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Abstract
Serotonin1A receptor (5-HT1AR) deficiency has been associated with anxiety and depression and
mice with genetic receptor inactivation exhibit heightened anxiety. We have reported that 5-
HT1AR is not only a genetic but also a maternal “environmental” factor in the development of
anxiety in Swiss-Webster mice. Here we tested if the emergence of maternal genotype dependent
adult anxiety is preceded by early behavioral abnormalities or if it is manifested following a
normal emotional development. Pups born to null or heterozygote mothers had significantly
reduced ultrasonic vocalization between postnatal day (P) 4 and 12 indicating an influence of the
maternal genotype. The offspring’s own genotype had an effect limited to P4. Furthermore, we
observed reduced weight gain in the null offspring of null but not heterozygote mothers indicating
that a complete maternal receptor deficiency compromises offspring physical development. Except
a short perinatal deficit during the dark period, heterozygote females displayed normal maternal
behavior which, with the early appearance of ultrasonic vocalization deficit, suggests a role for 5-
HT1AR during pre/perinatal development. Consistent with this notion, adult anxiety in the
offspring is determined during the pre/perinatal period. In contrast to heterozygote females, null
mothers exhibited impaired pup retrieval and nest building that may explain the reduced weight
gain of their offspring. Taken together, our data indicate an important role for the maternal 5-
HT1AR in regulating offspring emotional and physical development. Since reduced receptor
binding has been reported in depression, including postpartum depression, reduced 5-HT1AR
function in mothers may influence the emotional development of their offspring.
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Introduction
The serotonin (5-HT) system has long been associated with neuropsychiatric disorders, such
as anxiety and depression [Lucki, 1998; Murphy, 1990] with a prominent role for the 5-
HT1AR in these conditions. 5-HT1AR deficit was found in panic and post-traumatic stress
disorder patients and in depression, including postpartum depression [Lesch et al., 1992b;
Lopez et al., 1998; Mann, 1999; Moses-Kolko et al., 2008]. Consistent with previous
imaging studies [Arango et al., 2001; Drevets et al., 1999; Lopez et al., 1998], a recent
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report showed that mean 5-HT1AR binding potential is reduced by 26% in the
mesiotemporal cortex and by 43% in the raphe in recurrent depression [Drevets et al., 2007].

In agreement with the association of the 5-HT1AR with anxiety/depression, mice lacking the
receptor were found to display anxiety-like behavior such as increased fear and avoidance of
open spaces, decreased exploration, and increased escape directed behavior in highly
stressful situations [Groenink et al., 2003; Heisler et al., 1998; Parks et al., 1998; Ramboz et
al., 1998]. By using littermate and non-littermate breeding and postnatal/embryonic
crossfostering, we have recently showed that increased anxiety in the receptor deficient
Swiss-Webster (SW) mouse strain is transmitted from one generation to the next by a non-
genetic mechanism [Gleason et al.]. Specifically, certain life-long anxiety behaviors and
maladaptive stress responses in the 5-HT1AR deficient mouse line, previously thought to be
due solely to offspring receptor deficiency, are in fact caused by a maternal 5-HT1AR
deficiency.

Gestational stress and early-life adversity have long been proposed to increase the risk for
psychopathology [Bale, 2005; Bogoch et al., 2007; Caspi and Moffitt, 2006; Champagne
and Meaney, 2006; Hougaard et al., 2005; Nemeroff, 2004; Sandman et al., 1997; Sarkar et
al., 2008; Weinstock, 2001]. An important feature of the SW 5-HT1AR deficient mouse
model of anxiety in comparison with the above mentioned “gestational stress” and
“postnatal maternal care” models is that the origin and molecular basis of the “maternal
environmental” effect on offspring anxiety behavior is known and can be regulated by the
partial or complete deletion of the 5-HT1AR in heterozygote (H) or null (KO) mothers,
respectively [Gleason et al.]. These characteristics of the SW 5-HT1AR deficient mouse
model may help the identification some of the mechanisms underlying maternal
programming of offspring emotionality.

In our previous report we determined the behavioral consequences of the 5- HT1AR
deficient maternal environment in adult mice, long after weaning [Gleason et al.]. Here we
asked if behavioral consequences of the maternal receptor deficit can be detected during the
period of mother-offspring interaction, between birth and weaning. In addition, we also
studied maternal behavior in an attempt to associate it with specific offspring behaviors. A
previous study with 5-HT1AR deficient mice on a mixed genetic background suggested an
effect of the maternal genotype on early offspring behavior [Weller et al., 2003]. However,
this study assessed the combined effect of the maternal and offspring genotypes, rather than
the maternal genotype alone. The maternal genotype influenced the H and KO offspring
behavior in opposite directions indicating a complex interaction between the maternal and
offspring genotypes. To unequivocally show a maternal genotype effect, in the absence of
the modifying effect of the offspring’s own genotype, here we studied wild type (WT)
offspring raised in normal and receptor deficient maternal environments.

Materials and Methods
Animals

5-HT1AR H mice were backcrossed more than 10 times to the SW genetic background as
described previously [Parks et al., 1998]. Then, H mice were intercrossed to produce
littermate 5-HT1AR KO and WT mice. Since our goal was to test offspring with different
parental 5-HT1AR genotypes, WT mice were derived not only from H parents (as above) but
also from WT parents. To achieve this, a separate WT line was established from WT mice
born to H parents. Since maternal effects can be trans-generational that usually disappear
after 3 generations [Whitelaw and Whitelaw, 2006], the 4th generation of WT mice was
used. Similarly, KO animals were derived both from H and KO parents. To reduce the
possibility of a genetic drift between the separate lines, these WT and KO mice were used to
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generate H parents that served as parents for littermate WT and KO mice (Fig. 1A). Previous
experiments showed that this breeding strategy is suitable to separate offspring and maternal
5-HT1AR genotype effects [Gleason et al.].

Animals were maintained in standard cages (22 × 16 × 14 cm) under 12 hour light/dark
cycle conditions (lights on from 06.00 to 18.00 hours) with standard rodent food pellets and
water freely available. Each cage contained one male and one female of the same genotype
and one litter. Offspring (1–20 days old) was used to study pup behavior and development.
Experiments were approved by the Institutional Animal Care and Use Committee of Weill
Medical College of Cornell University and were performed in accordance with the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals.

Genotyping
After the last test (postnatal day 20) genotype of offspring of 5-HT1AR H parents was
determined, as previously described [Parks et al., 1998]. Briefly, DNA samples were
obtained from a small section of tail (approximately 0.5 cm) by using DirectPCR Lysis
Reagent (Viagen Biotech Inc., LA). PCR was performed in 20-ul reactions with 30 cycles of
94°C/15 sec., 60°/30 sec. and 72°C/30 sec. using WT forward (5′-AGT GCA GGC AGG
CAT GGA TAT GTT-3′), WT reverse (5′-CCG ATG AGA TAG TTG GCA ACA TTC
TGA-3′), KO forward (5′-CTT TAC GGT ATC GCC GCT CCC GAT TC-3′) and KO
reverse (5′-TGC AGG ATG GAC GAA GTG GAA GTG CAG CAC A-3′) primers.
Amplified bands were 238 and 400 bp long for the WT and null allele, respectively.

Behavioral tests
All testing took place during the first three postnatal weeks (until weaning) as outlined in
supplementary Table 1. At the end of each test day pups were weighed and were numbered
with a black marker. At P5-6 all pups were marked permanently by tattooing of their paws.
All testing occurred within the testing room and temperature during experiments was held
constant at 22 (±0.3) degrees Celsius. The investigator (AV) was blinded to the maternal and
offspring genotype.

To include animals into the behavioral tests, the following criteria were applied. First, the
litter size was set between 6 and 9 pups; bigger litter size was reduced by removing both
males and females to maintain an approximately 50-50% gender ratio and litters with less
then 6 pups were excluded (litter size was not statistically different between the different
groups at birth; also, neonatal or early postnatal death was minimal and was not different
between the groups). Second, pups from HxH crosses were included only if both WT and
KO males were represented in the litter. Third, only litters of multipara mothers were
included. Fourth, in each test, animals (in each group) were derived from at least 5 different
mothers but overall 18 WT, 13 KO and 25 H parental litters were studied.

Pup ultrasonic vocalization (USV) test—USV tests were performed at P4, 8 and 12
(supplementary Table 1), between 11.00 and 15.00 hours. Cages were transferred to the
testing room, where the mice (pups together with their mothers) were habituated for at least
60 minutes before testing. Pups were tested in random order. Each pup was separated from
its littermates and parents, one at a time, and gently placed in the test chamber. Habituation
time in the test chamber was 30 sec. before recording started. After the test pups were placed
into a separate cage with a heating pad (37 °C) covered by several layers of paper tissue
until all pups of the same litter were tested, after which they were placed back into their
home cage. The bottom of the test chamber was cleaned with 30% ethanol between
measurements.
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The test chamber was made of a transparent plastic container with a Plexiglas bottom
(diameter 23.5 cm) and with a built in bat detector (distance from bottom; 15 cm). Pups
were tested for a 5 minutes period in which the number and duration of USVs were
recorded. Calls within the frequency range of 80±4 kHz and longer than 100 ms in length,
with an inter call interval of at least 10 ms, were detected by a Mini-3 bat detector and
analyzed by Ultravox 2.0 (Noldus Information Technology, Wageningen, Netherlands).
Before and after every test series a zero measure was performed to exclude background
noise. Room temperature was measured at the beginning and end of each test day.

Nest quality—A 5-point nest-rating scale [Deacon, 2006] (supplementary Table 2) was
used to score quality of nest building on days P1-10, 12, 13, 16 and 20 (supplementary Table
1). Cages were changed once per week and provided with fresh nesting material, consisting
of 6 Nestlets (5 cm pressed cotton squares). Percentages of shredded/torn Nestlets
(supplementary Table 2) was estimated and reflected in a score between 0 and 5.

Pup retrieval test—Retrieval tests were performed at P2, 6 and 10 (supplementary Table
1) between 10.30 and 12.30 hours. All tests were videotaped for later analysis. The female
and male were temporarily removed from their home cage and kept in clean holder cages
with water and food. Pups were carefully removed from the nest and scattered around the
opposite end of the cage, as far away from the nest as possible. After 60 sec. of isolation, the
female was reintroduced into the home cage. The latency to the retrieval of the first pup (in
sec.) was recorded. The mean duration of retrieval per pup for all pups was also calculated.
If a female had not completed the first retrieval within 5 minutes the test was terminated,
resulting in a maximum score of 300 seconds. This time limitation was chosen because pilot
studies indicated that retrieval of nine pups by a WT female is usually completed in less than
a minute. The male was placed back in the home cage following testing.

Maternal observation—The procedure for assessing specific maternal behavior was
partly adapted from previous work [Champagne et al., 2003; Gammie et al., 2007; Lerch-
Haner et al., 2008; Myers et al., 1989]. Maternal observation was performed at P1, 3, 7, 13
and 20 (supplementary Table 1) and focused on arched-back nursing (ABN) and licking and
grooming the pups (LG). Behavior was scored during two 15 min. observation periods, in
light between 10.00 and 12.00 hours and in the dark (performed under infrared light)
between 18.00 and 19.00 hours. Within each observation period ABN and LG were scored
every minute, leading to 30 observations per female per test day. Proportion of time engaged
in ABN and LG behavior, respectively, was determined for each day and each phase (light
or dark).

Data analysis
One-way and two-way ANOVA analyses were used in various experiments as described in
the text. This analysis was followed by LSD post hoc test in cases of significance (p<0.05).

Results
WT pups of 5-HT1AR deficient females have impaired ultrasonic vocalization

We used littermate and non-littermate animals in parallel that allows the detection of
maternal and offspring genotype effects. Specifically, we compared the behavior of wild-
type (WT) pups born to WT mothers (WToffspring(WTmother)), that have neither maternal nor
offspring genotype effects with WT pups born to H mothers (WT(H)), which have only
maternal genotype effects and with KO pups born to H or KO mothers (KO(H) and
KO(KO)), which have both maternal and offspring genotype effects (Fig. 1A). We have
previously shown that WT(H) mice express WT receptor mRNA levels in the hippocampus
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and cortex and embryonic and postnatal cross-fostering experiments excluded the possibility
that the maternal effect on adult anxiety-like behavior was the result of a genetic effect. By
using littermate WT(H) and KO(H) and non-littermate WT(WT) and KO(KO) mice, we
could determine if specific pup behaviors and development in general are altered by the
offspring or the maternal genotype.

We measured ultrasonic vocalization (USV) in pups to determine if the emergence of adult
anxiety is preceded by early behavioral abnormalities or if it is manifested following a
normal emotional development. USV is a well established measure to assess pup-mother
communication in rodents [Hahn and Lavooy, 2005]. When the behavior of the four
littermate and non-littermate groups were analyzed by two way ANOVA, the number of
calls in a 5 min. period showed a group effect (F3,441=9.56, p=0.000004), an age effect
(F2,441=92.12, p=0.000001) as well as a group × age interaction (F6,441=3.48, p=0.0022,
N=20–58 per group) (Fig. 1B). WT(H) pups exhibited significantly reduced number of
ultrasonic calls at P8 as compared to WT(WT) pups. Since WT(H) pups are genetically
wild-type but are exposed to the heterozygote maternal environment, their altered behavior
is related to the H maternal genotype rather than the offspring’s own genotype. KO(H) pups,
exposed to both maternal and offspring genotype effects also showed reduced number of
calls at P8 (Fig. 1B). KO(KO) pups exhibited a USV deficit already at P4 but not later
suggesting that the complete absence of the receptor in KO mothers as compared to the
partial deficit in H mothers may modify the USV behavior by shortening its length and by
shifting its onset to an earlier time point. No significant difference was found between
WT(H) and KO(H) pups indicating that the offspring genotype has no major influence on
the number of USV calls.

Mean duration of calls analyzed by two-way ANOVA also showed a group effect
(F3,440=9.11, p=0.000001), an age effect (F2,440=18.99, p=0.000001) as well as a group ×
age interaction (F6,440=6.58, p=0.0022, N=21–57 per group) (Fig. 1C). Similar to the
measure of the number of calls, both WT(H) and KO(H) but not KO(KO) pups had a deficit
(i.e. shorter duration) in USV at P12 indicating a H maternal genotype effect (see similar
patterns at P12 in Fig. 1C and at P8 and P12 in Fig. 1B). However, an offspring genotype
effect was also present in this measure. Specifically, at P4, the two groups of KO pups
(KO(H) and KO(KO)) had reduced USV duration as compared to the two groups of WT
pups (WT(WT) and WT(H)). However, this offspring genotype dependent pattern
disappeared by P8 and was replaced by a H maternal genotype dependent pattern at P12 as
described above. Taken together, these data demonstrate that, depending on the measure and
age of the pups, reduced ultrasonic vocalization is either H maternal or offspring genotype
dependent.

Pups of KO females show reduced weight gain during postnatal development
Physical development of the offspring was determined by assessing pup weight during the
first two postnatal weeks. We noticed that both male and female KO(KO) pups gained
weight less rapidly than WT(WT) mice (Fig. 2). Weight gain showed a group effect
(F3,1299=132.46, p=0.000001), an age effect (F9,1299=1277.65, p=0.000001) and a group ×
age interaction (F27,1299=6.38, p=0.000001, N=15–50 per group) by two-way ANOVA.
Although KO(KO) pups were born with normal weight, their reduced weight was apparent
from P3 (males) and P6 (females) (LSD post hoc analysis). The weight difference between
KO(KO) and WT(WT) mice however disappeared by adulthood (not shown). KO offspring
born to H females (KO(H)) as well as WT(H) offspring showed nearly normal weight gain,
exhibiting only a slight decrease in weight gain at the end of the second postnatal week. The
weight of KO(KO) offspring was also reduced from P4 and P6 in males and females,
respectively when compared to WT(H) and KO(H) animals. Taken together, the reduced
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weight gain in KO(KO) pups as compared to WT(WT) but also to KO(H) mice indicate that
this deficit is related to the KO maternal genotype.

Nest quality is reduced in the KO but appears to be largely normal in the H female group
Certain well-coordinated maternal behaviors are involved in nurturing and rearing rodent
pups, including nest building and pup retrieval [Gammie et al., 2007; Lerch-Haner et al.,
2008]. Nest quality showed a genotype effect (F2,585=79.88, p=0.000001) and time effect
(F13,585=24.61, p=0.000001, N=11–25 per group) by two-way ANOVA (Fig. 3). Nest
quality of H females was slightly reduced as compared to WT mice (reduced in 3 time
points out of the 14 measured; LSD post hoc analysis). However, nest quality of KO females
was reduced throughout the entire postnatal period (Fig. 3) which may have contributed to
the reduced weight gain of their KO(KO) pups (Fig. 2).

Pup retrieval behavior is altered in KO but not in H females
Pup retrieval is another measure of maternal behavior and two way ANOVA showed a
genotype effect (F2,79=9.09, p=0.0003), a time effect (F2,79=9.16, p=0.0003) and a genotype
× time interaction (F4,79=92.12, p=0.031, N=7–12 per group) in latency to retrieval (Fig.
4A). Mean duration of pup retrieval also showed a genotype effect (F2,78=16.41,
p=0.000001, N=7–12 per group) by two-way ANOVA (Fig. 4B). Latency to retrieval and
mean retrieval time of pups were not affected in H females while these measures were
significantly increased in KO females. Therefore, retrieval, similar to nest building, is
affected in the complete absence of the maternal receptor possibly contributing to the
reduced weight gain of KO(KO) pups.

Maternal behavior of 5-HT1AR deficient females is not impaired except a short perinatal
deficit during the dark period

Arched-back nursing (ABN) and licking and grooming (LG) are well characterized maternal
behaviors [Gammie et al., 2007; Lerch-Haner et al., 2008]. Extensive research implicated
that maternal ABN and LG behaviors during the first postnatal week are critical for the
appropriate neural development of the offspring [Bredy et al., 2003; Champagne et al., 2003;
Francis et al., 1999; Liu et al., 1997] and reductions in maternal ABN and LG are related to
increased adult anxiety-like behaviors in the offspring [Anisman et al., 1998; Calatayud et
al., 2004; Caldji et al., 2000; Carola et al., 2006; Carola et al., 2008]. To test whether
variations in ABN and LG contribute to the observed maternal genotype effects in the
offspring of 5-HT1AR deficient mothers, ABN and LG were scored every minute during two
15 minutes observation periods, in the morning (light period) and evening (dark period).
During the light period, WT females showed a fairly constant ABN behavior over time
except a reduction toward P20 indicating that nursing of WT mothers was high initially but
declined by the third week of postnatal life (Fig. 5A). A similar pattern of ABN was shown
by the other groups indicating no genotype effect. In the dark, WT females initially (P1) had
high ABN that was comparable to their behavior in light (Fig. 5B). However, ABN behavior
decreased dramatically by P3 indicating that mothers during their active period spend
relatively little time nursing their pups. Two way ANOVA of ABN in dark showed a
genotype effect (F2,162=9.16, p=0.0002), time effect (F4,162=2.59, p=0.039) and genotype ×
time interaction (F8,162=4.74, p=0.00003, N=8–18 per group). Both H and KO females
exhibited reduced ABN behavior at P1 that remained low throughout the postnatal period.
However, because the sharp reduction of WT ABN behavior from P3, the low ABN of
mutant mothers was no longer different from the control. Taken together, ABN behavior of
H and KO mothers was deficient only perinatally and only during the dark period.
Interestingly, KO females displayed significantly higher levels of ABN at P7 and P13. Also,
KO females represented the only group that showed a difference, an increase, in LG
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behavior at P1 both in light and dark (Light: genotype × time interaction F8,184=2.14,
p=0.03, N=9–19 per group; Dark: F8,159=1.76, p=0.087, N=8–17; Fig. 5C–D).

Discussion
We have recently demonstrated that maternal 5-HT1AR deficiency results in increased adult
anxiety and maladaptive stress response in outbred SW mice. As compared to inbred mice,
outbred mice with genetic variability may better reproduce the complex interaction between
genetic and environmental factors found in human populations vulnerable to anxiety
disorders. Indeed, it has been reported that outbred strains tend to respond to adverse or
stimulating environments while inbred lines, in particular the C57BL6 (B6), are resilient to
these effects [Anisman et al., 1998; Millstein and Holmes, 2007]. Here we extended our
previous study and demonstrate that the consequences of the matenal effect is already
present during early postnatal development. We found two abnormalities in the offspring of
5-HT1AR deficient mothers: a deficit in USV behavior in the offspring of both H and KO
mothers and delayed weight gain in the offspring of KO mothers. Although we do not know
if the USV deficit in infant mice precedes the later developing anxiety-like behavior or if the
adult behavioral deficit develops independently, our data show that a wide variety of
behavioral abnormalities can be transmitted non-genetically from 5-HT1AR deficient
mothers to genetically normal offspring.

The USV deficit, similarly to the adult anxiety-like behavior, may be linked to maternal 5-
HT1AR deficit during the pre/perinatal period

Adult manifestations of the maternal genotype effect (anxiety and maldadaptive stress
responses) were related to the pre/perinatal period [Gleason et al.]. The current study shows
that the H and KO maternal genotype effects are apparent at P8 and as early as P4,
respectively. This early onset suggests that the reduced USV behavior may also be related to
the maternal receptor deficit during pre/perinatal development. Consistent with this notion,
ABN and LG behavior of H mothers were normal through the postnatal period except a P1
ABN deficit during the dark period that, if significant enough to have an influence, also
represents a perinatal effect. Nevertheless, we cannot exclude the possibility that the USV
deficit is determined during the postnatal period and that it is an adaptation to impaired
maternal communication, at least partly. Data indicate that the number of calls could reflect
maternal responsiveness/unresponsiveness to react to pups’ needs [D’Amato et al., 2005]. A
study conducted on genetically deaf mice demonstrated that cross-fostering of normal
hearing pups to deaf dams induced a decrease in frequency of calling emitted by these pups
[D’Amato and Populin, 1987]. Alternatively, the maternal milk may contain substance(s)
such as cytokines that are under 5-HT1AR regulation and which have an effect on pup
behavior. Maternal milk is rich in not only nutrients but also in various biologically active
substances. As the production of gastric acid and pancreatic proteases in neonates is delayed
[Blais et al., 2006; Koldovsky, 1985], milk-derived bioactive factors survive and retain
biologic activity as they pass through the gastrointestinal tract. These factors are further
protected from digestion by the presence of anti-proteases such as α1-antichymotrypsin and
α1–antitrypsin in milk [Lindberg et al., 1982].

Contrary to our initial expectation, the maternal 5-HT1AR deficit caused a reduction rather
than an increase in USV calls. Isolation-induced distress calls have been widely accepted as
an indication of anxiety and emotionality [Brunelli, 2005; Dichter et al., 1996; Winslow et
al., 2000]. This notion is mainly based on pharmacological studies showing that anxiolytic
drugs, such as opioids, benzodiazepines, 5-HT1AR agonists and serotonin reuptake
inhibitors, reduce the number and duration of USV calls, whereas anxiogenic drugs, for
example 5-HT1AR antagonists, produce increases in USV rates [Hard and Engel, 1988;
Hodgson et al., 2008; Olivier et al., 1998; Winslow and Insel, 1990a, b, 1991]. However, as
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mentioned above, USV calls have also been considered as a communicative behavior
between mother and offspring. Infant mice emit a wide variety of USV calls and some of
them are specifically associated with mother-offspring dyadic interactions [Hahn and
Lavooy, 2005]. In naturalistic environments rodent pup vocalization is interpreted as a
means of communication between mother and her offspring since its first description
[Zippelius and Schleidt, 1956]. A recent study found reduced USV in mice deficient for the
potential autism susceptibility gene Foxp2 [Shu et al., 2005]. In humans, impaired
communication of children with their mothers is the first sign of autism, a developmental
disorder with both non-genetic and genetic underpinnings. Based on these data and because
the genetic abnormality is in the mothers, we favor the hypothesis that the reduced USV
behavior of WT(H) and KO(H) pups is secondary to the mother’s deficit and simply reflects
an adaptation to a less responsive mother.

Importantly, a partial maternal 5-HT1AR deficit (in H mothers) was sufficient to elicit both
the reduced USV and increased anxiety behavior in the offspring. In fact, the complete
absence of the receptor in the mother does not exaggerate but only modifies the USV deficit
by shortening its length and shifting its onset to an earlier time point. One possible
explanation is that KO mothers have increased ABN later during the postnatal period that
could normalize the USV deficit by P12.

Reduced weight gain in KO pups of KO mothers correlate with impaired maternal nest
building and pup retrieval

Measuring weight gain in the pups revealed an additional maternal genotype effect. In
contrast to the USV deficit however, reduced weight gain was associated with the complete
lack of the receptor in the mother. By analyzing the maternal behavior of both H and KO
females, we concluded that abnormal behaviors specific for KO mothers include impaired
nest building and longer latencies to pup retrieval. These KO specific maternal behaviors
may explain the reduced weight gain of their KO pups. KO mothers also had increased LG
at P1 in both light and dark and increased ABN in dark at P7 and P13. Since these behaviors
have traditionally been associated with maternal care, they are difficult to correlate with the
reduced weight gain of the KO(KO) pups. Finally, KO pups of H mothers had a largely
normal weight gain during postnatal life; thus, the offspring’s own receptor deficiency does
not seem to play a role in the slower weight gain of KO(KO) pups.

A possible explanation for the lower weight of KO(KO) pups could be reduced nutrition
intake. However, the presence of a milk band in KO(KO) pups between P1 and P5 indicated
that the females were lactating and pups were fed. Another possibility is that the incomplete
nest of KO mothers provided less insulation from the outside and required increased energy
expenditure to maintain body temperature leading to a reduced weight.

Conclusion
Our data indicate an important role for maternal 5-HT1A receptor in regulating offspring
emotional and physical development in SW mice. Since reduced receptor binding has been
reported in anxiety [Lesch et al., 1992a; Lesch et al., 1992b] and depression [Drevets et al.,
1999; Koran et al., 1996; Meltzer et al., 2004; Sargent et al., 2000] including postpartum
depression [Moses-Kolko et al., 2008], reduced 5-HT1A receptor function in mothers may
influence the emotional development of their offspring.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ultrasonic vocalization of WT(WT), WT(H), KO(H) and KO(KO) pups. A. Breeding
strategy. B. Number of calls in a 5 minutes period analyzed by two way ANOVA followed
by LSD post hoc test (statistically significant differences from the WT(WT) values within
the same age groups are labeled as * p<0.05, *** p<0.001). Numbers indicate a trend. C.
Mean duration of vocalization analyzed by two-way ANOVA and LSD posthoc test. Color
coding of the columns is the same as in panel B.
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Figure 2.
Weight gain in KO(KO) is reduced between P3 and P13 in males (A) and between P6 and
P13 in females (B) as compared to WT(WT) pups (black stars). The weight of WT(H) and
KO(H) pups differ from that of WT(WT) animals at some postnatal days but not through the
postnatal period (green and brown stars). Result of LSD post hoc analysis is indicated as: *
p<0.05, ** p<0.01, *** p<0.001. Weight gain in the KO(KO) group is also reduced when
compared to that of the KO(H) group (highlighted by #) indicating that only a complete
receptor deficiency in the mother leads consistently to reduced weight.
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Figure 3.
Maternal nest building. Nest quality score ranged from 1 (low) to 5 (high) (see
supplementary Table 2 for rating scale for nest quality) and analyzed by two way ANOVA.
Differences from the WT values are labeled as * p<0.05, ** p<0.01, *** p<0.001 (LSD post
hoc test).
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Figure 4.
Maternal performance in pup retrieval. A. Latency of retrieval (sec) analyzed by two way
ANOVA. Differences from the WT values are labeled as ** p<0.01, *** p<0.001 (LSD post
hoc test). B. Duration of retrieval. Significant differences are labeled as in “A”.
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Figure 5.
Maternal ABN (A and B) and LG behavior (C and D) during the light (A and C) and dark
periods (B and D). Analysis by two way ANOVA with posthoc LSD test. Differences from
the WT values are labeled as * p<0.05, ** p<0.01, *** p<0.001.
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