternal aggression (Table 2). Neither injection (10 mg/kg or 30 mg/kg SB-334867) affected
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latency to first attack (F (2,17) = 1.241, p = 0.317; One Way ANOVA), number of attacks (F
(2,17) = 0.279, p = 0.760; One Way ANOVA), or total time aggressive (F (2,17) = 0.284, p =
0.757; One Way ANOVA).

Neither dose of SB-334867 significantly affected any measure of maternal behaviour (Table
2). However, while not significant, overall SB-334867 tended to increase total time LAN (F
(2,17) = 3.605, p = 0.053; One Way ANOVA), and decrease licking and grooming while HAN
(F (2,17) = 3.619, p = 0.052; One Way ANOVA) (see Table 2).

Effects of i.c.v. injections of HCRT-1 on Fos-IR
0.1 μg HCRT-1—I.c.v. injections of 0.1 μg HCRT-1 (one of the doses of peptide shown to
increase licking and grooming of pups) was injected into Group B mice in the absence of
behavioural testing to identify sites of action within the CNS using Fos-IR.

Because no mice from this group were injected with vehicle (see Methods above) vehicle-
treatment comparisons could not be made. Using an alternative approach of examining
correlations of activity among the different brain regions (31), 11 brain regions (out of the 55
examined) were found to be significantly correlated with one another (Table 3), suggesting
that 0.1 μg HCRT-1 injections either directly or indirectly affected activity in these regions.
As indicated below, each of these regions is enriched with HCRT-1 receptors. A correlation
analysis was also performed only using those brains fixed on Day 8 (2 brains were fixed on
Day 9) and similar results from this correlation were found as when all animals from the group
(regardless of day of fixation) were used (data not shown). Correlation analysis of Fos-IR in
the 0.3 μg HCRT-1 and vehicle groups (described above) failed to show either a similar pattern
of activation to brains injected with 0.1 μg HCRT-1 or a unique significant pattern of activation
(data not shown). Table 3 contains Pearson correlation coefficients of subset of brain regions
examined that show highly intercorrelated (r>0.70, p<0.05) c-Fos activity with treatment.

0.3 μg HCRT-1—I.c.v. injections of 0.3 μg HCRT-1 (the dose of peptide that impaired
maternal aggression, decreased time on two measures of nursing, and elevated time off nest)
or vehicle were injected into Group A mice in the absence of behavioural testing to determine
sites of action within the CNS using Fos-IR. Twelve out of the 52 brain regions examined
showed a significant increase in Fos-IR relative to vehicle injections and these include, AOM,
AOP, F Cg Cx, LS 1 (Fig. 5A and B), LS2, LSV 1, LSV2, PVA, AHA, SCN, mAmy, VMH,
and LC (Table 4). One out of 52 brain regions examined, the subthalamic nucleus (STh),
showed a significant decrease in Fos-IR relative to vehicle injections (Table 4). Table 4
contains means and standard errors for a subset of brain regions examined that showed either
significant or close to significant changes with treatment (for additional regions examined see
Fig 1). For those significant brain regions in which non-parametric tests were performed due
to non-normal data distribution, the following features were found: AOM (vehicle, median=
4, 25%=1.5, 75%=5.25; 0.3 μg HCRT-1, mean= 20, 25%= 7, 75%= 27.25), AOP (vehicle,
median= 1, 25%=0.75, 75%=4.25; 0.3 μg HCRT-1, mean= 11, 25%= 2.5, 75%= 33.0), F Cg
Cx (vehicle, median= 32, 25%=11.75, 75%=49.5; 0.3 μg HCRT-1, mean= 63.5, 25%= 51.0,
75%= 82.0), LS2 (vehicle, median= 6, 25%=5.25, 75%=12.75; 0.3 μg HCRT-1, mean= 35.5,
25%= 13, 75%= 39.5), LSV2 (vehicle, median= 50, 25%=33.5, 75%=66.0; 0.3 μg HCRT-1,
mean= 134.0, 25%= 62.5, 75%= 190.0), STh (vehicle, median= 10, 25%=9, 75%=12; 0.3 μg
HCRT-1, mean= 3, 25%= 1.5, 75%= 8.5).

Discussion
In the current study, we present evidence for the first time suggesting HCRT plays an important
role in the production of maternal care. Our findings suggest that HCRT modulates maternal
behaviour with intermediate levels supporting care and even specifically enhancing some
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behaviour, such as licking and grooming of pups. However, with HCRT levels that are too
high (high dose i.c.v. HCRT) maternal care and aggression are impaired.

HCRT-1 modulation of maternal behaviour
Licking and grooming of pups by dams is considered a critical aspect of care-giving in rodents
(14). For example, levels of licking and grooming of pups alters the HPA axis and behavioural
responses to stress of pups when examined as adults (20,32). Interestingly, levels of licking
and grooming of pups can also be transmitted epigenetically (33). This is the first study to show
that HCRT-1 (0.06 and 0.1 μg both) can elevate levels of licking and grooming of pups. The
increased licking and grooming found at these doses occurred mostly within high arched-
backed nursing which itself was modestly increased (Table 1). Interestingly, when vehicle
levels from Group A were adjusted to mirror those of Group B, the low dose of HCRT (0.03
μg) also displayed a trend toward increased time spent licking and grooming, though hat did
not reach significance likely due to the large error (see Fig 3). Although, removal of pups is a
standard procedure to induce the onset maternal behaviour, it is possible that the preceding
maternal aggression test may have altered the behavioural response of the dam to the peptide.
However, this is unlikely. Current results show that at the doses of HCRT-1 (0.06 μg and 0.1
μg) that elevated maternal care, no effect was found on maternal aggression. This demonstrates
the ability of maternal behaviour to be altered independently of aggressive responding.
However, to ensure no effect of the preceding aggression test, maternal aggression and maternal
behaviour could be evaluated in separate groups of mice or an additional group of mice could
be tested for maternal behaviour only. It may also be advantageous to allow for more recovery
time between i.c.v. surgery and the onset of behavioural testing assuring limited surgical
effects. Future studies examining remote HCRT injections while dams are behaving maternally
(including finer distinctions of nursing behavior, such as the differences between still upright
nursing and upright nursing while engaged in other behaviour) would be another approach to
examine how HCRT alters maternal behaviour.

Importantly, self-grooming by dams was not significantly altered with treatment. Previously,
HCRT-1 has been shown to elevate self-grooming activity (6,34) and HCRT cells exhibit a
high discharge rate during self-grooming behaviour (35). Hence, alterations in the lactating
brain could have switched the response to HCRT from self-grooming to grooming (and licking)
of offspring. Centrally administered HCRT-1 and intra-VTA HCRT-1 infusions trigger
increases in dopamine levels in prefrontal cortex that positively correlate with self-grooming
(36). VTA sends projections to NuASh, which has a high density of HCRT fibres (37), and in
which dopamine is released prior to the onset of and during a pup licking and grooming bout
(38). Also, haloperidol (dopamine-2 receptor antagonist) inhibited self-grooming behaviour
induced by i.c.v. HCRT (39). Together, these results suggest HCRT and dopamine may interact
to regulate pup licking and grooming. A role for serotonin (40) and oxytocin in HCRT’s action
is also possible. Recent reports have indicated that pup-licking levels are significantly lower
in oxytocin knock-out mice (41) and decreased by i.c.v. injections of oxytocin antagonist in
lactating rats (42). Other insights into how HCRT positively modulates licking and grooming
of pups were provided by Fos-IR described below.

At the highest tested dose of HCRT-1 (0.3 μg, the only dose that impaired aggression), a subset
of maternal behaviours were impaired, including latency to nurse, total time nursing, and total
low arched-back nursing (Table 1). Time spent off the nest also increased significantly. These
behaviours could be due to the state of hyperarousal linked with HCRT-1 (15) that may disrupt
maternal care. Originally HCRT was cited as having a principal role in feeding behavior (13)
via such experiments as central administration of both HCRT-1 and 2 which elevated food
consumption levels in rats (43). However, recent studies have shown evidence that HCRT has
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a prominent role in the modulation of arousal and energy homeostasis, which may indirectly
affect other behaviours (44-46).

Another explanation for HCRT’s behavioural effects at this high level is by triggering the
central release of corticotropin-releasing factor (CRF) (12,16), a peptide previously shown to
impair maternal behaviour in maternally primed virgin rats (18). HCRT neurones project to
and have receptors in the PVN and amygdala (47,48), both of which are enriched with CRF-
positive neurones. Because CRF neurones in PVN project to and contact HCRT neurones in
the lateral hypothalamus (49,50), a regulatory loop between HCRT and CRF has been
suggested. Hence, some of HCRT’s actions could be CRF-dependent, but whether or how the
high dose of HCRT (0.3 μg) interacts with CRF to impair maternal care needs to be addressed.
In addition, CRF release stimulates the hypothalamic-pituitary axis which in turn facilities
corticosterone release. Previously corticosterone has been shown to modulate maternal
behaviour in postpartum (51) and maternally sensitised virgin rats (52). Thus, HCRT could
also be modulating maternal responding and defense indirectly via corticosterone release.
Future studies monitoring and/or manipulating corticosterone in association with HCRT
injections would be useful for possible mechanisms of HCRT’s actions.

HCRT-1 modulation of maternal aggression
At doses where HCRT positively modulates certain maternal behaviours, maternal aggression
is unaffected (Table 1; Fig. 2). Only the highest HCRT-1 dose (0.3 μg) negatively affects
maternal aggression. One possible mechanism for HCRT-induced decreases of aggression is
via the triggering of CRF release, as indicated above. CRF dose-dependently impairs maternal
aggression (17) as do two related peptides, urocortin (Ucn) 1 and Ucn 3 (19). Fos-IR with i.c.v.
HCRT-1 described below provides additional indirect evidence for a link between HCRT and
CRF. HCRT could also affect aggression via interactions with other peptides, such as oxytocin.
Recent work indicates oxytocin decreases maternal aggression in rats when infused into the
BNST and CeAmy (53), while an infusion of an oxytocin antagonist into the CeAmy increases
maternal aggression (54). In contrast, another study showed that oxytocin injections into the
PVN increase maternal aggression while oxytocin release in the CeAmy and PVN corresponds
with displays of aggression during maternal defense tests (55). Oxytocin, then, can regulate
maternal aggression in an interesting and complex manner that appears to depend on levels
and sites of action. Understanding whether or how HCRT interacts with oxytocinergic
pathways to negatively regulate maternal aggression would provide important insights into the
neural basis of this behavior.

Behavioural Effects of HCRT-1 Antagonist, SB-334867
SB-334867 did not significantly affect maternal aggression or maternal behaviour (Table 2).
However, general trends were seen in increases in latency to retrieve first pup (p=0.113),
decreases in pup licking and grooming (p=0.158), decreases in time spent on-nest (p=0.137),
increases in LAN (p=0.053) and decreases in pup licking and grooming while HAN (p=0.052).
These findings are consistent with the idea that a certain tone of HCRT facilitates maternal
care. The previous finding of elevated activity in HCRT neurones in association with lactation
(10) suggested the possibility that HCRT is elevated above normal (non-lactating) levels to
facilitate maternal care. It is believed that these trends were specific to maternal behaviour
because all behaviour during a one-hour period was monitored and analysed. No effects were
found on the non-maternal behaviour of self-grooming or off-nest activity which was used to
survey general locomotor activity. One possible reason full behavioural effects were not seen
is that the full effects of an antagonist are often not observed in the absence of peptide treatment.
For example, when administered peripherally, SB-334867 decreases i.c.v. HCRT-induced
locomotor activity and grooming in rats (23,40), but alone only decreases grooming frequency
and not duration (22,56). Further studies utilising another HCRT-1 antagonist would be
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valuable in evaluating the effects of HCRT receptor blockage on maternal behaviour and
aggression.

HCRT injections and Fos-IR
To examine possible sites where HCRT facilitated licking and grooming of pups, Fos-IR was
evaluated in mice injected with 0.1 μg HCRT-1. Because vehicle-injected control sections were
not available (see Methods above), we used a correlational analysis (31) to gain insights into
HCRT altered brain activity. Significant correlations of activity among 11 brain regions were
identified including: AOM, VTA, LH, LC, BNSTv, CeA, MeA, and AHA (Table 3). Most of
these regions contains HCRT-1 receptors (48) or HCRT-IR fibres (37). An increase in c-Fos
is also seen with injections of 0.3 μg HCRT-1 in 4 of the regions (AOM, AHA, AHP and LC),
suggesting these regions are being activated via HCRT (see Table 4). Because most of these
regions have been implicated in maternal behaviour (14,57-60), it is possible that HCRT is
acting directly on any or all regions to elevate licking and grooming of pups and site-specific
injections of HCRT would be required to evaluate these possibilities. HCRT has recently been
linked to reward responding (60) and an array of studies indicates that maternal care is a
rewarding or addictive behaviour (14,59,61-63). One possibility is that HCRT action in the
lactating dam (possibly via VTA) is to reinforce this reward although this would need to be
explored in subsequent studies.

It is also possible that these c-Fos results reflect behavioral output due to treatment. Therefore,
it is important to perform future studies that can clarify these results. For example, studies using
site-directed injections of HCRT into some of the regions highlighted above will help to further
provide insights into where and how HCRT endogenously alters maternal care behaviour. A
detailed examination of altered expression of HCRT receptors during lactation could also
provide insights into normal sites of HCRT modulation of maternal care.

How HCRT-1 (0.3ag) may have impaired aggression and nursing behaviour was evaluated by
comparing Fos-IR in vehicle and HCRT injected mice. HCRT-1 (0.3ag) triggered Fos-IR
increases in 13 regions relative to vehicle (see Table 4). Most of the regions activated by
HCRT-1 are HCRT-1 receptor enriched, except for the HCRT-2 receptor enriched lateral septal
regions (47,48), however, HCRT-1 terminals fields have been detected there (64).
Interestingly, some sites just above significance with altered Fos-IR activity are central to
maternal care, such as MPA (p = 0.06), NuAC (p = 0.06), and NuASh (p = 0.05).

While any or all of the other regions with altered activity due to 0.3ag HCRT may contribute
to decreased nursing and maternal aggression, LS is of particular interest for aggression (Fig
4). Previously, increased Fos-IR in LS occurred with the injection of three other peptides at
doses that inhibit maternal aggression, CRF (17), Ucn 1, and Ucn 3 (19). BNSTd was also
activated by these three related peptides and approached significance with HCRT in this study
(p=0.053) (see Fig 4). It should be noted that these related peptides induced Fos-IR increases
in slightly more posterior portion of the lateral septum than that seen here (19). This suggests
that the peptides may negatively regulate maternal aggression through similar pathways and
that LS, and possibly BNSTd, are critical regions involved in the negative regulation of
maternal aggression. Whether Fos-IR increases are due directly to HCRT or indirectly via CRF
(or Ucn 1 or 3) and whether LS plays a role in negatively regulating maternal aggression and
altering maternal behaviour needs to be addressed in future studies. Coupling HCRT injections
with the performance of behavior, such as pup reintroduction or introduction of a male intruder,
and/or double-labeling of Fos and either HCRT or CRF receptors in future studies would
provide insights into how HCRT is negatively affecting these behaviours.
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Summary
Taking previous findings with those of the present study, we suggest that HCRT-1 is elevated
in association with lactation and that HCRT modulates maternal care and aggression. With
optimal levels, HCRT supports maternal behaviour (as seen with enhancement of some
maternal behaviours), but if HCRT levels are too high (i.c.v. 0.3 μg HCRT) maternal behaviour
and aggression are suppressed, as may also be the case if HCRT receptors are blocked (HCRT
antagonist). To our knowledge, this is the first study to link directly HCRT to the regulation
of maternal behaviour and to show HCRT can positively affect licking and grooming. How
high HCRT levels negatively regulate some maternal behaviours is not known, but we propose
that HCRT could inhibit both maternal defense and care by activating CRF, although this would
need to be established experimentally. Together, these results add important new insights into
how HCRT modulates maternal care and aggression.
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Fig 1.
Schematic representation of the brain regions analyzed. Not shown is Bregma 0.86 mm (which
includes SHi), Bregma 0.02 mm (which includes Tu and VLPO), Bregma −0.46 mm (which
includes SCN), Bregma −0.82 mm (which includes SON), Bregma −1.34 mm (which includes
CA1, CA2, CA3, DG and SI), Bregma −2.3 mm (which includes PH) and Bregma −4.84 mm
(which includes cPAG and DRD). Reprinted from The Mouse Brain in Stereotaxic
Coordinates, 2nd ed., G. Paxinos and K.B.J. Franklin, Figures 14, 17,19, 22, 28, 30, 36, 41, 46,
48, 57, 75, Copyright 2001, with permission from Elsevier. AAV, anterior amygdaloid area;
AOM, anterior olfactory nucleus medial; AOP, anterior olfactory nucleus posterior; AHA,
anterior hypothalamic area; AHP, AHA posterior; APT, anterior pretectal nucleus, BNSTd,
bed nucleus of the stria terminalis dorsal; BNSTv, BNST ventral; CeAmy, central amygdala;
CA1, field CA1 of hippocampus; CA2, field CA2 of hippocampus; CA3, field CA3 of
hippocampus; Cg Cx, cingulate cortex; cPAG, caudal periaqueductal grey; DG, dentate gyrus;
DM, dorsomedial nucleus; DRD, dorsal raphe nucleus; F Cg Cx, frontal cingulate cortex; IL,
infralimbic cortex; LC, locus coeruleus; LDTg, laterodorsal tegmental area; LH, lateral
hypothalamus; LPO, lateral preoptic area; LS, lateral septum; LSV, LS ventral; mAmy, medial
amygdala; MFC, medial frontal cortex; MS/VDB, medial septal nucleus/vertical limb of the
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diagonal band; MPA, medial preoptic area; MPOM, medial preoptic nucleus; NuAC, nucleus
accumbens core; NuASh, nucleus accumbens shell; Tu, olfactory tubercle; PB, parabrachial
nucleus; PeF, perifornical nucleus; PH; posterior hypothalamic area; Pir Cx, piriform cortex;
PSth, parasubthalamic nucleus; PVA, paraventricular thalamic nucleus; PVN, paraventricular
nucleus of the hypothalamus; SCN, suprachiasmatic nucleus; SHi, septohippocampal nucleus;
SI, subtantia innominata; SON, supraoptic nucleus; STh, subthalamic nucleus; VMH,
ventromedial hypothalamus; VLPO, ventrolateral preoptic area; VTA, ventral tegmental area;
VTT, ventral tenia tecta.
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Fig 2.
Effects of i.c.v. HCRT-1 on measures of maternal aggression in outbred mice. A) mean latency
to first bite is not significantly delayed by any dose of HCRT-1 in either Group A or B. B)
Group A: mean number of attacks is significantly reduced by 0.3 μg HCRT-1 relative to vehicle
(One way RM ANOVA). Group B: mean number of attacks is not significantly affected by
either 0.06 or 0.1 μg HCRT-1 relative. C) Group A: mean total time aggressive is significantly
decreased by 0.3 μg HCRT-1 relative to 0.03 μg HCRT-1 (One-way RM ANOVA). Group B:
mean total time aggressive is not significantly altered by either 0.06 or 0.1 μg HCRT-1. Bars
represent means ± SE. For all tests, order of injections was counterbalanced. * = p<0.05.

D’Anna and Gammie Page 19

J Neuroendocrinol. Author manuscript; available in PMC 2008 March 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 3.
Effects of i.c.v. HCRT-1 on licking and grooming behaviour of pups by females in outbred
mice. Group A: mean total time spent licking and grooming was not affected by either 0.03 or
0.3 μg HCRT-1 relative to vehicle. Group B: mean total time spent licking and grooming
behaviour was significantly increased by both 0.06 and 0.1 μg HCRT-1 relative to vehicle
(One-way RM ANOVA). Group A’: vehicle levels of licking and grooming were adjusted to
match the vehicle levels seen in Group B (see Results and Methods for details). Mean total
time spent licking and grooming behaviour of pups from baseline (vehicle) was not affected
by either 0.03 or 0.3 μg HCRT-1. Bars represent means ± SE. For all tests, order of injections
was counterbalanced. * = p<0.05.
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Fig 4.
Examples of c-Fos immunoreactivity (Fos-IR) 2 h following i.c.v. infusion of either vehicle
or HCRT-1 (0.3 μg). Injections were given 105 min (±5 min) before brain fixation. (A and C),
vehicle, (B and D), HCRT-1 0.3 μg. Sites of significant increases in Fos-IR for HCRT-1 0.3
μg include LS1 (p= 0.039) and BNSTd (p=0.053) shows a general increasing trend (see
Results).
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Table 4
Mean (±SEM) number of c-Fos-positive cells in brain regions of mice injected with HCRT 0.3 μg or vehicle.
All regions included with p<0.15. As determined by Q-value software (see Methods), regions with p<0.05 reach
significance and are shown in bold.

Brain Region Vehicle (n) HCRT 0.3 (n) One-way ANOVA

AOM 3.8±1.0 (9) 18.0±4.5 (7) p= 0.011#
AOP 4.4±2.9 (9) 15.9±6.6 (7) p= 0.041#

FCgCx 46.1 ±16.5 (11) 81.4±22.8 (8) p = 0.047#
LS1 48.1±13.0 (11) 98.4±19.4 (8) p = 0.039

LSV1 4.9±15.8 (11) 114.9±14.2 (8) p = 0.015
LSV2 56.8±11.6 (11) 122.4±25.8 (8) p = 0.039 #
SCN 104.1±20.5 (10) 157.5±11.1 (8) p = 0.049
AHA 23.3±4.6 (10) 37.8±3.8 (8) p = 0.032
PVA 318.8±34.2 (9) 429.4±33.5 (8) p = 0.036
AHP 54.9±8.6 (11) 116.6±18.0 (8) p = 0.004
VMH 13.1±2.8 (10) 32.4±7.4 (8) p = 0.018
STh 10.9±1.6 (10) 5.6±2.4 (8) p = 0.040#
LC 48.1±13.0 (11) 98.4±19.4 (8) p = 0.039

NuAC 34.6±6.8 (11) 76.4±18.9 (7) p = 0.062 #
NuASh 18.2±5.2 (10) 37.6±8.1 (7) p = 0.051
BNSTd 27.4±4.2 (11) 41.4±5.4 (8) p = 0.053

IL 67.7±15.4 (11) 114.6±21.4 (8) p = 0.098#
MS/VDB 22.2±8.5 (9) 49.1±13.3 (7) p = 0.097

SHi 20.2±6.6 (11) 39.5±9.1 (8) p = 0.095
Cg Cx 46.8±11.1 (11) 91.3±21.9 (8) p = 0.066
LS2 14.3±5.9 (11) 33.4±9.5 (8) p = 0.052 #

MPA 43.5±9.2 (11) 70.4±8.4 (7) p = 0.061
MPOM 63.5±12.3 (11) 92.6±12.1 (7) p = 0.131

CA1 6.6±2.5 (11) 14±4.5 (8) p = 0.144
DG 18.455±3.4 (11) 28.5±6.0 (8) p = 0.136
PH 129.7±24.3 (7) 207.7±31.6 (6) p = 0.072

APT 15.6±6.6 (11) 27.5±5.3 (8) p = 0.063 #

#
- data non-normal, analyzed with the Kruskal-Wallis One Way ANOVA on Ranks

J Neuroendocrinol. Author manuscript; available in PMC 2008 March 26.


