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Abstract

In the female rabbit, coitus induces a massive release of hypothalamic gonadotropin-releasing
hormone (GnRH) within 20 min. The GnRH surge is preceded by an increase in hypothalamic norepi-
nephrine (NE) release. Presumably, coitus stimulates NE, hence GnRH, release by increasing the
activity of tyrosine hydroxylase (TH, the rate-limiting enzyme for NE synthesis) and/or decreasing the
activity of norepinephrine transporter (NET, the key protein for NE re-uptake). Since NE cell bodies are
located primarily in the brainstem, we hypothesize that coital signals are relayed to hypothalamic
GnRH-secreting neurons via brainstem NE-containing perikarya. In support of this hypothesis, we
found that both ¢-fos and TH mRNA expressions in brainstem noradrenergic areas, particularly in the
A1l and A2 cell groups, increased within 30 min and returned to precoital levels within 60 min after
coitus. Here we analyzed coitally induced changes in NET mRNA expression at 0, 15, 30 and 60 min
postcoitus in the brainstem by in situ hybridization, using 35S-labeled rabbit NET RNA probes. In
comparison with nonmated females (i.e., at 0 min), the expression of NET mRNA significantly increased
(P<0.05) within 15 min postcoitus in the Al, but not the A2 area. By 30 min postcoitus, NET gene
expression increased in the caudal portion of the Al and in the caudal and central portion of the A2. By
60 min postcoitus, NET mRNA expression in the caudal and rostral portion of the Al and the caudal and
central portion of the A2 was still higher than NET mRNA expression in nonmated rabbits (P<0.05). No
change in NET mRNA expression was observed in the A6. The results suggest that coitus increases NET
mRNA expression in Al and A2 noradrenergic areas within 15-30 min, and this enhanced NET mRNA
expression was maintained for at least 60 min, particularly in the A2. These findings, in combination
with our previous observation on increased TH gene expression within 30 min, but not 60 min, after
coitus, further suggest that the coitus-induced NET transcriptional events within brainstem NE neurons
may play an important role in the maintenance, and particularly in the termination, of hypothalamic
NE release, hence regulating the size and duration of the coitus-induced GnRH surge.
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Introduction initiation and maintenance of the coitus-induced release
of hypothalamic gonadotropin-releasing hormone
Brain norepinephrine (NE) plays a key role in the (GnRH), hence the release of the preovulatory
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lutemnizing hormone (LH) surge in the rabbit ( for review,
see 1, 36). For example, central admnistration of NE
stimulates (27, 34), whereas adrenergic blocking drugs
imhibit (33, 43), hypothalamic GnRH secretion
Moreover, the postcoital elevation in hypothalamic

GnRH secretion is preceded by a remarkable release of

NE from the arcuate nucleus-median eminence (22, 41)
The action of NE on hypothalamic GnRH neurons may
occur etther at the GnRH perikarya that are in contact
with NE-containing neurites or at GnRH terminals that
are in juxtaposition to NE neurites (12, 15). The
effectiveness of synaptic NE on GnRH secretion
depends on several neurochemical events, including

the rate of NE synthesis (determined by the activity of

the rate-limiting enzyme. tyrosine hydroxylase [ TH])
and the rate of NE re-uptake (determined by the activity
of the presynaptic NE transporter [NET: 4. 20. 31]). In
mammals (10, 13, 14, 38). including rabbits (2.2),
hypothalamic noradrenergic terminals are derived irom
cell bodies located in several areas within the brainstem,
including the ventrolateral tegmentum of the medulla
(A1 noradrenergic cell group), the dorsal tegmental tract
(A2 noradrenergic cell group) and the locus coeruleus
(A6 noradrenergic cell group). During the first 30 min
of the coitus-induced NE/GnRH surge. T1 gene
expression increased in the Al and A2, as detected by
in situ hybridization (6), and in the A6, as detected by
the ribonuclease protection assay (42). Moreover. NE
gene expression also increased in the A6 within 30 min
after coitus (42). In those studies (6. 42). the expression
of NET mRNA in the Al and A2 was not examined.

In the present study. we utihized the in siru

hybridization technique to quantify the expression of

NET mRNA in the Al. A2 and A6 noradrenergic areas
at four different times (0. 15, 30 and 60 min) after coitus

in female rabbits.
Materials and Methods
Animals

Adult female New Zealand White rabbits were
obtained from Western Rabbitry Co. (Philomath, OR)
and were housed individually under controlled light
(lights on 07:00-19:00 h) and temperature (23°C). The
animals were fed once daily with Purina Rabbit Chow
(Ralston. NJ) and provided with water ad libitum.

Experimental Design

Al Caudal Central Rostral

o -

60 min

Fig. 1. Darklield imazes of NFT mRNA expression in the caudul
central and rostral purtion of the Al noradrenergie areas ot
one representative female rabbit before (8 mim) and ar 15,
W oand 60 nun alter contus Autoradiographic signals were
captured on emulsion-dipped bramsiem sections and pre

sented inograyscale The magniheation ol cach

panel wis the same a cated by the bar (lower right

corner panel) with bar length = 100 mm

Rabbit mating was performed by placing a female
into the cage of a vasectomized stud male for 5 min,
during which time successtul coitus occurred
7.22.41])
Mated female rabbits were killed under deep Nembutal

(determined by visual observation |3, 6.

anesthesta (20 mg kg, i.v.)ateither 15 (n=3). 30 (n=3) o1
60 min (n-3) after coitus for ju situ hybridization
Unmated females (0 min, n=2) were handled wdentically
to mated females, except that they were not placed with
males and were killed erther immediately prior to or

following the mated mdividuals

Tissue Preparation

Bramms were perfused through the aorta with 500
ml of saline followed by two liters of cold 4%
paraformaldehyde in 0.1 M borate. pH 9.5, as described
elsewhere (30), Brainstem blocks were postfixed and
cryoprotected in 20% sucrose-4% paraformaldehyde-
0.1 M borate, pH 9.5, for 72 h at 4°C with continuous
agitation on an orbital shaker. Then the brainstems
were deveined and fast frozen in dry ice/1sopentane
and stored at -80°C. Frozen brainstems were sectioned
(20 um thick) in a microtome, collected (1-1n-6) 1n a
cryoprotecting buffer with RNase inhibitor and mounted
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Fig. 2, Darkneld mmages ol N T mBNA expression in the caudal
central and rostral portion ol the A2 noradrenergic areas ol
one representative temale rabbit bétore (0 mim) and at 13
30 and GO i atter contus: Bar length = 100 mm. See g
I legend for details

on coated shides (see below) Tor tr sitie hybridizaton

In Sitwe Hivhiidization

[ he procedures for i yirw hybnidization were
based an thase by Cox et al. (9) and an those reported
previously by our laboratory (30). Briefly, mounted
sections on gelatin-subbed. polv-L-lysine-coated
microscope shdes were prepared for prehybridization
with a 30-min protemase K digestion (10 pg mlat 377°C)
and acetylation (0.0023%;, at room temperature)
dehydrated o ascending ethanol concentrations and
dried under vacuum overnmght. T, polymerase was used
to transcribe the "S-labeled antisense NET cRNA
probes (503 bp, [30]). The radiolabeled cRNA probes
were purified by passing the transcription reaction
solution through a Sephadex Quick-Spino column
(Boehringer Mannheim, Indianapolis, IN). and the
radioactivity was estimated using a scintillation counter
(1.5-3.1 x 10" cpmypl). The purihied "S-labeled cRNA
probes were diluted 1n hybridization buffer and
preserved i I-ml fractions. Each ml of hybridization
solution contained 300 pg yeast tRNAL 10 um
dithiothreitol (DTT) and § million cpm ot probe.
Sections on each shde received 80 pl of hybridization
solution, and the slhide was covered with a ‘:'];I!'w

coverslip and sealed with DPX (Electron Microscopy

Sciences, Ft. Washington, PA) hefore incubation for 20
hat 58°C. Following hybridization. slides were washed
four imes m 4X SSC prior to RNase digestion (20 pig/ml

7

tor 30 muin at 37°C) then rinsed at room temperature in
decreasing concentrations of SSC that contained 1 mM
DTT (2X. IX. 0.5X; 10 min each) to a final concentration
of 0.1 X SSC at 65°C for 30 min. Sections were
dehydrated in increasing concentrations of ethanol,
exposed to Dupont Cronex X-ray film with
autoradiographic "C microscales (Amersham. Arlington
Heights. [L) for 5 days and then dipped in NTB-2 Liquid
emulsion (Eastman Kodak Co., Rochester, NY). After
14 days the autoradiograms were developed with a
Kodak D-19 developer (Eastman Kodak Co., Rochester,
NY). and the sections were counter-stained with thionin
For hybridization controls. sense RNA probe for NET
was used 1n identical procedures for select brainstem
ections. No positive autoradiographic signals were

obscrved n any tested section.

Data Processine and Analvsis

Ihe expression of NET mRNA was examined
throughout the entire Al A2 and A6 areas within the
caudal-rostral confinement of each area. Anatomically
wlentified sections (251 at the caudal. central and rostral
portion of cach noradrenergic area were selected for
image analysis (6. 30) according to the distribution
pattern of NET mRNA in the brainstem of unmated
rabbits (30). Briefly. positive radioactive signals were
analyzed under darkfield illumination by a Leica DM
LS TIT microscope. The selected images were captured
and digitized by a Lewca DC 200 CCD camera. and the
digimzed images were recorded with Adobe Photoshop
Software (Adobe Systems Inc., San Jose, CA) and
stored in a PC computer. For each level in each of the
three noradrenergic cell groups (Al, A2 and AG). we
analyzed the optical density in a constant area of
anatomically matched sections across the 12 animals
with the NIH mmage software program adapted to the
Windows 95 operation system for IBM PCs by the Scion
Image Corporation (downloaded from www.
sctonimages.com). The data, expressed in optical
density unit area. in each level (n=3) of the three
noradrenergic areas were analyzed by a one-way
analysis of variance for ume effects. and the difference
in group means was compared by the post hoc LST
test (Statistix for Windows. Analytical Software,
Tallahassee, F1 ). Then data from the three levels (n=9)

of Al. A2 or A6 were combined. analyzed by one-way
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Fig. 3. Darklield images of NET mRNA expression i the caudal

central and rostral portion of the A6 noradrenergic areas of

one representative female rabbit betore (0 mim) and at 15,

30 and 60 mun after coitus. Bar length = 100 mm. See g

1 legend lor details

ANOVA and compared by the Tukey post hoe test. A

value of P<0.05 was considered significant

Results

['he expression of NET mRNA betore and alter
cottus in the Al noradrenergic area, shown as darkfield
images. 1s presented in Figure 1. Compared to nonmated
rabbits (0 min). NET mRNA expression increased at the
caudal Al level within 15 nun and remained higher (P

0.05) at 20 and 60 mun postcoitus, whereas the NET
mRNA expression in the central and rostral level of the
Al area was higher only at 15 mun postcoitus (Fig. 4)
When data from the three caudal-rostral levels of the
Al area were combined. the expression of NET mRNA
was found to be higher (P<0.05) at 15, but not at 30 or
60 mun after coitus (Fig. 4). In the A2 area (Fig. 2). NET
mRNA expression in the caudal and central portion did
not significantly increase until 30 min postcoitus.
Thereafter, the enhanced NET gene expression was
maintained until 60 min postcoitus (Fig. 4). No
significant (P>0.05) difference in NET gene expression
at any time point was observed in the rostral A2 area.
When data from the three caudal-rostral levels of the
A2 area were combined, the NET mRNA expression was
found to be higher (P<0.05) at 30 and 60 mn after coitus
(Fig. 4). In contrast to the A1 and A2 areas, NET mRNA
expressions did not increase 1n any of the three caudal-

AND SPIES

rostral levels in the A6 area (Figs. 3 and 4).

Discussion

I'he present data by in situ hybridization suggest
that the expression of NET mRNA in different
noradrenergic cell populations (1.e., Al. A2 and A6)
followed different patterns and time courses in response
to coital stimuli. Coitus increased NET gene expression
in the Al and A2 areas. but not in the A6 area
Moreover, transcriptional signals of NET increased
sooner in the Al area (15 min postcoitus) than in the
A2 area (30 min postcoitus). However, the NET
transcriptional activity lasted longer in the A2 area (at
60 min postcoitus) than in the Al area (significant only
at the 15-min time point). These results, in conjunction
with previous findings that 1) hypothalamic release of
NE increases following coitus in female rabbits (22, 41),
2) treatment with adrenergic antagonists attenuates the
coitus-mduced GnRH/LH surge (423) and blocks
ovulation (33) and 3) coitus increases c-fos and TH
vene expressions within 30 mm in the Al and A2 areas
(6, 29), support the general hypothesis that brainstem
NE neurons are involved in the relay of coital sensory
stimuli (29, 26) or estrogen signals (8, 16) to
hypothalamic GnRH-secreting signals.

[n a previous study (6), we found that there 1s an
increase i c-fos mRNA in the Al and A2 brainstem
areas relative to unmated controls by 30 min after coitus,
and that this increase in transcriptional acuvity leads
to the production of Fos protein in select populations
of DBH-staiming neurons. We hypothesized that conal
neural signals are transported via the spinal cord to the
caudal brainstem where the signals activate gene
transcription/translation processes in Al and or A2
noradrenergic cells. One of the coitus-induced
transcription/translation products is TH since the
expression of TH mRNA in both the Al and A2 areas
increased concomitantly with the mcrease in c-fos
mRNA expression

We report here. for the first nme. that another
coitus-induced transcriptional product in the brainstem
1s NET (Figs. 1-4). There 1s similarity in the location
and intensity between NET mRNA-expressing and TH
mRNA-expressing neurons inthe Al and A2 areas either
before or after coitus (6), suggesting that TH and NET
mRNAs are expressed in the same cell. although this
has not been confirmed with double-labeling
techniques. However. this is likely the case. as shown
in adjacent sections in which the distribution pattern
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Fig. 4. Comparison of NET mRNA expressions, indicated by opti-

cal density/unit area, in three brainstem noradrenergic arcas
(A1, A2 and AG) before (0 min) and at 15, 30 and 60 min
after coitus (n=3 in each time group). The three caudal-
rostral levels of each noradrenergic area was analyzed and
presented individually and combined (i.e., caudal + central +
rostral). NET expression at different time points after coi-
tus was compared to NET expression before coitus, and the
difference in mean values is indicated by different letters (i.
€.,a,borc).

of the two genes was determined in rabbits (30) and
rodents (24). The cellular localization and expression of
TH and NET impacts directly on the function of NE as it
is synthesized, released and taken up by presynaptic
NE terminals. Basically, an increase in TH activity
increases, and an increase in NET activity decreases,
NE concentrations in the synaptic cleft of NE terminals.

The physiological implication of the increase in
both TH and NET gene expressions in the Al and A2
areas after coitus cannot be resolved by this and other
studies (6, 42). However, several postulations can be
offered. First, the coitus-induced NET transcription is
not translated into increased NET protein at the
presynaptic NE terminals. This remains an attractive
hypothesis from the standpoint that the concentration
of NE in median eminence microdialysate increases
within 20 min postcoitus (41). This event can be achieved
by an increase in TH production and NE release without
changing the activity of NET. Second, the dynamic
expression of NE synthesis, release and reuptake is
always under the dual control of TH and NET activity,
even during the intensified release of NE/GnRH shortly
after coitus. This postulation assumes that the effect of
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enhanced TH/NE activity supercedes the effect of
enhanced NET activity, thus resulting in a net effect of
increased NE reaching post-synaptic GnRH neurons.
The current results would support this postulation.
Third, it would then follow that the primary role for a
coitus-induced NET mRNA increase is to keep the size
of the NE surge in check and ultimately to terminate the
NE surge. Both NE and GnRH peak at approximately 60
min after coitus (22, 36, 41). Thereafter, both the
neurotransmitter and peptide gradually decline.
Interestingly, TH gene expression in the Al and A2 area
was highest at 30 min after coitus (6). However, by 60
min the expression of TH had already declined (6). In
contrast, NET gene expression increased as early as 15
min after coitus in the Al area and 30 min after coitus in
the A2 area. The heightened NET mRNA level was
maintained at 60 min postcoitus, at least in the A2 area
(this study). These results extend our hypothesis on
the coitus-induced GnRH surge as follows: Coitai
signals are transmitted via the spinal cord to the Al and
A2 noradrenergic areas, with the possibility that the
coital signals are transmitted to the Al area first before
they are transmitted to the A2 and A6 areas. This relay
of coital signals is transformed into enhanced
transcriptional/translational activity of at least TH and
NET, which provide the resources for enhancing NE
synthesis, release and reuptake, resulting in a cumulative
effect of rising NE and hence GnRH concentration in the
mediobasal hypothalamus (MBH). TH gene expression,
however, starts to decline 30 min after coitus, whereas
NET gene expression continues to increase beyond 60
min. This results in a reduction of NE synthesis and/or
release in the presence of a maintained level of NET
activity after coitus, thus the initiation of the decline of
the NE/GnRH surge.

Partial support of this concept can be found in
rodent studies. For example, the injection of the
retrograde tracers fluorogold and fluororuby in the
preoptic region retrogradely labeled 11.8% of DBH
neurons in the brainstem A1l area, 7.6% in the A2 area
and less than 1% in the AG area (40). This result was
partially confirmed recently using green fluorescent latex
microspheres injected into the rostral preoptic area (35).
Retrogradely labeled DBH neurons were noted
exclusively in the A1 and A2 areas, but not in the A6
area. Furthermore, the above-mentioned studies agree
with electrophysiological evidence regarding projections
from the Al region to the preoptic area (18). While a
direct noradrenergic neural connection between A1/A2
neurons and the hypothalamus would strongly support
the concept of a brainstem relay between coitus and
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hypothalamic surges of NE and GnRH, it is unclear as to
how coital signals are processed in the brainstem before
reaching the hypothalamus. In a previous study (42),
we reported that mRNA expression of TH and NET genes
were increased in the A6 brainstem region 15 to 120 min
after mating in female rabbits, but that levels of mMRNA
were unchanged in postcoital males. In those studies
(42), levels of mRNA were quantified by solution
hybridization assays in frozen tissue punches of the A6
region, but not in those of the Al or A2 regions. In this
study, we utilized the in situ hybridization technique,
and we did not observe changes in the expression of
NET mRNA in the A6 area. Whereas quantification of
mRNA levels are more accurate and sensitive by the
solution hybridization technique, individual cell identity
and multiple labels within the same cell were feasible
with the current utilized techniques. Because A6 is the
- largest noradrenergic cell group in the brainstem and
neural connections between the locus coeruleus and
forebrain (including the hypothalamus) have been
demonstrated in the rabbit and other species using
retrograde tracing techniques (14, 38), it is feasible to
hypothesize that the A6 is a secondary relay site
(indirect input from A1 and/or A2) where noradrenergic
transmission to the forebrain and hypothalamus
(including TH and NET) is activated via a separate path.
It is also possible that the A6 is a secondary relay station
when coital signals are transmitted to several brain areas
that are responsible for postcoital changes in episodes
of paradoxical sleep, licking, eating and drinking patterns
(21). Some of these postcoital changes may involve
peptides, including neuropeptide Y (11) and galanin (14),
which have been found to be colocalized with DBH or
TH in these A6 neurons.

It is almost certain that NE is not the only
neurotransmitter system involved in the relay of the
coitus-induced GnRH surge. In addition to dibenamine,
an adrenergic antagonist, ovulation in the rabbit can
also be blocked by atropine, a cholinergic antagonist
(33). Moreover, intra-hypothalamic infusion of prazosin,
a selective a-adrenergic antagonist, fails to completely
block the coitus-induced GnRH surge (43). Cells
producing acetylcholine (Ach) are located in the
brainstem; some are located in the rostral A6 area (the
dorsolateral tegmental nucleus [nDLT]) where Ach cells
are overlapped with noradrenergic cells in several
species, including the rabbit (17,23, 28, 32,37). ThenDLT
and the ventrolateral tegmental area (VLT) just rostral to
the Al area exhibited enhanced mRNA expression of
choline acetyltransferase, the rate-limiting enzyme for
acetylcholine synthesis, after coitus (28). We

hypothesize that part of the coital signals may be
transformed into acetylcholine signals either directly
from the spinal cord to the nDLT/VLT or indirectly via
A1/A2, which then stimulate hypothalamic GnRH release
in concert with the stimulation by NE. Intraventricular
administration of a-bungarotoxin, a nicotinic cholinergic
antagonist, attenuates pulsatile LH secretion in the rat
(19). We observed that the coitus-induced LH release in
estrogen-treated, ovariectomized rabbits was attenuated
either by a-bungarotoxin or scopolamine, a muscarinic
Ach antagonist (26).

Both NE and Ach innervate the hypothalamus,
including the anteroventral periventricular area (AVPV)
and the ventrolateral hypothalamic area (VLH). These
two hypothalamic areas, and that of the encapsulated
portion of the bed nucleus of the stria terminalis (BNSTe),
are the three major areas in the hypothalamus that exhibit
intensified c-fos mRNA expression after coitus (6).
Moreover, the number of Fos/GnRH double-labeled
neurons near the AVPV, BNSTe and VLH also increases
after coitus (7). Thus, we hypothesize that coital NE and
Ach signals are transmitted from the brainstem to the
AVPV, VLH or BNSTe, where NE and/or Ach signals
stimulate MBH-GnRH release, either directly via GnRH
neurons adjacent to the AVPV, BNSTe and/or VLH areas,
or indirectly via non-GnRH neurons within the three
hypothalamic areas.
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