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Abstract

Historically, the brain has been viewed as protected from the infiltration of peripheral hematopoietic cells by the blood—brain barrier.
However, numerous immune cell types have been found in the central nervous system (CNS). Mast cells, granulocytic immune cells, are
found in the CNS of birds and mammals and their numbers and location are influenced by both extrinsic and intrinsic factors, including
reproductive behavior and endocrine status. The present study used female prairie voles (Microtus ochrogaster) to investigate the
interactions between brain mast cells and stimuli associated with estrus induction. Unlike spontaneous ovulators such as rats and mice,
female prairie voles areinduced into estrus by chemosensory stimuli present in conspecific male urine. Prior to estrusinduction, female voles
have undetectable concentrations of estrogen that rise rapidly following exposure to a male or male urine. In the first experiment, we
examined whether mast cells may be influenced by estrus induction. Female voles exposed to conspecific male urine had increased numbers
of mast cellsin the main olfactory bulbs and epithalamus (medial habenula), but not the thalamus or median eminence, relative to control
groups. Next, to determine if this mast cell increase was the result of elevated estrogen concentrations, female voles were injected with
estradiol or vehicle and brain mast cell numbers analyzed. No differences in brain mast cell numbers were observed between estradiol-
injected and control females in any brain area investigated. Together, these results lend further support to the contention that mast cell
numbers and/or distribution can be influenced by reproductively relevant stimuli and underscore the utility of this vole model for delineating
the function of brain mast cells.
© 2003 Elsevier Inc. All rights reserved.
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Introduction example, both neural and endocrine factors have been
shown to affect avariety of immune parameters (Ader et al.,

For organisms to function optimally, the endocrine and 2001). In addition, numerous brain regions have receptors
immune systems must be maintained within narrow operat- for cytokines (diffusible factors secreted by immune cells)
ing limits. To accomplish this goal, complex reciprocal and cytokine administration can have marked effects on
interactions exist among the nervous, endocrine, and im- brain electrical activity (Besedovsky and Del Rey, 1996;

mune systems (Ader et d., 2001; Webster et al., 2002). For Xiaet al., 1999). Likewise, lesions or stimulation of specific
brain sites can affect immune function (Ho et al., 1995;

_ Schlesinger et a., 1995). Receptors for cytokines have also
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(Besedovsky and Del Rey, 1996). Hormone receptors have
been identified on immune cells, and fluctuations in hor-
mone secretion can modulate immune function (Elenkov
and Chrousos, 2002; Eskandari and Sternberg, 2002; Mar-
tin, 2000). Thus, interactions among the nervous, endocrine,
and immune systems act to modulate and fine-tune one
another, particularly when one system is being preferen-
tidly activated.

Mast cells are granulocytic immune cells found periph-
erally in mucosal and serosal tissues, aswell asin the CNS,
often in close apposition to neurons and blood vessels
(Dimitriadou et a., 1990; Johnson et a., Seeldrayers, 1991,
Johnson and Krenger, 1992). Mast cells play an important
role in innate (nonspecific) immune responses and are ca-
pable of secreting numerous substances, including neuro-
transmitters, biogenic amines, and proteoglycans (Galli,
1990; Lambracht-Hall et al., 1990), and they degranulate in
response to immunoglobulin E (IgE) and antigen stimula-
tion (reviewed in Johnson and Krenger, 1992). A number of
other factors can act on mast cells to cause the release of
these mediators, including neurotransmitters and steroid
hormones (Johnson and Krenger, 1992; Arvy, 1955; Befus,
1990; Vliagoftis et al., 1990). Mast cellsare highly “plastic”
and can change secretory properties depending on their
environment (Kitamura et al., 1987a, 1987b), making them
ideal for delivering biologically active substances to dis-
crete regions in the brain and body on demand. The obser-
vation that mast cells are mobile immune cells located
within both the CNS and periphery, coupled with evidence
that steroid hormones and neurotransmitters can act on mast
cells to modulate the release of their contents, suggests that
mast cells may represent an important locus for neuroendo-
crine-immune interactions (Silver et al., 1996).

Although their precise role remains elusive, several stud-
ies have established that brain mast cells are influenced by
reproductive behavior and endocrine status. In the medial
habenula of ring doves (Sreptopelia risoria), mast cells
exhibit a marked increase in humber and activation in re-
sponse to sex behavior or sex steroids (Zhuang et a., 1993;
Silver et a., 1993; Wilhelm et al., 2000). Mast cells are
amost completely absent in the brains of long-term cas-
trated males (Zhuang et a., 1993). In male mice, mast cells
increase in discrete thalamic nuclei following mating and
cohabitation with a female conspecific (Yang et al., 1999).
Asin male mice, mast cellsincrease in sensory, motor, and
limbic thalamic regions in male rats following prolonged
pairing with an estrogen—progesterone-primed femae
(Price, 1995; Asarian et al., 2002). Additionally, male Syr-
ian hamsters housed in long day lengths or exposed to
conspecific vaginal secretions display elevated brain mast
cell numbers (Novak et al., 1994; Novak and Nunez, 1995).

Female prairie voles (Microtus ochrogaster) represent an
ideal model system to study the interaction between repro-
ductive events and brain mast cells because the onset of the
stimulus initiating the cascade of endocrine events required
to induce estrus can be strictly controlled. Unlike spontane-

ous ovulators such as rats and mice, female voles do not
exhibit estrous cycles and related cyclica hormonal
changes. Instead, female voles are induced into estrus by
exposure to male conspecifics due to a pheromone found in
male urine (Richmond and Conaway, 1969; Richmond and
Stehn, 1976; Carter et al., 1980). Isolated females have
undetectable circulating concentrations of luteinizing hor-
mone and estradiol that increase rapidly following exposure
to a male (Cohens-Parsons and Carter, 1987). The unique
endocrine profile of female voles, as well as the fact that
their reproductive endocrine status can be strictly con-
trolled, affords the opportunity to investigate the interac-
tions among mast cells, reproductive events, and the endo-
crine system. As a result, the present studies investigated
whether brain mast cells change in response to estrus in-
duction and resulting hormonal changes. In addition, to
determine whether any changes in mast cells following
estrus induction are the result of increased estradiol concen-
trations, the present experiments also examined the effects
of exogenous estradiol on brain mast cell numbers in iso-
lated females.

Materials and methods
Experiment 1

Animals

Forty-one adult (>60 days of age) female prairie voles
(M. ochrogaster) were obtained from our laboratory breed-
ing colony. Animals were housed individualy in polypro-
pylene cages (28 X 17 X 12 cm) in a 16L:8D photoperiod
from birth to the end of the study. The vivaria were tem-
perature controlled (20 = 2°C) and maintained with relative
humidity of 50 + 5%. Laboratory chow (Agway ProLab
2000) and tap water were available ad libitum for the du-
ration of the experiment. All procedures were approved by
the Johns Hopkins University Animal Care and Use Com-
mittee.

Housing conditions

At 70 days of age, animals were exposed to one of four
conditions. In the first condition, a single drop of conspe-
cific male urine was placed onto the nares of females (n =
15), daily, for 6 consecutive days. Three control groups
were also formed. One group of females received a drop of
water (n = 9) for 6 consecutive days. Another group of
females (n = 8) received a drop of 5% nonfat dry milk
(Carnation, Los Angeles, CA) for 6 consecutive days. Non-
fat dry milk was used instead of saline because it provided
chemosensory stimulation. The last group was unmanipu-
lated in its home cage (n = 9).

Brain removal and acidic toluidine blue staining

On day 7, animas were injected with a lethal dose of
sodium pentobarbital and perfused though the heart with 50
ml of saline followed by a 250-ml 4% paraformaldehyde
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solution. Brains were then postfixed for 3 h, cryoprotected
in a20% sucrose solution overnight, and sectioned at 40 um
in the corona plane using a cryostat and the sections were
collected into 0.1 M phosphate buffered saline (PBS, pH
7.4). Alternate sections from the region of the olfactory bulb
to the caudal aspect of the median eminence were mounted
onto gelatin-coated dlides, stained with acidic toluidine blue
(pH 2.0), allowed to air-dry overnight, and dehydrated in a
graded series of ethanol solutions (30, 70, 95, 100%), and
coverslips were applied. Mast cells display violet metachro-
masia when stained with acidic toluidine blue and surround-
ing neurons and glia appear light blue.

Immunohistochemistry for histamine

As one of the mediators found in mast cells is histamine,
three additional animals were trested as described above to
provide converging evidence that mast cells were being
counted. On the seventh day of treatment, animas were in-
jected with alethal dose of sodium pentobarbitol and perfused
through the heart with 250 ml of freshly prepared 4% 1-ethyl-
3(3-dimethylaminoproyl)carbodiimide (Sigma) in 0.1 M PB
(pH 7.4), as required for the demonstration of histamine im-
munoreactivity. Brains were cut on a cryostat a 60 wm in the
coronal plane. Localization of histamine immunoreactivity was
accomplished as previoudy described (Silverman et d., 1994).
Briefly, sections were incubated in 0.5% hydrogen peroxide to
remove endogenous peroxidase activity. Following preincuba
tion in blocking solution (10% normal goat serum, Vector
Laboratories), sections were incubated for 48 h at 4°C in rabbit
antihistamine (Incstar, Stillwater, CA) diluted 1:2000. Sections
were then incubated in biotinylated goat antirabbit 1gG (1:250,
Vector Laboratories) followed by avidin—biotin-HRP com-
plex (Vector Laboratories). HRP label was demonstrated using
0.04% diaminobenzidine (Polysciences Inc.) in 0.1 M PBS as
the chromogen with 0.1% hydrogen peroxide as the substrate.
Sections were dehydrated in a graded series of ethanol solu-
tions (30, 70, 95, 100%) and cleared in histoclear (Fisher), and
coverdips were gpplied.

Electron microscopy

Sections through the medial habenula were cut on a
vibrotome at 50 wm and the nucleus was microdissected.
The tissue was treated with 2% OsO, in 0.9% saline/1.5%
K3Fe(CN)g, and then dehydrated in a graded series of eth-
anol solutions and propylene oxide and embedded in Epon
812. Utrathin sections were collected on formvar-coated
dlot hole grids and viewed with a JEOL 1200EX micro-
scope.

Data analysis and cell counting

Slides were examined under bright-field illumination on
aNikon Optiphot microscope. The distribution of mast cells
was mapped onto a mouse brain atlas (Slotnick and Leo-
nard, 1975). The number of mast cells was counted by two
observers, each of whom was unaware of the experimental
conditions to which the animals were exposed. The fina

mast cell numbers were averaged within each experimental
condition. For cell measurements, all analyses were per-
formed under X400 magnification. Cells were measured by
sending microscopic fields of view onto a power Maclntosh
7600 computer using a Sanyo CCD video camera (Model
No. VCC-3972) connected to a Nikon Optiphot microscope.
Cells were outlined and the two-dimensional area was cal-
culated using NIH Image 1.61.

Cells were counted in every brain section comprising the
regions being quantified. For each brain, total regional cell
counts represented the total number of cells from al sec-
tions comprising a particular brain region. Because the data
violated the homogeneity of variance assumption, data were
analyzed using a Kruskal-Wallis one-way analysis of vari-
ance (ANOVA) on ranks. Pairwise comparisons were con-
ducted using the Tukey-HSD test and planned comparisons
where appropriate (Keppel, 1991). Comparisons were con-
sidered statistically significant when P < 0.05.

Experiment 2
Experimental treatment and tissue processing

Animals were obtained from our colony as described
above. Female voles were injected for 2 consecutive days
with either 6 pug of 17 beta estradiol (n = 8) or the ail
vehicle alone (n = 8). Pilot data in our lab have shown that
this treatment results in uterine masses equivaent to ani-
mals exposed to 6 days of male urine treatment. On day 6,
animals were injected with a lethal dose of sodium pento-
barbital and perfused though the heart with 50 ml saline
followed by a 250-ml 4% paraformaldehyde solution. The
ovaries and uterine horns were removed from the animals,
cleaned of fat and connective tissue, and weighed to the
nearest milligram. Brains were prepared and stained with
acidic toluidine blue as described for Experiment 1.

Data analysis and cell counting

All cell counts were performed as described in Experi-
ment 1. Datawere analyzed using Student’s unpaired t tests.
Results were considered statistically significant if P < 0.05.

Results
Experiment 1

Brain mast cells were examined in the olfactory bulbs,
medial habenula, hippocampus, thalamus, and median em-
inence of al animals. Very few mast cells were observed in
the hippocampus, and these data were not analyzed. In all
the brain areas investigated, mast cells displayed violet
metachromasia and clearly defined granules. Mast cells
were easily distinguishable from surrounding neurons; neu-
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ronal cell bodies and glia stained light blue, whereas mast
cells stained violet (Fig. 1). The mean cell diameter of the
observed mast cellswas 8.26 + 0.26 wm and the mean cell
area was 266.29 = 1.77 um?. Immunohistochemistry for
histamine revealed cells with a similar, rounded morphol-
ogy in adistribution comparable to that seen with toluidine
blue staining (Fig. 1). At the ultrastructural level, the mast
cells had a heterochromatic nucleus and the cytoplasm was
filled with homogenously dense secretory granules, proper-
ties characteristic of mast cells at the ultrastructural level
(Fig. 2).

The number of mast cells stained with acidic toluidine
blue was affected by the experimental treatment to which
the animal's were exposed. Specifically, animals exposed to
urine for 6 days had increased numbers of mast cellsin the
main olfactory bulb and medial habenula relative to control
groups exposed to water, milk, or animals that were not
manipulated (P < 0.05 in each case; Figs. 3 and 4). In the
olfactory bulb, exposure to milk also increased mast cell
numbers above animals exposed to water (P < 0.05; Figs. 3
and 4). Mast cell humbers were unaffected by any experi-
mental treatment in the thalamus (P > 0.05; water = 115.25

Fig. 1. Representative mast cells from the brains of femae prairie voles
exposed to urine for 6 consecutive days. Mast cellswereidentified using acidic
toluidine blue (TB) staining (top, A) or histamine immunohistochemistry
(middle and bottom, B and C respectively). The cdlls in the top and bottom
panels were located in the neuropil of the thalamus, whereas the cells in the
middle panel were located in the neuropil of the media habenula (i.e., epi-
thalamus). BV, blood vessal.
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Fig. 3. Representative photomicrographs of the olfactory bulbs (top, A-D) and media habenula (bottom, E-H) of female voles exposed to water, milk, or
urinefor 6 consecutive days, or animals that were left unmanipulated in their home cage. Arrows heads point to all mast cellsin agiven section. Larger arrows
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Fig. 2. The granule-filled cytoplasm of a mast cell is shown in this
low-power electron micrograph. The nucleus of the cell is not in this
section. The cell is located between two capillaries in the media habenula
of a female vole exposed to urine. Arrows point to the cytoplasm of the
endothelial cells. A nucleus of a pericyte (P), a cell frequently found just
interior to the endotheliais also visible. Given its position, secretion by the
mast cell could influence the properties of the endothelial cells and the
neuropil of the CNS. Scale bar = 1 um.

+ 50.11, milk = 168.25 + 44.80, urine = 162.5 = 120.59,
unmanipulated = 73.66 *+ 48.01) and median eminence (P
> 0.05; water = 9.0 = 4.83, milk = 2.5 = 1.04, urine = 6.5
+ 254, unmanipulated = 18.5 = 18.3) (Figs. 3 and 4).
Because a previous study had shown that increases in brain
mast cells following cohabitation in rats are specific to a
particular rostrocaudal extent of the thalamus (Asarian et
a., 2002), the distribution of thalamic mast cells was inves-
tigated. Mast cells were distributed uniformly throughout
the rostrocaudal extent of the thalamus across groups, with
most cells being observed in the paraventricular thalamic
region directly below the medial habenula. Some animals
exhibited cells more dispersed throughout the thalamus,
often in close appositions to blood vessels (Fig. 5).

Mast cell numbers in mammalian species often exhibit
high interindividual variability. Therefore, a regression co-
efficient was calculated using the Pearson product—-moment
correlation to compare brain areas to determine if this vari-
ability was associated with al populations of mast cells
within an individual. Animals with high numbers of cellsin
the olfactory bulbs had high numbers of cells in the medial
habenula (r = 0.728, P < 0.0001). High numbers of mast
cells in the thalamus also corresponded with high numbers
of mast cells in the median eminence (r = 0.898, P <
0.0001). Because factors other than urine application may
induce female voles into estrus (Richmond and Conway,
1969), animals exposed to urine, water, or milk (manipu-
lated) were compared to unmanipulated animals. Manipu-
lated animals exhibited increased mast cell numbersin main
olfactory bulbs, medial habenula, and perihippocampa ar-

eas compared to animals that were not treated (P < 0.05;
data not shown). However, manipulated animals did not
display significantly increased mast cell numbers in com-
parison to unmanipulated controls for the thalamus and
median eminence brain regions (P > 0.05; data not shown).

Experiment 2

Brain mast cells numbers were analyzed in the olfactory
bulb, medial habenula, thalamus, and median eminence.
Cells exhibited staining characteristics and morphology
identical to mast cells in Experiment 1. To confirm that
estrogen treatment affected uterine mass to a similar extent
as previous studies of estrus induction that used male urine,
uterine weights were examined. Uterine mass was signifi-
cantly increased in female voles injected with estradiol
relative to volesinjected with the vehicle (P < 0.05; vehicle
= 40.3 = 6.02 mg, estradiol = 65.4 = 4.46 mg), whereas
body mass was unaffected (P > 0.05; vehicle = 34.04 +
1.62 g, estradiol = 31.67 = 1.91 g). However, unlike urine
treatment in Experiment 1, mast cell numbers (or size of the
mast cell population) in the olfactory bulbs and media
habenula were unaffected by the estrogen treatment (P >
0.05; Table 1). Similarly, mast cell numbersin the thalamus
and median eminence were unaffected by estrogen treat-
ment (P > 0.05). In agreement with the results of Experi-
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Fig. 4. Mean (=SEM) number of mast cells in the olfactory bulbs and
habenula of female voles exposed to water, milk, or urine for 6 consecutive
days, or animals that were not manipulated. * Significantly greater than all
other groups (P < 0.05). tSignificantly greater than animals exposed to
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Fig. 5. Mean (=SEM) mast cell counts through the rostrocaudal extent of
the thalamus of female prairie voles exposed to water (n = 9), milk (n =
8), urine (n = 15), or animals that were unmanipulated (n = 9). For the
purposes of presentation, each data point represents the mean (=SEM)
across three brain sections for each animal.

ment 1, animals with higher numbers of mast cells in one
region of the brain tended to have higher numbers of mast
cells in other brain regions.

Discussion

In the present study, female voles exposed to conspecific
male urine exhibit a marked increase in the number of mast
cells observed in the olfactory bulbs and medial habenula.
Unlike results obtained in ring doves (Wilhelm et a., 2000;
Zhuang et al., 1996), hormone treatment did not affect mast
cell numbers. Although mast cells were abundant in the
thalamus and median eminence, their numbers were not
influenced by reproductive condition or hormone treatment,
suggesting that the effects are specific to the olfactory sys-
tem and medial habenula. Together, these results add to the
growing database of species that exhibit increases in brain
mast cells in response to reproductively relevant stimuli.
Likewise, these findings suggest that female prairie voles
represent an excellent model system to identify the specific
mechanisms and functional significance of aterations in
brain mast cell numbers and location.

The evidence for mast cells in the brains of birds and
rodents is vast, although the precise function of these im-
mune cellsin the brain remains unknown (e.g., Silver et al.,
1992, 1993; Silverman et al., 1994, 1995; Wilhelm et al.,
2000; Zhuang et al., 1993; Dimitriadou et a., 1990; Johnson
et a., 1991; Johnson and Krenger 1992). In the present
study, two independent markers revealed the presence of
mast cells in the brains of female prairie voles. First, acidic
toluidine blue staining revealed nonneuronal cells that dis-
played violet metachromasia. Metachromasia to aniline
dyesisahistochemical property characteristic of mast cells,
thereby alowing one to distinguish mast cells from sur-
rounding neurons. Second, immunohistochemistry for his-
tamine, one of the primary mediators found in mast cells,

revealed cells with a similar rounded morphology and a
distribution pattern seen with toluidine blue (see Fig. 1).
Because histamine is one of the major components of mast
cell granules in most mammals (Siraganian, 1988), hista-
mine immunohistochemistry provides a reliable marker for
mast cells in the central nervous system. Findly, at the
ultrastructural level, it was confirmed that the cells investi-
gated at the light microscopic level were, indeed, mast cells.

It is noteworthy that among the regions that exhibit
alterations in mast cell numbersisthe medial habenula. The
present results are reminiscent of the reports that mast cells
increase in the medial habenula of male ring doves follow-
ing 2 h of courtship (Silver et a., 1992, 1993; Silverman et
al., 1994; Zhuang et al., 1993). This finding indicates that
the medial habenula may be an important brain region in
which mast cells congregate and possibly secrete their con-
tents (Silver et a., 1996). The main afferent into the medial
habenula comes from the septal areaviathe striamedullaris,
whereas the primary efferent from the habenula terminates
in the interpeduncular nucleus (reviewed in Sutherland,
1982). Thus, the habenula allows communication between
the limbic forebrain and the midbrain. Additionally, striatal
efferents terminate in the medial habenula, suggesting that
the habenula may represent an important site of conver-
gence between the limbic and striatal systems. Severa lines
of evidence aso suggest that the habenula is involved in
female mating behavior. For example, bilateral habenula
lesions reduce receptive behavior of ovariectomized, estro-
gen-primed femalerats (Modianos et al ., 1974, 1975). Other
studies have reported that the habenula may play an inhib-
itory role in reproductive behavior. In one study, e ectrical
stimulation of the medial habenula immediately prior to or
during testing reduced receptivity in ovariectomized female
rats (Moss et al., 1974). Taken together, the habenular
complex may play an important role in copulatory behavior
and mast cells may act at this neural locus to influence
reproduction.

Traditionally, the brain has been considered to be pro-
tected from the infiltration of immune cells by the blood—
brain barrier. However, it is becoming increasingly clear
that immune cells and their products (e.g., cytokines) are
present in the brain. As mentioned previoudly, interactions
between the immune and endocrine systems act to maintain
both systems within fine operating limits. Brain mast cells
are influenced by events that result in increased hormone

Table 1

Mean (+SEM) number of mast cells in the olfactory bulbs, habenula,
thalamus, and median eminence of female voles that were injected either
with proestrus concentrations of estradiol or given an oil injection

Brain region Qil Estradiol
Olfactory bulbs 89.20 (45.91) 75.14 (26.68)
Habenula 49.20 (17.15) 46.63 (11.43)
Thalamus 101.16 (34.24) 62.12 (31.98)
Median eminence 15.50 (7.23) 8.00(3.19)
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secretion such as exposure to a mate or stimuli associated
with a potential mate (Asarian et a., 2000; Novak et al.,
1994; Novak and Nunez, 1995; Yang et al., 1995; Zhuang et
al., 1996) and following stress (e.g., Theoharides et d.,
1995). The fact that mast cells increase following activation
of the endocrine system suggests that mast cells may mi-
grate to the brain to act on the CNS to modulate endocrine
function. Mast cells rel ease a variety of neurochemicals that
can act to modulate neuroendocrine cells (or their terminals
in the median eminence) to ater hormone production/secre-
tion (Benoist and Mathis, 2002), thereby lending support for
this possibility.

Although the role of peripheral mast cells in alergic
reactions and other immediate hypersensitivity responses
has been well-studied, the role of brain mast cellsremains a
challenge. Mast cells release a variety of cytokines and
chemokines that can have powerful effects on the CNS
(reviewed in Benoist and Mathis, 2002; Besedovsky and
Del Rey, 1996; Xiaet al., 1999). In addition mast cells have
secondary responses that activate other cells of the immune
system, including T cells and B cells (reviewed in Benoist
and Mathis, 2002). Finally, mast cells release the powerful
vasodilator histamine, which could change local blood ves-
sel permeability in the brain (Esposito et al., 2002; Zhuang
et al., 1996). Thus, CNS changes in mast cells and local
release of their mediators could lead to changesin endocrine
function, immune function, or blood vessel permeability.

One recent line of evidence for arole of brain mast cells
in immune responses comes from studies of peripheral li-
popolysaccharide (LPS) injections with or without prior
intracerebroventricular (ICV) exposure to the mast cell sta-
bilizer, sodium cromoglycate (Nava and Caputi, 1999). LPS
administration leads to adaptive sickness behaviors such as
reduced food and water intake, fever, and reduced locomo-
tion. All of these measures are antagonized by prior brain
injections of cromoglycate sodium salt (Nava and Caputi,
1999), suggesting that these response are modulated by
brain mast cells and their chemical mediators. Thus, mast
cell reorganization in response to environmental stimuli
signaling potential exposure to pathogens may result in
local changes in neural function and blood vessel perme-
ability necessary to rapidly modulate peripheral immune
and endocrine responses.

In the present study, both male urine and milk produced
an increase in olfactory bulb mast cells, although urine
produced a greater increase than milk. This finding suggests
that olfactory mast cells may increase in response to any
strong olfactory stimulus, and urine may represent a stron-
ger stimulus than milk. However, mast cells in the medial
habenula were only affected by male urine. This finding
suggests that, with regard to mast cell activation, fine dis-
crimination of reproductively relevant and nonrelevant ol-
factory stimuli may not be processed in the olfactory bulbs
but may require further processing within the epithalamus
or in limbic areas projecting to this brain region. Future
studies comparing the effects of other urine stimuli, such as

female urine and castrated male urine (both incapable of
inducing estrus), will allow the determination of whether
mast cells are affected by olfactory stimuli, chemosensory
stimuli capable of inducing estrus, or any chemosensory
stimuli signaling interactions with conspecifies.

In the present study, although estrus induction was as-
sociated with alterations in brain mast cells, estradiol expo-
sure did not affect brain mast cell numbers or location. This
finding suggests that either brain mast cells are not influ-
enced by changes in estrogen associated with estrus induc-
tion (or chemosensory stimulation) or the treatment in the
present experiment did not effectively mimic the endoge-
nous pattern of hormone increase following estrus induc-
tion. It is possible that estrus induction is associated with a
prolonged elevation of estradiol concentrations, and contin-
ued injections in the present study may have led to brain
mast cell changes mirroring those following conspecific
urine exposure.

The experiments presented herein represent an initial
attempt to understand the role of mast cells in the interac-
tions among the nervous, endocrine, and immune systems.
The results establish that mast cells can infiltrate into the
neuropil of the brains of female prairie voles following
reproductively relevant stimuli. The precise role of brain
mast cells following behavioral and pheromonal manipula-
tions remains to be determined. Female prairie voles repre-
sent an ideal model for beginning to clarify the complex
interactions among the neural, endocrine, and immune sys-
tems using a species in which behavioral and pheromonal
events associated with reproductive endocrinology can be
discretely manipulated.

Acknowledgments

Supported by NIH Grants MH-57535 and HH-066144,
NSF Grant IBN 00-08454 (R.J.N.), and NIH Grants MH-
12408 (L.J.K.), MH-29380 (R.S.), and MH-54088 (A.J.S.).

References

Ader, R, Felten, D.L., Cohen, N., 2001. Psychoneuroimmunology, third
ed. Academic Press, New York.

Arvy, L., 1955. Effects of injections of estrogen on the mast cells of the
white mouse. Nature 175, 506.

Asarian, L., Yousefzadeh, E., Silverman, A.J, Silver, R., 2002. Stimuli
from conspecifics influence brain mast cell population in male rats.
Horm. Behav. 42, 1-12.

Befus, D., 1990. Reciprocal interactions between mast cells and the endo-
crine system, in: Freier, S. (Ed.), The Neuroendocrine-lmmune Net-
work, CRC Press, Boca Raton, FL, pp. 39-52.

Benoist, C., Mathis, D., 2002. Mast cells in autoimmune disease. Nature
420, 875-878.

Besedovsky, H.O., del Rey, A., 1996. Immune-neuro-endocrine interac-
tions: facts and hypotheses. Endocr. Rev. 17, 64-102.

Cambell, D.J, Kiernan, JA., 1966. Mast cells in the central nervous
system. Nature 210, 756—757.



384 L.J. Kriegsfeld et al. / Hormones and Behavior 44 (2003) 377-384

Carter, C.S,, Getz, L.L., Gavish, L., McDermott, J.L., Arnold, P., 1980.
Male-related pheromones and the activation of female reproduction
in prarie vole (Microtus ochrogaster). Biol. Reprod. 23, 1038—
1045.

Cohen-Parson, M., Carter, C.S,, 1987. Males increase serum estrogen
binding in brain of female voles. Physiol. Behav. 39, 309-314.

Dimitriadou, V., Lambracht-Hall, M., Reichler, J., Theoharides, T.C.,
1990. Histochemical and ultrastructural characteristics of rat brain
perivascular mast cells stimulated with compound 48/80 and carbachol .
Neuroscience 39, 209-224.

Dluzen, D.E., Ramirez, V.D., Carter, C.S,, Getz, L.L., 1981. Male vole
urine changes luteinizing hormone-releasing hormone and norepineph-
rine in female olfactory bulb. Science 212, 573-575.

Elenkov, 1.J., Chrousos, G.P., 2002. Stress hormones, proinflammatory and
antiinflammatory cytokines, and autoimmunity. Ann. N.Y. Acad. Sci.
966, 290-303.

Eskandari, F., Sternberg, E.M., 2002. Neural-immune interactionsin health
and disease. Ann. N.Y. Acad. Sci. 966, 20-27.

Esposito, B., De Santis, A., Monteforte, R., Baccari, G.C., 2002. Mast cells
in Wallerian degeneration: morphologic and ultrastructural changes.
J. Comp. Neurol. 445, 199-210.

Galli, S.J., 1990. Biology of disease: New insights into the “riddle of the
mast cells’: microenvironmental regulation of mast cell development
and phenotypic heterogeneity. Lab. Invest. 62, 5-33.

Gushchin, G.V., Jakovleva, E.E., Kataeva, E.A., Gajewski, M., Grabcze-
wska, L.-B., Maslinski, W., Ryzewski, J., 1994. Muscarinic cholinergic
receptors of rat lymphocytes: effect of antigen stimulation and local
brain lesion. Neuroimmunomodulation 1, 259—-264.

Ho, H.N., Wu, M.Y., Chen, H.F., Chao, K.H., Yang, Y.S,, Huang, S.C.,
Lee, T.Y., Gill 3rd., T.J, 1995. In vivo CD3+CD25+ |lymphocyte
subpopulation is down-regulated without increased serum-solule inter-
leukin-2 receptor (slL-2R) by gonadotropin-releasing hormone agonist
(GnRH-a). Am. J. Reprod. Immunol. 33, 134-139.

Ibrahim, M.Z.M., 1974. The mast cells of the mammalian central nervous
system. Part |. Morphology, distribution, and histochemistry. J. Neurol.
Sci. 21, 431-478.

Johnson, D., Krenger, W., 1992. Interactions of mast cells with the nervous
system—recent advances. Neurochem. Res. 17, 939-951.

Johnson, D., Yasui, D., Seeldrayers, P., 1991. An analysis of mast cell
frequency in the rodent nervous system: numbers vary between differ-
ent strains and can be reconstituted in mast cell-deficient mice. J. Neu-
ropathol. Exp. Neurol. 5, 227-234.

Keppel, G., 1991. Design and Analysis: A Researchers Handbook, third ed.
Prentice Hall, Englewood Cliffs, NJ.

Khdil, M., Silverman, A.-J, Silver, R., 2003. Mast cdls in the rat brain
synthesize gonadotropin-releasing hormone. J. Neurobiol. 56, 113-124.

Kitamura, Y., Kanakura, Y., Fujita, J.,, Nakano, T., 1987a. Differentiation
and transdifferentiation of mast cells: a unique member of the hema-
topoietic cell family. Int. J. Cell Cloning 5, 108-121.

Kitamura, Y., Kanakura, Y., Sonoda, S., Asai, H., Nakano, T., 1987b.
Mutual phenotypic changes between connective tissue type and muco-
sa mast cells. Int. Arch. Allergy Appl. Immunol. 82, 244-248.

Lambracht-Hall, M., Konstantinidou, A.D., Theoharides, T.C., 1990. Se-
rotonin release from rat brain mast cells. Neuroscience 39, 199-207.

Martin, J.T., 2000. Sexua dimorphism in immune function: the role of
prenatal exposure to androgens and estrogens. Eur. J. Pharmacol. 405,
251-261.

Modianos, D.T., Hitt, J.C., Flexman, J., 1974. Habenular lesions produce
decrements in feminine, but not masculine, sexual behaviour in rats.
Behav. Bial. 10, 75-87.

Modianos, D.T., Hitt, J.C., Poplow, H.B., 1975. Habenular lesions and
feminine sexua behaviour of ovariectomized rats: diminished respon-
siveness to the synergistic effects of estrogen and progesterone.
J. Comp. Physiol. Psychol. 189, 231-237.

Moss, R.L., Paloutzian, R.F., Law, O.T., 1974. Electrical stimulation of
forebrain structures and its effect on copulatory as well as stimulus-
bound behaviour in ovariectomized hormone-primed rats. Physiol. Be-
hav. 12, 997-1004.

Nava, F., Caputi, A.P., 1999. Central effects of chromoglycate sodium salt
in rats treated with lipopolysaccharide. Eur. J. Pharmacol. 367, 351—
359.

Novak, C.M., Krajnak, K.M., Nunez, A.A., 1994. Photoperiod and age
modulate the number of GnRH-immunopositive non-neuronal cells in
the hamster brain. Neurosci. Abstr. 20, 161.

Novak, C.M., Nunez, A.A., 1995. Female chemosignals modulate the
number of brain mast cellsin male hamsters. Neurosci. Abstr. 21, 1398.

Price, JL., 1995. Thalamus, in: Paxinos, G. (Ed.), The Rat Nervous
System, Academic Press, Sydney, pp. 629—648.

Richmond, M., Conway, C.H., 1969. Induced ovulation and oestrus in
Microtus ochrogaster. J. Reprod. Fertil. Suppl. 6, 367-376.

Richmond, M., Stehn, R., 1976. Olfaction and reproductive behavior in
microtine rodents, in: Doty, R.L. (Ed.), Mammalian Olfaction, Repro-
ductive Processes, and Behavior, Academic Press, New York.

Rodgers, C.H., Law, O.T., 1968. Effects of chemical stimulation of the
“limbic system” on lordosis in female rats. Physiol. Behav. 3,
241-246.

Schlesinger, L., Arevalo, M., Simon, V., Lopez, M., Munoz, C., Hernan-
dez, A., Carreno, P., Belmar, J., White, A., Haffner-Cavaillon, N.,
1995. Immune depression induced by protein calorie malnutrition can
be suppressed by lesoning centra noradrendine systems. J. Neuroimmunol.
57, 1-7.

Silver, R., Ramos, C.L., Silverman, A.-J., 1992. Sexual behavior triggers
the appearance of non-neuronal cells containing gonadotropin-releas-
ing hormone-like immunoreactivity. J. Neuroendocrinol. 4, 207-210.

Silver, R., Silverman, A.-J., Vitkovic, L., Lederhendler, I.I., 1996. Mast
cellsin the brain: evidence and functional significance. Trends Neuro-
sci. 19, 25-28.

Silver, R., Zhuang, X., Millar, R., Silverman, A.-J., 1993. Mast cells
containing GnRH-like immunoreactivity in the CNS during courtship
in doves, in: Sharp, P.J. (Ed.), Avian Endocrinology, Journal of Endo-
crinology, Ltd., Bristol, UK.

Silverman, A.-J.,, Millar, R.P,, King, JA., Zhuang, X., Silver, R., 1994.
Mast cells with gonadotropin-rel easing hormone-like immunoreactivity
in the brain of doves. Proc. Natl. Acad. Sci. 91, 3695-3699.

Silverman, A.-J., Zhuang, X., Silver, R., 1995, Centra nervous system
mast cells and reproduction, in: Plant, T.H., Lee, P.A. (Eds), The
Neurobiology of Puberty, pp. 163-174.

Siraganian, R.P., 1988. Mast cells and basophils, in: Galin, J.I., Goldstein,
.M., Snyderman, R. (Eds.), Inflammation: Basic Principles and Clin-
ical Correlates, Raven Press, New York.

Slotnick, B.M., Leonard, C.M., 1975. A stereotaxic atlas of the abino
mouse forebrain. US Department of Heath, Education, and Welfare,
Rockville, MD.

Sutherland, R.J., 1982. The dorsal diencephalic conduction system: a
review of the anatomy and functions of the habenular complex. Neu-
rosci. Biobehav. Rev. 46, 1-13.

Vliagoftis, H., Dimitriadau, V., Theoharides, T.C., 1990. Progesterone
triggers selective mast cell secretion of 5-hydroxytryptamine. Int. Arch.
Allergy. Appl. Immunol. 93, 113-119.

Webster, J.I., Tonelli, L., Sternberg, E.M., 2002. Neuroendocrine regula-
tion of immunity. Annu. Rev. Immunol. 20, 125-163.

Wilhelm, M., King, B., Silverman, A.J,, Silver, R., 2000. Gonadal steroids
regulate the number and activational state of mast cells in the medial
habenula. Endocrinology 141, 1178-1186.

Xia, Y., Hu, H.Z., Liu, S, Ren, J.,, Zdfirov, D.H., Wood, J.D., 1999.
IL-1beta and IL-6 excite neurons and suppress nicotinic and noradren-
ergic neurotransmission in guinea pig enteric nervous system. J. Clin.
Invest. 103, 1309-1316.

Yang, M., Chien, C., Lu, K., 1999. Morphological, immunohistochemical
and quantitative studies of murine brain mast cells after mating. Brain
Res. 846, 30-39.

Zhuang, X., Silverman, A.-J, Silver, R., 1993. Reproductive behavior,
endocrine state, and the distribution of GnRH-like immunoreactive
mast cells in dove brain. Horm. Behav. 27, 283-295.

Zhuang, X., Silverman, A.-J., Silver, R., 1996. Brain mast cell degranula-
tion regulates blood-brain barrier. J. Neurobiol. 31, 394—403.



	Brain mast cells are influenced by chemosensory cues associated with estrus induction in female prairie voles (Microtus ochrogaster)
	Introduction
	Materials and methods
	Experiment 1
	Animals
	Housing conditions
	Brain removal and acidic toluidine blue staining
	Immunohistochemistry for histamine
	Electron microscopy
	Data analysis and cell counting


	Experiment 2
	Experimental treatment and tissue processing
	Data analysis and cell counting

	Results
	Experiment 1
	Experiment 2

	Discussion
	Acknowledgments
	References


