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Abstract

The states of pregnancy and lactation bring about a range of physiological and behavioral changes
in the adult mammal that prepare the mother to care for her young. Cell proliferation increases in the
subventricular zone (SVZ) of the female rodent brain during both pregnancy and lactation when
compared to that in cycling, diestrous females. In the present study, the effects of maternal behavior
induction and pup exposure on neurogenesis in nulliparous rats were examined in order to determine
whether maternal behavior itself, independent of pregnancy and lactation, might affect neurogenesis.
Adult, nulliparous, Sprague-Dawley, female rats were exposed daily to foster young in order to
induce maternal behavior. Following the induction of maternal behavior each maternal subject plus
females that were exposed to pups for a comparable number of test days, but did not display maternal
behavior, and subjects that had received no pup exposure were injected with bromodeoxyuridine
(BrdU, 90 mg/kg, i.v.). Brain sections were double-labeled for BrdU and the neural marker, NeuN,
to examine the proliferating cell population. Increases in the number of double-labeled cells were
found in the maternal virgin brain when compared with the number of double-labeled cells present
in non-maternal, pup-exposed nulliparous rats and in females not exposed to young. No changes
were evident in the dentate gyrus of the hippocampus as a function of maternal behavior. These data
indicate that in nulliparous female rats maternal behavior itself is associated with the stimulation of
neurogenesis in the SVZ.
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Introduction

Adult neurogenesis has been documented in several vertebrate species, including birds (4),
rodents (18,21,27) nonhuman primates (15) and humans (7). These new cells proliferate in the
subventricular zone (SVZ) of the forebrain and most migrate along the rostral migratory stream
(RMS) into the olfactory bulb where the majority of cells develop into neurons (29,34). These
new olfactory neurons disperse and differentiate into granule or periglomerular cells in the
main olfactory bulb (26,34) or into granule cells in the accessory olfactory bulb (2,34).
Recently, newly proliferated cells have been visualized in other brain regions, including the
preoptic area (POA), thalamus, hypothalamus, and hippocampus (7,15,18). In mice, it was
reported that the production of neuronal progenitors is stimulated in the forebrain SVZ during
pregnancy by the hormone prolactin (44). In a previous study we identified increases in cell
proliferation during pregnancy in the SVZ of the rat (13), confirming earlier findings that found
increased neurogenesis during both pregnancy and lactation in the SVZ in mice (44).

Several species of mammals include the mouse (24), hamster (38), monkey (40) and human,
non-pregnant nulliparous females display components of maternal behavior. In rats, maternal
behavior, including pup retrieval, grouping of young and crouching, can be induced by
continuously exposing inexperienced, nulliparous females to foster young for 5 to 7 days (3,
39). The maternal behaviors displayed by nulliparous rats are similar to those displayed by
lactating rats (12,5,43).

In the present study, the effects of maternal behavior induction and pup exposure on
neurogenesis in nulliparous rats were examined in order to determine whether maternal
behavior itself, independent of pregnancy and lactation, might affect neurogenesis in the SVZ,
a known region of neurogenesis in adult rodents (25,26,33). In addition, to evaluate the neural
specificity of possible effects of maternal behavior on neurogenesis, responses in the SVZ were
compared with those in the dentate gyrus of the hippocampus.

Materials and Methods

Animals

Twenty nulliparous female Sprague-Dawley rats arrived from Charles River Breeding
Laboratory (Kingston, NY). They were double-housed in a light (on 0500 — 1900 hr) and
temperature (21°C —24°C) -controlled room. The animals used in these experiments were
maintained in accordance with the National Research Council (NRC) Guide for the Care and
Use of Laboratory Animals (© 1996, National Academy of Science). The research protocol
was approved by Tufts University - Cummings School of Veterinary Medicine’s Institutional
Animal Care and Use Committee.

Experimental Groups

Subjects were assigned to one of three groups. Group 1 and 2 females were single-housed in
polypropylene test cages (45%25%20) three days prior to the start of maternal behavior testing.
At this time, Plexiglas dividers were placed on the floor of each cage to divide the cage into 4
equal quadrants. The remaining six rats that comprised Group 3 were singly housed, but were
not exposed to pups and hence tested for maternal behavior.

Behavior Testing

Animals in Groups 1 and 2 were tested daily for maternal behavior between 0900 and 1100 h
daily by exposing them to 3 foster pups, 3 to 9 days of age, that were recently fed by lactating
donor mothers. Each test day the position of the test female was recorded prior to the start of
testing. To initiate a test session, a test pup was placed in each quadrant of the home cage,
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except the quadrant where the nest was located. For the next 15 min, each female was observed
continuously and the behavioral responses of the test animal recorded. Typically, 6 to 10
subjects were tested at one time. The occurrence and latency to display the following behaviors
were recorded: retrieval of each pup, grouping all pups in the nest, and crouching over them.
After the first 15-min observation period, test animals were spot checked at the 30, 45, and 60
minute time points. Pups remained with the subjects until the following test session. Testing
was conducted once daily until a female reached the criterion for full maternal behavior or until
such time that a non-responding female was yoked to a maternal subject.

Full maternal behavior was defined as the retrieval of all three-test pups to the nest, grouping
them together and crouching over them during the one-hour test period for 2 consecutive days.
When a female responded maternally (M) on the second day, she was yoked when possible to
two other females - one that was exposed to pups (non-maternal pup exposure, NMP), but did
not display any maternal behaviors and another that had received no pup exposure (NE). The
yoked NMP female was one that had been tested for maternal behavior for the same number
of days as the maternal female, but had not responded maternally (i.e. had never retrieved any

pups).

Immunocytochemistry

Atthe end of the one-hour testing period on the second day of full maternal behavior, M females
as well as the yoked NMP and NE females were anesthetized with ketamine/xylazine. Each
subject was injected with BrdU (90 mg/kg in EDTA) via the jugular vein. One hour after
injections, animals were given an overdose of ketamine/xylazine and perfused with a solution
of 2% paraformaldehyde and 4% acrolein in 0.1M phosphate buffer. Brains were post-fixed
in the perfusion solution for 24 hours at 4°C and cryoprotected for at least 24 hours in 30%
sucrose in 0.1M phosphate buffer prior to being frozen at —80°C. Free-floating 30um sections
were subsequently collected at —20°C through the SVZ and hippocampus. In order to examine
the labeling of both BrdU and NeuN, sections were incubated simultaneously for 24 h at 4°C
in primary mouse monoclonal anti-BrdU antibody (Becton Dickinson) and mouse anti-NeuN
antibody (Chemicon) at dilutions of 1:250. Bound NeuN antibody was detected with
biotinylated anti-mouse 1gG at a dilution of 1:200 (Vector Lab., Burlingame, CA) for 60
minutes and streptavidin-FITC at a dilution of 1:330 (Vector Lab., Burlingame, CA) for 120
minutes. BrdU labeling was visualized using donkey anti-rat CY 3-fluorescent IgG antibody at
dilution of 1:400 (Jackson Immuno Research) for 60 minutes (23). Double-labeled cells were
confirmed and photographed by fluorescence microscopy (Nikkon, PCM-2000)

Histological Analysis

The numbers of BrdU-labeled cells were counted in brain areas using fluorescence microscopy
(20X). The counter was unaware of the experimental group. Areas examined included the S\VZ
and dentate gyrus (DG) of the hippocampus. The SVZ was divided into anterior (SVZ-I),
central (SVZ-11) and posterior (SVZ-111) components, since these areas have been identified
as regions of neurogenesis in adult rodents. The numbers of BrdU-labeled cells in the right and
left hemispheres of 12 sections each area of per rat was counted. The sum of BrdU-labeled
cells per area was then calculated for each rat, and the average number of cells per group was
determined for each area (i.e. SVZ-1, SVZ -1, SVZ-III, entire SVZ and DG).

Data from each area were analyzed by ANOVA followed by Fisher’s protected LSD test for
post-hoc differences. Differences were considered significant when P<0.05.
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Results

Maternal Behavior

The average latency to the onset of full maternal behavior for the M animals was 7.9 + 0.7 days
with arange of 5to 11 days (see table 1). The average latency of the pup exposure for the NMP
animals was SEM 6.2 + 0.6 days with a range of 5 to 8 days (see table 1).

Immunocytochemistry

Representative microphotographs of BrdU-labeling (a measure of cell proliferation) and
NeuN-labeling (a neural marker) together with double-labeled cells in the subventricular zones
of three experimental groups are shown in Figure 1. As shown in Figure 2, significant
differences in the number of BrdU-labeled cells were not detected in the entire SVZ (P=0.624)
and the DG (P=0.23). Likewise, analysis of BrdU-labeling in the divisions of the SVZ failed
to detect any differences among the treatment groups (SVZ-1, P=0.59; SVZ-I1, P=0.29; SVZ-
111, P=0.98).

In contrast, as shown in figure 3, when double-labeled cells were analyzed within the SVZ,
significant overall differences were found in the number of the double-labeled cells (P<0.05).
No treatment effect was found within the DG (P=0.43). Further analysis of the subdivisions of
the SVZ (see Figure 4) revealed a significant increase in the number of double-labeled cells in
the SVZ-11 (P<0.05), but not the SVZ-I (P=0.074) or SVZ-I1l (P=0.36). Post-hoc analysis
indicated that the number of double-labeled cells in the SVZ-11 in M group was significantly
greater than that in the NMP or NE groups (P<0.05). Likewise, comparisons between the three
groups in the entire SVZ revealed that there were a greater number of double-labeled cells in
the entire SVZ in M group than in either control group (P<0.05).

Table 1 shows the number of double-labeled cells in the entire SVVZ as a function of the latency
for M group to display full maternal behavior. Whereas females with maternal latencies of 5
and 6 days had a tendency to have greater numbers of double-labeled cells when compared
with those in the control groups, the sample size on these days was limited and precluded
thorough statistical analysis.

Discussion

The results of the present study demonstrate that increases in double-labeled or merged cells
occur in the brains of nulliparous female rats that are induced to show maternal behavior
independent of pregnancy and lactation. Significant increases in BrdU/NeuN merged cells were
identified in the SVZ of maternal virgin rats when compared with labeling present in both non-
maternal, nulliparous rats exposed to pups and non-exposed, cycling diestrous controls. No
changes were evident in the number of merged cells in the dentate gyrus of the hippocampus
as a function of maternal behavior.

What factors might stimulate neurogenesis in the maternal virgin rats? A recent research study
found that neurogenesis during pregnancy and lactation is stimulated by prolactin (PRL) acting
through the PRL receptor at the level of the SVZ (44). Is it possible that the increase in
neurogenesis associated with the induction of maternal behavior in the nulliparous rats in the
present study is also stimulated by PRL? It appears unlikely that circulating PRL released from
the pituitary gland contributes to neurogenesis in the maternal virgin rat, since PRL levels are
unchanged in pup-induced maternal rats (41). This, however, does not exclude the possibility
that the induction process may affect neural-derived PRL that in turn could act to stimulate
neurogenesis within the SVZ. Recent studies in lactating rats found that brain-derived PRL
functions in the modulation of stress responses (47). Moreover, pup contact and related stimuli
received by maternal, nulliparous rats have been reported to induce the expression of the long,
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but not short, form of PRL-R mRNA in brain (45). Several approaches have been also shown
PRL-R is involved in the signaling leading to cell-cycle control and differentiation (48). Thus,
it is possible that a so-called "neural PRL system" may be activated in maternal virgins that
contribute to enhanced neurogenesis in the nulliparous female. This possibility is the topic of
future studies.

What cellular mechanism underlies the increase in double-labeling of cells in the SVZ-11? In
vitro studies have revealed that the adult SVZ can be induced to generate both neurons and
glia under the influence of growth factors (16,33,35,36,37). Furthermore, the in vivo exposure
of the adult forebrain SVZ to neurotrophins induces an increase in the number of progenitor
cells, as well as the production of newly generated neurons (6,23,49). It was suggested that the
brain-derived neurotrophic factor, BDNF may influence the development of large range of
neuronal cell types (1,20,22,28,42). In vitro studies of adult and old-aged rats demonstrated
that BDNF promotes the survival of neurons generated from SVZ progenitor cells, suggesting
that BDNF may also exert an effect on neurogenesis in the maternal virgin rat. Moreover, the
BDNF gene contains an estrogen response element like motif capable of binding estrogen
receptors, alpha and beta (19), and estrogen treatment increases both BDNF mRNA and protein
(14) in the female rat olfactory bulbs. Therefore, it seems tenable that maternal behavior itself
may stimulate increased BDNF activity in parts of the SVZ.

The destinations and phenotypes of new cells in the maternal virgin rat are not known. While
many of the newly generated cells in mice emerge from the SVZ and then migrate along the
RMS to form new interneurons in the olfactory bulb, other newly divided SVZ cells undergo
apotosis or generate glial cells that migrate to the corpus callosum (31). Other newly cell
proliferated cells have been visualized in the neocortex, POA, central gray, thalamus,
hypothalamus and hippocampus (7,15,18).

Whereas in the present study the overall numbers of BrdU-labeled cells in the SVZ or the
dentate gyrus were not found to differ among treatment groups, the number of double-labeled
cells in the SVZ of the maternal group, especially the SVZ-11, was significantly higher than
either that found in the non-maternal pup-exposed or non-exposed groups. The percentage of
double-labeled cells in the SVZ of these two latter groups ranged from 31-33% of the BrdU
labeled cells, while this number approached 41% in the maternal group. It is noted that the
percentage of double-labeled cells in the SVZ was more pronounced in the rostral portions of
the SVZ, i.e. SVZ-1 and SVZ-I1I, where it ranged from 47-54%. One possible explanation for
these findings is that maternal experience might accelerate the rate of cell proliferation and
maturation of neurons, possibly as a function of the female’s endocrine status (44). Future
studies, however, are needed to account for these shifts in cell distributions and identify factors
mediating these changes.

The functional significance of possible maternal behavior-associated neurogenesis in the virgin
rat remains to be determined. It is of interest that in mice neurogenesis in the SVZ results in
enhanced migration of cells to the olfactory bulb (44). Olfactory pathways are known to play
important roles in maternal care in numerous mammals (9,10). Therefore, neurogenesis may
result in the functional integration of new neurons in olfactory areas or possibly the POA sites
are of particular physiological importance not only to the parturient rat, but also to the
inexperienced, virgin rat (32). The possible relationship between the amygdala and
neurogenesis in the maternal virgin rat is of interest in light of the involvement of the amygdala
in maternal behavior in virgin rats. It is established that pup exposure elicits withdrawal and
avoidance responses in inexperienced, virgin female rats. These odor-mediated behavioral
responses are transduced to the amygdala via the vomeronasal pathway. Moreover, maternal
behavior in virgin rats is stimulated when this inhibitory input is blocked by either rendering
the females anosmic (10) or lesioning the amygdala (11,32). Amygdaloid kindling, which
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enhances fearfulness in rat, also increases neophobia and decreases approaches to pup-related
stimuli in virgin rats (30). The possible reciprocal relationships between the amygdala and SVZ
the expression of maternal behavior merit investigation.

The extent of neurogenesis induced in maternal virgin rats in the present study appears less
pronounced that found in late pregnant rats (13). What might help account for this apparent
difference in neurogenesis? One possibility may be that pregnant rats are exposed to high levels
of prolactin and other lactogenic hormones during gestation that can stimulate neurogenesis
(13), whereas circulating PRL hormone levels are generally unaffected by pup exposure in
virgin rats (41). Hence, this differential hormonal exposure would be expected to alter the
degree of neurogenesis. Another possibility, albeit more speculative, is that the state of
pregnancy that is accompanied by fetal microchimerism (46) might contribute to the increase
in cell proliferation during late pregnancy is unknown. However, the precise role that these
fetal cells as well as hormones play in neurogenesis during pregnancy and the reproductive
success of the female remain to be delineated.

For virgin females, pups elicit withdrawal and avoidance associated with odor cues transduced
via olfactory system. The vomeronausal projections arise via the amygdala. Thus, anosmic
females are more readily maternal (10) and lesions of the amygdala enhance maternal behavior
in virgin rats (11,32). These findings suggest that the cues which elicit withdrawal are
transmitted through the amygdala. The amygdaloid kindling, which enhances fearfulness in
rat, increases neophobia and decreases approaches to pup-related stimuli in virgin rats (30).
These findings suggest that olfactory system via amygdala and increases neurogenesis in the
SVZ is included if virgin female are maternal. A part of these increases neurogenesis may be
also migrate to the amygdala in non-maternal virgin rats.

The possible causal relationship between the expression of maternal behavior and the increase
in the number of double-labeled cells has not been determined. While it is possible that the
increase in merged cells within the SVZ may help stimulate the onset of maternal care, it is
also quite possible that the shift in merged cell numbers is a reflection or outcome of the
maternal state of the female. This latter possibility seems more plausible, since new neurons
produced within the SVZ would be expected to take 5-10 days to migrate to the olfactory bulb
where they might become functionally integrated to alter the olfactory response of the female
to pups. Since olfaction appears to be a key determinant governing the expression of maternal
behavior (8,9,10), it would seem more likely that any shift in SVZ neurogenesis might alter
the expression of ongoing or previously established maternal care. These relationships require
further study in order to determine the functional significance of these new neurons.

Finally, that neurogenesis occurs in maternal virgins as it does in parous females (13) indicates
that the process associated with the induction of maternal care in females independent of the
states of pregnancy and lactation are sufficient to induce formation of new neurons. It is
intriguing to consider that longer term changes in neural activity result from the responses
associated with behavioral motherhood. For example, to what extent to do epigenetic factors
during early development or subsequent behavioral states in adulthood, i.e. depression, alter
neurogenesis in response to exposure to young and the expression of maternal behavior in the
virgin and parous female.
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BrdU and NeuN

Figure 1.

Representative photomicrographs of BrdU-immunoreactive cells (red; upper panel), NeuN-
immunoreactive cells, neural marker (green; middle panel) and colocalization of BrdU-
immunoreactive cells with NeuN-immunoreactive cells (yellow-orange; lower panel) in the
subventricular zone (coronal section) of a NE subject. Scale bar = 50um, LV - lateral ventricle.
Arrows identify co-localized cells.
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Figure 2.
The mean = SEM number of BrdU-labeled cells in the (A) entire SVZ and (B) DG in the M
(N=8), NMP (N=5), and NE (N=6) groups.
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Figure 3.

The mean number of double-labeled cells in the (A) entire SVZ and (B) DG in the M (N=8),
NMP (N=5), and NE (N=6) groups.
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The mean = SEM number of immunoreactive cells in the (A) SVZ-I, (B) SVZ-Il and (C) SVZ-
Il double-labeled BrdU and NeuN in the M (N=8), NMP (N=5), and NE (N=6) groups.
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Group Mean Cells+ SEM (N)
NE 1121.7+151.7 (6)
NMP 1211.0+171.6 (5)

M 1770.5£172.3 (8)

Double-labeled cells
as a function of response

Response dayNumber of Cells

latency in group M rats

day 52146
day 62456
day 71556
day 82066, 1261
day 91019, 1622

Number of BrdU-immunoreactive NeuN-immunoreactive labeled cells in the entire SVZ. Individual cell counts for rats in the M group are also listed as

a function of their maternal response latencies.
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