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Abstract
The onset of parental behavior has profound and enduring effects on behavior and neurobiology
across a variety of species. In some cases, mere exposure to a foster neonate (and a subsequent
parental response) can have similar effects. In the present experiment we exposed adult male and
female prairie voles (Microtus ochrogaster) to two foster pups for twenty minutes and quantified
cell proliferation in the dentate gyrus of the hippocampus (DG), medial amygdala (MeA) and cortical
amygdala (CorA). Prairie voles are highly social rodents that typically display biparental care and
spontaneous parental care when exposed to foster pups. Comparisons were made between the animals
that responded parentally or non-parentally towards the pups, as well as control conditions. Cell
proliferation was assessed using injections of 5-bromo-2’-deoxyuridine (BrdU) and
immunocytochemical localization of this marker. The phenotype of the cells was determined using
double label immufluoresence for BrdU and TuJ1 (a neuronal marker). An increase in cell
proliferation in the DG was seen in animals exposed to pups. However, animals that responded non-
parentally had a greater number of BrdU labeled cells in the DG compared to those that responded
parentally. The majority of BrdU labeled cells co-expressed TuJ1 across all groups. These results
demonstrate that exposure to a foster pup, and the behavioral reaction to it (parental or non-parental)
is associated with site-specific changes in cell proliferation.
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INTRODUCTION
Pregnancy and parturition cause significant changes in the female brain and behavior [22,31]
including changes in neurogenesis [52]. Pregnancy is preceded by a number of social
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interactions (such as mating, and in some species pair bonding) and accompanied by significant
neuroendocrine changes [37,49]. Although exempt from gestation and birth, males
(particularly in bi-parental species) experience neuroendocrine changes coincident with, or
preceding the birth of their offspring [23,60]. This cascade of events in females and males
typically results in an entirely new set of behaviors to ensure the survival of their offspring
[4]. However, in several species, mere exposure to foster neonatal con-specifics can elicit
parental behavior not qualitatively different from that seen in natural parents (with the
exception of lactation) [29,47]. Furthermore, the pattern of neural activation seen following
induction of parental behavior in female rats resembles that seen in post-partum female rats
[36]. This phenomenon of sensitization exemplifies how rapidly prominent behavioral changes
occur through the exclusive set of stimuli a neonatal pup provides. Additionally, it allows for
the study of neural changes associated with neonate exposure and subsequent parental
behaviors apart from the neuroendocrine changes of gestation, parturition and lactation.

Distinct populations of prairie voles are naturally bi-parental and alloparental [12,48].
Additionally, a large percentage of adult virgin prairie voles (males and females) exposed to
foster pups show spontaneous parental behavior, including retrieval, grooming and arched-
back nursing posture [30,47]. Furthermore, prairie voles exposed to pups experience lasting
changes in social behavior including a facilitation of subsequent parental responsiveness
[48]. Cell proliferation resulting in the production of neurons (neurogenesis) or glial cells
(gliogenesis) may be a neural mechanism that responds to pup exposure and underlies
behavioral changes. In the present experiment we determine if parental behavior, elicited
through exposure to a foster pup, increases neurogenesis in prairie voles (Mircrotus
ochrogaster).

Adult neurogenesis occurs in several mammalian species [reviewed in 19] including prairie
voles [8,10]. Typically, the birth of new cells occurs in proliferative zones; the dentate gyrus
of the hippocampus (DG) and the subventricular zone (SVZ) and in many cases these new
neurons become functional [15,50,54,58]. Hippocampal neurogenesis may play a role in
learning, though the precise nature of the relationship is not yet determined [28]. Similarly,
adult cell proliferation and neurogenesis, particularly in the DG may be related to the processing
of novel information [2,18,53]. Social interactions with unfamiliar conspecifics can increase
neurogenesis [7]. Environmental enrichment (which often includes increased social
interactions with conspecifics) also leads to increases in neurogenesis, primarily in the DG
[reviewed in 39]. Increased exercise available in these enriched environments is likely to be a
crucial component in the increased neurogenic response [57,59]. Conversely, aversive social
stimuli such as predator odors [56] subordination stress [13] and resident-intruder [14] stress
can decrease hippocampal cell proliferation and neurogenesis. Social isolation results in
significant decreases in cell proliferation and neurogenesis as well [6,32,55].

Female prairie voles show increased neurogenesis following exposure to a conspecific male
[10]. Changes in gonadal hormones associated with these interactions also may contribute to
these alterations in neurogenesis [8,9, reviewed in 11]. In addition to established proliferative
zones (DG and SVZ) cell proliferation in the amygdala is responsive to alterations of social
environment and hormonal treatments in prairie voles [8,9,10]. Based upon the existence of
proliferation in this nucleus and its well established role in social behaviors, including parental
behaviors, we performed measurements within select subdivisions (medial and central nuclei)
of the amygdala in addition to the DG and SVZ.

In the present experiment we briefly presented foster pups to virgin adult male and female
prairie voles. We predicted that pup exposure would be perceived as a generally positive social
interaction (among the animals that respond parentally to the pup) and would result in an
increase in neurogenesis in our regions of interest, particularly the DG. We also consider
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behavioral reaction of our subject to the stimulus. It is possible that the display of parental
behaviors, or their absence may be associated with differences in rates of cell proliferation or
neurogenesis. We differentiate among new born cells by using markers for cell birth and
phenotypic identification of cells (neurons or glial cells).

METHODS
Subjects

Subjects were laboratory-bred male and female prairie voles, approximately 60 days of age
and descendants of a wild stock originally caught near Champaign, Illinois. Our stock was
systematically outbred. Prairie voles were maintained on a 14:10, light:dark cycle and allowed
food (Purina high-fiber rabbit chow) and water ad libitum. Animals were housed in same sex
pairs (29 cm × 19 cm × 12.7 cm cages) from weaning (at 21 days of age) until testing and
sacrifice. Animals in all conditions were housed in a single-sex colony room. All husbandry
and experimental procedures were approved by an IACUC committee, ACC no. 04-078.

Behavioral Testing
At approximately 60 days of age male and female voles were behaviorally tested. All animals
were given 30 minutes habituation in the testing cage (29 cm × 19 cm × 12.7 cm) prior to any
manipulation. Each of the following testing conditions lasted 20 minutes.

Pup Exposure—Two 1–3 day old stimulus foster pups were placed in the testing cage in the
end of cage opposite the subject. Subjects in this condition were further classified, as either
parental or non-parental, based upon their reaction to the pups.

Pup Exposure, Parental: Animals that approached, retrieved, groomed and displayed crouching
posture over both pups were classified as parental. Latency to approach either pup was recorded
at the first approach that was coupled with an olfactory investigation and immediate proximity
to the pup. Latency to retrieval of either pup was quantified as an adult vole using its mouth
to pick up a pup from the distal corner of the cage and bring it to the opposite side of the cage.
Latency to crouching posture was marked when both pups had been retrieved and the adult
remained relatively stationary, crouching over both pups. Duration of crouching was the total
time during the 20 minute trial the adult crouched over both pups. Crouching likely serves to
protect the pups, regulate their body temperature and facilitate nursing (when displayed by
lactating dams).

Pup Exposure, Non-parental: Animals that approached the pups then attempted to bite them
were considered non-parental. The testing was stopped after the first attempted biting to avoid
potential harm to the pups. The latency to approach pups and the latency to attempted biting
was recorded.

Tootsie Roll—Two tootsie rolls were unwrapped and placed in the testing cage, opposite to
the subject. The latency to approach the tootsie roll was recorded. This condition controlled
for exposure to a novel object of similar size and a novel odor.

No Pup—The experimenter placed his or her hand in the testing cage at the beginning and
end of 20 minute test. This condition controlled for any effects caused by handling and
placement in a novel (prior to habituation) test arena.

Assignment to pup exposure, tootsie roll or no pup condition was random.
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BrdU injections
BrdU (5-bromo-2’-deoxyuridine) is an established marker of cellular proliferation. BrdU is
incorporated in the DNA while cells are in the S-phase of the cell cycle. BrdU was prepared
the day of injection by dissolving BrdU (Sigma-Aldrich, #B5002) in a 0.9% saline solution
with NaOH (0.007%) to a concentration of 20mg of BrdU/ ml of solution. Subjects received
two intraperitoneal injections: one 6 hours following testing, the second 24 hours after testing.
Subjects were injected with 0.5ml of solution/100g of body weight (200 mg/kg). This dosage
was found to be effective in labeling cells in meadow voles [41]. Figure 1 provides a timeline
of our procedure.

Fixation and Sectioning
Animals were euthanized with an overdose of ketamine/ xylazine 48 hours after behavioral
testing (24 hours after the second BrdU injection). Brains were removed and fixed using
immersion fixation [5]. This procedure includes placing the brains in 20 mls of a 4%
paraformaldehyde and 5% acrolein (pH 8.6) solution and gently spinning the tissue for 4 hrs.
Brain tissue was then coronally sectioned on a freezing microtome at 40 μm. Sections were
collected beginning at the most rostral level of the anterior commissure through the entire
hippocampus and most rostral portions of the cerebellum (approximately 100 sections per
animal). Sections were placed in cryoprotectant and stored at −20°C until processing for
immunocytochemistry. Alternate sections were processed for either BrdU
immunocytochemistry (using DAB to visualize cells) or BrdU with TuJ1 double label
fluorescent immunocytochemistry to discern cell phenotypes. For all immunocytochemical
reactions effort was made to ensure a near equal number of tissue samples from subjects in
each condition. Every reaction contained tissue samples from subjects from each condition.

BrdU Immunocytochemistry
Sections were rinsed in KPBS, were denatured in for 1.5 hrs. in a 2M HCl solution at 37 °C,
rinsed again in KPBS, placed in a sodium borohydride solution for 20 minutes, rinsed, then
blocked with 10% normal rabbit serum. Sections were then incubated in a rat anti-BrdU
monoclonal primary antibody (Accurate Chemical, #OBT0030) at a concentration of 1:500 for
1 hr. at room temperature and overnight at 4°C. Sections were then incubated in biotinylated
goat anti-rat IgG at 1:200 (Vector) for 1.5 hrs. Staining was further visualized using a standard
ABC kit (Vector labs) and 3’- diaminobenzidine (DAB; Sigma). Negative controls of primary
only and secondary only, and animals not injected with BrdU were compared with sample
tissue from experimental animals (injected with BrdU) prior to collection of any experimental
data. The absence of stain was confirmed in control tissue. Liver tissue was also collected from
each subject and used as control tissue. BrdU readily labels the chronically proliferating cells
in the liver. The presence of BrdU-ir cells in liver tissue was confirmed for each run of
immunocytochemistry.

BrdU-TuJ1 Double Label Immunofluorescence
Sections were processed as described above through incubation in the primary BrdU antibody.
Following this incubation sections were rinsed in KPBS and then incubated in a rhodamine
(RRx) conjugated goat anti-rat antibody (Jackson Immuno Labs) at 1:200 for 1.5 hrs. Sections
were then rinsed and incubated in a mouse anti-TuJ1 (Covance, #MMS-435P) primary
antibody for 1 hr at room temperature then overnight at 4 °C. TuJ1 is a mouse monoclonal IgG
that recognizes a neuron specific class III βtublin, considered to be an early marker for cells
that have begun to differentiate into neurons [1,17]. TuJ1 has been used to identify the
phenotypes of newly proliferated cells in the adult brain in this species [8,10]. The following
day sections were rinsed in KPBS, placed in a FITC conjugated goat anti-mouse antibody
(Jackson Immuno Research Labs) at 1:200 for 1.5 hrs. All sections were rinsed and then
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mounted using Vector DAPI mounting media. Negative controls and liver tissue were run as
they were with immunocytochemistry described above.

Quantification of BrdU Immunocytochemistry
Images were captured using a Nikon Eclipse E 800 microscope, Sensi-cam camera and IP Lab
Software®. All photomicrographs for BrdU immunocytochemistry (with DAB) analysis were
taken at 100x magnification. Analysis was performed using Image J / NIH Image software.
BrdU-ir cell counts of the DG, MeA and CorA were all made from the same section. A
representative section was selected from each animal and the sections were matched (across
subjects) for rostral-caudal orientation. This section is characterized by the presence of these
three regions of interest, as well as the dorsalmedial ascension of the optic tract and the position
of the fornix and is approximate to plate no. 58 in Paxinos and Watson [46]. The number of
BrdU immunoreactive (BrdUir) labeled cells were counted bi-laterally in the dentate gyrus of
the hippocampus (DG), medial amygdala (MeA) and cortical amygdala (CorA). Within the
representative section all labeled cells in the DG were counted. The cell counts in the MeA
and CorA were made by centering the field of view within either nuclei. All cells within the
field of view and within either nuclei were counted. All counts were made by two observers.
A subset of sections was stained with cresyl violet to further facilitate the identification of the
boundaries of these nuclei. The density of the cells in the subventricular zone (SVZ) was greater
and its borders less apparent compared with other regions of interest. For this reason we counted
the number of cells within a polygon, 260 × 40 pixels (296.3 microns × 49.3 microns), drawn
to include the part of the ventricle where staining was the most dense. The polygon was drawn
beginning at the most dorso-lateral edge of the ventricle extending downward. The sample area
from the SVZ was approximate to plate no. 32 in Paxinos and Watson [46].

Quantification of BrdU-TuJ1 Double Label Immunofluorescence
Fluorescent images were captured as described above with the addition of using epifluorescent
filters for fluorophore excitation. Regions of interest (DG, MeA and CorA) were identified as
described above. Additionally, DAPI label on each section facilitated identification of borders
of the MeA and CorA. A combination of TRITC (for BrdU label) and FITC (for TuJ1 label)
filters were used to capture two separate grayscale images of cellular label. Each image was
pseudo-colored (BrdU - red; TuJ1 - green) and merged to identify double labeled cells (which
appear yellow in the overlayed image). The total number of BrdU-ir cells was counted in each
region as well as double-labeled cells. The percentage of double labeled cells was then
calculated. Within the DG an average of 18 BrdU-ir cells per animal were quantified. Within
the MeA and CorA an average of 8 BrdU-ir cells per animal were quantified.

Statistical Analyses
All statistical procedures were performed using SPSS 13.0, with the significance level of p <
0.05 for all tests. If the significance level was p < 0.01 this was noted. All data were tested for
assumptions of normality and equal variance. T-tests were used to determine any sex
differences in parental or non-parental responses in the pup exposure conditions. MANOVA
(with sex and group as independent variables) analyses were used on data from BrdU
immunocytochemistry and double label immunofluorescence. Fisher’s LSD post hoc tests were
performed if the overall MANOVA was significant.

RESULTS
Behavior

Twenty–six voles were placed in the pup exposure condition: 16 voles responded parentally
(6 females and 10 males) and 10 voles responded non-parentally (5 females and 5 males).
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Among the parental animals the mean latency to approach either pup was 56 ± 16s (± SE). The
mean latency to retrieval (picking up a pup and typically returning it to a corner) was 131 ±
28s (± SE). The mean duration spent huddling over both pups in kyphotic posture was 854 ±
63s (± SE). There were no statistically significant sex differences in any of the above parental
behaviors. All of the non-parental animals behaved aggressively towards the pups. Within this
group the mean latency to an attempted bite of either pup was 145 + 37s (± SE). Females who
attempted to bite the pups had a significantly shorter mean latency (64 ± 19s) than males (213
± 52s), (t = −2.44, df = 9, p < 0.05). Testing was stopped immediately after the first attempted
bite to ensure the pups were not harmed.

BrdU Immunocytochemistry
DG—Behavioral testing condition had a significant effect on the number of BrdU-ir cells in
the DG (F(3,37) = 5.40, p< 0.05). The animals in the no pup condition had significantly fewer
labeled cells than all other conditions. Animals in the parental condition had significantly fewer
labeled cells than the non-parental condition (but not the tootsie roll condition) (Figure 2 and
Figure 3). There was no sex difference (F(1,37) = 0.29, p = 0.58).

MeA—The number of BrdU-ir cells in the MeA was not significantly affected by behavioral
testing condition (F(3,30) = 1.34, p = 0.28) or the sex of the subjects (F(1,30) = 1.51, p = 0.23)
(Figure 4).

CorA—The number of BrdU-ir cells in the CorA was not significantly affected by behavioral
testing condition (F(3,31) = 0.326, p = 0.81) or the sex of the subjects (F(1,31) = 0.00, p = 0.99)
(Figure 4).

SVZ—The number of BrdU-ir cells in the SVZ was not significantly affected by behavioral
testing condition (F(3,26) = 0.26, p = 0.85) or the sex of the subjects(F(1,26) = 0.04, p = 0.84).
The means (+SE) of each group are: no pup 52.25 ± 6.51, tootsie roll 61.0 ± 7.92, parental 55.8
± 7.12, pup attack 61.13 ±11.42.

BrdU-TuJ1 Double Label Immunofluorescence
The percentages of cells expressing a neuronal phenotype (BrdU/TuJ1 double label) in each
area of interest are shown in Table 1. Across behavioral testing conditions the majority of cells
were double labeled with BrdU-TuJ1. Images of the double label are shown in Figure 5.

DISCUSSION
Our findings show that pup exposure affects cellular proliferation in the prairie vole. This effect
is region specific (within the DG) and dependent upon the behavioral reaction (parental or non-
parental) to the pup. Phenotypic identification confirms that the majority (approximately 50–
69 percent) of BrdU labeled cells also possess a neuronal marker across conditions.

Among other the rodent species the onset of parental behavior is known to be associated with
changes in cell morphology [22,43] and neurogenesis [42,52] within the hippocampus.
Furthermore, parity is associated with marked changes in hippocampal dependent memory and
spatial tasks [21,24,31,45]. In light of these previous findings, the patterns of cellular
proliferation and neurogenesis within the DG demonstrated in the present study are particularly
interesting. First of all, these changes are occurring independent of the series of events that
would typically precede or accompany the onset of parental care. Additionally, both males and
females show a similar pattern of neurogenic responses (further suggesting that the response
is not directly related to sex specific hormone patterns associated with parental behaviors).
Furthermore, although numerous types of environmental stimuli have been shown to alter
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patterns of neurogenesis [reviewed in 33,39], this is a case where the behavioral reaction to
the same stimulus resulted in different rates of cellular proliferation and neurogenesis. (The
variability in parental responsiveness to a foster neonate was not unanticipated and has been
shown in this species as well as several others [29,30,35,48].) The same novel social stimuli
of pups produced different rates of cellular proliferation in the DG between the parental and
non-parental groups suggesting that the reaction to and the perception of the stimulus is
important. Ultimately, the cells that are generated in each of these conditions may have different
functional significance.

For example, prairie voles that respond parentally to a brief exposure to a foster pup will show
shorter latencies to respond to pups in future parental response testing [48] as do rats [51].
These changes in behavior are not necessarily directly ascribed to hippocampal function, but
may be associated with learning and memory formation from an initial parental experience
(i.e. exposure to foster pup). To date, the effect of neither parturition nor pup exposure in prairie
voles has been tested on the battery of hippocampal dependent tasks as it has been in other
rodents. However, prior research demonstrates that cells produced by adult hippocampal
neurogenesis most likely become integrated into existing hippocampal circuitry [reviewed in
19], possibly associated with the formation of long term memories. In the parental group, new
cells could serve consolidate memories of an initial parental experience. Alternatively, the new
cells could be incorporated into circuitry which inhibits aversive responses to the pups, rather
than directly activating parental responses.

Assuming that prairie voles that responded non-parentally were experiencing a type of stressful
or fearful stimulus the increase in cell proliferation is somewhat unanticipated. Although
animals in this condition were essentially aggressive towards the pup, a non-parental response
is often attributed to a neophobic reaction including an aversion to pup odors [35]. Other studies
demonstrate a decrease in hippocampal neurogenesis or cell proliferation following an aversive
or stressful stimulus. However, in the present study, pup presentation is a much more acute
stressor (all tests were stopped at the first sign of aggression, typically under four minutes),
compared with the chronic stress of isolation [6,32,55] or prolonged exposure (one hour) to
predator odor [56] seen in other studies. In the present study adrenal hormones may not have
been elevated long enough (or at all) to inhibit neurogenesis. In fact, preliminary data suggest
that brief pup exposure reduces plasma levels of corticosterone levels in both parentally and
non-parentally responding prairie voles (Bales and Carter, unpublished data).

Nonetheless, it is not apparent why a non-parental response would necessitate the production
of more cells relative to the parental condition. If pup exposure is perceived as an acute fearful
stimulus its emotional content may serve to facilitate memory; as the role of emotion in memory
is well established [25]. However, such effects are largely ascribed to the amygdala, rather than
the hippocampus. In future studies, it will be crucial to determine the survival rates of neurons
in each of these conditions. If these new cells do survive they may be incorporated into
hippocampal circuitry at different rates.

Information regarding cell survival will be particularly important when interpreting the pattern
shown by the tootsie roll group. If the tootsie roll group had demonstrated a difference with
the parental and/or non-parental groups, it would have indicated a clear difference between a
proliferative cellular response to a socially relevant rewarding stimulus and a non-social
rewarding stimulus. This not being the case, the increase seen across all three groups (relative
to the no pup condition) may be indicative of a response to a novel stimulus; a factor previously
associated with an increase in hippocampal neurogenesis [27,28,38]. In addition to the novelty
of the stimulus, tootsie roles may have served as a highly rewarding food source, potentially
engaging the DG (and related reward circuitry) in a similar fashion as parental behavior (as
pups themselves and their behavior can be rewarding stimuli [26]). However, exposure to a

Ruscio et al. Page 7

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pup clearly modifies future behaviors (parental behavior) in ways a tootsie roll does not. In
attempting to understand this behavioral modification we must also consider the possibility
that the total number of cells (measured by either proliferation or survival) may not be as
relevant compared to where and how the cells are incorporated into existing hippocampal
circuitry. Consolidation of a parental experience may require neurogenesis and a unique, but
not necessarily greater modification of existing circuitry (i.e. addition of more neurons) relative
to tootsie roll or non-parental conditions.

The patterns of cellular proliferation and neurogenesis in the MeA and CorA are also of
particular interest. This is not the first report of adult neurogenesis in the MeA and CorA in
this species [8,10] and our data confirm neuronal phenotypes in these areas. Although the
number of BrdU-ir cells was not significantly different across groups in either the MeA or
CorA the apparent increase in BrdU-ir cells in the MeA of the parental group is worth noting.
The role of the MeA in parental behaviors, (particularly in processing olfactory stimuli), as
well as in individual recognition and discrimination is well established [34,35]. Yet, the precise
mechanism which generates new cells in the MeA and their potential incorporation into existing
functional circuitry remain poorly understood. New cell growth in this area following parental
behaviors suggests modification of this circuitry perhaps facilitating future parental
responsiveness through recognition of pup odor as a positive social stimulus. Failure to react
to pup odors as aversive stimuli is known to facilitate parental responsiveness (anosmic virgin
rats will show shorter latencies to parental behavior [7]). The MeA is undoubtedly active in
odor perception in the non-parental group, but does not display the relative increase in cell
proliferation. Different behavioral reactions to the pup may indicate different emotional
reactions modulated through the MeA and quantifiable through different rates of cellular
proliferation. It will be interesting in future studies to assess relative changes in cell death, cell
survival as well as potential sex differences in the MeA. The increase in the parental group
observed in the current study is largely attributed to the number of BrdU-ir cells in parental
males, although females trend in the same direction (and there is not a significant sex
difference).

Our measures of the SVZ showed no differences among groups. The SVZ along with DG is
another well established proliferative zone. However, it would be inaccurate to assume an
identical pattern of results in both the DG and SVZ, as environmental manipulations causing
site specific alterations in cell proliferation and neurogenesis is not uncommon [e.g. 3,10].
Alternatively, we must consider that our sample from the SVZ was from a discrete coronal
section. A more detailed series of measures which included a broader measure of the SVZ, the
rostral migratory stream and olfactory bulb may have yielded different results.

In sum our results show site specific changes in cell proliferation in the DG; an area known to
be associated with the processing of socially relevant information. The fact that the patterns of
proliferation differ according to discrete behavioral response patterns suggests that the
perception of the stimulus may be of particular importance in the modification of this circuitry.
Future studies which examine cell survival and cell death will help to elucidate how and if this
circuitry is being modified in a functionally relevant manner.

REFERENCES
1. Alexander JE, Hunt DF, Lee MK, Shabanowitz J, Michel H, Berlin SC, MacDonald TL, Sundberg RJ,

Rebhun LI, Frankfurter A. Characterization of posttranslational modifications in neuron-specific class
III beta-tubulin by mass spectrometry. Proc Natl Acad Sci USA 1991;88:4685–4689. [PubMed:
2052551]

2. Becker S. A computational principle for hippocampal learning and neurogenesis. Hippocampus
2005;15:722–738. [PubMed: 15986407]

Ruscio et al. Page 8

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3. Brown J, Cooper-Kuhn CM, Kempermann G, van Praag H, Winkler J, Gage FH, Kuhn HG. Enriched
environment and physical activity stimulate hippocampal but not olfactory bulb neurogenesis. Eur J
Neurosci 2003;17:2042–2046. [PubMed: 12786970]

4. Clutton-Brock, TH. Evolution of Parental Care. Princeton: Princeton University Press; 1991.
5. Cushing BS, Klein D, Hoffman GE, Carter CS, Le WW, DeVries GJ. Comparison of fixation

techniques: immersion versus perfusion. Horm. Behav 2001;39:326.
6. Dong H, Goico B, Martin M, Csernansky CA, Bertchume A, Csernansky JG. Modulation of

hippocampal cell proliferation, memory, and amyloid plaque deposition in APPsw (Tg2576) mutant
mice by isolation stress. Neuroscience 2004;127:601–609. [PubMed: 15283960]

7. Fleming AS, Vaccarino F, Tambosso L, Chee P. Science 1979;203:372–374. [PubMed: 760196]
8. Fowler CD, Freeman ME, Wang Z. Newly proliferated cells in the adult male amygdala are affected

by gonadal steroid hormones. J Neurobiol 2003;57:257–269. [PubMed: 14608662]
9. Fowler CD, Johnson F, Wang Z. Estrogen regulation of cell proliferation and distribution of estrogen

receptor-α in the brains of adult female prairie voles and meadow voles. J Comp Neurol 2005;489:166–
179. [PubMed: 15984004]

10. Fowler CD, Liu Y, Ouimet C, Wang Z. The effects of social environment on adult neurogenesis in
the female prairie vole. J Neurobiol 2002;51:115–128. [PubMed: 11932953]

11. Galea LA, Spritzer MD, Barker JM, Pawluski JL. Gonadal hormone modulation of hippocampal
neurogenesis in the adult. Hippocampus 2006;16:225–232. [PubMed: 16411182]

12. Getz LL, McGuire B, Carter CS. Social behavior, reproduction and demography of the prairie vole,
Microtus ochrogaster. Ecol Evol Behav 2003;15:105–118.

13. Gould E, McEwen BS, Tanapat P, Galea LAM, Fuchs E. Neurogenesis in the dentate gyrus of the
adult tree shrew is regulated by psychosocial stress and NMDA receptor activation. J Neurosci
1997;17:2492–2498. [PubMed: 9065509]

14. Gould E, Tanapat P, McEwen BS, Flugge G, Fuchs E. Proliferation of granule cell precursors in the
dentate gyrus of adult monkeys is diminished by stress. Proc Natl Acad Sci USA 1998;95:3168–
3171. [PubMed: 9501234]

15. Gould E, Tanapat P, Hastings NB, Shors TJ. Neurogenesis in adulthood: a possible role in learning.
Trends Cogn Sci 1999;3:186–192. [PubMed: 10322475]

16. Jones LL, Yamaguchi Y, Stallcup WB, Tuszynski MH. NG2 is a major chondroitin sulfate
proteoglycan produced after spinal cord injury and is expressed by macrophages and oligodendrocyte
progenitors. J Neurosci 2002;22:2792–2803. [PubMed: 11923444]

17. Kameda Y, Kameya T, Frankfurter A. Immunohistochemical localization of a neuron-specific beta-
tubulin isotype in the developing chicken ultimobranchial glands. Brain Res 1993;628:121–127.
[PubMed: 8313138]

18. Kempermann G. Why new neurons? Possible functions for adult hippocampal neurogenesis. J
Neurosci 2002;22:635–638. [PubMed: 11826092]

19. Kempermann, G. Adult Neurogenesis. New York: Oxford University Press; 2006.
20. Kempermann G, Kuhn HG, Gage FH. Experience-induced neurogenesis in the senescent dentate

gyrus. J Neurosci 1998;18:3206–3212. [PubMed: 9547229]1998
21. Kinsley CH, Madonia L, Gifford GW, Tureski K, Griffin GR, Lowry C, Williams J, Collins J,

McLearie H, Lambert KG. Motherhood improves learning and memory. Nature 1999;402:137–138.
[PubMed: 10647003]

22. Kinsley CH, Trainer R, Stafisso-Sandoz G, Quadros P, Marcus LK, Hearon C, Meyer EA, Hester N,
Morgan M, Kozub FJ, Lambert KG. Motherhood and the hormones of pregnancy modify
concentrations of hippocampal neuronal dendritic spines. Horm Behav 2005;49:131–142. [PubMed:
16005000]

23. Kozorovitskiy Y, Hughes M, Lee K, Gould E. Fatherhood affects dendritic spines and vasopressin
V1a receptors in the primate prefrontal cortex. Nat Neurosci 2006;9:1094–1095. [PubMed:
16921371]

24. Lambert KG, Berry AE, Griffins G, Amory-Meyers E, Madonia-Lomas L, Love G, Kinsley CH. Pup
exposure differentially enhances foraging ability in primiparous and nulliparous rats. Physiol Behav
2005;84:799–806. [PubMed: 15885258]

Ruscio et al. Page 9

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



25. LeDoux JE. Brain mechanisms of emotion and emotional learning. Curr Opin Neurobiol 1992;2:191–
197. [PubMed: 1638153]

26. Lee A, Clancy S, Fleming AS. Mother rats bar-press for pups: effects of lesions of the mpoa and
limbic sites on maternal behavior and operant responding for pup-reinforcement. Behav Brain Res
1999;100:15–31. [PubMed: 10212050]

27. Lemaire V, Aurousseau C, Le Moal M, Abrous DN. Behavioural trait of reactivity to novelty is related
to hippocampal neurogenesis. Eur J Neurosci 1999;11:4006–4014. [PubMed: 10583489]

28. Leuner B, Gould E, Shors TJ. Is there a link between adult neurogenesis and learning? Hippocampus
2006;16:216–224. [PubMed: 16421862]

29. Lonstein JS, DeVries GJ. Sex differences in the parental behavior of rodents. Neurosci Biobehav Rev
2000;24:669–686. [PubMed: 10940441]

30. Lonstein JS, DeVries GJ. Social influences on parental and nonparental responses toward pups in
virgin female prairie voles (Microtus ochrogaster). J Comp Psychol 2001;115:53–61. [PubMed:
11334219]

31. Love G, Torrey N, McNamara I, Morgan M, Banks M, Hester NW, Glasper ER, DeVries AC, Kinsley
CH, Lambert KG. Maternal experience produces long-lasting behavioral modifications in the rat.
Behav Neurosci 2005;119:1084–1096. [PubMed: 16187836]

32. Lu L, Bao G, Chen H, Xia P, Fan X, Zhang J, Pei G, Ma L. Modification of hippocampal neurogenesis
and neuroplasticity by social environments. Exp Neurol 2003;183:600–609. [PubMed: 14552901]

33. Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus 2006;16:233–238. [PubMed:
16411244]

34. Newman, SW. Pheromonal signals access the medial extended amygdala: one node in the proposed
social behavior network. In: Pfaff, DW., editor. Hormones, brain and behavior. Boston: Academic
Press; 2002. p. 17-32.

35. Numan, M. Maternal behavior. In: Knobil, E.; Neill, JD., editors. The Physiology of Reproduction.
New York: Raven Press Ltd; 1994. p. 221-302.

36. Numan M, Numan MJ. Expression of Fos-like immunoreactivity in the preoptic area of maternally
behaving virgin and postpartum rats. Behav Neurosci 1994;108:379–394. [PubMed: 8037882]

37. Numan, M.; Insel, TR. The Neurobiology of Parental Behavior. New York: Springer-Verlag; 2003.
38. Nyberg L. Any novelty in hippocampal formation and memory? Curr Opin Neurol 2005;18:424–428.

[PubMed: 16003119]
39. Olson AK, Eadie BD, Ernst C, Christie BR. Environmental enrichment and voluntary exercise

massively increase neurogenesis in the adult hippocampus via dissociable pathways. Hippocampus
2006;16:250–260. [PubMed: 16411242]

40. Ormerod BK, Galea LA. Reproductive status influences cell proliferation and cell survival in the
dentate gyrus of adult female meadow voles: a possible regulatory role for estradiol. Neuroscience
2001;102:369–379. [PubMed: 11166123]

41. Ormerod BK, Galea LA. Reproductive status influences the survival of new cells in the dentate gyrus
of adult male meadow voles. Neurosci Lett 2003;346:25–28. [PubMed: 12850539]

42. Pawluski JL, Galea LAM. Adult hippocampal neurogenesis is altered during motherhood. Front.
Neuroendocrinol 2006;27:131–132.

43. Pawluski JL, Galea LAM. Hippocampal morphology is differentially affected by reproductive
experience in the mother. J Neurobiol 2006;66:71–81. [PubMed: 16216005]

44. Pawluski JL, Walker SK, Galea LAM. Reproductive experience differentially affects spatial reference
and working memory performance in the mother. Horm Behav 2006;49:143–149. [PubMed:
15992800]

45. Pawluski JL, Vanderbyl BL, Ragan, Kelsey R, Galea LAM. First reproductive experience persistently
affects spatial reference and working memory in the mother and these effects are not due to pregnancy
or mothering alone. Behav Brain Res 2006;175:157–165. [PubMed: 17011053]

46. Paxinos, G.; Watson, C. Rat Brain in Sterotaxic Coordinates. Vol. 5th Ed.. New York: Elsevier; 2005.
47. Roberts RL, Miller AK, Taymans SE, Carter CS. Role of social and endocrine factors in alloparental

behavior of prairie voles (Microtus ochrogaster). Can J Zool 1998;76:1862–1868.

Ruscio et al. Page 10

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



48. Roberts RL, Williams JR, Wang AK, Carter CS. Cooperative breeding and monogamy in prairie
voles: influence of the sire and geographical variation. Anim Behav 1998;55:1131–1140. [PubMed:
9632499]

49. Russell, JA.; Douglas, AJ.; Ingram, CD. Brain preparations for maternity-adaptive changes in
behavioral and neuroendocrine systems during pregnancy and lactation: an overview. In: Russell,
JA.; Douglas, AJ.; Windle, RJ.; Ingram, CD., editors. The maternal brain: Neurobiological and
neuroendocrine adaptation and disorders in pregnancy and postpartum. New York: Elsevier Press;
2001. p. 1-38.

50. Santarelli L, Saxe M, Gross C, Surget A, Battaglia F, Dulawa S, Weisstaub N, Lee J, Duman R,
Arancio O, Belzung C, Hen R. Requirement of hippocampal neurogenesis for the behavioral effects
of antidepressants. Science 2003;301:805–809. [PubMed: 12907793]

51. Scanlan VF, Byrnes EM, Bridges RS. Reproductive experience and activation of maternal memory.
Behav Neurosci 2006;120:676–686. [PubMed: 16768619]

52. Shingo T, Gregg C, Enwere E, Fujikawa H, Hassam R, Geary C, Cross JC, Weiss S. Pregnancy-
stimulated neurogenesis in the adult female forebrain mediated by prolactin. Science 2003;299:117–
120. [PubMed: 12511652]

53. Shors TJ. Memory traces of trace memories: neurogenesis, synaptogenesis and awarness. Trend
Neurosci 2004;27:250–265. [PubMed: 15111006]

54. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E. Neurogenesis in the adult is involved
in the formation of trace memories. Nature 2001;410:372–376. [PubMed: 11268214]

55. Stranahan AM, Khalil D, Gould E. Social isolation delays the positive effects of running on adult
neurogenesis. Nat Neurosci 2006;9:526–533. [PubMed: 16531997]

56. Tanapat P, Hastings NB, Rydel TA, Galea LA, Gould E. Exposure to fox odor inhibits cell
proliferation in the hippocampus of adult rats via an adrenal hormone-dependent mechanism. J Comp
Neurol 2001;437:496–504. [PubMed: 11503148]

57. van Praag H, Kempermann G, Gage FH. Running increases cell proliferation and neurogenesis in the
adult mouse dentate gyrus. Nat Neurosci 1999;2:266–270. [PubMed: 10195220]

58. van Praag H, Schinder AF, Christie BR, Toni N, Palmer TD, Gage FH. Functional neurogenesis in
the adult hippocampus. Nature 2002;415:1030–1034. [PubMed: 11875571]

59. van Praag H, Shubert T, Zhao C, Gage FH. Exercise enhances learning and hippocampal neurogenesis
in aged mice. J Neurosci 2005;25:8680–8685. [PubMed: 16177036]

60. Wynne-Edwards KE. Hormonal changes in mammalian fathers. Horm Behav 2001;40:139–145.
[PubMed: 11534974]

ACKNOLEDGEMENTS
This research was supported by NIH PO1 HD38490, IRUL #322 to C.S.C., and by Faculty Research and Development
Grant, and Summer Undergraduate Research with Faculty Award from the College of Charleston, to M.G.R.

Ruscio et al. Page 11

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Schedule of behavioral testing and BrdU injections.
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Figure 2.
BrdU-ir in the DG. The parental group had a significantly greater number of BrdU-
immunoreactive cells in the DG than the no pup group, significantly fewer than the non-parental
group, and showed no difference with the tootsie roll group. Bars represent means + SE.
Different letters designate groups that are statistically different at p < 0.05. (Tootsie roll group
is not significantly different from parental or non-parental groups.) N’s are within each bar.
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Figure 3.
BrdU-ir in the DG. Panels on the left hand side are taken at low magnification; scale bars =
100 microns. Panels on the right are taken at high magnification; scale bars = 25 microns.
Photomicrographs were taken using differential interference contrast.

Ruscio et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
BrdU-ir in the MeA (left) and CorA (right). Bars represent means + SE. N= 8– 12 per group.
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Figure 5.
BrdU-TuJ1 Double Label Immunofluorescence in the DG. BrdU-ir cells, single label (top).
TuJ1-ir cells, single label (middle). Merged image showing BrdU/TuJ1 double labeled cells
(in yellow) in a parental prairie vole (bottom). Scale bar = 25 microns.
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Table 1
Percentage (±SEM) of BrdU-ir Cells Double Labeled with a Neuronal (TuJ1) Marker in the DG, MeA and CorA. N’s
for each group are in parenthesis.

No Pup (11) Tootsie Roll (8) Parental (10) Non-parental (7)

DG 66.7 ± 7.2 68.9 ± 5.2 55.1 ± 5.9 50.5± 4.3

MeA 57.7 +12.9 46.4+10.7 55.7+6.4 62.9+15.7

CorA 59.7+11.7 56.7+11.2 46.87+11.9 55.5+15.2
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