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Previous comparative studies have suggested that the
distribution of arginine vasopressin (AVP) pathways
within the brain is associated with species-typical pat-
terns of social behavior. In the current study, male pa-
rental behavior and aggression were compared in two
species of Peromyscus. As predicted based on other
studies, male mice from a monogamous species, the
California mouse Peromyscus californicus, spent more
time providing parental care to offspring than males
from a polygamous species, the white-footed mouse
Peromyscus leucopus. Sexually naive male California
mice also attacked opponents more rapidly than white-
footed mice during resident-intruder and neutral ag-
gression tests. Since AVP has been shown to modulate
these behaviors, we compared the distribution of vaso-
pressinergic neurons and receptors. We predicted that
greater AVP-immunoreactive (AVP-ir) staining in the bed
nucleus of the stria terminalis and AVP receptor density
in the lateral septum would occur in the species with low
levels of paternal care because this pattern was found in
similar comparisons with sexually naive monogamous
and polygamous voles. In contrast, in our study, monog-
amous male mice showed more AVP-ir staining in the
bed nucleus of the stria terminalis than the polygamous
species, as well as more AVP receptors in the lateral
septum. Parental behavior therefore does not appear to
predict differences in patterns of AVP-ir staining and
receptor distribution across species or vice versa. We
propose the hypothesis that aggression may be better
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correlated with species patterns of AVP-ir staining den-
sity and receptor distribution. © 1999 Academic Press
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Members of the genus Peromyscus provide a valu-
able model for neurobiological studies of male paren-
tal care and aggression. Because different Peromyscus
species show large differences in male parental care
and male-male aggression, comparative studies can
be used to examine associations between neuroana-
tomical markers and social behavior. For example,
several recent studies have associated the neuropep-
tide arginine vasopressin (AVP)* with species-typical
patterns of social behavior (i.e., Bamshad, Novak, and
De Vries, 1993; Ferris, Delville, Grzonka, Luber-
Narod, and Insel, 1993). Within the pathway originat-
ing in the bed nucleus of the stria terminalis (BNST)
and medial amygdala (MA) and projecting to the lat-
eral septum (LS), AVP has been associated primarily
with male parental or aggressive behavior, depending
on the species which is examined.

Evidence for the involvement of this pathway in
parental behavior has been provided by a series of

? Abbreviations used: AVP, arginine vasopressin; AVP-ir, AVP-
immunoreactive; BNST, bed nucleus of the stria terminalis; LH,
lateral habenular nucleus; LS, lateral septum; MA, medial amyg-
dala; PVT, paraventricular nucleus of the thalamus; PVN, paraven-
tricular nucleus of the hypothalamus; SON, supraoptic nucleus.
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comparisons of AVP-immunoreactive (AVP-ir) stain-
ing and AVP receptors in polygamous meadow voles
(Microtus pennsylvanicus) and monogamous prairie
voles (Microtus ochrogaster). Comparisons of sexually
naive males have demonstrated that higher AVP-ir
staining is observed in the BNST and MA of the spe-
cies that shows less parental care, the meadow vole
(Wang, 1995). In addition to this difference in presyn-
aptic AVP, sexually naive meadow voles and montane
voles possess more AVP receptors in the LS, the pre-
sumed target of the BNST and MA (Insel, Wang, and
Ferris, 1994; Young, Winslow, Nilsen, and Insel, 1997).
These findings suggest that higher levels of AVP in the
BNST and MA and more AVP receptors in the LS of
sexually naive males are associated with less potential
for parental investment in voles by sexually experi-
enced males. However, this hypothesis has yet to be
tested in other rodent species.

Additional support for the correlation between AVP
release and paternal behavior has been provided
through studies of sexually experienced males. Al-
though the absolute amount of AVP in the LS does not
differ between sexually experienced males of monog-
amous and nonmonogamous vole species (Wang,
Zhou, Hulihan, and Insel, 1996), monogamous males
can show changes in AVP after becoming parental. In
the prairie vole, an increase in paternal behavior after
mating is accompanied by a decline in the amount of
AVP-ir staining in the LS and lateral habenular nu-
cleus (LH), two targets of the BNST and MA (Bamshad
et al., 1993; Bamshad, Novak, and DeVries, 1994). One
interpretation of this observation is that the sudden
decrease in AVP-ir staining in the BNST, MA, LS, and
LH results from higher rates of AVP release and that
this increase in neurotransmitter release may lead to
more frequent paternal behavior. The existence of a
positive relationship between AVP levels and paternal
behavior has been supported by the results of AVP
injections into the LS. While male prairie voles tend to
spend more time in physical contact with pups after
receiving injections of AVP into the LS, injections of an
AVP antagonist into the LS produce the opposite ef-
fect: a decrease in paternal responsiveness (Wang, Fer-
ris, and De Vries, 1994, but see Lonstein and De Vries,
1998). Together, these observations suggest that pater-
nal behavior is associated with higher levels of AVP
release from the BNST and MA, resulting in lower
levels of AVP-ir staining in paternal animals.

Experimental evidence also suggests a relationship
between central AVP and aggression. For example,
after mating, male prairie voles not only become more
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parental, but also become more likely to attack intrud-
ers to guard their mates (Winslow, Hastings, Carter,
Harbaugh, and Insel, 1993). Intracerebroventricular
injections of an AVP antagonist block this mating-
induced increase in mate-guarding aggression. The
association between AVP and aggression has been
extended to other species as well. For example, AVP-ir
staining is lowest in the LS and BNST of house mice
that attack their opponents most rapidly during a
resident-intruder test (Compaan, Koolhaas, Bujis,
Pool, de Ruiter, and van Oortmerssen, 1992; Com-
paan, Bujis, Pool, de Ruiter, and Koolhaas, 1993). A
similar effect has been observed in wild-type rats, with
less aggressive rats differing from more aggressive
rats in the amount of AVP-ir staining in the LS (Everts,
de Ruiter, and Koolhaas, 1997).

Although these correlational studies do not test the
direct relationship between AVP and aggression, ex-
perimental manipulations of AVP tend to alter resi-
dent-intruder aggression. Altering AVP levels with
injections of AVP produces an increase in dominance
in golden hamsters. In golden hamsters, the frequency
of flank marking, a territorial behavior, increases after
males receive AVP injections, while blocking AVP
receptors reduces flank marking (Ferris and Potegal,
1988; Ferris, Meenan, Axelson, and Albers, 1986; Ferris
et al., 1993; Delville, Mansour, and Ferris, 1996). To-
gether, these results suggest that AVP may play a key
role in determining a male’s aggressiveness and dom-
inance.

No studies to date have attempted to determine
whether species differences in parental behavior or in
aggression are more closely associated with AVP
pathways. It is possible that neither set of behaviors is
correlated with AVP brain patterns across species. By
examining associations between AVP and social be-
havior, it will be possible to determine whether AVP
may serve a similar function in species that show large
differences in their types of social behavior. This study
was designed to examine the relationship between
AVP-ir staining and receptors in the pathway origi-
nating in the MA and BNST and aggressive and pa-
rental behavior in two species with profiles of parental
behavior similar to those of the prairie and meadow
vole. First, we quantified differences in AVP-ir stain-
ing and AVP receptors in sexually naive and socially
inexperienced males from two closely related species
of mice, the monogamous California mouse (Peromy-
scus californicus) and the polygamous white-footed
mouse (Peromyscus leucopus). Second, we measured
the amount of parental and aggressive behavior
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shown by males from each species. Our goal was to
examine how AVP-ir staining and AVP receptor dis-
tribution is associated with the potential for an indi-
vidual to show aggressive and parental behavior by
measuring AVP-ir staining and AVP V., receptor dis-
tribution in sexually naive males without prior expe-
rience in staged aggressive encounters.

METHODS

Subjects

We used 42 male white-footed mice and 61 male
California mice reared in a laboratory colony at the
University of Wisconsin, Madison, in four studies. The
animals were kept under a 13L:11D light cycle with
lights on at 05:00, and received free access to Purina
5015 mouse chow and water. The first study, which
compared parental behavior of the two species, in-
volved 8 mated, male white-footed mice and 13
mated, male California mice. These animals were
housed in male-female pairs with their offspring in
standard cages until the beginning of the experiment.
The second study, which compared aggression of sex-
ually naive males of the two species in resident—in-
truder and neutral paradigms, used 22 male white-
footed mice and 36 male California mice, which were
housed in same-sex groups of 1-4 animals. The third
study, which compared AVP-ir staining in sexually
naive males, used 6 males from each species that
ranged in age from 7 to 11 months and were housed in
same-sex groups of 2 or 3 mice in standard cages. The
fourth study, which compared species differences in
the distribution of AVP receptors, also used 6 sexually
naive males from each species. Animals were main-
tained in accordance with the recommendations of the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Male Parental Behavior

Within 36 h after the birth of a new litter of pups,
animals were placed in clear Plexiglas observation
chambers that were divided into three chambers by
Plexiglas partitions. Two small chambers (22 X 30 X
14.5 cm each) were separated by a removable, clear
Plexiglas partition, while a third, larger chamber (30 X
30 X 29 cm) could be entered from either small cham-
ber and contained a running wheel, food, and a water
bottle. Data collection began on the third day that a
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pair was placed in the observation chamber and con-
tinued every other day until pups were weaned on the
morning of day 25. All observations were conducted
between 18:30 and 20:30. During each 20-min obser-
vation period, the duration of time spent huddling
with infants, retrieving infants, licking infants, build-
ing a nest, and outside of the nest was recorded for the
male parent.

Aggressive Behavior

Each mouse was tested three times in this experi-
ment: as a resident, as an intruder, and in a neutral
test. Half of the animals were residents first and in-
truders 1-2 weeks later, while the other half served as
intruders first and residents 1-2 weeks later. Neutral
tests were conducted 6 weeks after the completion of
the resident-intruder tests. All tests were staged in the
Plexiglas observation cages described above.

Each resident was removed from his home cage
48-60 h prior to the experiment and placed in a Plexi-
glas observation cage. At the beginning of each resi-
dent-intruder test, an intruder was placed into the
smaller chamber of the observation cage. During the
neutral aggression test, both animals were placed si-
multaneously in separate compartments of the obser-
vation cage. All tests were terminated as soon as an
attack occurred to prevent injury to the animals. If no
attack occurred, mice were separated after 10 min. All
trials were videotaped for later measurement of attack
latency.

Immunocytochemistry

Six individuals from each species were sacrificed by
decapitation. Brains were placed in 5% acrolein for 3 h
(twice) and stored overnight in a 30% sucrose buffer
solution. Brains were sectioned into 50-um coronal
sections with a vibratome at a cutting angle of 17°.

The free-floating sections were placed in 0.5%
NaBH, for 10 min, a 20% goat serum solution in 0.05
M Tris—NaCl with 0.3% Triton (Tris 20%) (pH = 7.6)
for 15 min, and then stored in 1:5000 solution of rabbit
anti-vasopressin (ICN Immunobiologicals) in 2% goat
serum on a refrigerated shaker. After 40 to 45 h, the
sections were transferred into the following solutions:
(1) Tris 2% goat for 15 min (twice); (2) 3% gluteralde-
hyde for 30 min; (3) 0.3% H,0, in MeOH for 30 min;
(4) Tris 2% goat for 15 min (twice); (5) goat anti-rabbit
IgG 1:150 in Tris 2% for 45 min; (6) Tris 2% goat for 15
min; (7) rabbit PAP 1:300 in Tris 2% for 45 min; (8) Tris
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2% goat for 15 min; (9) goat anti-rabbit IgG 1:150 in
Tris 2% for 45 min; (10) Tris 2% goat for 15 min; (11)
rabbit PAP 1:300 in Tris 2% for 45 min; (12) Tris 2%
goat for 15 min; (13) Tris NaCl for 10 min (twice); (14)
DAB (20 ml Tris NaCl, 0.010 g diaminobenzidinetet-
rahydrochloride, 20 ul H,0,) for 10 min; and (15) Tris
NaCl for 10 min. Sections were stored overnight in
Tris—-NaCl and mounted onto slides, air dried, and
coverslipped the following day. Tissue sections were
processed in four separate batches with individuals
from each species balanced across each batch. Batch
number was used as a covariate in the statistical anal-
ysis.

Specificity of the antibody for AVP was tested by
pretreating antisera with 50 wM oxytocin or 50 uM
vasopressin. Although AVP-ir staining was elimi-
nated after pretreatment with vasopressin, pretreat-
ment with oxytocin did not alter AVP-ir staining.

The density of AVP-ir staining was analyzed in the
BNST, LS, PVN, and SON of the coronal sections using
computerized image analysis software, NIH Image
1.44. Density of cells and fibers was expressed as the
total area covered by AVP-ir cells and fibers within a
sampling area (Bamshad et al., 1993). All density mea-
surements were taken by two independent observers.
For each brain area, the section with the highest
amount of AVP-ir staining was identified. Each ob-
server, who was blind to species and the predicted
outcome, traced all brain areas bilaterally and calcu-
lated the percentage staining for both bilateral mea-
surements. These bilateral measurements were aver-
aged for each brain area of each brain. Since two
observers made independent measurements for each
brain area, the average of the two scores for each brain
area was used in the statistical analysis. The average
interrater reliability was 0.80.

For the BNST, PVN, and SON, additional measure-
ments of cell size, cell density, and cell number were
made on approximately 10 sections that were evenly
distributed throughout each brain area. Cell size was
measured by tracing a maximum of 10 cells per section
on 10 sections per brain and calculating the surface
area of each cell with NIH Image 1.44. Cell density
was measured by comparing the optical density of
each traced cell to a calibrated set of optical density
standards with NIH Image 1.44. On each section that
cell size and density were measured, the number of
cells was counted. For each brain section, the average
cell size and cell density were calculated. These sec-
tion averages were then averaged to determine the
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average cell size, cell density, and cell number for each
brain area for each subject.

Radioligand Receptor Autoradiography

A set of slide-mounted sections was processed for
receptor autoradiography using **I-labeled linear va-
sopressin V., receptor antagonist (HO-Phenylacetyl*-
D-Tyr(Me)?-Phe®-GIn*-Asn®-Arg°®-Pro’-Arg®-NH,,
NEN), as described elsewhere (Young et al., 1997).
Slides were prewashed in Tris—=HCI (pH 7.4) and in-
cubated for 60 min at room temperature in 50 pM **|
antagonist in Tris with MgCl, (10 mM), BSA (0.1%),
and bacitracin (0.05%). Nonspecific binding was de-
termined in adjacent sections by adding 1 uM of the
selective V,, ligand d(CH,)s(Tyr[Me]) AVP to the in-
cubation buffer. After air drying, the slides were ex-
posed to BioMax MR film (Kodak, Rochester, NY) for
48 h. Included in the cassette were I autoradio-
graphic standards (Amersham, Arlington Heights, IL)
for quantification. Specific binding was quantified bi-
laterally on at least two sections per animal on the
films using NIH image software as previously de-
scribed (Young et al., 1997).

Statistical Analysis

In the study of parental behavior, multiple regres-
sion was used to calculate the slope and intercept of
each variable for each animal over the 3 weeks of
observations. The duration of each behavior during
each evening of observation, the slope, and intercept
were compared between the two species using t tests.
The t tests were also used to analyze species differ-
ences in attack latency and in receptor autoradiogra-
phy. Results obtained in the study of AVP-ir staining
were analyzed by calculating an average score for
percentage staining, cell size, cell density, and cell
number for each brain area. Percentage staining, cell
size, cell density, and cell humber were compared
between the two species using a multivariate analysis
of covariance (MANCOVA), with assay number as the
covariate.

RESULTS

Parental Behavior

Overall, parents from the monogamous species, the
California mouse, displayed more parental care than
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their white-footed mouse counterparts (Fig. 1). Male
California mice spent significantly more time hud-
dling on Day 3 through Day 15 than white-footed mice
(all values: t(19) > 2.1, P < 0.05). An overall species
difference in huddling behavior also exists across the
3 weeks of observations. In addition to a significantly
higher value for the intercept on the graph of hud-
dling behavior for the California mouse (t(19) = 6.5,
P < 0.0001), the slope of the two graphs also differs
(t(19) = —5.0, P < 0.0001). While California mice tend
to show less huddling behavior as their pups mature
(slope = —29.8), white-footed mice tend to increase
their contact with their pups (slope = 7.6). A similar
pattern is observed for the amount of time spent out-
side the nest, with California mice spending signifi-
cantly less time outside the nest than white-footed
mice during Day 3 through Day 7 and Day 11 through
Day 15 (all values: t(19) > 2.2, P < 0.05). A statistically
significant difference also exists for the slopes and
intercepts on the graph of time spent out of nest over
the 3 weeks of observations (slope: t(19) = 3.7, P =
0.001; intercept: t(19) = —5.8, P < 0.0001).

A similar pattern of species differences in behavior
also was observed with licking offspring, nest build-
ing, and retrieving offspring (Fig. 1). Again, California
mice tended to spend more time licking their offspring
during the first 2 weeks of observations (Days 3-5 and
Days 9-15: t(19) > 2.3, P < 0.05). Not only did Cali-
fornia mice spend more time licking their pups on Day
3 through Day 5 and Day 9 through Day 15, but the
intercepts of the two graphs also were statistically
different (t(19) = 2.4, P < 0.05). For nest building and
retrievals of pups, we observed few statistically sig-
nificant differences between the species. Although
California mice tended to spend more time nest build-
ing, this difference was not statistically significant (all
values: t(19) > 1.6, P > 0.10). California mice also
tended to spend more time retrieving pups, but this
difference was statistically significant only on Day 21
(t(19) = 2.4, P < 0.05).

Aggression

The aggression tests also show strong species dif-
ferences (Fig. 2). Attack latency differs significantly
between the species: sexually naive male California
mice attack significantly more rapidly than sexually
naive male white-footed mice in a resident-intruder
test (t(56) = 3.1, P < 0.01). Although both species
attacked their opponents much more slowly in the
neutral aggression test, a similar pattern of species
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differences in aggression was observed with male Cal-
ifornia mice attacking their opponents more rapidly
than male white-footed mice (t(52) = 3.1, P < 0.01).
There was no significant effect of test order on perfor-
mance in the resident-intruder test (F(5, 49) = 0.4,P =
0.8) or in the neutral aggression test (F(5, 44) = 0.9, P =
0.5).

AVP-ir Staining

In both P. californicus and P. leucopus, we observed
AVP-ir staining in the BNST, LS, MA, SON, and PVN.
Both coronal and sagittal sections showed fiber tracts
projecting from the ventrocaudal BNST toward the LS
(Fig. 6). Measurements of AVP-ir staining were not
made in the LS because coronal sections revealed only
light AVP-ir staining (staining was less than 1%). In
the area identified as the MA by Slotnick and Leonard
(1975), we also identified AVP-ir cells and fibers that
appear to project toward the BNST. However, no mea-
surements are reported for the MA because the pop-
ulation of cells in the MA was located more medially
than has been reported in voles. Further studies need
to be performed to identify which cell populations
project to the LS.

Species differences were identified in the AVP-ir
pathway that originates in the BNST (Figs. 3, 4, and 5).
In the BNST, AVP-ir fibers and cells cover more of the
measured area in sexually naive male California mice
than in sexually naive male white-footed mice (F(1,
9) = 28.0, P < 0.001). While 56% of the measured area
of the ventrocaudal BNST is stained by AVP-ir cells
and fibers in male California mice, only 33% of the
measured area of the BNST is stained in sexually naive
male white-footed mice. This difference in staining
may result in part from a 14% difference in cell num-
ber (F(1, 9) = 10.2, P = 0.01), although there is also a
nonsignificant trend toward a difference in the density
of staining within cells (F(1, 9) = 3.5, P = 0.09). Despite
this difference in staining in the BNST, no statistically
significant differences were found in the LS (<1%
staining, F(1, 9) = 0.002, P = 0.97) or LH (no staining),
two presumed targets of this AVP pathway.

Outside of the AVP-ir pathway that originates in the
BNST, no statistically significant differences in AVP-ir
staining were observed in sexually naive males (Figs.
3, 4, and 5). Approximately 60% of the measured area
of the PVN (F(1, 9) = 0.001, P = 0.97), 55% of the
measured area of the SON (F(1, 9) = 4.6, P = 0.06), and
6% of the measured area of the PVT (F(1,9) = 0.5,P =
0.5) are stained by AVP-ir fibers and cells in sexually
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FIG. 2. Attack latency in resident—intruder and neutral aggression tests for male white-footed mice P. leucopus and male California mice P.

californicus. Data are presented as means = standard errors. * P < 0.01.

naive male California and white-footed mice (Figs. 3
and 4). Within the PVN and SON, there also are no
statistically significant differences in cell size (PVN:
F(1,9) = 0.4, P = 0.54; SON: F(1, 9) = 2.1, P = 0.18),
number (PVN: F(1, 9) = 0.8, P = 0.39; SON: F(1, 9) =
0.1, P = 0.75), or density of staining within cells (PVN:
F(1,9) = 0.2, P = 0.69; SON: F(1, 9) = 0.03, P = 0.87).

AVP Receptor Autoradiography

Sexually naive male California mice have greater
numbers of AVP V., receptors in the LS, interior layer of
the cortex, and medial portion of the diagonal band than
white-footed mice (areas identified by using Swanson,
1992). These differences were all statistically significant
(septum: t(10) = 2.5, P < 0.05; cortex: t(10) = 3.6, P <
0.01; diagonal band: t(10) = 2.5, P < 0.05; Figs. 7 and 8).

DISCUSSION

It has been proposed that significant differences in
social behavior may be associated with slight differ-

ences in the distribution of AVP-ir staining (i.e., Bam-
shad et al., 1993) or AVP receptors (i.e., Young et al.,
1997). We were able to begin testing this association
between AVP and social behavior in Peromyscus by
comparing two species’ differences in social behavior
with differences in AVP-ir staining and receptor dis-
tribution. We examined how AVP receptor distribu-
tion and AVP-ir staining are associated with the po-
tential for an individual to show aggressive and
parental behavior by measuring AVP V., receptor dis-
tribution and AVP-ir staining in sexually naive males
without prior experience in staged aggressive encoun-
ters.

Parental Behavior

While male California mice show high levels of
parental care toward their own offspring, male white-
footed mice spend most of their time outside of the
nest and spend little time huddling with, retrieving, or
licking their pups. The two species also show different
temporal patterns of parental care. While California
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FIG. 3. Representative photomicrographs of AVP-ir staining in the bed nucleus of the stria terminalis (A and B), paraventricular nucleus (C
and D), and supraoptic nucleus (E and F), comparing sexually naive, male white-footed mice P. leucopus (A, C, and E) and sexually naive male

California mice P. californicus (B, D, and F). Bar represents 100 um.

mice tend to spend less time in contact with pups as
their offspring approach weaning age, white-footed
mice show the opposite pattern. These data agree with
field studies and studies of male parental care in large
cages that suggest that male white-footed mice show
little association with young until the pups reach
weaning age (Schug, Vessey, and Underwood, 1992).

More importantly, this study is similar to previous
comparisons of AVP and parental behavior in prairie
and meadow voles because it shows large differences

in parental care between the monogamous and the
polygamous species (McGuire, 1988). This study con-
firms that the polygamous white-footed mouse (Xia
and Millar, 1991) resembles the polygamous meadow
vole M. pennsylvanicus in that males show little paren-
tal care (Schug et al., 1992; Wolff and Cicirello, 1990).
In contrast, the monogamous California mouse
(Ribble and Salvioni, 1990) shows high levels of bipa-
rental care similar to those of the monogamous prairie
vole M. ochrogaster (McGuire, 1988; Gubernick and
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Alberts, 1987). These parallels in behavior are impor-
tant because if parental care is an accurate predictor of
AVP-ir staining and receptor patterns, parental male
mice are predicted to have V,, receptor distribution
and low levels of AVP-ir staining similar to those of
parental male voles.

V.. Receptor Distribution

The two Peromyscus species differed in AVP-ir
staining in the BNST, while they did not differ in
brain areas that are not associated with this sexually
dimorphic pathway. This result agrees with previ-
ous studies of voles, which found species differ-
ences in AVP-ir staining only in the pathway orig-
inating in the BNST and MA (Bamshad et al., 1993,
1994; Wang, 1995; Wang et al., 1996). In contrast to
the voles, dramatic species differences in AVP re-
ceptor distribution occurred across a variety of
brain areas not directly associated with this path-
way, including the diagonal band and cortex. Since
no studies have examined the behavioral conse-
quences of AVP injections directly into the diagonal
band or cortex, the function of species differences in
AVP receptors in these areas remains unclear. How-
ever, it is possible that these areas are associated
with other species-typical patterns of behavior or
social memory (e.g., Young et al., 1997).
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FIG. 4. Percentage staining as a measure of AVP-immunoreactive staining in the bed nucleus of the stria terminalis (BNST), paraventricular
nucleus of the hypothalamus (PVN), supraoptic nucleus (SON), and paraventricular nucleus of the thalamus (PVT) in male white-footed mice
P. leucopus and male California mice P. californicus. Data are presented as means * standard errors. * P < 0.05.

Within the AVP pathway that has been associated
with parental care and aggression, dramatic variation
was observed in the distribution of AVP receptors and
AVP-ir staining in white-footed mice and California
mice. As in Microtus, AVP V., receptors are found in
the LS, the target of the AVP pathway originating in
the BNST. The two species of Peromyscus also show
dramatic differences in receptor distribution that are
opposite in direction to the differences in monoga-
mous and polygamous voles. In contrast to previous
studies in voles (Insel et al., 1994; Young et al., 1997),
we observed a higher density of AVP V., receptors in
the LS of the monogamous species, P. californicus, than
in the polygamous species, P. leucopus. A previous
comparison of AVP receptors in two species of Pero-
myscus also demonstrated that AVP receptors were
more abundant in the LS of the monogamous species,
P. californicus, in comparison to the polygamous deer
mouse P. maniculatus (Insel, Gelhard, and Shapiro,
1991).

AVP-ir Staining

In addition to this difference in AVP receptor
distribution between the California mouse and the
white-footed mouse, the two species also differed in
the amount of presynaptic AVP in the BNST in the
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FIG. 5. Average cell size, optical density, and number of neurons
per section of the bed nucleus of the stria terminalis (BNST), para-
ventricular nucleus (PVN), and supraoptic nucleus (SON) in male
white-footed mice P. leucopus and male California mice P. californi-
cus. Data are presented as means =+ standard errors. * P < 0.01.

same direction as did their receptors. Thus, in con-
trast to previous studies associating AVP and pa-
rental behavior in voles, more abundant AVP-ir
staining was observed in the BNST of the monoga-
mous species, the California mouse. These compar-
isons among monogamous and polygamous mice
and voles suggest that patterns of both AVP recep-
tor distribution and AVP-ir staining in this pathway
may not be predicted by differences in mating sys-
tems or parental behavior (or vice versa). Although
mating systems or parental behavior may be asso-
ciated with differences in AVP receptor distribution
between closely related species, neither monogamy
nor a high level of parental care is universally asso-
ciated with low AVP receptor density in the LS or
low AVP-ir staining in the BNST in sexually naive
males.

Bester-Meredith, Young, and Marler

Species and Methodological Differences between
Studies of AVP-ir Staining

As a caveat, differences in AVP-ir staining between
voles and Peromyscus mice might also be influenced by
general species differences between Peromyscus and
Microtus and methodological differences between
studies of AVP-ir staining. For example, in contrast to
the abundant AVP-ir staining measured in the LS in
Microtus (Bamshad et al., 1993, 1994), very little AVP-ir
staining in the LS (<1%) is observed in Peromyscus. In
both species, the AVP-ir cells measured in the BNST
appear to project toward the LS where V,, receptors
are located (Fig. 6). A direct connection between the
BNST and the LS has been identified in rats using
lesioning and track-tracing techniques (De Vries and
Bujis, 1983), and the existence of a similar connection
has been inferred for both domestic mice and Microtus.
As a corollary, at least some of these fibers projecting
from the BNST in Peromyscus probably reach the LS,
although it is possible that these fibers are not homol-
ogous to the AVP-containing fibers in rats and Micro-
tus. Similarly, it is possible that these BNST neurons in
Peromyscus are homologous to neurosecretory magno-
cellular cells of other species because the cell sizes in
the BNST population that we measured were larger
than those found in domestic mice (Castel and Morris,
1988). However, since BNST neurons appear to be
similar in size to those found in male Microtus ochro-
gaster (Wang, 1995), these cells could be homologous
to those identified in male M. ochrogaster and therefore
show direct connections to the LS.

One methodological difference from previous
studies is that Wang (1995) measured cells in the
most rostral portion of the BNST that are not visible
without pretreatment with colchicine. These cells
also tend to be located in a more lateral portion of
the BNST than the cells that we measured. In our
study, we avoided colchicine pretreatment in order
to examine basal levels of AVP in the BNST and to
avoid confounding stress effects (Ceccatelli, Villar,
Goldstein, and Hokfelt, 1989; Romero, Levine, and
Sapolsky, 1995). In addition, AVP-ir cell popula-
tions were clearly visible in the BNST with fibers
apparently projecting in the direction of the LS,
where the receptors are located, without the use of
colchicine (Fig. 6). When colchicine treatment is
used, it does not reveal any new populations of
smaller cells in the area of the BNST in either P.
californicus or P. leucopus (Bester-Meredith and Mar-
ler, unpublished data). The lack of an effect of col-
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FIG. 6. Serial photomicrographs of coronal sections from a P. californicus brain showing fibers projecting upward toward the LS from the
BNST. (fx = fornix; sm = stria medularis; ic = internal capsule). Bar represents 100 pm.

chicine on neuronal visibility in the BNST may be
related to species differences between Peromyscus
and Microtus because the effects of colchicine appear
to be quite variable across species. For example, in
domestic mice, colchicine had no predictable effects
on the visibility of neurons in the BNST or MA

(Castel and Morris, 1988). Despite the difference in
colchicine treatment, studies in both Peromyscus and
Microtus showed variation in AVP-ir staining be-
tween monogamous and polygamous species. In
both Peromyscus and Microtus, these differences
were observed in the BNST in populations of cells
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FIG. 7. Representative photomicrographs of AVP receptors in the lateral septum (LS), cortex, and diagonal band (DB) of (A) male
white-footed mice P. leucopus and (B) male California mice P. californicus. Bar represents 500 wm.

that appear to project toward the LS. Therefore, we
believe that regardless of the difference in the use of
colchicine, these comparisons suggest that high
AVP-ir staining in the BNST is not associated with
monogamy or with high levels of parental care
across distantly related species.

Aggression as a Possible Predictor of Patterns of
AVP-ir Staining

Again, these comparisons among monogamous and
polygamous mice and voles suggest that differences in
mating systems or parental behavior may not be as-
sociated with predictable patterns of AVP-ir staining
or AVP receptor distribution in this pathway. While
closely related species may show correlations between
parental behavior and AVP-ir staining or AVP recep-
tor distribution, these patterns may not hold across
more distantly related species. However, other

25000 W p. leucopus
= 20000 & P, californicus
=
o0 |
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>
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FIG. 8. The density of AVP receptors in the lateral septum, cortex,
and diagonal band of male white-footed mice P. leucopus and male
California mice P. californicus. Data are presented as means = stan-
dard errors. * P < 0.05.

changes in the AVP pathway, including differences in
AVP receptor binding affinity or rates of AVP produc-
tion, release, or breakdown in the synaptic cleft, could
also account for variation in parental behavior be-
tween species. In addition, it is likely that interactions
among a variety of neurotransmitter systems are in-
volved in the expression of complex social behaviors
like parental behavior.

While it is possible that behaviors cannot be used to
predict patterns of AVP-ir staining and receptor dis-
tribution, one plausible hypothesis that should be
tested is whether patterns of aggression can explain
the contradictions between this study and the findings
of higher AVP-ir staining in the BNST of the polyga-
mous meadow vole (Wang, 1995) and of more abun-
dant AVP receptors in the LS of the polygamous mon-
tane vole (Insel et al., 1994; Wang, Young, Liu, and
Insel, 1997; Young et al., 1997). While the mating sys-
tem and parental behavior of voles parallel those of
the Peromyscus used in this study, their patterns of
aggression may differ. In this study, the monogamous
California mouse shows a more rapid onset of aggres-
sion than the polygamous white-footed mouse. Sexu-
ally naive California mouse resident males attack in-
truders in less than half the time of sexually naive
white-footed mouse resident males. A similar pattern
was observed in a neutral aggression test. Although
few studies of aggression in Microtus have been per-
formed in the laboratory, a field study showed that the
monogamous prairie vole is less aggressive than the
polygamous male meadow vole across a variety of
seasons and habitats using standard techniques for
testing aggression (Hofmann, Getz, and Klatt, 1982).
This conclusion is also supported by less detailed
studies (Getz, 1962; Dewsbury, 1983; but see Colvin,
1973). These differences in aggression might explain
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why patterns of parental behavior do not accurately
predict differences in AVP-ir staining and receptors.
To begin testing this hypothesis more carefully, ag-
gression in Microtus needs to be measured under more
controlled laboratory conditions.

The results of this study and the vole studies de-
scribed above suggest that high aggressiveness may
be associated with high AVP levels in projections from
the BNST and abundant AVP receptors in the target of
this pathway, the LS. Higher levels of AVP-ir staining
may indicate that more AVP can be released from the
BNST and MA and bind to receptors in the LS during
an aggressive encounter. Although this idea is sup-
ported by our study, the vole studies, and studies that
have examined the effects of AVP injections on aggres-
sion as discussed earlier, there are studies on other
species that appear to contradict this scenario. For
example, house mice that rapidly attack their oppo-
nents tend to have less AVP in the BNST (Compaan et
al., 1993). These mice, however, were sacrificed after
being housed with females and participating in staged
aggressive encounters with unfamiliar males. In the
current study, males were housed in same-sex groups
and had not participated in staged aggressive encoun-
ters with unfamiliar conspecific males. It is therefore
possible that social experience may alter presynaptic
levels of AVP, as in Bamshad et al. (1993, 1994). Future
comparisons of AVP-ir staining and AVP receptor
distribution in experienced and inexperienced P. cali-
fornicus and P. leucopus will add to our knowledge of
how social and sexual experience alter AVP pathways.

When comparisons of AVP-ir staining are made in
the LS, results are also variable. We found very low
levels of AVP-ir staining in the LS (<1%) in Peromys-
cus in contrast to previous reports in voles (Bamshad
et al., 1993, 1994). The low levels of AVP-ir staining
found in the LS are similar to findings in hamsters
(Delville, Koh, and Ferris, 1994). Also in contrast to
our findings in Peromyscus, more aggressive male rats
have less AVP-ir staining in the LS than less aggres-
sive rats, but here again they were housed with fe-
males and exposed to aggressive encounters 3 weeks
earlier (Everts et al., 1997). The variation among these
within-species studies and the between-species stud-
ies may therefore be influenced by differences in social
experience. Additional controlled studies of AVP and
aggression across more species will be needed to ver-
ify if an association among AVP-ir staining, AVP re-
ceptor distribution, and aggression exists.

Our results clearly demonstrate that relative species
differences in AVP-ir staining and receptor distribu-
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tion cannot be predicted by parental care and that it is
plausible that species differences in aggression can be
used to predict variations in AVP-ir staining and re-
ceptor distribution more accurately. However, even if
aggression is more closely associated with AVP-ir
staining than parental behavior, this would not dem-
onstrate that AVP is controlling one behavior and not
the other. While several neurotransmitter systems
have been associated with either aggression or paren-
tal care, in prairie voles, the results of AVP manipu-
lations suggest that AVP is influencing both mate
guarding aggression and parental behavior. These be-
haviors are temporally associated with pair bonding
and natural selection may favor the linking of these
two very disparate behaviors, perhaps in this case
through vasopressin. How this control of dual behav-
iors is accomplished and how this ties in with the
AVP-ir staining patterns still remains to be investi-
gated in both voles and Peromyscus, but again the
answer may still lie in plasticity in a variety of factors,
such as rates of AVP production, AVP receptor distri-
bution or sensitivity, or rates of AVP release. Recent
reports have suggested that both AVP receptor distri-
bution (Wang et al., 1997) and absolute levels of AVP
(Delville, Melloni, and Ferris, 1998) may be important
in regulating social behavior in different species. By
increasing our understanding of this neural pathway,
we will gain a better awareness of the neural mecha-
nisms that influence important social behaviors like
aggression and male paternal care.
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