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Lactating females express rapid extremes in behavior, ranging
from gentle nurturance toward offspring to fiercely protective
aggression against intruders. Although males often behave
aggressively against intruders, female rodents usually express
aggression only when rearing and protecting pups. Nitric oxide
(NO) inhibits male aggression; however, its role in maternal
aggression is unknown. In the present study, female mice with
targeted disruption of the neuronal nitric oxide synthase gene
(nNOS2/2) displayed significant deficits in maternal aggres-
sion relative to wild-type (WT) mice in terms of percentage
displaying aggression, the average number of attacks against a
male intruder, and the total time spent attacking the male
intruder. The nNOS2/2 mice displayed normal pup retrieval
behavior. Because the specific deficits in maternal aggression
in the nNOS2/2 mice suggested a possible role for NO in

maternal aggression, we combined behavioral testing of WT
mice with immunohistochemistry for citrulline, an indirect
marker of NO synthesis, to examine indirectly NO synthesis
during maternal aggression. A significant increase in the num-
ber of citrulline-positive cells was identified in the medial pre-
optic nucleus, the suprachiasmatic nucleus, and the subpara-
ventricular zone regions of the hypothalamus in aggressive
lactating females relative to control mice. In other regions of the
brain, no changes in the number of citrulline-positive cells were
observed across either groups or treatments. These results
provide two indirect lines of evidence that NO release is asso-
ciated with maternal aggression.
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Female mice exhibit fierce aggression toward intruders when they
are lactating and rearing pups (Svare, 1990). Because this tem-
poral expression of aggression, termed maternal aggression, is
highly conserved among mammals, it has been hypothesized that
this behavior increases the likelihood of survival of the offspring
(Wolff, 1985). Female mice can also show a type of territorial
aggression toward other females, but this aggression is much less
fierce than that shown toward males during maternal aggression
and is thought to be neurally similar to male aggression (Parmi-
giani et al., 1998). In support of this idea, low levels of a serotonin
agonist can eliminate female–female aggression and male aggres-
sion but have no effect on maternal aggression (Parmigiani et al.,
1998). Because females only express maternal aggression in as-
sociation with the rearing of pups, it is reasonable that females
developed a specialized mechanism for the control of maternal
aggression that differs from other forms of aggression.

Maternal aggression, along with other specific maternally re-
lated behaviors, such as nursing and pup retrieval, constitute
maternal behavior. The complex mechanisms controlling mater-
nal aggression and other maternal behaviors are best understood
in rats. Although steroid hormones, such as estradiol and proges-

terone, released during pregnancy enable female rats to express
maternal behaviors, including aggression (Mann et al., 1984;
Stern and McDonald, 1989; Bridges, 1996), there is no conclusive
evidence that these steroids are necessary for the expression of
maternal aggression once a dam is lactating. In rats, the sensory
input produced by the suckling of pups plays a role in activating
and maintaining maternal aggression (Stern and Kolunie, 1993),
and this action may result from suckling-induced increases in
central serotonin production and release (Kordon et al., 1973).
Also in rats, the neuropeptide oxytocin may act centrally to
facilitate maternal aggression (Giovenardi et al., 1998). Less is
known about the possible neural basis of maternal aggression in
mice, but recent work indicates that the biogenic amine norepi-
nephrine triggers the onset of many murine maternal behaviors,
such as pup retrieval, around the time of parturition (Thomas and
Palmiter, 1997).

In contrast to females, male mice show high levels of aggression
toward intruders throughout the year. In many rodents, the neu-
ropeptide vasopressin (AVP) has an excitatory effect on male
aggression (Ferris et al., 1997), whereas serotonin has an inhibi-
tory action (Olivier et al., 1995). Specific deletion of the neuronal
nitric oxide synthase (nNOS) gene (nNOS2/2) and the pharma-
cological inhibition of nNOS both result in increased aggression
in male mice (Nelson et al., 1995; Demas et al., 1997). These
results suggest that the gas nitric oxide (NO), which can act either
anterogradely or retrogradely as a neuromodulator within the
CNS (Bredt and Snyder, 1992), has an inhibitory action on male
aggression. The normally quiescent behavior of virgin females
was not altered in nNOS2/2 mice (Nelson et al., 1995), but an
examination of maternal aggression was not previously con-
ducted. Although NO has been linked to the timing of parturition
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in rats (Okere et al., 1996) and to the formation of olfactory
memories in lactating sheep (Kendrick et al., 1997), to date, no
work has examined the relationship of NO to maternal aggres-
sion. In this study, we sought first to examine how the targeted
disruption of the nNOS gene affected the production of maternal
aggression in nNOS2/2 mice. We then went on to explore
indirectly the dynamics of NO synthesis during maternal aggres-
sion by combining behavioral testing with immunohistochemistry
for citrulline, an indirect marker for NO synthesis.

MATERIALS AND METHODS
Behavioral testing. Thirteen wild-type (WT) female house mice (Mus
musculus) of the C57B6J strain and 9 nNOS2/2 (Huang et al., 1993)
female mice were paired with males. After impregnation, the females
were housed individually in polypropylene cages in a colony room with a
16/8 light /dark schedule. The date of birth was considered postpartum
day 0, and litters were culled to six pups to decrease variability in
maternal aggression (Maestripieri, 1990). Beginning on day 4 and con-
tinuing for each day until day 10, each female was exposed to an intruder
male for 10 min between 8:00 A.M. and 12:00 P.M. The pups were
removed from the cage 3 min before the behavioral test, and each test
session with a male was recorded on videotape and subsequently ana-
lyzed off-line to quantify aggressive behaviors by the female. Removal of
the pups from a mother just before an aggressive test does not diminish
the expression of maternal aggression (Svare et al., 1981). The intruder
males were sexually naive and group housed and were either of the CD1
or C57B6J strain. The levels of maternal aggression elicited by the two
strains were identical (data not shown). After each test, the pups were
weighed and randomly distributed throughout the home cage. The time
to retrieve the first and fourth pup was recorded for each session. For a
given animal, the data from the day that the animal showed peak
aggression were used for group comparison and statistical analysis.

Citrulline immunocytochemistry. Seven lactating WT females (between
postpartum days 8 and 10), five lactating nNOS2/2 females, five WT
virgin females, and five WT males (all individually housed) were exposed
to a sexually naive intruder (group-housed) male for 10 min. An addi-
tional five WT lactating females were exposed to an intruder male for 10
min that had previously been anesthetized with sodium pentobarbital
and was immobile. Immediately after a behavioral test, each test animal
was briefly anesthetized for 1 min with methoxyflurane vapor (Mallinck-
rodt 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 (in mM: 118 NaCl, 4.7
KCl, 2 CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, and 11 glucose, pH
7.4), followed by a 5% glutaraldehyde–0.5% formaldehyde solution
containing 0.2% Na2S2O5 in 0.1 M PBS (Eliasson et al., 1997). Five WT
lactating females, six WT virgin females, and nine WT males were also
perfused as described, but no behavioral test was conducted before
fixation. All tests and perfusions were performed between 8:00 A.M. and
12:00 P.M. After the perfusions, the brains were removed, post-fixed
overnight at 4°C, and placed in a 20% glycerol cryoprotectant for 2 d.
The brains were frozen on dry ice immediately before sectioning at 40
mm on a cryostat. The brain sections were collected in PBS and reduced
for 30 min with 0.5% NaBH4 and 0.2% Na2S2O5 in 10 mM PBS with 0.19
mM NaCl, pH 7.4. Subsequently, 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 hr, and incubated for 2 d at 4°C with rabbit anti-citrulline
antibodies (1:10,000) that had been preabsorbed against arginine (Pas-
qualotto et al., 1991; Eliasson et al., 1997). After washes in PBS-X, the
sections were incubated overnight at 4°C in biotinylated goat anti-rabbit
secondary antibodies (1:1000), washed in PBS-X, exposed to an avidin–
biotin complex (Vector Laboratories, Burlingame, CA) for 1 hr, washed
again in PBS-X, and visualized using diaminobenzidine as a chromagen.
The sections were mounted and counterstained with thionin before
coverslips were applied.

Cell counting and statistical analysis. From each animal, brain sections
corresponding to bregma 20.34, bregma 20.46, and bregma 20.70 mm
(Franklin and Paxinos, 1997) were identified, and cells with citrulline
immunoreactivity (IR) in the medial preoptic area (MPOA), the supra-
chiasmatic nucleus (SCN), and the subparaventricular zone (SPa) re-
gions of the hypothalamus were counted in one hemisegment. The SCN
resides in all three sections, but the MPOA occurs only at bregma 20.34
and 20.46 mm and lies just dorsal to the SCN, whereas the SPa occurs

only at bregma 20.70 mm (Franklin and Paxinos, 1997) and also lies just
dorsal to the SCN. The control region for examining overall citrulline-IR
was a square region of 500 3 500 mm placed in the caudate putamen at
the level of bregma 0.14 mm. The boxed area used for counting cells was
placed at the lateral most edge of the caudate putamen and at the same
ventral level as the bottom of the lateral ventricles. All cell counting was
performed by eye at 4003 magnification under a microscope. The count-
ing of cells with citrulline-IR was performed three times independently,
and less than a 5% variation occurred between counts. For statistical
analysis across groups and treatments, a two-way ANOVA was used. An
unpaired Student’s t test was used only for comparisons of lactating
females exposed to an active male intruder with lactating females ex-
posed to an anesthetized intruder. Stereology was not used during cell
counting because the distance between the representative sections was
greater than 100 mm, a size greater than the average size of cell bodies
in these regions of the brain.

RESULTS
Maternal behavior and aggression of lactating wild-
type and nNOS2/2 mice
We examined the levels of maternal aggression in lactating mice
that were lacking the second exon of the nNOS gene (nNOS2/2)
and showing .95% loss of NO production in the CNS (Huang et
al., 1993; Eliasson et al., 1997). WT C57B6J strain mice were used
as controls because these mice share .99.9% genetic similarity
with the transgenic mice. For the maternal aggression tests,
lactating females were individually housed with their pups, and
the pups were removed 3 min before the introduction of a sexu-
ally naive male intruder in the home cage. Each aggression test
lasted 10 min. Compared with lactating WT dams, lactating
nNOS2/2 mice display significant deficits in the production of
maternal aggression in terms of percentage displaying aggression,
the average number of attacks against a male intruder during the
10 min test, and the total time spent attacking the male intruder
(Fig. 1A–C). The greatest behavioral deficit in the nNOS2/2
females was the ;90% decrease in the amount of time spent
actively attacking or biting the intruder male (Fig. 1C). Because
the C57B6J strain is known to show lower levels of maternal
aggression relative to other mice strains (Svare, 1990), aggression
was tested for 7 consecutive days, beginning on day 4 of parturi-
tion and ending on day 10. Despite this long investigation time,
the nNOS2/2 mice still displayed extremely low levels of mater-
nal aggression. A qualitative difference in maternal aggression
was also apparent because, in the rare instances when the
nNOS2/2 females did attack the intruder males, the bites were
best described as grabs, and usually the intruder males did not
respond. In contrast, when the WT females attacked the males,
the males usually fled or became engaged in a fight. One be-
havioral feature that did not differ between the nNOS2/2 and
WT mice was the amount of time spent sniffing the intruder male
(Fig. 1D)

In contrast to the deficits in maternal aggression, the pup
retrieval behavior was almost identical for the WT and
nNOS2/2 mice (Fig. 2A). Unexpectedly, the pups of the
nNOS2/2 females displayed significant increases in terms of
average weight compared with WT pups (Fig. 2B). Whether the
elevated pup weight resulted from the behavior, or physiology, of
the pups, the mothers, or both, was not determined.

Pattern of citrulline immunoreactivity in the brain of
aggressive and nonaggressive mice
The specific deficits in maternal aggression in the nNOS2/2 mice
suggested that NO might normally be involved in the production
of maternal aggression in WT mice. To determine, indirectly,
whether NO release might be associated with maternal aggres-
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sion, we combined aggressive behavioral testing with immunohis-
tochemistry for citrulline, an indirect marker of NO release.
Citrulline is produced within a cell when NO is enzymatically
cleaved from the precursor arginine, and, unlike NO, which
readily diffuses out of the cell and has a half-life on the order of
seconds, citrulline remains trapped within the cell and can be
detected for longer periods of time (Eliasson et al., 1997; Moroz
et al., 1999). In earlier histochemical studies in the mouse brain,
citrulline-IR was always found to colocalize with cells containing
NOS, indicating that it is a reflection of NO activity and not urea

cycle activity (Eliasson et al., 1997). In these studies, we first
examined the levels of citrulline-IR in the brains of WT lactating
female mice immediately after an aggressive encounter with an
intruder male, using the same behavioral testing paradigm used
previously to determine levels of maternal aggression, and com-
pared those with levels in an unstimulated lactating female con-
trol. To help control for the activation of neural circuits resulting
from the stimulation of visual and olfactory pathways in the
female by the intruder male, we also exposed lactating females to
immobile intruder males anesthetized with sodium pentobarbital
and examined the brains of the females for citrulline-IR after the
behavioral test. In this latter case, the females were never aggres-
sive toward the immobile intruder but did spent large amounts of
time sniffing and examining the intruder.

As seen in Figure 3, when a WT female was exposed to an

Figure 1. Specific deficits in maternal aggression in lactating nNOS2/2
mice. Using a resident–intruder test paradigm, nNOS2/2 lactating fe-
males showed an impaired ability to express maternal aggression toward
an intruder male in terms of the percentage of females showing any
aggression (A), the average number of attacks during the 10 min test
period (B), and the average amount of time spent engaged in an agonistic
encounter ( C). No differences were observed in the amount of time spent
sniffing the intruder ( D). Error bars represent means 6 SE. *p , 0.05;
**p , 0.01; ***p , 0.001; one-way ANOVA on ranks for A; unpaired
Student’s t test for B–D.

Figure 2. nNOS2/2 lactating females exhibit normal nurturing abilities.
A, The average time spent retrieving the first and fourth pup in a pup
retrieval test is almost identical between nNOS2/2 and WT lactating
females ( p . 0.05). Error bars represent means 6 SE. B, The average
weight of individual pups of the nNOS2/2 females is significantly greater
than for the pups of the WT females. ***p , 0.001; unpaired Student’s
t test.
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active intruder male and produced aggression, an increase in the
number of cells exhibiting citrulline-IR occurs within subregions
of the hypothalamus relative to mice in the two control groups.
The regions of the hypothalamus exhibiting the greatest increases
in citrulline-IR in association with aggression include the MPOA,
the SCN, and the SPa (Fig. 3). In addition to the increase in the
number of neurons exhibiting citrulline-IR, aggressive lactating
females also exhibited increases in the number of cells with
detectable levels of citrulline-IR within their neuronal processes
(Fig. 3G,H). Because some of the citrulline-positive cells in the

MPOA and SPa regions were closely adjoined to citrulline-
positive cells in the dorsal SCN (in what is sometimes called the
peri-SCN region), it was sometimes unclear to which region of the
hypothalamus a particular cell should be assigned. Consequently,
the combined total number of citrulline-positive cells in the
MPOA, SCN, and SPa regions was used for most analyses. Cells
were counted from one hemisegment of each of three sections
shown (Fig. 3A,C,E) for each animal. The means from each
group and treatment are shown in Figure 4, and a list of the
distribution of the number of citrulline-positive cells in the dif-

Figure 3. Citrulline-IR is significantly
altered in the hypothalamus in lactating,
aggressive female mice compared with
control, nonaggressive lactating females.
Representative photomicrographs show-
ing citrulline-IR in the hypothalamus of
a lactating female exposed to an immo-
bile, anesthetized male intruder for 10
min that did not elicit an aggressive re-
sponse (A, C, E) and a lactating female
exposed to an active male intruder that
triggered an aggressive response (B, D,
F ). The paired sections in A and B, C and
D, and E and F correspond to bregma
20.34, bregma 20.46, and bregma 20.70
mm (Franklin and Paxinos, 1997), re-
spectively. The MPOA, SCN, and SPa
regions are indicated on the photomicro-
graphs. Higher power representative pho-
tomicrographs showing different levels of
citrulline-IR in the neuronal processes in
the hypothalamus of unstimulated lactat-
ing females (G) and lactating females ex-
posed to a male intruder for 10 min ( H ).
The brain regions in G and H correspond
to bregma 20.46 mm and include the
SCN and MPOA. Arrowheads indicate
cells with citrulline-IR in the cell bodies
only, and arrows correspond to cells with
citrulline-IR within neuronal processes.
Scale bars, 100 mm.

8030 J. Neurosci., September 15, 1999, 19(18):8027–8035 Gammie and Nelson • Nitric Oxide and Maternal Aggression



ferent subregions of the hypothalamus that were examined is
provided in Table 1. Aggressive lactating females significantly
increased the number of citrulline-positive cells relative to the
two control groups in terms of total cells and cells within each of
the three examined subdivisions of the hypothalamus (Fig. 4,
Table 1).

To examine further whether the numbers of citrulline-positive
cells increased with the levels of maternal aggression, we exam-
ined the correlation coefficient of time spent attacking the in-
truder and total number of citrulline-positive cells in the MPOA,
SCN, and SPa regions. We found a significant positive correlation
between these two variables and a correlation coefficient of 0.816
( p , 0.05; Pearson product moment correlation; n 5 6).

To examine whether the increase in number of citrulline-IR
cells in lactating females exposed to an active male was specific to
that life-history stage of the female, we exposed virgin females to
an active male intruder for 10 min using the resident-intruder test
and then examined the brains of the virgin females for citrulline-
IR. We also examined citrulline-IR in unstimulated virgin female
controls. Behaviorally, the virgin females exposed to the intruder
males were never aggressive. Unstimulated virgin females exhib-
ited a lower number of citrulline-positive cells in the hypothala-
mus than unstimulated lactating females (Figs. 4, 5A). When
virgin females were exposed to a male intruder, the number of
citrulline-positive cells almost doubled relative to control (Figs. 4,
5A,B), indicating that the presence of a male can stimulate
increases in citrulline-IR in the absence of aggression. Still, the
heightened numbers of citrulline-positive cells in the stimulated
virgins were about equivalent to the two control groups of lac-
tating females and were significantly less than the numbers ob-
served in the aggressive lactating females (Fig. 4), suggesting that

the life-history stage of the female may affect the ability to
increase citrulline production in response to a male.

Isolated male mice are reliably aggressive toward intruder
males. To determine whether aggressive males also showed ele-
vations in citrulline-IR in the hypothalamus compared with un-
stimulated male controls, we examined the brains of males for
citrulline-IR after resident-intruder aggressive testing. In five of
five experiments, the resident male attacked the intruder. As seen
in Figure 4, for unstimulated males, the number of citrulline-
positive cells was significantly lower than for unstimulated virgin
or lactating females. Additionally, after a 10 min aggressive test,
the males showed only a slight increase in the number of
citrulline-positive cells, and these levels were significantly lower
than for any of the female groups. This latter result suggests that,
in regard to citrulline-IR in the hypothalamus, males and females
show sexually dimorphic patterns of citrulline synthesis.

nNOS2/2 mice lack the second exon of the nNOS gene and, in
some nonhypothalamic regions of the brain, neuronal NOS activ-
ity can be detected in the nNOS2/2 mice (Eliasson et al., 1997).
To examine, indirectly, whether NO was being produced in the
hypothalamus of the nNOS2/2 female mice, we exposed three
lactating nNOS2/2 females to a male intruder for 10 min and
examined the brains for citrulline-IR. Behaviorally, none of the
nNOS2/2 expressed aggression and in each case no citrulline-IR
was observable in the hypothalamus (Fig. 5D).

In contrast to the changes in the hypothalamus, the number of
cells with citrulline-IR was unaltered in other regions of the brain
across groups and treatments. An example of citrulline-IR in the
caudate putamen region of the brain in an aggressive and control
lactating female is shown in Figure 6A,B. The mean number of
citrulline-positive cells in this region did not differ significantly
across groups or treatment (Fig. 6C).

DISCUSSION
Maternal aggression deficits in nNOS2/2 mice
The nNOS2/2 mice are .99.9% genetically identical to the
C57B6J WT mice but exhibited a specific deficit in maternal
aggression relative to WT. Because the C57B6J strain shows
decreased maternal aggression relative to other strains, we tested
the WT and nNOS2/2 lactating females for maternal aggression
each day for 7 consecutive days to maximize the observation of
aggression. Using this paradigm, a dramatic decrease in the time
spent attacking the intruder male by the nNOS2/2 females
relative to WT mice became apparent. In contrast, the average
times spent sniffing the intruder male and in retrieving pups was
statistically equivalent for the nNOS2/2 and WT mice. One
drawback of knock-out studies is that the deletion of a gene may
have numerous developmental effects that are separable from the
functional use of the protein product as adults (Nelson, 1997).
This criticism is especially valid for the nNOS2/2 mice given
recent work showing the developmental role of NO in establish-
ing synaptic connections in Drosophila (Gibbs and Truman, 1998).
Consequently, future experiments using the pharmacological in-
hibition of nNOS in conjunction with maternal aggression tests
will be important in determining whether the functional loss of
nNOS in the adult produces the same phenotype as the
nNOS2/2 mice.

An unexpected finding was the significantly elevated body
weight of the pups of the nNOS2/2 mice. It is possible that the
nNOS2/2 mothers spend more time in the nursing position
relative to WT, that the nNOS2/2 pups show greater feeding
activity than the WT pups, or both. Long-term videotaping of the

Figure 4. The average number of citrulline-positive cells in the hypo-
thalamus differs across groups and treatments. Error bars represent
means 6 SE. Cells were counted in one hemisegment of each of the three
representative sections shown in Figure 3 (A, C, E) for each animal in
each group and treatment in the MPOA, SCN, and SPa subregions of the
hypothalamus. Between the groups with the no stimulus treatment, the
lactating females and virgin females did not differ from one another
significantly, but both differed significantly from the male group ( p ,
0.01). Between the groups with the active male intruder treatment, all
three groups differed significantly from one another ( p , 0.001). Within
each group, statistically significant differences are shown: **p , 0.01;
***p , 0.001.
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Figure 5. Top. Representative photomicrographs of citrulline-IR in unstimulated virgin females (A), virgin females exposed to a male (B), males exposed
to a male intruder (C), and nNOS2/2 lactating females exposed to a male (D). All sections were counterstained with thionin. Scale bar, 100 mm.
Figure 6. Bottom. Citrulline-IR is not altered across groups or treatments in the caudate putamen region of the brain. Representative photomicrographs
showing citrulline-IR in the caudate putamen of unstimulated lactating females ( A) and lactating females exposed to a male intruder for 10 min ( B).
C, The average number of cells with citrulline-IR in the caudate putamen is almost identical across groups and treatment. Error bars represent means 6
SE. Scale bar, 100 mm.

Table 1. Numbers of cells with citrulline-IR within subregions of the hypothalamus across groups and
treatments

Specific hypothalamic regions

MPOA SCN SPa

Group (treatment)
Lact. fem. (no stimulus) 10.2 6 0.7 (a) 23.8 6 6.2 (a) 3.8 6 2.3
Lact. fem. (1 male intruder) 27.2 6 3.0 (A)*** 68.5 6 8.6 (A)*** 11.1 6 1.3 (A)***
Lact. fem (1 anesth. male intruder) 10.0 6 0.4*** 38.4 6 5.4* 4.2 6 1.0**
Virg. fem. (no stimulus) 6.3 6 0.9 (a) 19.6 6 1.5 (a) 0.8 6 0.1
Virg. fem. (1 male intruder) 11.4 6 1.6 (B) 37.6 6 5.6 (B)* 3.8 6 1.0 (B)
Male (no stimulus) 1.1 6 0.5 (b) 1.7 6 0.9 (b) 0.7 6 0.4
Male (1 male intruder) 2.2 6 1.3 (C) 8.6 6 2.9 (C) 1.8 6 0.8 (B)

Different lowercase letters (a, b, c) indicate significant differences within “no stimulus” treatment (p , 0.05). Different capital
letters (A, B, C) indicate significant differences within “1 male intruder” treatment (p , 0.05). Significant differences within
each group between “no stimulus” and “1 male intruder” treatments: *p , 0.05; **p , 0.01; ***p , 0.001; two-way
ANOVA. Significant differences between “Lact. fem. (1 anesth. male intruder)” and “Lact. fem. (1 male intruder): *p ,
0.05; **p , 0.01; ***p , 0.001; unpaired Student’s t test.
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interactions of the nNOS2/2 females with their pups may be
required to explore either of these possibilities.

Relationship of citrulline-IR to NO activity
Our study is the first to combine behavioral testing with citrulline
immunohistochemistry to provide an indirect “snapshot” of NO
release during a specific behavior. Thus, it is possible that anti-
citrulline antibodies can be used in conjunction with other behav-
ioral tests to determine indirectly which specific cells, if any,
release NO in association with those behaviors. Citrulline is the
breakdown product when NO is cleaved enzymatically from ar-
ginine by NOS and can be analyzed chemically and immunohis-
tochemically as an indirect measurement of NO production (Eli-
asson et al., 1997; Moroz et al., 1999). Although NO can be
measured using NO-specific probes (Luo et al., 1993; Clough et
al., 1998; Loeb et al., 1998), a shortcoming of these studies is that
it is not always clear which specific cells are producing NO. The
advantage of citrulline immunohistochemistry is that specific cells
producing NO can be identified. Although citrulline is transiently
produced as part of the urea cycle, previous work indicates that
citrulline immunohistochemistry can be a reliable, indirect indi-
cator of NO release in the mouse CNS. First, citrulline-IR was
only found to be present in neurons that also contained NOS
(Eliasson et al., 1997). Second, the use of NOS inhibitors and the
deletion of the nNOS gene eliminated citrulline-IR from the
mouse brain (Eliasson et al., 1997). Third, no detectable levels of
the mRNA of an important urea cycle enzyme were detected in
the mouse brain (Eliasson et al., 1997). Furthermore, in mam-
mals, the degradation of amino acids in the urea cycle occurs
almost exclusively in the liver. Thus, it is likely that the increase
in the number of citrulline-positive cells that are exhibited in
association with maternal aggression reflect an increase in NO
production. Nonetheless, in future work it will be useful to use
NO-specific probes during the production of a behavior followed
by citrulline-IR to properly quantify and confirm NO production.

Possible interpretations of increased numbers of
citrulline-positive cells during maternal aggression
This study indicates that an increase in citrulline-IR in the
MPOA, SCN, and SPa regions of the hypothalamus, but not in
other regions of the brain (Figs. 3, 4, 6), is associated with
maternal aggression. These results indicate, indirectly, that NO
release is associated with maternal aggression. Whether, this
increased synthesis of citrulline (and NO) is directly, indirectly,
or not at all related to maternal aggression is unknown. Evidence
from previous studies links the citrulline-positive areas of the
hypothalamus to the production of maternal aggression.
Citrulline-positive cells of the MPOA and SPa lie in and just
dorsal to the peri-SCN region (Fig. 3). In the cat, electrical
stimulation of the hypothalamus just dorsal to the SCN and just
lateral to the third ventricle elicits defensive rage, which is
thought to be equivalent to maternal aggression (Siegel et al.,
1999). Through lesion studies in the rat, the paraventricular
nucleus and the ventromedial hypothalamus have been implicated
in the control of maternal aggression (Hansen, 1989; Giovenardi
et al., 1998). The MPOA has been implicated in some maternal
behaviors relating to the care of the pups but not maternal
aggression per se (Numan, 1990; Pedersen et al., 1994). Unfortu-
nately, site-directed studies of maternal aggression have not been
performed in mice. Consequently, the work in cat provides the
most suggestive evidence to date that there may be a link between
the MPOA, SCN, and SPa regions of the hypothalamus and
maternal aggression.

Although the SCN is best understood for its role in the control
of circadian function (Stephan and Zucker, 1972), the levels of
AVP in the SCN have been positively correlated with nest-
building behavior in mice (Bult et al., 1992). Also, some AVP-
positive cells in the mouse SCN project to other hypothalamic
areas, such as the paraventricular nucleus, in which they could
influence noncircadian pathways, including maternal aggression
(Vrang et al., 1995). Based on preliminary examinations, it ap-
pears that some of the cells exhibiting citrulline-IR during ma-
ternal aggression also contain AVP (our unpublished observa-
tions). Because NO can act as an intracellular signal, an
intercellular signal, or both (Holscher, 1997; Park et al., 1998),
and because of the excitatory role AVP plays in male aggression,
it will be important to examine the possible link between
citrulline-IR, NO release, and AVP release during maternal
aggression.

To help determine the significance of the elevation in citrulline,
it will be useful to identify both the cells releasing NO and those
responding to it in the hypothalamus. In rats, oxytocin, a peptide
linked to maternal aggression (Giovenardi et al., 1997), and
nNOS are coexpressed in some cells of the MPOA (Yamada et
al., 1996), but double-labeling experiments using citrulline and
neuropeptides, or neurotransmitters, will be required to identify
specifically which cells are producing NO in aggressive lactating
female mice. The most common pathway for NO signaling is the
activation of soluble guanylate cyclases, and future studies using
cGMP immunohistochemical and double-labeling techniques will
also be of great help in identifying possible targets of NO in the
MPOA, SCN, and SPa regions of the hypothalamus.

An important question is why the virgin and lactating females
differ in terms of behavior and brain histology when confronted
with the same stimuli of the intruder male. From a mechanistic
level, one possibility is that the lactating females express in-
creased levels of nNOS in the brain relative to virgin females.
Indeed, steroid hormones associated with pregnancy and lacta-
tion have been shown to increase NOS synthesis in the hypothal-
amus (Ceccatelli and Eriksson, 1993; Ceccatelli et al., 1996;
Luckman et al., 1997; Popeski et al., 1999). If nNOS is upregu-
lated in the MPOA, SCN, and SPa regions of the hypothalamus
during pregnancy and lactation, then this could explain why the
unstimulated virgin females exhibit lower levels of citrulline-IR
than the unstimulated lactating females. Also, it could explain
why the same sensory stimuli (the male intruder) produced sig-
nificantly fewer citrulline-positive cells in the virgins as in the
lactating females.

The issue of changes in nNOS expression is currently being
explored, but the question remains whether the differences in
citrulline-IR somehow reflect the underlying basis for the differ-
ence in behavior between the virgin and lactating females. At this
stage, we have no direct evidence that differences in NO produc-
tion in lactating females underlie maternal aggression. Given the
statistically significant positive correlation found between the
number of citrulline-positive cells and time spent attacking an
intruder, it is tempting to speculate that indeed NO is directly, or
indirectly, involved in maternal aggression. Furthermore, the
females exposed to the immobile intruder males had the almost
identical sensory stimuli as those presented with the active male,
but still they lacked the increases in citrulline-IR and, perhaps
significantly, they did not exhibit maternal aggression. Nonethe-
less, without direct evidence, any role for NO in maternal aggres-
sion is still speculation.

For the virgin and the lactating female, the presence of an
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intruder male can present different implications. In the first case,
a male could pose as a potential threat to the pups of the lactating
female but pose as a potential mate for the virgin female. During
our testing times (8:00 A.M. to 12:00 P.M.), however, females are
not normally in proestrus and in no cases did we see any lordosis
behavior by any of the females. Also, except for the first day after
birth, lactating females are not normally sexually receptive
(Svare, 1990). In male rats, however, NO production in the
MPOA does positively correlate with sexual behavior (Sato et al.,
1998). If increases in citrulline-IR in females do relate to sexual
behavior, then it would need to be determined why lactating
females exhibit significantly higher numbers of citrulline-positive
cells than virgins. Another consideration is that NO can also have
inhibitory actions on its target cells. Thus, the change in citrulline
(or NO) synthesis by the presence of the male could reflect the
inhibition, and not the activation, of certain neural pathways and
behaviors.

The possibility that high levels of citrulline synthesis are asso-
ciated with all forms of aggression was ruled out by the studies on
male mice. The numbers of citrulline-positive cells of aggressive
and nonaggressive males were equivalent but were significantly
lower than for any of the female groups or treatments (Fig. 4). If
males tonically release NO to inhibit aggression, then one would
expect a decrease in citrulline (and NO) synthesis during an
aggressive test. This presumed decrease in citrulline may be
difficult to detect immunohistochemically if the half-life of citrul-
line is longer than the 10 min test period. That the pattern of
citrulline-IR in the hypothalamus is sexually dimorphic indicates,
indirectly, that the pattern of NO release in females underlies a
behavior or physiology that is specific to females.

Because the elimination of nNOS activity in males increases
aggression (Nelson et al., 1995; Demas et al., 1997), suggesting
that NO inhibits male aggression, it would be interesting if fe-
males use NO to activate aggression. A specific implication of our
work is that the synthesis of citrulline (and, indirectly, NO)
increases dramatically within a discrete group of cells in associ-
ation with maternal aggression. Whether, or how, the actions of
these cells contribute to maternal aggression is currently being
determined. A general implication of our work is that behavioral
testing and citrulline immunohistochemistry can be successfully
combined as a technique to gain valuable, indirect information
about the specific site of NO release during a behavior. This
technique, then, provides a new tool for the study of neural
circuits and behavior.
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