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Mating behavior
in the male hamster
is dependent
upon
both chemosensory
and hormonal
cues, and copulation
is
abolished
if either signal is interrupted.
Through
reciprocal
interactions
of these signals,
chemosensory
stimuli
increase circulating
testosterone
in the male, and the male’s
hormonal
status influences
his attraction
to female pheromones. Furthermore,
anatomical
data suggest that these
signals are transmitted
through
parallel pathways
in separate subdivisions
of the medial amygdaloid
nucleus, bed
nucleus of the stria terminalis
(BNST) and medial preoptic
area (MPOA). The aim of this study was to determine
if the
integration
of chemosensory
and hormonal
cues is essential for mating. We combined
an intracerebral
implant
of
testosterone
in BNST/MPOA
with removal of a single olfactory bulb (UBx), ipsilateral
or contralateral
to the steroid
implant. Previous studies have demonstrated
that testosterone implants
which stimulate
androgen
receptor-containing neurons in posteromedial
BNST and MPOA can increase mounting
in males castrated
for 12 weeks. Moreover, unilateral
bulbectomy
alone does not prevent mating.
In the present study, ipsilateral
UBx prevents
communication between hormonal
and chemosensory
circuits. Sexually experienced
males were used. Twelve weeks after
castration,
a single olfactory
bulb was removed, and each
male received a testosterone-filled
cannula (23 ga) directed
at the MPOA. Two weeks later, sexual activity increased
in
six males with implants
in BNST/MPOA
and contralateral
UBx, but copulation
was not restored
in eight males with
ipsilateral
UBx despite equivalent
implant placement.
This
study demonstrates
that communication
between
neurons
receiving hormonal
signals and chemosensory
cues is required for mating behavior.
[Key words: brain, male, hamster, animal sex behavior,
testosterone,
androgen
receptor]
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The present study determined if male hamstersintegrate odor
and steroid signalsduring mating, and if such integration is essential for copulation. Chemosensory stimuli are processed
through brain regionsrich in steroid receptors(Wood and Newman, 1995). However, it is unlikely that substantialnumbersof
steroid-responsiveneuronsdirectly convey chemosensoryinformation. Instead, the distribution of steroid receptor-containing
neurons(Krieger et al., 1976; Doherty and Sheridan,1981;Simerly et al., 1990; Wood et al., 1992; Li et al., 1993; Wood and
Newman, 1993a) and the underlying neuronal connections
(Gomez and Newman, 1992), suggestthat chemosensoryand
hormonal signalsare transmitted through largely separate,but
parallel subdivisionswithin each of three brain regions:the medial amygdaloidnucleus(Me), bed nucleusof the striaterminalis
(BNST), and medial preoptic area (MPOA, Fig. 1). According
to our hypothesis, synaptic connections between subnucleiof
Me, BNST, and MPOA permit reciprocalmodulationof neuronal
activity along the parallel chemosensoryand hormonal circuits.
In this manner,gonadal steroid hormonesmay facilitate transmissionof proximate chemosensorycuesto brain regionscritical
for expressionof sexual behavior.
Becausethe male hamsterrequires both chemosensorycues
and steroid hormonesto mate, and becausethese signalsare
relayed through adjacentbrain regions,it hasbeenassumedthat
chemosensoryand hormonal signalsare integratedin the brain.
This idea is further supported by evidence that the males’ attraction to female hamster vaginal secretion (FHVS) is influencedby the internal hormonal milieu (Merkx, 1984; Powerset
al., 1985), and that steroid concentrationsin circulation increase
after exposureto FHVS (Macrides et al., 1974). Although such
reciprocal interactions support the concept that chemosensory
and hormonescues are indeed coordinated in the brain, it has
not previously been determined if this communication is required for sexual activity. As demonstratedin the presentstudy,
mating is prevented when communication between chemosensory and hormonal circuits in the brain is blocked.
The approach was to place a single intracerebral implant of
testosteroneinto the BNST/MPOA of castratedmale hamsters,
and simultaneouslyremove a singleolfactory bulb (UBx), either
ipsilateral or contralateral to the steroid implant. This model
takes advantageof the predominantly ipsilateral projections of
the olfactory system(Davis et al., 1978). Previous studieshave
demonstratedthat unilateral olfactory bulbectomy alonedoesnot
impair mating behavior (Murphy and Schneider, 1970; Winans
and Powers, 1974), and that testosteroneimplants in BNST/
MPOA increasemounting in long-term castrates(Lisk and Bezier, 1980; Wood and Newman, 1995b).By combining UBx with
unilateral steroid stimulation of the BNST/MPOA, maleswith
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ipsilateral
bulbectomy
receive
both chemosensory
and hormonal
signals,
but routed
through
opposite
sides of the brain (Fig.
I).
If communication
between
chemosensory
and hormonal
circuits
is required,
such males will fail to mate. Males with contralateral

hormonal
circuit

UBx should receive and integrate both stimuli through one hemisphere, and engage in mating behavior.

Materials and Methods
General

ipsilateral

bulbectomy
rone

contralateral

bulbectomy

methods

Adult male hamsters (Mesncricerus
ccurcrtus) weighing
between
90 and
I IO gm were used. Mating
tests were conducted
during the tirst foul
hours of the dark phase under dim light. Each male was placed in a
clean Plexiglas
cage; 2 min later, a receptive
female was introduced.
Stimulus
females had been previously
ovariectomized.
and were injected SC with estradiol
I7 beta (IO pg in 0.05 ml sesame oil) 4X and 24
hr before use. To induce lordosis,
each female received
350 ug progesterone (2.5 mg/ml in sesame oil) subcutaneously
4 hr before testing.
Initially,
to provide
mating experience
for the males and to select subjects for vigorous
sexual behavior,
all males were exposed on two occasions
to a receptive
female
for 30 min or until first ejaculation.
Throughout
the study, at least I week elapsed between mating tests for
any individual.
Twenty-three
males displaying
ejaculations
on both preliminary
mating tests were selected.
To establish
baseline
measurements
of copulatory
behavior
in the
presence of the gonads, sexual activity
was recorded
with the aid of a
Macintosh
computer
during two 10 min mating tests for each of the 23
sexually
experienced
males. After the second recorded
mating
test,
males were castrated under sodium pentobarbital
anesthesia (IO mglkg)
via a midline
scrotal incision.
They received
no further
treatment
for
I2 weeks, to allow mating
behavior
to decline
to low levels in the
absence of steroids (Morin
and Zucker,
1978). Subsequently,
mating
was recorded
again on two occasions
to assess copulatory
performance
of these long-term
castrates. Upon completion
of postcastration
behavior testing, each male was unilaterally
bulbectomized
and immediately
received
a single intracerebral
implant containing
testosterone
(see below for implant
fabrication
and surgery).
Beginning
I week after implant surgery,
mating behavior
was again recorded
on two occasions,
at least I week apart, for each male. One hour after the final mating
test, males were perfused
and the brains retained
for histology.

Implant fubricution

Figure 1. Schematic
diagram
of mating behavior
circuitry
through
the
medial amygdaloid
nucleus
(Me),
bed nucleus of the stria terminalis
(BNST), and medial preoptic
area (MPOA)
in the male Syrian hamster
brain illustrating
the separate pathways
for receipt of chemosensory
and
hormonal
cues. Top, Normal
male. Elements
of the chemosensory
circuit (lefr) include the anterior
subdivision
of Me (MeA),
posterointermediate subdivision
of BNST (BNTSpi),
and the lateral subdivision
of
MPOA
(MPOAI).
The hormonal
circuit (righr)
consists of the posterior
subdivision
of Me (MrP),
the posteromedial
subdivision
of BNST
(BN.STl,nr),
and the medial preoptic
nucleus (MPN).
Middle,
Testosterone stimulation
of BNSTpm
and MPN
(solid circles)
combined
with
removal
of the ipsilateral
olfactory
bulb prevents
communication
between the chemosensory
and hormonal
circuits.
&from,
Removal
of
the contralateral
olfactory
bulb permits
chemosensory
and hormonal
integration.

and surger?

Implant preparation
and placement
were similar to the methods of Lisk
and Bezier (1980). Briefly,
stainless steel tubing (23 gauge, Small Parts,
Inc.) was sterilized
and cut in 2.5 cm lengths. Crystalline
testosterone
was dissolved
in ethanol, and introduced
in one end of the cannula by
capillary
action. The ethanol evaporates,
leaving crystalline
steroid behind. The outside of each cannula was cleaned with ethanol and examined under a dissecting
microscope
to ensure that testosterone
tilled
the end of the implant.
To minimize
cannula movement
after implantation, the extracranial
portion of each cannula was bent twice: a 180”
turn 1.5 cm from the steroid-tilled
end, and a 90” turn 0.5 cm from the
distal end.
For implantation,
males were anesthetized
with pentobarbital
(65 mgl
kg). The head was shaved, and positioned
in a stereotaxic
apparatus
(David
Kopf Instruments,
Tujunga,
CA), with lambda and bregma in
the same horizontal
plane. The periosteum
and overlying
fascial layers
were cleared from the skull through
a midline
incision on the scalp. A
single hole was drilled through
the skull just large enough to acconmodate the steroid-tilled
cannula. Each male received
a single cannula
directed
towards
BNST and MPOA
(AP: + I .4, ML: -0.4. DV: -7.4
relative to bregma).
Skull screws (Lomat,
Inc., Montreal,
Quebec) were
placed in each of three surrounding
shallow
holes. The cannula was
lowered
to the desired location,
and secured to the skull with cranio-

Figure 2. Photomicrographs
of androgen
receptor
immunoreactivity
in the medial preoptic
nucleus (MPN)
and posteromedial
subdivision
of the
bed nucleus of the stria terminalis
(BN.STpm; A, B) and in the posterior
subdivision
of the media1 amygdaloid
nucleus (Mef;
C. D) from a castrated
male hamster bearing a single intracranial
testosterone
implant
in BNST/POA
combined
with removal
of the contralateral
olfactory
bulb. Dense
immunostaining
for androgen
receptors
in the area surrounding
the cannula (B) provides
an estimate of testosterone
diffusion.
Androgen
receptor
immunoreactivity
is faint in other steroid-responsive
brain regions, including
MeP (D), and on the opposite
side of the brain (A, H). See Materials
and Methods
for details of androgen
receptor
staining.
Scale bar, 200 pm.
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plastic cement (Plastics One, Roanoke, VA). Immediately thereafter, a
single olfactory bulb was removed by aspiration through a hole in the
overlying bone (Winans and Powers, 1974). The resulting cavity was
packed with sterile gel foam. Once the cranioplastic cement had hardened, the skin was sutured over the bent cannula tip and the animal was
allowed to recover for 1 week.

calculated. For each individual, data from the two postcastration tests
and two postsurgical mating tests was averaged. Mean i- SEM expression of these behaviors in the two groups was compared by ANOVA,
with post-hoc comparisons using the Scheffe F test. In all analyses, P
< 0.05 was considered significant.

Results
Perfusionand histology
One hour after the second postimplantation mating test, hamsters were
deeply anesthetized with sodium pentobarbital (130 mg/kg), and perfused through the aorta with I50 ml of 0. I M sodium phosphate-buffered
saline containing 0. I % sodium nitrite for vasodilation, followed by 250
ml of 0.1 M sodium phosphate buffer (PB) containing 4% paraformaldehyde. Brains were removed and postfixed in the perfusion fixative for
I hr at room temperature and then cryoprotected overnight in PB with
20% sucrose at 4°C. Forty micrometer coronal brain sections were cut
on a freezing microtome, and collected into PB with 0.01% sodium
azide as a preservative. Every fourth section was stained with cresyl
violet to determine cannula placement. Additional sections were stored
at 4°C until processed for androgen receptor immunocytochemistry.
Androgen receptor immunocytochemistry. To determine the extent of
testosterone efflux from the intracerebral cannula, we profited from the
effect of castration on androgen receptor immunoreactivity. Every
fourth section was stained for androgen receptors using the PC-21 antiandrogen receptor antibody (0.5 pg/ml; gift of G. S. Prins). Immunocytochemistry for the androgen receptor followed the protocol reported
previously (Wood and Newman, 1993a). In the absence of ligand, immunoreactivity for the androgen receptor is faint or absent when tissues
are stained briefly (5 min) in diaminobenzidine (DAB; Wood and Newman, 1993b). In sections from androgen-treated individuals, the same
approach is sufficient to reveal dense immunoreactivity over androgen
receptor-positive cell nuclei. These changes in immunoreactivity presumably reflect the upregulation of androgen receptor by ligand, as
revealed by receptor binding (Krey and McGinnis, 1990; Prins et al.,
1990) and Northern blot analysis (Kerr et al., 1993; Robbins et al.,
1994). Brief staining of brain sections from males bearing testosteronefilled cannulae reveals numerous androgen receptor-immunoreactive
neurons in those brain regions surrounding the testosterone implant, as
described previously (Wood and Newman, 1995b). Figure 2 presents
photomicrographs of androgen receptor immunoreactivity in Me, BNST
and MPOA opposite (A, C) and adjacent (B, D) to the testosterone
implant. There were no differences in androgen receptor immunostaining from males with ipsilateral or contralateral UBx.
Data analysis
Cannula placement and bulbectomy. All brains were visually inspected
immediately after perfusion to evaluate the completeness of unilateral
olfactory bulbectomy. In two males with contralateral UBx and one
male with ipsilateral UBx, a rudiment of the olfactory bulb remained.
These males were excluded from the study. With the aid of a drawing
tube, the path of the cannula was plotted from sections stained with
cresyl violet onto standardized drawings of coronal sections through the
hamster brain. The distribution of androgen receptor-immunoreactive
neurons from adjacent sections was superimposed on these drawings to
determine the extent of testosterone efflux from the steroid-filled cannula. Cannula placement for each male was compared with similar data
from our previous study of testosterone stimulation of BNST/MPOA
(Wood and Newman, 1995b). Only those males with the potential to
respond to the intracerebral implant, as judged by appropriate cannula
placement, were included in behavioral analyses.
Behuviorul testing. For each mating test, the behavior of the male
was recorded each second with the aid of a Macintosh computer. Specific behaviors recorded included no interaction, fighting, grooming,
investigation of the female, anogenital investigation, ectopic (misoriented) mounting, mounting, intromission, or ejaculation. It is important
to note that unilateral intracerebral testosterone implants do not restore
copulation to the level of the gonad-intact male. Such implants stimulate
only a small subset of steroid-responsive neurons in the brain, and provide no steroidal cues to peripheral structures (i.e., penis and accessory
sex glands). Hence, even males with chemosensory and hormonal signals on the same side of the brain (contralateral UBx males) do not
show intromissions or ejaculations. From each behavioral record, the
total duration of grooming, interaction with the female, anogenital investigation, the number of mounts, and the latency to first mount was

Histology
Figure 3 presents schematic drawings of the path of the intracerebral cannula and the surrounding
dense androgen receptor
immunoreactivity
from a representative males with contralateral
UBx (left), and from an ipsilateral UBx male with comparable
implant placement (right). In these males, the cannula passed
through the medial septum and rostra1 preoptic area, where lesions do not produce mating deficits. The cannula tip was located in the caudal preoptic area. It was not necessary for the
cannula tip to actually contact the target region, as androgen
receptor-immunoreactive
neurons were visible up to I mm from
the end of the cannula. As determined from androgen receptor
immunostaining,
testosterone preferentially
diffuses from the tip
of the implant along the cannula path to contact androgen receptor-containing
neurons in the medial preoptic nucleus (MPN)
and posteromedial
BNST (BNSTpm). Occasionally, stained neurons were visible rostrally in the ventral lateral septum. Dense
androgen
receptor immunoreactivity
typical of intact males
(Wood and Newman, 1993a) was not observed in steroid-responsive regions caudally, including the posterior subdivision of
Me (MeP; Fig. 2C), ventral premammillary
nucleus, arcuate and
ventromedial
nuclei of the hypothalamus, or on the side of the
brain opposite to the hormone implant. The distribution
and
staining intensity of androgen receptor-containing
neurons was
similar in contralateral
and ipsilateral UBx males with comparable implant placement.
Based on previous experience with intracerebral
testosterone
implants in BNST/MPOA,
sexual behavior is facilitated by testosterone stimulation of steroid receptor-containing
neurons extending between BNSTpm and MPN immediately caudal to the
anterior commissure (Wood and Newman, l995b), and equivalent to the males depicted in Figure 3. Of 10 males with contralateral UBx, cannula placement was appropriate to stimulate sexual behavior in 6 males. In the remaining four individuals, the
implant was located in the third ventricle (n = 2), caudally in
the hypothalamus (n = I), or dorsally in the thalamus (n = I).
In males with ipsilateral UBx, cannula placement was appropriate in 8 of IO males. Of the two remaining males with ipsilateral
UBx, the cannula was located caudally in the hypothalamus (n
= I), or laterally in the lateral preoptic area (n = I). No facilitation of behavior was observed in ipsilateral or contralateral
UBx males with implants placed outside BNST/MPOA.

Sexual behavior
Figures 4 and 5 depict mating behavior before orchidectomy,
after castration, and after surgery in representative males with
contralateral
(Fig. 4) and ipsilateral UBx (Fig. 5). Figure 6 presents the mean?SEM
expression of copulatory and noncopulatory behaviors before and after surgery from contralateral
and
ipsilateral UBx males with appropriate cannula placement (n =
6 and 8, respectively).
Before castration, all males displayed
multiple ejaculations during a IO min test with a receptive female (Figs. 4, 5, top). Twelve weeks later, behavior declined to
low levels in all males (Figs. 4-6). These males showed only
sporadic interaction with the female, and few mounts were recorded. After surgery, sexual activity was significantly enhanced
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Figure 3. Camera lucida drawings
of coronal sections through
a single intracerebral
implant
of testosterone
in BNST/MPOA
steroid implant.
The path of a 23 gauge intracerebral
cannula
testosterone
binding is illustrated
in the shaded area.

the brains of two representative
castrated adult male hamsters after surgery to place
and remove
a single olfactory
bulb contralateral
(lef)
or ipsilateral
(right)
to the
is depicted
by the heavy line, androgen
receptor
immunoreactivity
indicative
of
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above castrate levels in all 6 contralateral UBx males with appropriate cannula placement (Fig. 6). These effects included an
increase in the total interaction with the female (data not shown),
grooming, anogenital investigation, number of mounts, and reduced latency to the first mount. Typically, contralateral UBx
males displayed bursts of mounting interspersed with grooming
or investigation of the female (Fig. 4), as reported previously
for bulb-intact males with intracranial steroid stimulation of the
preoptic region (Wood and Newman, 1995b).
In males with ipsilateral UBx, expression of sexual activity
did not increase following surgery (Figs. 5, 6). The duration of
interaction with the female, grooming, and anogenital investigation, as well as the number of mounts and latency to the first
mount were not different after testosterone implantation and ipsilateral UBx compared with the behavior of these same individuals as long-term castrates (P > 0.05). Moreover, expression
of copulatory and noncopulatory behaviors in ipsilateral UBx
males was significantly below that of contralateral UBx males
with comparable implant placement (P < 0.05).

Discussion
Previous studies of behavioral responses to odor and hormone
signals have suggested that reciprocal communication of these
two stimuli occurs. The results of the present study extend those
observations to indicate that the interaction of chemosensory and
hormonal signals is necessary for mating in the male Syrian
hamster. The largely ipsilateral projections of the olfactory bulbs
(Davis et al., 1978) made it possible to channel chemosensory
and hormonal information through opposite sides of the brain,
thereby providing both signals to brain regions that control copulation, but blocking communication between chemosensory and
hormonal circuits within these pathways (see Fig. 1). Steroid
stimulation of BNST and MPOA has previously been shown to
facilitate male sexual behavior after castration (see Sachs and
Meisel, 1988). The present study demonstrated that removal of
a single olfactory bulb contralateral to the intracranial implant
did not compromise testosterone facilitation of sexual activity.
However, when males were deprived of chemosensory information ipsilateral to the steroid implant, mating behavior was
prevented. This finding opens up the opportunity to explore
where and how chemosensory and hormonal cues interact in the
brain.
An important framework for describing and distinguishing the
separate circuits within Me, BNST, and MPOA that transmit
chemosensory and hormonal cues is the concept of the “extended amygdala” (Heimer and Alheid, 1991), parallel rings of
interconnected structures in the limbic system which link the
corticomedial amygdala with the BNST via the stria terminalis
and ventroamygdalofugal pathway. Chemosensory information
is transmitted preferentially within a circuit which includes the
anterior part of the Me (MeA) and the posterointermediate division of the BNST (BNSTpi, de Olmos et al., 1985). This circuit is characterized by extensive olfactory and vomeronasal input and by widespread connections to other chemosensory and
limbic areas of the forebrain, including connections with the
lateral portions of MPOA. Selective bilateral lesions within this
circuit which block transmission of chemosensory cues will immediately and permanently abolish mating. Such lesions include
deafferentation of the olfactory and vomeronasal inputs to the
bulbs (Winans and Powers, 1977), removal of the olfactory
bulbs (Murphy and Schnieder, 1970), section of the lateral olfactory tract (Devor, 1973), damage to MeA (Lehman and Win-
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4. Sexual behavior recorded on three occasions for 10 min in
a sexually experienced male hamster before castration (top), 12 weeks
after orchidectomy (middle), and after implantation of a testosteronefilled intracranial cannula in BNST/MPOA and unilateral olfactory
bulbectomy contralateral to the steroid implant (bottom). Dotted line
indicates no interaction with the receptive female, shaded area indicates
mounts, intromissions, and ejaculations.Abbreviations: AGI, anogenital
investigation; ECT, ectopic mount, EJ, ejaculation; CR, grooming; INT,
intromission; INV, investigation of the female; MO, mount.
Figure

ans, 1982; Lehman et al., 1983), lesions including BNSTpi or
centered in the caudal, lateral MPOA (Eskes, 1984; Powers et
al., 1987).
A second circuit within the extended amygdala, the network
of the posterior Me (MeP) and posteromedial BNST (BNSTpm),
transduces steroid information. Compared to the substantial olfactory and vomeronasal connections through MeA, the subcircuitry through MeP has only limited connections with the accessory olfactory bulbs, and virtually no direct input from the
main olfactory bulbs. Further, the projections of this second circuit are restricted to the medial subdivisions of MPOA, including MPN, and the lateral subdivision of VMH (Gomez and Newman, 1992). In contrast to the effects of lesions in the chemosensory circuit, bilateral lesions of MeP, BNSTpm, or MPN,
only alter the patterning of mating behavior, but fail to eliminate
it (Lehman and Winans, 1982; Powers et al., 1987). However,
the majority of hormone-responsive cells are concentrated within
this circuit (Krieger et al., 1976, Doherty and Sheridan, 1981;
Simerly et al., 1990; Wood et al., ,1992; Li et al., 1993; Wood
and Newman, 1993a). Fewer steroid receptors are present in the
chemosensory subcircuit comprised of MeA, BNSTpi and lateral
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Figure
5. Sexual behavior recorded on three occasions for 10 min in
a sexually experienced male hamster before castration (top). 12 weeks
after orchidectomy (middle),
and after implantation of a testosteronefilled intracranial cannula in BNST/MOPA and unilateralolfactory

bulbectomyipsilateralto the steroidimplant(bottom).Dotted line indicatesno interactionwith the receptivefemale,shaded area indicates
mounts, intromissions, and ejaculations. Abbreviations:

AGZ,

BNST/MPOA and unilateral olfactory bulbectomy (solid bars, surgery).
Bulbectomy was performed contralateral (CONTRA)
or ipsilateral
(IPSI) to the intracranial implant (n = 6 and 8 per group, respectively).
Bars with common letter superscripts are not significantly different.

anogenital

investigation;
ECT,ectopicmount;EJ, ejaculation;GR, grooming;INT,
intromission;
ZNV, investigation
of the female;MO, mount.
MPOA. Theseobservationsof the distribution and connections
of steroidreceptor-containingneuronsin hamsterlimbic system
further elaborateon the concept proposedby Cottingham and
Pfaff (1986)of a hormone-responsive
network in the brain. They
reveal that steroidreceptorsare concentratedpreferentially within discretesubnucleiof the larger hormonal circuitry, thereby
constituting a hormone-responsive
subcircuit of exquisite detail.
The parallelneural circuits for transmissionof chemosensory
cuesthrough MeA, BNSTpi, and MPOAl and for relay of hormonal signalsvia MeP, BNSTpm, and MPN provide a model
for postulatinghow and where coordination of sensoryand endocrine signalsmight occur. The results of the present study,
together with previous investigationsof the functions and connections of discrete subnuclei,provide important insights into
potential mechanisms
for integration. First, the projectionsof the
olfactory bulbsare predominantlyipsilateral(Davis et al., 1978),
and communicationbetween chemosensoryand hormonal circuits probably occurs separately and simultaneouslyon both
sidesof the brain. Connectionsbetweenpaired subnucleiof Me,
BNST, and MPOA through the anterior commissurelink the two
hemispheres
(Maragoset al., 1989;Gomez and Newman, 1992),

and may coordinatemating behavior on both sidesof the brain.
However, the resultsof the presentstudy indicate that chemosensory and hormonal stimuli transmitted across the brain
through these interhemisphericconnectionsare insufficient to
sustain copulatory behavior. Secondly, there exist reciprocal
connections linking MeA and MeP (Gomez and Newman,
1992).Similar connectionsmay join BNSTpm and BNSTpi and
the medial and lateral subdivisionsof MPOA aswell. Thus, the
potential exists for communicationbetween the chemosensory
and hormonal circuits via projections of neurons that receive
chemosensorycuesonto steroid receptor-containingneurons,or
vice versa. These connectionsmay be responsiblefor Fos expressionin neuronsof MeP and BNSTpm following exposure
of the male to female hamstervaginal secretion (Fiber et al.,
1993;Fernandez-Fewelland Meredith, 1994).It is not necessary
to postulateconvergenceof thesetwo circuits in a singleneuron
which receivesboth chemosensoryand hormonalcues.Instead,
reciprocal modulationof neuronalactivity acrosssynaptic connectionsbetweentheseseparatesubcircuitsmay suffice.
Communicationbetweenthe chemosensoryand hormonalcircuits is probably not restrictedto any singlesite alongthe mating
behavior pathway, but insteadmay occur simultaneouslyacross
subdivisions of Me, BNST, and MPOA. In the gonad-intact
male, gonadal steroidsnormally bind at multiple sites simultaneously, and each of the principal nuclei along the mating behavior circuit possesslarge numbersof steroid receptors(Krieger et al., 1976; Doherty and Sheridan, 1981; Simerly et al.,
1990; Wood et al., 1992; Li et al., 1993; Wood and Newman,
1993a).An emerging concept of steroid action in the brain is
that there is redundancybuilt into this interconnectednetwork
(Cottinghamand Pfaff, 1986). In supportof this hypothesis,steroid replacementat either Me or BNST/MPOA is sufficient to
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restore normal mating behavior in castrated male hamsters (Lisk
and Bezier, 1980; Wood and Newman, 1995b), and rats (Baum
et al., 1982; Rasia-Filho,
1991). Conversely, lesions confined to
any single element in the hormone-responsive
circuitry (MeP,
BNSTpm,
MPN) fail to prevent the behavior (Lehman et al.,
1983; Powers et al., 1987), suggesting that no single site along
this pathway is essential for maintenance
of sexual activity.
Thus, although the present study reveals that the BNST/MPOA
area is capable of supporting chemosensory and hormonal integration, this region may not be the sole point of integration.
Likewise, it is not possible to define where chemosensory and
hormonal integration occurs based only upon the location of the
intracerebral
cannula. Steroids may indirectly modulate neural
activity in areas distant from their binding site, and may also
influence the activity of neurons that lack intracellular
steroid
receptors, as has been demonstrated for the GnRH neurosecretory system (Evans et al., 1994).
Having established the necessity of odor and steroid communication, the challenge is now to understand the cellular nature of the interaction between chemosensory and hormonal circuits. To envision a coherent model for chemosensory and hormonal integration, it must be considered that these two stimuli
are transduced
by entirely
different
neuronal
mechanisms.
Chemosensory
cues activate neural impulses along a discrete
chain of neurons. The serial arrangement of this network is amenable to study by tract tracing and lesion analysis. Any break in
the chain prevents transmission of neural signals generated by
chemosensory stimulation, thereby resulting in immediate cessation of the behavior. By contrast, the multiple sites of steroid
action and the long-term nature of steroid effects suggest that
hormonal stimulation of mating behavior is not achieved solely
through direct neuronal excitation, but may include trophic effects on steroid-responsive
neurons, as well. Steroid hormones
can facilitate branching of neurons (Gomez and Newman, 1991),
and formation of synapses (Chung et al., 1988; Nishizuka et al.,
1989; Frankfurt and McEwen,
1991; Woolley and McEwen,
1992), effects which tend to promote connectivity. Perhaps projections of steroid-responsive
neurons from the hormonal circuit
onto neurons of the chemosensory circuit act as a gating mechanism to permit or enhance transmission of chemosensory cues
through MeA, BNSTpi, and MPOAI. If so, when steroid hormones are reduced in response to short day photoperiod or eliminated via castration, these facilitatory connections would attenuate. According
to this hypothesis, impaired
transduction
of
chemosensory cues in the absence of gonadal steroids would
prevent activation of neurons in lateral MPOA in a castrate male
following receipt of pheromonal stimuli from a receptive female.
The lateral MPOA is critical for expression of copulation,
and
thus a castrate male would fail to mate. This and other hypotheses can be examined in future years.
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