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Abstract
In female rats, vaginal-cervical stimulation (VCS) received during mating induces bicircadian
prolactin surges that are required for the maintenance of pregnancy or pseudopregnancy (PSP).
The neural circuits that transmit VCS inputs to the brain have not been fully described, although
mating stimulation is known to activate medullary noradrenergic cell groups that project to the
forebrain. In response to VCS, these neurones release noradrenaline within the ventrolateral
division of the ventromedial hypothalamus (VMHvl) and the posterodorsal medial amygdala
(MePD), two forebrain sites that are implicated in the initiation of PSP. Noradrenaline receptor
activation within the VMHvl is both necessary and sufficient for PSP induction, suggesting that
noradrenaline acting within the VMHvl is particularly important in mediating the effects of VCS
towards the establishment of PSP. We therefore investigated whether or not endogenous, VCS-
induced noradrenaline release within the VMHvl is involved in PSP induction in the rat. Before
the receipt of sufficient mating stimulation to induce PSP, a retrograde neurotoxin, dopamine-β-
hydroxylase-saporin (DBH-SAP), was infused bilaterally into the either the VMHvl or the MePD
to selectively destroy afferent noradrenergic nuclei in the brainstem. DBH-SAP infusions into the
VMHvl lesioned mating-responsive noradrenergic neurones in A1 and A2 medullary nuclei and
reduced the incidence of PSP by 50%. Infusions of DBH-SAP into the MePD had no effect on the
subsequent induction of PSP. These results suggest that VCS is conveyed to mating-responsive
forebrain areas by brainstem noradrenergic neurones, and that the activity of noradrenergic cells
projecting to the VMHvl is involved in the induction of PSP.
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In rodents and several other mammalian species, vaginal cervical stimulation (VCS)
received during mating is required to initiate critical neuroendocrine changes that allow
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pregnancy to occur. One important component of this process involves the release of
noradrenaline in forebrain regions after receipt of VCS. In female rats, noradrenaline is
involved in multiple aspects of reproduction, including sexual behaviour (1,2) and the
secretion of luteinising hormone and prolactin (3–5) during pro-oestrus. Noradrenaline
actions have also been implicated in the induction of pregnancy or pseudopregnancy (PSP)
in response to VCS (6,7).

A threshold amount of VCS is required by the female rat to induce the twice-daily prolactin
surges needed to establish pregnancy. These prolactin surges are triggered even after a
sterile mating, resulting in a 12–14-day acyclic period of PSP (8–11). For VCS to induce
prolactin secretion, information received by the vagina and cervix must be conveyed to the
central nervous system by the hypogastric and pelvic nerves (12–14). Mating stimulation is
then relayed through ascending spinal pathways to activate medullary noradrenergic cell
groups that project to the hypothalamus and thalamus (15–17).

Hypothalamic noradrenaline derives mainly from A1 and A2 medullary nuclei (17). These
neurones send projections through the ventral noradrenergic bundle (VNAB), with terminal
fields innervating the ventromedial nucleus of the hypothalamus (18) and other
hypothalamic targets (17). Receipt of VCS causes a rapid increase in noradrenaline
concentration in the ventrolateral division of the ventromedial hypothalamic nucleus
(VMHvl) (19) and in the posterodorsal division of the medial amygdala (MePD) (7), two
brain areas that are implicated in PSP induction. Electrolytic lesioning of the VNAB reduces
PSP by 80% (20,21), suggesting that inputs to one or both of these areas from A1 and A2
noradrenergic cell groups are important for PSP induction. This premise is further confirmed
by studies examining the expression of Fos, a marker for neuronal activation, in which VCS
specifically activated neurones in the A1 and A2 nuclei, but not in A5 or A6 (locus
coeruleus; LC) noradrenergic nuclei (22,23).

Fos expression has also been used to demonstrate that multiple forebrain nuclei, including
the VMHvl, the bed nucleus of the stria terminalis (BNST) and the MePD respond to VCS
(24–28). Although additional brain regions, including the dorsomedial–ventromedial
hypothalamic region, the medial preoptic area, and the paraventricular nucleus of the
hypothalamus (PVN), are involved in VCS-induced prolactin release (29–31), the MePD
and VMHvl have been shown to be essential for the initial transduction of the VCS signal.
The MePD appears to summate individual VCS inputs through rapid activation of NMDA
glutamate receptors, and to transmit this information downstream to the BNST and VMHvl
(32,33). By contrast, VMHvl contributions to the establishment of VCS-induced PSP appear
to involve activation of noradrenaline and oxytocin receptors (6,34). Thus, the VMHvl is a
likely site where noradrenaline released from A1 and A2 neurones may act to influence PSP
induction. The present study directly tested the hypothesis that mating-responsive
noradrenaline neurones that project to the VMHvl are involved in PSP induction. A
noradrenaline-specific retrograde toxin, dopamine-β-hydroxylase-saporin (DBH-SAP), was
infused before mating into either the VMHvl or the MePD to selectively kill afferent
noradrenergic neurones projecting to each site. The results obtained demonstrate that
mating-induced activation of noradrenergic cell groups projecting to the VMHvl, but not the
MePD, contributes to PSP induction.

Materials and methods
Two separate experiments were conducted. In Experiment 1, drug infusions targeted the
VMHvl and in Experiment 2, infusions targeted the MePD. Both experiments were
performed using the same protocol unless specified.
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Animals
Experimental animals were virgin Long-Evans female rats (200–225 g) purchased from
Charles River Laboratories (Wilmington, MA, USA). Animals were housed individually in
suspended metal cages under a reversed 12 : 12 h light/dark cycle (lights on 21.00 h).
Access to food and water was provided ad lib. Throughout the experiments, the ovarian
cyclicity of all females was monitored by daily examination (08.00 h) of vaginal cytology
using the lavage method (35). Only females that exhibited two complete oestrous cycles (4–
5 days) before drug infusions were used for experimentation. For Experiment 1, 50 animals
were infused into the VMHvl, as described below. Infusions into the MePD were without
effect in any animals, and so Experiment 2 was discontinued after four to eight animals in
each group had been tested (16 animals total) to minimise the use of experimental animals.

Drug treatments
All animals were infused on the day of metoestrus to minimise the possible effects of
infusion on subsequent ovarian cyclicity. Overall, drug infusions had no effect on normal
oestrous cyclicity. In cases where the length of the first postoperative oestrous cycle was
extended as a result of the stress of surgery or drug infusion, animals were not mated until
they resumed normal cyclicity. Individual animals that failed to show normal oestrous cycles
after drug infusion were excluded from the experiment.

DBH-SAP was used to selectively lesion noradrenergic neurones that project to the VMHvl
or MePD. DBH is the rate-limiting enzyme in the conversion of dopamine to noradrenaline
and is commonly used as a specific marker for noradrenaline neurones. DBH-SAP contains
a mouse anti-DBH antibody conjugated to saporin, a toxin that inactivates ribosome function
(Advanced Targeting Systems, San Diego, CA, USA). During noradrenaline
neurotransmitter exocytosis, when vesicles are exposed to the synaptic cleft, DBH-SAP
binds to vesicular DBH (36). The DBH-SAP complex is then internalised by noradrenaline
terminals during vesicular endocytosis and is transported retrogradely to the cell body. Upon
reaching the cell bodies of noradrenaline neurones, saporin inactivates ribosome function,
preventing protein synthesis and causing cell death (37).

Experiment 1: VMHvl infusions—All infusion drugs were diluted in 0.05 mol/l
phosphate-buffered saline (PBS). Animals were divided into six experimental groups. Two
groups received VMHvl infusions of high or low doses of DBH-SAP (60 ng/0.6 μl, n = 14; 2
ng/0.6 μl, n = 6). As a control for the effects of DBH-SAP, matching high and low doses of
nonspecific mouse immunoglobulin (IgG) bound to saporin (IgG-SAP) were administered to
two additional groups (60 ng/0.6 μl, n = 10; 2 ng/0.6 μl, n = 10). The IgG portion of IgG-
SAP has no antigen specificity and thus does not target specific cells (Advanced Targeting
Systems). A fifth group of females received control infusions of artificial cerebral spinal
fluid (aCSF) (n = 5) and, to control for the possibility that DBH-SAP infusion could itself
induce PSP, a sixth group (n = 5) was infused with the high dose of DBH-SAP but
subsequently received no mating stimulation (‘home cage’ animals; HC). For all infusions,
animals were anaesthetised with isoflurane gas (2.5% in 100% oxygen) and positioned in a
Kopf stereotaxic instrument. The skull of each animal was exposed and cleared of
connective tissue to reveal the anatomical sutures. Bilateral holes were drilled in the skull to
target the VMHvl at the following positions relative to Bregma: anteroposterior −3.14 mm;
mediolateral ±1.0 mm (38). A 1.0 μl Hamilton syringe (Model #7003; Hamilton Co., Reno,
NV, USA) was filled with DBH-SAP or control solutions and was lowered with the bevel of
the needle pointed medially, towards the lateral edge of the VMHvl, until the tip resided
−9.5 mm ventral to the dural membrane. Bilateral infusions were administered sequentially
at a rate of 0.6 μl/2 min per side. Needles were left in place for an additional 7 min after
infusion to allow for diffusion of the drug away from the needle tip. After infusions,
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incisions were sutured, and animals were placed on a heating pad for postoperative recovery
before being returned to their home cages.

Experiment 2: MePD infusions—Drug infusions targeting the MePD were administered
to separate groups of female rats as described above, with slight modifications. Drug
concentrations were selected based on the results from Experiment 1. A 60-ng dose of DBH-
SAP was selected because it was found to most consistently destroy medullary
noradrenaline cells, and 2 ng of IgG-SAP was chosen as a control treatment to avoid
nonspecific effects that had been observed with the higher 60-ng dose. To target the MePD,
bilateral holes were drilled at the following positions relative to Bregma: anteroposterior
−2.8 mm; mediolateral ±3.5 mm (38). A 1.0-μl Hamilton syringe was filled with DBH-SAP
(60 ng in 0.6 μl, n = 8), IgG-SAP (2 ng in 0.6 μl, n = 4) or aCSF (n = 4) and lowered −8.1
mm from the dural membrane such that the tip of the needle was just ventral to the
dorsolateral edge of the optic tract. The bevel of the needle was pointed medially, directing
the infusate from the site of penetration into the MePD, as described previously (33).
Infusions were administered sequentially to the right and left MePD at 0.6 μl/2 min per side,
and needles were left in place for an additional 7 min to allow the drug to diffuse away from
the needle tip. As described above, head wounds were sutured and after recovery, animals
were returned to their home cages until behavioural testing.

Mating tests—Mating tests occurred 10–15 days after drug infusions. Ten days previously
has been shown to be an effective length of time for the DBH-SAP toxin to fully lesion
noradrenaline cells before behavioural testing (7,36). Mating tests were conducted in a
dimly illuminated room (25 W yellow light) between 11.00 h and 13.00 h on the day of pro-
oestrus. Mating stimulation was provided by sexually experienced, vasectomised males that
had been previously exposed to the testing chamber. On the day of testing, each
experimental female was placed in the testing chamber with an individual male. Females
received 15 intromissions (15I), some including ejaculations, in addition to unlimited
mounts without intromissions. Behavioural observations were recorded to determine if drug
infusions had any effect on sexual readiness. As measures of sexual receptivity, the intensity
of each lordosis (lordosis rating) and lordosis quotient (percent of lordotic responses) were
scored as previously reported (6). HC animals that had been infused with 60 ng of DBH-
SAP remained in their home cages on the day of testing, receiving no exposure to males.

After mating, PSP was considered to have been induced if 8–13 successive days of
dioestrous vaginal cytology, characterised by a prevalence of leukocytes and round
enucleate cells, were observed (11,35). After the initial mating session, females were
allowed to resume oestrous cyclicity (at least one full oestrous cycle). Pro-oestrous females
were then paired with males a second time. All females except HC animals were allowed to
receive 15I, and were euthanised for immunohistochemical experiments 90 min after the
first intromission, when induction of Fos by VCS is optimal (28). HC animals, which had
remained in their cages and were not paired with males, were euthanised along with the
mated females.

Tissue collection and processing
After the second mating session (90 min after first intromission), all animals from both
experiments were injected i.p. with a lethal dose of sodium pentobarbital. Animals were then
perfused transcardially with ice-cold 0.9% PBS for 30 s followed by ice-cold 4%
paraformaldehyde in 0.1 mol/l phosphate buffer for 10 min. Brains were removed, post-
fixed in 4% paraformaldehyde for 24 h, and stored at 4 °C in a 25% sucrose-PBS
cryoprotectant solution until sectioning. Separate blocks of tissue containing forebrains and
brainstems were isolated and frozen. Tissue was then sectioned coronally using a freezing
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microtome (section thickness = 30 μm). For each animal tested, four series of forebrain
sections and four series of brainstem sections were collected. Sections were stored at −20 °C
in an antifreeze solution consisting of 50% PBS (pH 7.4), 30% ethylene glycol and 20%
glycerol until histological processing. For all histological procedures, tissue was rinsed well
with PBS (3 × 10 min) upon removal from antifreeze and between all incubation steps.

For histological verification of infusion sites in the VMHvl and MePD, one series of
forebrain sections from each animal was mounted onto gelatin-coated slides for Nissl
staining. Sections were dehydrated with ethanol, stained with cresyl violet, and overlaid with
cover slips using Permount mounting medium (6). Infusion sites were identified for each
animal by observing the location of damage produced by the bevelled tip (1 mm) of the
infusion needle, according to the atlas of Paxinos and Watson (38). As shown in Fig. 1,
placements were accepted if the tip of the needle targeted the lateral edge of the VMHvl or
the dorsolateral aspect of the MePD. Animals were excluded from the experiments if the
infusion sites were not bilaterally localised to the appropriate target nuclei.

Nissl stained sections were also examined to confirm that significant neuronal death
proximal to the infusion sites was not a confounding factor in these experiments. Targeted
areas (VMHvl and MePD) were observed using light microscopy for the absence of stained
neurones or excessive gliosis. In all animals, minimal neuronal loss was evident along the
needle tract and damage to target nuclei was not observed with any of the experimental
treatments (Fig. 2).

DBH-Fos double-immunolabelling
Free-floating brainstem sections from animals infused into the VMHvl were stained for
DBH and Fos immunoreactivity (IR), as described previously (7), with slight modifications.
Briefly, one series of brainstem sections from each animal was incubated at 4 °C for 15 h in
a rabbit anti-Fos primary antiserum (SC-52; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) diluted 1 : 1000 in PBS containing 0.4% Triton X-100. To reduce nonspecific
labelling, sections were then incubated in 3% normal goat serum (NGS) and 1% hydrogen
peroxide in 0.4% Triton X-100/PBS for 1.5 h. Fos-IR was visualised by sequential
incubation with a biotinylated goat anti-rabbit IgG secondary antibody (dilution 1 : 200 in
0.4% Triton X-100 in PBS; Vector Laboratories, Burlingame, CA, USA), Vectastain Elite
avidin-biotin complex (Vector Laboratories), and nickel-enhanced 3,3′-diaminobenzidine
(DAB) peroxidase substrate (Vector Laboratories). Fos-labelled sections were then placed in
a mouse anti-DBH primary antibody (MAB308; Chemicon, Temecula, CA, USA) diluted 1 :
2000 in 0.4% Triton X-100 in PBS for 16 h at room temperature. Sections were then
sequentially incubated with 1% hydrogen peroxide and 3% NGS in PBS as above, followed
by biotinylated goat anti-mouse IgG (dilution 1 : 200 in 0.4% Triton X-100 in PBS; Vector
Laboratories), Vectastain Elite avidin-biotin complex, and DAB peroxidase substrate
without nickel enhancement. Using these procedures, Fos-containing nuclei were labelled
with a dark blue–black precipitate and DBH-containing soma were stained a light brown
color (Fig. 3). Sections were then mounted onto gelatin-coated slides, dehydrated in ethanol,
cleared in xylenes, and sealed under cover slips using Permount mountant.

Validation of drug specificity
A second series of forebrain sections was selected for immunolabelling of oxytocin
neurones in the PVN to assess if cell loss had occurred in non-noradrenergic afferent cell
groups. The PVN contains a population of mating-responsive oxytocin cells that is
considered to provide afferent projections to multiple limbic and hypothalamic targets,
including the VMHvl (39–43). Free-floating sections from the medial (anteroposterior −1.88
mm) and posterior (anteroposterior −2.12 mm) PVN of VMHvl-infused females were
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incubated at room temperature for 24 h with a rabbit anti-oxytocin primary antibody
(AB911; Chemicon) diluted 1 : 10 000 in 0.4% Triton-X in PBS. The next day, sections
were incubated with 1% H2O2 and 3% NGS in 0.4% Triton-X in PBS to decrease
nonspecific labelling. Sections were then sequentially incubated in a biotinylated goat anti-
rabbit IgG secondary antibody (dilution 1 : 400 in 0.4% Triton-X in PBS), Vectastain Elite
avidin-biotin complex, and DAB chromagen for visualisation of oxytocin-IR neurones.
Sections were mounted and cover slipped as above for quantification.

Quantification of immunoreactive cells
DBH- and DBH/Fos-IR neurones—As shown in Fig. 4, brainstem sections from
VMHvl-infused females containing A1, A2, A5 and A6 noradrenergic brainstem nuclei were
selected for quantification of DBH- and DBH/Fos-IR. The A2 nucleus was subdivided into
rostral, middle and caudal regions for further quantification, as described previously (7). For
each area, DBH-IR cells and cells double-labelled for DBH and Fos were counted bilaterally
within a single section, and mean bilateral cell counts were generated. Cell counts from
rostral, middle and caudal A2 sections were summed to generate total A2 values.

Cells were counted by an experimenter blind to the treatment condition for each animal.
Identification and analysis of DBH- and DBH/Fos-IR were performed as described
previously (7). Cells were determined to be Fos-IR if they had dark blue–black nuclear
staining with distinct nuclear boundaries, and cells with brown cytoplasmic staining were
identified as DBH-positive (Fig. 3). Using a camera lucida, labelled cells were manually
transcribed into quadrilateral templates (350 × 350 μm) that were superimposed over each
region.

Oxytocin-IR neurones—The identification and analysis of oxytocin-IR parvocellular
cells in the PVN was performed as described previously (39). Using a camera lucida and
standard templates, neuronal cell bodies labelled for oxytocin were quantified bilaterally in
single sections representing the medial (anteroposterior −1.88 mm) and posterior
(anteroposterior −2.12 mm) levels of the PVN. The mean bilateral cell counts from each of
the two sections were combined to generate values used for group analyses.

Statistical analysis
Cell counts—The effects of drug treatments on the numbers of DBH-IR and DBH/Fos-IR
cell counts in brainstem noradrenergic cell groups and on the number of oxytocin-IR cells in
the PVN were determined by one-way ANOVA followed by a two-tailed Fisher’s exact
probability post-hoc analysis, where appropriate. P ≤ 0.05 was considered statistically
significant.

To determine the effects of drug treatments on VCS-induced Fos expression within DBH-IR
neurones, the percentage of DBH-IR cells that expressed Fos was calculated for each
animal. Group comparisons were performed using one-way ANOVA followed by a two-
tailed Fisher’s exact probability test. P ≤ 0.05 was considered statistically significant.

PSP induction by mating—PSP induction was defined as a period of extended dioestrus
(8–12 days) in females after being paired with a male (11,35). The percentage of females
that became PSP (% PSP) was calculated for each treatment group, and a nonparametric
Fisher’s exact probability test was used to compare % PSP between each mated group and
the unmated HC group. P ≤ 0.05 was considered statistically significant.

Northrop et al. Page 6

J Neuroendocrinol. Author manuscript; available in PMC 2011 March 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Behavioural measures—The effects of drug treatments on behavioral parameters
recorded during mating sessions were compared by one-way ANOVA. P ≤ 0.05 was
considered statistically significant. A lack of significant effects precluded post-hoc analysis.

Results
Effect of DBH-SAP infusions into the VMHvl on mating responsive DBH-IR cells

The effects of VMHvl infusions on the numbers of noradrenergic neurones activated by
mating are shown in Fig. 5. Overall, bilateral infusions of 60 ng of DBH-SAP into the
VMHvl reduced the numbers of cells double-labelled for DBH and Fos in both the A1 (F4,44
= 5.66, P ≤ 0.001) and A2 (F4,44 = 4.83, P ≤ 0.003) medullary nuclei (Fig. 5A). In both
regions, a 60 ng infusion of DBH-SAP significantly decreased DBH/Fos-IR cell number
compared to all other treatments (P ≤ 0.05). Low dose DBH-SAP and IgG-SAP infusions
were without effect. Within the nucleus of the solitary tract (NTS), similar patterns of cell
loss were observed throughout, with analysis of variance revealing significant group
differences in rostral (F4,44 = 3.13, P ≤ 0.03), middle (F4,44 = 2.77, P ≤ 0.05) and caudal
(F4,44 = 3.42, P ≤ 0.02) levels (not depicted). As shown in Fig. 5(B), drug treatments also
influenced total DBH-IR cell number in A1 (F4,44 = 19.01, P ≤ 0.001) and A2 (F4,44 = 8.46,
P ≤ 0.001) cell groups, with a 60 ng infusion of DBH-SAP into the VMHvl reducing cell
counts compared to all other treatments (P ≤ 0.05). In A1, total numbers of DBH-IR cells
were also reduced in animals infused with the 2-ng dose of DBH-SAP or either dose of IgG
compared to those infused with aCSF (P ≤ 0.05). The effects of 2 ng of DBH-SAP and IgG-
SAP on DBH-IR cell number were not observed in the NTS. The percentage of DBH-IR
cells that were double-labelled for Fos did not differ among the treatment groups in any
area. DBH/Fos-IR was also quantified in the A5 and A6 (locus coeruleus) nuclei, brainstem
noradrenergic nuclei that project to dorsal and medial hypothalamic cell groups but provide
only sparse projections to the VMHvl (44–46). Consistent with previous studies (23),
numbers of Fos-expressing cells were negligible in these areas (0–3 Fos-IR cells per
animal), and there was no effect of drug treatments on the numbers of DBH/Fos-IR cells
(not shown).

Effects of DBH-SAP treatment on the induction of PSP
The incidence of PSP (% PSP) in animals that had received infusions into the VMHvl at
least 10 days before mating is presented in Fig. 6(A). As shown, none of the unmated HC
animals infused with 60 ng of DBH-SAP became PSP, and all mated females that had been
infused with either aCSF or 2 ng of IgG-SAP became PSP. The incidence of PSP was
slightly reduced (20%) in animals that had received VMHvl infusions of 60 ng of IgG-SAP
but remained significantly elevated compared to the unmated HC group (P ≤ 0.007). In
mated females that had been infused into the VMHvl with either the 60-ng or 2-ng dose of
DBH-SAP, the incidence of PSP was reduced by 50%, to levels that were not statistically
different from unmated HC animals (P = 0.11 and 0.18, respectively). In the MePD, there
was no effect of DBH-SAP, IgG-SAP or aCSF infusion on the incidence of PSP in mated
animals (Fig. 6B).

Specificity of DBH-SAP toxicity
To confirm that the neurotoxic effects of DBH-SAP were specific for noradrenergic afferent
cell groups, parvocellular oxytocin neurones of the PVN, a non-noradrenergic cell
population that is considered to send direct projections to the VMHvl (40–42), were also
quantified. There was no difference in the number of oxytocin-IR neurones after any of the
drug treatments (Fig. 7).
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DBH-SAP effects on sexual behaviour
Behavioural measures are presented in Table 1. Infusion of DBH-SAP into the VMHvl or
the MePD before mating did not influence mating behaviour in either the first or second
round of mating. Drug treatment more than 10 days before mating had no significant effect
on lordosis rating or lordosis quotient, nor was there an effect on the numbers of mounts,
intromissions and ejaculations received from the male.

Discussion
The results obtained in the present study indicate that noradrenergic (noradrenaline)
neurones that project to the VMHvl contribute to the induction of PSP by mating. Bilateral
infusions of 60 ng DBH-SAP into the VMHvl that caused a marked decrease in the numbers
of mating-responsive DBH-IR cells in A1 and A2 medullary nuclei significantly depressed
the incidence of PSP in mated females. This effect appears specifically to be a result of the
neurotoxic effects of DBH-SAP in afferent noradrenaline cell groups. Examination of
infusion sites verified that there was minimal damage to cells in the VMHvl, and no loss of
oxytocin neurones in the PVN was observed. The results of the present study suggest that by
reducing noradrenaline release in the VMHvl after mating, DBH-SAP treatments interfered
with the transduction of the VCS stimulus and impeded PSP induction. This hypothesis is in
accordance with previous studies demonstrating that VCS causes rapid noradrenaline release
within the VMHvl, and that VMHvl noradrenaline receptor activation is required for PSP
induction (6,19).

The results of the present study also suggest that noradrenergic projections from A1 and A2
to the VMHvl, specifically, are required for the processing of VCS towards PSP induction.
PSP block was associated with reduced numbers of mating-activated noradrenaline cells in
A1 and A2, but not in A5 or A6 (LC). Previous studies in which VCS induced Fos
expression in noradrenergic neurones in A1 and A2, but not in A6, are in accordance with
this finding (22,23). Anatomical reports also support this interpretation, demonstrating that
noradrenergic inputs to the VMHvl are derived primarily from lateral tegmental and dorsal
medullary cell groups, such as A1 and A2, which send ascending projections through the
VNAB (17,47). By contrast, the LC sends dense projections throughout the thalamus and to
dorsal and medial hypothalamic structures (44,48,49), but projects only sparsely to the
VMHvl (45,46,50). The findings of the present study do not, however, preclude the
possibility that LC neurones may contribute, in part, to transduction of the VCS stimulus;
the LC is a heterogeneous structure, and LC neurones other than those we quantified may
have been affected by DBH-SAP infusions into the VMHvl. Thus, although we did not
observe significant neuronal loss in LC after DBH-SAP infusions into the VMHvl, the
possibility that inputs from the LC may also contribute to PSP induction warrants further
investigation.

DBH-SAP infusions failed to block PSP in all animals. Characterisations of DBH-SAP
toxicity show that the drug does not kill 100% of noradrenaline neurones (51), and it is
likely that limited noradrenaline activity in the VMHvl was retained in the present study.
The use of intact, oestrous females may also have contributed to this variability because
differences in circulating oestradiol levels could have influenced neuronal sensitivity to VCS
in brainstem noradrenergic nuclei (52) or in the VMHvl (53). Thus, a subset of females may
have exhibited heightened sensitivity to peri-threshold levels of mating-induced
noradrenaline activity, such that the reduced populations of noradrenaline neurones in A1
and A2 were capable of adequately transducing the VCS stimulus. It is also possible that the
varying effectiveness of DBH-SAP infusions in preventing PSP may reflect a role for
compensatory pathways in transducing the VCS stimulus, as has been suggested for the
MePD (54).
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Heightened neuronal sensitivity in the VMHvl may also explain the lack of treatment effects
on measures of sexual receptivity. Although noradrenaline plays an important role in
regulating female sexual behaviour (2), the results of the present study suggest that high
levels of mating-induced noradrenergic activity in the VMHvl are not required for the
display of sexual receptivity. This finding is consistent with previous pharmacological
experiments, in which noradrenaline receptor agonists and antagonists were administered
into the VMHvl before mating (2,55). These studies indicated that, although lordosis
quotients were significantly influenced by noradrenergic activity in the VMHvl, complete
blockade of noradrenaline receptors reduced lordosis quotients by only 50%.

Low dose (2 ng) DBH-SAP infusions into the VMHvl did not cause significant loss of
mating-activated noradrenergic neurones but were effective at blocking PSP. This suggests
that low doses of DBH-SAP may have exerted sub-lethal toxic effects on noradrenaline
neurones projecting to the VMHvl. The immunohistochemical approaches employed in
these studies would not have detected loss of function in surviving cells, such as decreased
levels of neurotransmitter synthesis or release. However, both free saporin and DBH-SAP
are reported to have dose-dependent effects on protein synthesis and cytotoxicity (51,56),
supporting the possibility that infusions of 2 ng of DBH-SAP may have impaired cellular
function without causing detectable neuronal death. To a lesser degree, 60 ng of IgG-SAP
also prevented PSP induction. IgG-SAP does not mimic the ability of DBH-SAP to target
noradrenergic systems but, when administered at a supra-threshold concentration, it may be
taken up nonspecifically by neurones through bulk endocytosis (Advanced Targeting
Systems). Thus, the 60-ng dose of IgG-SAP may have marginally compromised the ability
of mating-activated noradrenergic neurones to transduce the VCS stimulus, blocking PSP in
a small percentage of females. It also remains possible that VMHvl neurones proximal to the
infusion sites, although appearing normal in Nissl-stained sections, were compromised by
the treatments, interfering with the transduction of VCS towards PSP induction.

DBH-SAP infusions into the MePD were without effect in the present experiments. Similar
to the VMHvl, the MePD receives noradrenaline inputs from A1 and A2 cell groups, and
VCS sufficient for PSP induction causes an increase in noradrenaline release in the MePD
(7). The results of the present study suggest that the noradrenaline activity observed in the
MePD after mating is not related to PSP induction. Rather, given the prominent roles played
by both the amygdala and the noradrenaline neurotransmitter system in regulating stress
responses, this response may reflect the increased stress associated with receipt of supra-
threshold mating stimulation. The finding that DBH-SAP infusions into the VMHvl, but not
the MePD, influenced PSP is consistent with the proposed roles that these two nuclei play in
PSP induction. A preponderance of evidence points to the MePD as a site where information
from individual VCS events is immediately summated towards a threshold for PSP
induction through activation of NMDA glutamate receptors (57). It is postulated that this
information is then conveyed by the MePD to downstream brain regions, including the
VMHvl. The VMHvl, along with other forebrain nuclei, appears to be involved in the
subsequent establishment of a long-term ‘mnemonic’, whereby the single mating episode
causes repeated prolactin surges for 10–12 days (57–59). The findings of the present study
support this model. Furthermore, they suggest that under physiological mating conditions,
VMHvl inputs from both the MePD and noradrenergic medullary nuclei may contribute to
the induction of PSP.

The neuronal pathways that transduce the VCS signal to initiate the prolactin surges of
pregnancy/PSP have not been completely defined. VCS is detected by visceral sensory
neurones in the vagina and cervix, including the pelvic and hypogastric nerves (14). The
pelvic nerve appears to be essential for communicating VCS to the central nervous system
for PSP induction; transection of the pelvic nerve before mating or VCS prevents Fos
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induction in mating-responsive brain sites and effectively blocks PSP induction (24,60,61).
Pelvic nerve afferents enter the spinal cord at the lumbar– sacral level (L6–S1), and previous
anatomical studies suggest that VCS is processed primarily by dorsal horn neurones in
laminae I and II at these levels (62–64). VCS is then conveyed through ascending spinal
tracts to activate neurones in medullary nuclei, including noradrenergic neurones in the A1
and A2 cell groups (22,23). These cell groups send their principal projections through the
VNAB to provide widespread noradrenaline inputs to forebrain nuclei, including the VMHvl
and the MePD (17,18). Characterisation of Fos responses to mating demonstrate that VCS
activates neurones in numerous limbic and hypothalamic structures, including the
dorsomedial hypothalamus, the MePD, the bed nuclei of the stria terminalis and the medial
preoptic area (24–28), as well as oxytocin neurones in the parvocellular PVN (39,43). All of
these nuclei, along with tuberoinfundibular dopamine neurones in the arcuate nucleus (65),
have also been shown to be involved in VCS-induced prolactin release. A rich anatomical
literature links these areas into an intricate neuroendocrine network (66–69), although little
is known about the neurotransmitters that act within and between these areas to process VCS
towards the expression of prolactin surges and PSP. The present study provides new insight
by demonstrating a direct role for brainstem noradrenergic projections to the VMHvl in the
induction of PSP in rats.
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Fig. 1.
Infusion sites in the ventromedial hypothalamus (VMHvl) (A) and posterodorsal medial
amygdala (MePD) (B) for animals in Experiment 1 (n = 50) and Experiment 2 (n = 16),
respectively. Animals received bilateral infusions of either dopamine-β-hydroxylase-saporin
(DBH-SAP) or control treatments. For clarity of presentation, a single, unilateral infusion
site is depicted for each experimental animal. aCSF, artificial cerebral spinal fluid; AP,
anteroposterior; HC, home cage; IgG, immunoglobulin.
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Fig. 2.
(A) Photomicrograph of a Nissl-stained section depicting the infusion tract (arrows) from a
female infused with 60 ng of dopamine-β-hydroxylase-saporin into the ventrolateral division
of the ventromedial hypothalamus. Scale bar = 500 μm. (B) Infusions caused minimal
damage, and neurones at the infusion site (arrowheads) exhibited a normal distribution and
morphology. Scale bar = 100 μm.
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Fig. 3.
Photomicrograph of dopamine-β-hydroxylase-immunoreactive (DBH-IR) and DBH/Fos-IR
cells in the rostral A2 nucleus. DBH-IR cells (arrows) were identified by their brown
cytoplasmic staining. Dark purple-black nuclear label was observed in Fos-IR cells
(arrowheads). Single- and double-labelled cells were readily identifiable using a 20×
objective. Scale bar = 20 μm.
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Fig. 4.
Areas in which dopamine-β-hydroxylase (DBH)- and DBH/Fos-immunoreactivity were
quantified. Rectangles indicate position and relative size of templates (for details, see text).
Cells were counted bilaterally in each section. LC, locus coeruleus.
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Fig. 5.
Mean ± SEM number of dopamine-β-hydroxylase (DBH)/Fos-immunoreactive (IR) (A) and
total DBH-IR (B) cells observed in the A1 and A2 (nucleus of the solitary tract)
noradrenergic areas after ventromedial hypothalamus (VMHvl) infusion of DBH-saporin
(SAP), immunoglobulin (IgG)-SAP or artificial cerebral spinal fluid (aCSF).
***Significantly lower number of cells compared to all other treatments (P ≤ 0.05).
*Significantly lower number of cells compared to aCSF infused animals (P ≤ 0.05).
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Fig. 6.
The effect of dopamine-β-hydroxylase-saporin (DBH-SAP) infusions into the ventromedial
hypothalamus (VMHvl) (A) and posterodorsal medial amygdala (MePD) (B) on the
incidence of pseudopregnancy (PSP). Numbers in parentheses indicate the number of PSP
animals/total number of animals in each group. *Significantly greater incidence of PSP than
home cage (HC) controls (P ≤ 0.05). IgG, immunoglobulin.
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Fig. 7.
Numbers of oxytocin-immunoreactive (IR) neurones in the paraventricular nucleus of
females infused with dopamine-β-hydroxylase-saporin (DBH-SAP), immunoglobulin (IgG)-
SAP, or artificial cerebral spinal fluid (aCSF) into the ventromedial hypothalamus (VMHvl).
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