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ABSTRACT
Lactating female rodents are fiercely aggressive against intruders when they are rearing

and protecting pups. In monogamous prairie voles, Microtus ochrogaster, males are parental
and exhibit a dramatic increase in aggression, termed mating-induced aggression, in asso-
ciation with reproduction. In mice, the gas, nitric oxide (NO), inhibits male aggression, but
may have an excitatory role in the production of maternal aggression. In this study, we
combined aggressive behavioral testing of female and male prairie voles with immunohisto-
chemistry for citrulline, a marker of NO synthesis, to examine NO synthesis indirectly during
maternal and mating-induced aggression. A significant increase in the number of citrulline-
positive cells was identified in the paraventricular nucleus (PVN) of the hypothalamus in
aggressive lactating females compared with unstimulated lactating females. A significant
increase in the number of citrulline-positive cells was also observed in the PVN of aggressive
mated males compared with nonaggressive unmated males and unstimulated mated males.
Both nonaggressive unmated males and unstimulated mated males show similar levels of
citrulline immunoreactivity in the PVN. In other regions of the brain, no changes in the
number of citrulline-positive cells were observed. These results suggest that NO is released
specifically in the PVN during both maternal and mating-induced aggression in prairie voles.
J. Comp. Neurol. 418:182–192, 2000. © 2000 Wiley-Liss, Inc.
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Female rodents express fierce aggression toward intrud-
ers when they are lactating and rearing pups (Siegel et al.,
1983; Wolff, 1985; Svare, 1990). This temporal expression
of aggression, termed maternal aggression, is conserved
among mammals and likely increases the fitness of the
offspring (Wolff, 1985). Prairie voles, Microtus ochro-
gaster, are unusual rodents because they are monogamous
and both parents contribute to the rearing of pups (Carter
and Getz, 1993; Carter et al., 1995). Compared with other
male rodent species, male prairie voles are relatively non-
aggressive, but they exhibit a dramatic increase in aggres-
sion toward intruders after mating, termed mating-
induced aggression (Winslow et al., 1993; Insel et al.,
1995; Wang et al., 1997), which likely helps to protect the
pups. Aggression in most male rodents depends on testos-
terone, but recent work in prairie voles indicates that
some forms of male aggression are independent of testos-
terone (Demas et al., 1999). Female prairie voles increase
aggression after mating and display a strong maternal

aggression toward intruders (Getz et al., 1981; Villalba et
al., 1997). In terms of their responsiveness to some phar-
macological agents, maternal and mating-induced aggres-
sion can be dissociated because the serotonin-specific re-
uptake inhibitor, fluoxetine, impairs mating-induced
aggression but has no effect on maternal aggression (Vil-
lalba et al., 1997). Nonetheless, because maternal and
mating-induced aggression are both expressed in associa-
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tion with mating and reproduction, it is possible that they
share some common neural elements.

The mechanisms controlling maternal aggression are
complex and are best understood in rats. Steroid hor-
mones, such as estradiol and progesterone, released dur-
ing pregnancy, enable female rats to express maternal
behaviors (Stern and McDonald, 1989; Bridges, 1996),
including maternal aggression (Mann et al., 1984), and
the sensory input produced by the suckling of pups con-
tributes to the activation and maintenance of maternal
aggression (Stern and Kolunie, 1993). This latter action
may result from suckling-induced increases in central se-
rotonin production and release (Kordon et al., 1973). Se-
rotonin agonists, though, can have either excitatory or
inhibitory actions on maternal aggression in rats, depend-
ing on the site of injection (De Almeida and Lucion, 1997).
The neuropeptide, oxytocin, may act centrally to facilitate
(Ferris et al., 1992) or inhibit (Giovenardi et al., 1998)
maternal aggression in rats. Although the gas, nitric oxide
(NO), which can act as a neuromodulator within the cen-
tral nervous system (CNS) (Bredt and Snyder, 1992), ap-
pears to have an inhibitory role in the control of male
aggression in mice (Nelson et al., 1995; Demas et al.,
1997), we recently conducted work with transgenic mice
that indicates that NO may play an excitatory role in the
production of maternal aggression (Gammie and Nelson,
1999). As part of this research, we combined behavioral
testing of wild-type mice with immunohistochemistry for
citrulline, an indirect marker of NO synthesis, and found
a dramatic increase in citrulline immunoreactivity
(citrulline-IR) in cells in the hypothalamus only in associ-
ation with maternal aggression (Gammie and Nelson,
1999). This result suggested that NO was produced in
association with maternal aggression.

Whether or how NO plays a role in the control of ma-
ternal aggression of mice is currently being investigated,
but in the present study we sought to examine, indirectly,
the pattern of NO release in the prairie vole brain in
association with both maternal and mating-induced ag-
gression by combining behavioral testing with citrulline
immunohistochemistry. A role for NO in any prairie vole
behavior has not previously been examined. Because ma-
ternal aggression is highly conserved, we hypothesized
that citrulline (and NO) might also be synthesized in
prairie voles as in mice during the production of maternal
aggression. We further hypothesized that if NO plays a
similar role in maternal and mating-induced aggression in
the prairie vole, then the site of increased synthesis of
citrulline (and NO) during the production of both types of
behavior would be similar.

MATERIALS AND METHODS

Animals

Adult male and female prairie voles (Microtus ochro-
gaster)(.50 days old) were used. All animals were sexu-
ally inexperienced and reared with littermates before
matings. Animals were housed in polycarbonate cages
with ad libitum access to food and tap water throughout
the study. All animals were born and maintained in long
day lengths (with a 24-hour light-dark schedule of 16:8).
The Johns Hopkins animal care and use committee ap-
proved all experiments and all research conformed to Na-
tional Institutes of Health guidelines.

Maternal aggression behavioral testing

Ten female voles were paired with males. After impreg-
nation the females were housed individually. The date of
birth was considered postpartum day 0. On day 8, five
females were exposed to an intruder male for 10 minutes
between 1200 and 1600 hours. The pups were removed
from the cage 3 minutes before the behavioral test, and
each test session with a male was recorded on videotape
and subsequently analyzed off-line to quantify aggressive
behaviors by the female. In mice and hamsters, removal of
the pups from a mother just before an aggressive test does
not diminish the expression of maternal aggression (Svare
et al., 1981; Siegel et al., 1983). The intruder males were
sexually naive, group-housed voles. For the control fe-
males, the pups were also removed, but no male intruder
was introduced during the 10-minute period.

Mating-induced aggression
behavioral testing

Five males were paired with females. After 2 weeks of
cohabitation, the female was removed from the cage, and
the mated male was exposed to an intruder male for 10
minutes between 1200 and 1600 hours. Each test session
was recorded on videotape and subsequently analyzed
off-line to quantify aggressive behaviors by the mated
male toward the intruder by individuals who were unin-
formed about experimental treatments or conditions. Five
age-matched unmated males were also exposed to an in-
truder male, and the aggressive behaviors toward the
intruders were also analyzed.

Immunocytochemistry

Immediately after the behavioral tests described above,
each test animal was briefly anesthetized for 1 minute
with methoxyflurane vapor (Mallinckrodt Veterinary,
Inc., Mundelein, IL) and further anesthetized with an
overdose of sodium pentobarbital. Animals were perfused
through the heart with an oxygenated Krebs-Heinzleit
buffer (118 mM NaCl, 4.7 mM KCl, 2 mM CaCl2, 1.2 mM
MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 11 mM glu-
cose; pH, 7.4) followed by a 5% glutaraldehyde/0.5% form-
aldehyde solution containing 0.2% Na2S2O5 in 0.1 M PBS
(pH, 7.4) (Eliasson et al., 1997). Five lactating females and
six males that had been mated for 2 weeks were also
perfused as described, but no behavioral test was con-
ducted before fixation. All perfusions were performed be-
tween 1200 and 1600 hours. After the perfusions were
performed, the brains were removed, postfixed overnight
at 4°C and placed in a 20% glycerol cryoprotectant for 2
days. The brains were frozen on dry ice immediately be-
fore sectioning at 40 mm on a cryostat. The brain sections
were collected in phosphate-buffered saline (PBS) and re-
duced for 30 minutes with 0.5% NaBH4 and 0.2% Na2S2O5
in 10 mM PBS with 0.19 mM NaCl (pH, 7.4). Subse-
quently, the sections were washed in PBS in the presence
of 0.2% Triton X-100 (PBS-X), blocked in 5% normal goat
serum for 1 hour, and incubated for 2 days at 4°C with
either rabbit anti-citrulline antibodies (1:10,000) that had
been preabsorbed against arginine (Pasqualotto et al.,
1991; Eliasson et al., 1997) or rabbit anti-oxytocin anti-
bodies (1:5,000; Diasorin, Stillwater, MN). After washes in
PBS-X, the sections were incubated overnight at 4°C in
biotinylated goat anti-rabbit secondary antibodies
(1:1,000), washed in PBS-X, exposed to an avidin-biotin
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complex (Vector Laboratories, Burlingame, CA) for 1 hour,
washed again in PBS-X, and visualized by using diamino-
benzidine as a chromagen. The sections were mounted and
dehydrated before coverslips were applied.

Cell counting, statistical analysis, and
preparation of photomicrographs

From each animal, nine consecutive frontal brain sec-
tions taken at 80-mm intervals containing the paraven-
tricular nucleus (PVN) were identified and cells within the
PVN region for each section were counted. The control
region for examining overall citrulline-IR was a square
region with an area of 800 mm2 placed at the most ventral
region of the anterior amygdaloid area at the level of the
brain equivalent to the first appearance of the optic chi-
asm. All cell counting was performed by eye at 3200
magnification under a microscope. The counting of cells
with citrulline-IR was performed by two individuals blind
to the experimental conditions. An average of these two
counts was used for statistical analysis. For statistical
analysis of the number of cells with citrulline-IR in ag-
gressive and unstimulated females, an unpaired Student’s
t-test was used. For analysis of cell numbers in males, a
one-way analysis of variance (ANOVA) was used. Because
the distance between the representative sections was .80
mm, a size greater than the average size of cell bodies in
these regions of the brain, it is not likely than any cells
were counted twice. Images shown were scanned at a
resolution of 720 dpi by using a digital scanning camera
(Leaf Systems, Southborough, MA).

RESULTS

Maternal aggression of lactating
prairie voles

We examined the levels of maternal aggression in lac-
tating prairie voles. For the maternal aggression tests,
lactating females were individually housed with their
pups, and the pups were removed 3 minutes before the
introduction of a sexually naive male intruder in the home
cage. Each aggression test lasted 10 minutes. The female

voles were reliably aggressive toward the intruder and 5 of
5 lactating females attacked the intruder (Fig. 1). During
the 10-minute test period, the average amount of time
spent sniffing the intruder was 64.8 6 28.7 seconds (6SE),
the average number of attacks was 14.8 6 4.9 (6SE), and
the average duration of time spent attacking the intruder
was 38.2 6 15.0 seconds (6SE) (Fig. 1).

Pattern of citrulline-IR in the brain of
aggressive and nonaggressive lactating voles

In these studies, we examined the levels of citrulline-IR
(an indirect marker of NO release) in the brains of lactat-
ing female prairie voles immediately after the behavioral
test for maternal aggression and compared those with
levels in an unstimulated lactating female control. As seen
in Figure 2, when a lactating female prairie vole was
exposed to an active intruder male and produced aggres-
sion, a significant increase in the number of cells exhibit-
ing citrulline-IR occurs within the PVN of the hypothala-
mus relative to the nonaggressive controls. In addition to
the increase in the number of neurons exhibiting
citrulline-IR, aggressive lactating females also exhibited
an increase in the number of cells with detectable levels of
citrulline-IR within their neuronal processes (Fig. 2D).
The unstimulated lactating females exhibited almost no
citrulline-IR in the PVN (Fig. 2A,C), whereas the aggres-
sive females exhibited citrulline-positive cells throughout
the PVN. Figure 3 shows a representative camera lucida
drawing of the distribution of citrulline-positive cells
throughout the length of the PVN. The outline of the PVN
shown represents the boundary of oxytocin cells in the
PVN that were observed in alternate sections of the same
animal. As shown in Figure 3, the highest number of
citrulline-positive cells occurs in the middle sections of the
PVN, and fewer cells are observed in the more rostral and
caudal sections. A summary of the distribution of
citrulline-positive cells along the length of the PVN is also
shown in Figure 7. The combined total number of
citrulline-positive cells in the PVN was used for most
analyses, and the means from the two female groups are
shown in Figure 2G.

Fig. 1. Lactating female prairie voles exhibit maternal aggression
toward intruder males. By using a resident-intruder test, a behavioral
profile of lactating female actions toward an intruder is provided in
(A) average amount of time sniffing the intruder, (B) percent of the

females that were aggressive, (C) the average number of attacks per
10-minute test period, and (D) the average amount of time spent
engaged in an agonistic encounter. Bars represent means 6 SE.
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Fig. 2. Citrulline-IR is significantly altered in the PVN of aggres-
sive lactating prairie voles relative to unstimulated lactating voles.
Representative photomicrographs showing low-level citrulline-IR in
the PVN of an unstimulated lactating female (A,C) and a lactating
female exposed to an active male intruder that triggered an aggres-
sive response (B,D). Higher power representative photomicrographs
showing different levels of citrulline-IR in the neuronal processes in
the PVN of (C) unstimulated lactating females and (D) aggressive
lactating females. Arrowheads indicate cells with citrulline-IR in the
cell bodies only, and arrows correspond to cells with citrulline-IR

within neuronal processes. The number of citrulline-positive cells is
equivalent in the anterior amygdaloid area in the unstimulated (E)
and aggressive (F) lactating females. The average number citrulline-
positive cells in the PVN and anterior amygdaloid area for the two
female groups are shown in (G). Bars represent means 6 SE. For the
PVN, the total number of citrulline-positive cells were counted from
nine sections per animal. For the anterior amygdaloid area, cells were
counted from one section per animal. Statistically significant differ-
ences are shown with asterisks. *** 5 P , 0.001, unpaired Student’s
t-test. Scale bars 5 100 mm.



In mice, the regions of the hypothalamus exhibiting the
greatest increases in citrulline-IR in association with mater-
nal aggression include the medial preoptic area (MPOA), the
suprachiasmatic nucleus (SCN), and the subparaventricular
zone (SPa) (Gammie and Nelson, 1999), but in prairie voles
no changes in citrulline synthesis were seen in these regions
(data not shown). In contrast to the changes in the PVN, the
number of cells with citrulline-IR was unaltered in the an-
terior amygdaloid area. An example of citrulline-IR in the
anterior amygdaloid area of the brain in an aggressive and
control lactating female is shown in Figure 2E,F. The mean
number of citrulline-positive cells in this region did not differ
significantly (Fig. 2G).

Mating-induced aggression in male
prairie voles

In this study, we tested males for aggression that were
mated and had been cohabiting with their partner for 14
days by using the resident-intruder paradigm. We also
tested males for aggression that were nonmated. Group-
housed male prairie voles were used as intruders. As seen
in Figure 4, mated males were reliably aggressive toward
intruders and five of five males exhibited aggression. In
contrast, the unmated males exhibited no aggression but
showed approximately equal levels of sniffing the intruder
male as the mated males.

Fig. 3. A–I: Camera lucida drawing of the distribution of
citrulline-positive cells along the length of the PVN of an aggressive
lactating female. The boundary of the PVN was drawn from the
boundary of oxytocin cells in the PVN taken from alternate sections of

the same animal. The circles represent citrulline-positive cells drawn
from a 40-mm-thick section of the PVN. Only every other 40-mm-thick
section is shown. The sections are ordered in sequence from rostral to
caudal. Scale bar 5 100 mm.
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Pattern of citrulline-IR in the brain of
aggressive and nonaggressive male

prairie voles

To determine whether mated, aggressive males also
increase citrulline-IR in the hypothalamus compared with
nonaggressive, unmated males, we examined the brains of
males for citrulline-IR after resident-intruder aggressive
testing. Because NO release in the PVN of rats has been
implicated in noncontact penile erections (Melis et al.,
1998), we also examined citrulline-IR in mated male voles
that were unstimulated. As seen in Figure 5, the mated,
aggressive males exhibited a significantly higher number
of citrulline-positive cells in the PVN than either of the
two control groups. This increase in the mated, aggressive
males was accompanied by an increase in the number of
cells exhibiting citrulline-IR within their neuronal pro-
cesses (Fig. 5F). The numbers of citrulline-positive cells in
the PVN of the two male control groups are equivalent, are
more than twofold fewer than aggressive, mated males,
but are higher than the levels observed in the unstimu-
lated lactating females (see Figs. 2A,C; 5A,B,D,E).

A representative camera lucida drawing of the distribu-
tion of citrulline-positive cells along the length of the PVN
in unstimulated mated males and aggressive mated males
is shown in Figure 6. As with the aggressive females, the
highest number of citrulline-positive cells occurs in the
middle sections of the PVN, and fewer cells are observed
in the rostral and caudal sections. A summary of the
number of citrulline-positive cells in the male and female
groups is shown in Figure 7.

DISCUSSION

Maternal and mating-induced aggression
in prairie voles

In this study, five of five lactating females exhibited
maternal aggression, and five of five mated males exhib-
ited mating-induced aggression (Figs. 1 and 4). Maternal
aggression has been hypothesized to increase the likeli-

hood of survival of the pups (Wolff, 1985). Because prairie
voles are a monogamous species and both males and fe-
males provide parental care, it is likely that mating-
induced aggression also increases the fitness of the off-
spring. Because both forms of aggression are expressed
temporally in association with reproduction and the rear-
ing of pups, it is possible that they share a common neural
basis. In nonmonogamous rodent species, different mech-
anisms seem to control male and maternal aggression.
Male aggression is usually androgen dependent, and se-
rotonin and NO have inhibitory actions (Nelson et al.,
1995; Olivier et al., 1995; Demas et al., 1997; Kriegsfeld et
al., 1997). Maternal aggression is androgen independent,
and serotonin and NO may have excitatory actions (Kor-
don et al., 1973; Gammie and Nelson, 1999). In this study
both maternal and mating-induced aggression in prairie
voles are associated with increased synthesis of citrulline
(and, indirectly, NO) in the PVN.

Citrulline-IR as an indirect indicator
of NO activity

This is the second study to combine behavioral testing
with citrulline-IR to provide an indirect snapshot of NO
release during a behavior. This technique was previously
used to examine NO production indirectly during mater-
nal and male aggression in mice (Gammie and Nelson,
1999). Because citrulline is the breakdown product when
NO is cleaved enzymatically from arginine by nitric oxide
synthase (NOS), it can be analyzed chemically and immu-
nohistochemically as an indirect measurement of NO pro-
duction (Eliasson et al., 1997; Moroz et al., 1999). The use
of citrulline-IR complements the use of NO-specific probes
(e.g., (Luo et al., 1993; Clough et al., 1998; Loeb et al.,
1998), because the specific cells producing NO can be
identified (Gammie and Nelson, 1999). Three lines of evi-
dence support citrulline-IR as a reliable, indirect indicator
of NO release in the CNS: 1) citrulline-IR is only found in
mice neurons that also contain nNOS (Eliasson et al.,
1997); 2) pharmacological inhibitors of nNOS and the de-
letion of the nNOS gene eliminate citrulline-IR from the

Fig. 4. Mated male prairie voles exhibit mating-induced aggres-
sion toward intruder males. By using a resident-intruder test, a
behavioral profile of mated and unmated males toward an intruder
was examined in (A) average amount of time sniffing the intruder, (B)
percent of the males that were aggressive, (C) the average number of

attacks per 10-minute test period, and (D) the average amount of time
spent engaged in an agonistic encounter. Because none of the un-
mated males used in this study were aggressive, no bars are shown in
terms of aggressive behavior. Bars represent means 6 SE.
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mouse brain (Demas et al., 1997; Eliasson et al., 1997;
Gammie and Nelson, 1999); and 3) no detectable levels of
the messenger ribonucleic acid (mRNA) of an important
urea cycle enzyme are found in the mouse brain (Eliasson

et al., 1997). Consequently, it is likely that the
citrulline-IR observed in the prairie vole brain reflects NO
synthesis. Because this is the first study to examine a
possible role for NO in behaviors in prairie voles, in future

Fig. 5. Citrulline-IR is significantly altered in the PVN of aggres-
sive mated male praire voles compared with control males. Represen-
tative photomicrographs showing citrulline-IR in the PVN of an un-
mated nonaggressive male (A,D), a mated unstimulated male (B,E),
and an aggressive mated male (C,F). The respective higher power
representative photomicrographs showing different levels of
citrulline-IR in the neuronal processes in the PVN are shown in D–F.
Arrowheads indicate cells with citrulline-IR in the cell bodies only,
and arrows correspond to cells with citrulline-IR within neuronal

processes. The average number citrulline-positive cells in the PVN
and anterior amygdaloid area for the three male groups are shown in
(G). Bars represent means 6 SE. For the PVN, the total number of
citrulline-positive cells were counted from nine sections per animal.
For the anterior amygdaloid area cells were counted from only one
section per animal. The number of citrulline-positive cells in the
aggressive mated males differs significantly from the other two male
groups in the PVN, but not the anterior amygdaloid area. *** 5 P ,
0.001, one-way ANOVA. Scale bars 5 100 mm.
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work it will be useful to use NO-specific probes during the
production of a behavior to quantify properly and confirm
NO production.

Possible significance of increased numbers
of citrulline-positive cells in the PVN during

maternal and mating-induced aggression

This study indicates that an increase in citrulline-IR in
the PVN, but not in other regions of the brain (Figs. 2 and
5), is associated with maternal aggression and mating-
induced aggression and suggests that NO is released in
the PVN during both of these types of aggression in prairie
voles. Whether this increased synthesis of citrulline (and
NO) is directly, indirectly, or not at all related to maternal
aggression and mating-induced aggression remains un-
specified. In mice, a significant elevation of the number of
citrulline-positive cells occurs in the MPOA, SCN, and

SPa regions of the hypothalamus in association with ma-
ternal aggression (Gammie and Nelson, 1999). In cats,
electrical stimulation of similar hypothalamic regions elic-
its defensive rage, which is thought to be equivalent to
maternal aggression (Siegel et al., 1999). In the prairie
voles, though, these hypothalamic areas do not exhibit
citrulline-IR either during maternal or mating-induced
aggression (data not shown). It is interesting that some of
the cells that exhibit citrulline-IR in the mouse hypothal-
amus in association with maternal aggression are thought
to contain arginine vasopressin (AVP) and to project to the
PVN (Gammie and Nelson, 1999) where they could influ-
ence maternal aggression (Vrang et al., 1995).

Lesion studies in the rat implicate the PVN and the
ventromedial hypothalamus as being involved in the con-
trol of maternal aggression (Hansen, 1989; Giovenardi et
al., 1998). The PVN contains a large number of neurose-

Fig. 6. Camera lucida drawing of the relative distribution of
citrulline-positive cells along the length of the PVN of a mated un-
stimulated male (left sections) and an aggressive mated male (right
sections). The boundary of the PVN was drawn from the boundary of
oxytocin cells in the PVN taken from alternate sections of the aggres-

sive mated male. The circles represent citrulline-positive cells drawn
from a 40-mm-thick section of the PVN. Only every other 40-mm-thick
section is shown. The sections are ordered in sequence from rostral to
caudal. Scale bar 5 100 mm.
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cretory cells that coexpress nNOS and a range of neu-
ropeptides including oxytocin (Yamada et al., 1996), AVP
(Villar et al., 1994; Hatakeyama et al., 1996), CRF (Siaud
et al., 1994; Yamada et al., 1996; Harada et al., 1999), and
enkephalin (Yamada et al., 1996). In rats, oxytocin may
act centrally to facilitate (Ferris et al., 1992) or inhibit
maternal aggression (Giovenardi et al., 1998). AVP has an
excitatory role in male hamster aggression (Ferris et al.,
1997), but a role for this neuropeptide in maternal aggres-
sion has not been established. In addition, AVP is critical
during pair bonding and in facilitating the subsequent
expression of mating-induced aggression in male prairie
voles (Winslow et al., 1993), but it is not known whether

AVP plays an active role in the production of mating-
induced aggression. Consequently, double-labeling exper-
iments using citrulline and neuropeptides, or neurotrans-
mitters, will be useful to identify specifically which cells
are producing NO in the PVN in both males and females.

An intriguing possibility is that elevated citrulline ex-
pression colocalizes with CRF or that NO release in adja-
cent cells may play a role in inhibiting the central release
or action of CRF during maternal and mating-induced
aggression. The central release of CRF has been impli-
cated in the defeat response of rats (Heinrichs et al.,
1992), and inhibition of central CRF release by aggressive
resident male rats may suppress anxiety and facilitate

Fig. 7. Composite line graph showing the relative number of
citrulline-positive cells along the length of the PVN in (A) females and
(B) males. Statistically significant differences are shown. For the
male groups in (B), when asterisks are above and below the line for
mated, aggressive males, the asterisks above the line indicate signif-
icant difference from the mated, no stimulus males, and those below

the line indicate significant differences from the unmated, nonaggres-
sive males. When the differences between the mated, aggressive
males are equally significantly different from both control groups,
then only one asterisk appears below the line for mated, aggressive
males. * 5 P , 0.05; ** 5 P , 0.01, unpaired Student’s t-test for (A)
and one-way ANOVA for (B).
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aggression. Furthermore, in rodents, a decrease in anxiety
is associated with pregnancy and lactation (Maestripieri
and D’Amato, 1991), suggesting that decreased anxiety
and inhibition of the CRF pathway may facilitate mater-
nal aggression. The role of NO in the regulation of the
hypothalamic-pituitary-adrenal (HPA) axis has been stud-
ied, but the results are ambiguous because some reports
find that NO can prevent increases in CRF release from
hypothalamic explants (Costa et al., 1993), whereas others
find that NO can trigger the in vitro release of CRF from
hypothalamus (Raber et al., 1995). Future work will be
needed to clarify the role for NO in the central release of
CRF in the PVN.

It will be important to determine whether or how NO
and neuropeptides interact in the PVN of prairie voles
during maternal and mating-induced aggression. NO can
act as either an intracellular, intercellular signal, or both
(Holscher, 1997; Park et al., 1998), and NO could modu-
late the action of any neuropeptide that is coreleased or
could inhibit or activate the release of neuropeptides from
neighboring cells. The most common pathway for NO sig-
naling is the activation of soluble guanylate cyclases and
future studies using cyclic guanosine monophosphate
(cGMP) immunohistochemical and double-labeling tech-
niques will also be useful in identifying possible targets of
NO in the PVN.

By using NO-specific probes, NO was recently shown to
be released in the PVN during noncontact penile erections
in rats (Melis et al., 1998), and this could account for the
citrulline levels observed in the mated, unstimulated
males. The elevated citrulline in the nonmated, nonag-
gressive males is equal to the mated, unstimulated males,
however, and hence the citrulline levels in both may re-
flect a male-specific physiological function that is indepen-
dent of aggression.

Female rats show a dramatic increase in nNOS synthe-
sis in the PVN during pregnancy and lactation (Popeski et
al., 1999), and this increase may also occur during preg-
nancy and lactation in prairie voles. If this is the case,
then it is tempting to speculate that citrulline synthesis
(and NO release) plays a role in maternal aggression be-
cause high levels of citrulline-IR were not observed in any
of the control females. If NO release in the PVN played a
role in milk release or some other maternally related
behavior not including maternal aggression, then we
would expect to see higher citrulline levels in some of the
control females because in all cases, the experimental and
control females were nursing and tending to their pups
just before separation, testing (or lack of testing), and
perfusion. It is also tempting to speculate that because the
site of increased citrulline synthesis is in similar regions
of the PVN in males and females, that maternal and
mating-induced aggression may share a common neural
basis that is linked to NO.

During maternal aggression in mice, a significant ele-
vation of citrulline occurs in cells of the hypothalamus
that appear to contain AVP and to send projections to the
PVN (Gammie and Nelson, 1999). From an evolutionary
perspective, if NO release is indeed involved in regulating
maternal aggression, it would be interesting if during the
divergence of mice and prairie voles that the site of control
of aggression was shifted so that NO now regulates a more
upstream control site in the mice and a more downstream
control site in the prairie voles. Such lines of speculation,

though, will require that a link between NO and maternal
aggression is established.

CONCLUSIONS

Work in mice suggests that NO inhibits male aggression
(Nelson et al., 1995; Demas et al., 1997), but that female
mice may use NO to activate maternal aggression (Gam-
mie and Nelson, 1999). We find in this study that the
synthesis of citrulline (and, indirectly, NO) increases dra-
matically within the PVN of prairie voles in association
with both maternal and mating-induced aggression. Thus,
the neural mechanisms underlying maternal and mating-
induced aggression in this monogamous species may be
similar. Whether or how the actions of these cells of the
PVN contribute to maternal or mating-induced aggression
is currently being determined. This work further indicates
that the technique of combining behavioral testing and
citrulline immunohistochemistry can for used for compar-
ative studies between species and between sexes to gain,
indirectly, a better understanding of where NO synthesis
occurs during behaviors.
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