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Abstract Estrogen receptor-a immunoreactivity and
MRNAS are present in neurons in locales that innervate
genital organs, e.g., parasympathetic pelvic autonomic
ganglia, sensory dorsal root and nodose ganglia, and au-
tonomic areas of the lumbosacral spinal cord. With the
availability of probes for the B-isoform of the estrogen
receptor, we studied this receptor in autonomic, sensory,
and spinal cord neurons and compared it with the distri-
bution of the a-receptor. Estrogen receptor-a and -3 im-
munoreactivity were located in the nuclei of neurons,
were in subpopulations of parasympathetic neurons in
pelvic ganglia, and sensory neurons of dorsal root and
nodose ganglia. Both receptor subtypes were present in
the lumbosacral spinal cord: in neurons of the outer lam-
inae of the dorsal horn, lateral collateral and medial col-
lateral pathways, sacral parasympathetic nucleus, dorsal
intermediate gray, and lamina X. Similar numbers of spi-
nal cord neurons were immunoreactive for estrogen re-
ceptor-f3 and estrogen receptor-a. However, estrogen re-
ceptor-B-immunoreactive neurons appeared less numer-
ous in the outer dorsal horn, but more numerous in the
deeper layers of the spinal cord than estrogen receptor-a
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neurons. Retrograde tracing from the uterus reveaed
“uterine-related” neurons in dorsal root and pelvic gan-
glia that contained estrogen receptor-a and -B. In situ
hybridization revealed both estrogen receptor-a and -3
MRNA transcripts in sensory neurons of the dorsal root
and nodose ganglia, parasympathetic neurons of pelvic
ganglia, and spinal cord neurons in the dorsal horn, sac-
ral parasympathetic nucleus, and dorsal intermediate
gray of L6-S1 segments. These studies show that both
estrogen receptor-a and -3 are synthesized by autonomic
and sensory neurons in parts of the nervous system that
have connections with the female reproductive system.
Such neurons contain neurotransmitters that have impor-
tant functions in the female reproductive organs; thus, it
is likely that estrogen can influence the activity of such
neurons and consequently, through them, the activities of
the reproductive organs.

Keywords Pelvic ganglia - Dorsal root ganglia - Nodose
ganglia - Capsaicin receptor - Vanilloid receptor -
Calcitonin gene-related peptide - Rat (Sprague Dawley)

Introduction

The genomic effects of estrogens are mediated by nucle-
ar estrogen receptors (ER) that, when bound to their li-
gand, undergo conformational changes and bind to chro-
matin to modulate transcription of target genes (Murdoch
and Gorski 1991). Until recently, the ER was thought to
exist as a single isoform, the classic ER-a. However, re-
cent cloning experiments have identified another isoform
of the ER, which is designated ER-B (Kuiper et a. 1996;
Mosselman et al. 1996; Tremblay et a. 1997). There is
marked conservation of amino acid sequences between
the two forms in the DNA-binding domain and moderate
conservation in the ligand (hormone)-binding domain
(Mosselman et al. 1996; Kuiper et al. 1997;Tremblay et
al. 1997; Couse and Korach 1998). Both receptors have
similar affinities for binding estradiol (Mosselman et al.
1996; Kuiper et al. 1997). However, the tissue distribu-
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tion and level of expression of ER-a and ER-[3 variesin
prostate, ovary, uterus (Kuiper et a. 1996, 1997, 1998;
Mosselman et al. 1996; Couse and Korach 1998;
Shughrue et al. 1998a; Hiroi et al. 1999), and various
parts of the brain (Shughrue et al. 1997). In addition,
there are significant amino acid differences in the re-
gions of these receptors that would be expected to influ-
ence transcriptional activity (Hall and McDonnell 1999).
These data suggest that there might be different roles for
ER-a and ER-B in estrogen-responsive tissues. Further-
more, certain compounds such as tamoxifen citrate and
the phytoestrogens have differentia actions that are tis-
sue specific and the different ER subtypes may help ex-
plain these effects (Paech et al. 1997; Kuiper et a.
1999).

Within the nervous system, estrogen reportedly has an
array of effects on many different neuronal systems. These
include stimulating the outgrowth and development of
neurite processes (Toran-Allerand 1976; Thorbert et al.
1978), acting as a growth factor (Matsumoto et al. 1988;
Honjo et a. 1992), regulation of sensory neuronal survival
(Patrone et a. 1999), stimulating synaptic plasticity
(Langub et al. 1994; McEwen et al. 1991; McEwen 1996),
and inducing and accel erating neurotransmitter expression
(Okamura et al. 19943, 1994b; McEwen 1996). These ef-
fects largely occur in neurons that have demonstrable ERs.
The relative contributions of ER-a and ER-[3 to producing
these effects are not well understood. A differential ex-
pression of ER-a and ER-3 mRNAS has been described in
the brain (Shughrue et al. 1997) and more recently in the
dorsal root ganglia (DRG; Taleghany et al. 1999). Previ-
ous studies have shown the existence of radiolabeled es-
tradiol binding (Keefer et a. 1973; Morrell et a. 1982)
and ER-o immunoreactivity (Amandusson et al. 1996;
Williams and Papka 1996) in spinal cord neurons, and
ER-a immunoreactivity in autonomic and sensory gangli-
onic neurons (Papka et a. 1997; Yang et a. 1998;
Taleghany et a. 1999). Furthermore, a study by Taleghany
et a. (1999) has reported a comparison of ER-a and -3
MRNAS in DRG, but to date studies have not examined
ER-B immunoreactivity in autonomic parasympathetic or
sensory nodose ganglia (NG). Moreover, though ER-3 has
been detected by reverse transcriptase polymerase chain
reaction (Kuiper et a. 1997) and by in situ hybridization
histochemistry (Shughrue et al. 1997), detailed examina-
tion of the distribution of ER-3 immunoreactivity or ER-[3
MRNA expression in autonomic ganglia or spina cord,
especialy in relation to ER-a, has not been reported.
Thus, the goals of the present study were to (1) determine
whether the ER-3 protein is present in autonomic and sen-
sory ganglionic neurons and spinal cord neurons, and (2)
compare the presence and distribution of ER-a and ER-3
in ganglionic and spinal cord neurons by using immuno-
histochemistry and in situ hybridization histochemistry.
The results of this study suggest that estrogen could influ-
ence structural and functional (activity/neurochemistry)
parameters of autonomic and sensory ganglionic neurons
and spinal cord neurons in areas concerned with innerve-
tion of female reproductive organs.

Materials and methods

Animals

Adult female Sprague-Dawley rats (180-250 g body weight;
SASCO strain from Charles Rivers) were used in this study. All
experiments were performed in accordance with the NIH Guide
for the Care and Use of Laboratory Animals (NIH Publications
No. 86-23, revised 1985). During all experiments, efforts were
made to minimize both animal suffering and numbers of animals
used.

General methods
Ovariectomy

Twenty-four rats (13 ovariectomized and 11 intact) were used in
this study. The stage of the estrous cycle was not determined in the
intact rats. For ovariectomy, animals were anesthetized with sodi-
um pentobarbital (45 mg/kg i.p.) and ovaries removed via two
small dorsal incisions. Incisions were closed with a single stitch to
the muscle layer and a single wound-clip to the skin. After
7-10 days survival the rats were perfused with fixative and tissues
harvested.

Perfusions

Rats, intact and ovariectomized, were deeply anesthetized
(100 mg/kg sodium pentobarbital i.p.) and exsanguinated by cardi-
ac perfusion with saline followed by 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7.3. The L6-S1 segments of the lum-
bosacral spinal cords were removed, cryoprotected in 30% su-
crose, frozen, and sectioned (40 um thick) coronally on a cryostat.
In addition, the L6-S1 DRG, pelvic paracervical parasympathetic
ganglia (PG), vaga NG, and the uterine cervix were removed,
cryoprotected, and sectioned (14 pum thick). Sections were then
processed for immunohistochemistry and stained for ER-a or ER-f3.

Immunohistochemistry

Immunostaining for ER immunoreactivity, calcitonin gene-related
peptide (CGRP) immunoreactivity, and vanilloid receptor subtype
1 (VRL; capsaicin receptor) was performed by standard techniques
routinely used in our laboratory (Williams and Papka 1996; Papka
et a. 1997; Collins et al. 1999, 2000). The sections of spinal cord,
PG, DRG, and NG were incubated with primary antisera (see Ta-
ble 1): rabbit-generated anti-ER-a antiserum, sheep-generated an-
ti-ER-B antiserum, rabbit-generated anti-CGRP, and guinea pig-
generated anti-VR1, for 16-24 h at room temperature. They were
then washed in phosphate-buffered saline (PBS), incubated in ap-
propriate secondary antibodies (see Table 1): CY-2 or CY-3-la-
beled goat anti-rabbit 1gG; Texas Red-conjugated goat anti-guinea
pig; and Alexa 488-labeled goat anti-rabbit 1gG or Alexa 488-la-
beled donkey anti-sheep 1gG, for 1 h, and mounted in PBS-glycer-
ol. Some tissues were incubated with biotinylated anti-sheep 1gG
and visualized with Texas Red conjugated to avidin, while others
were incubated with biotinylated goat anti-rabbit 1gG (diluted
1:600) for 2 h in the primary antisera and then ER immunoreactiv-
ity visualized using the Vector diaminobenzidine (DAB), Vector
SG, or Vector VIP peroxidase substrate kits. The peroxidase-treat-
ed sections were dehydrated through graded alcohol dilutions to
toluene and then mounted on slides with Permount.

Tissue sections were viewed with an Olympus Provis micro-
scope equipped for epifluorescence [single excitation and emis-
sion filters for Alexa488/fluorescein isothiocyanate (FITC)/CY-2
and tetramethyl rhodamine isothiocyanate (TRITC)/Texas Red/CY-3],
brightfield, and darkfield microscopy. Images were captured with
a Spot digital camera (Diagnostics Instruments, Sterling Heights,
Mich.). Digitized images were imported into Photoshop version
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Table 1 Antiseraused in immunohistochemistry (1° first layer, 2° second layer)

Host Dilution Source
1° Antisera (Code)
ER-a (C1355) Rabbit 1:100 Dr. Margaret Shupnik, University of Virginia, Charlottesville, Va.
ER-[3 (893/3/34; 41/P3) Sheep 1:5000 Dr. Phillipa Saunders, MRC, Edinburgh, UK
ER-[ (Suffolk) Sheep 1:5000 Dr. Istvan Merchanthaler, Women's Health Research Inst.,
Wyeth-Ayerst Research, Radnor, Pa.
CGRP Rabbit 1:1600 Peninsula Laboratories, Belmont, Calif.
VR1(VRIC) Guineapig 1:400 Dr. Robert Elde, University of Minnesota, Minneapolis, Minn.
2° Antibody
Anti-sheep, Biotinylated Rabbit 1:600 Vector Laboratories, Burlingame, Calif.
Texas Red avidin D
Anti-rabbit, CY-2 Goat 1:600 Jackson ImmunoResearch Labs, West Grove, Pa.
Anti-rabbit, CY-3 Goat 1:600 Jackson mmunoResearch Labs, West Grove, Pa.
Anti-rabbit, Alexa 488 Goat 1:600 Molecular Probes, Eugene, Ore.
Anti-sheep, Alexa 488 Donkey 1:600 Molecular Probes, Eugene, Ore.
Anti-guinea pig, Texas Red Goat 1:400 Jackson ImmunoResearch Labs, West Grove, Pa

5.0 (Adobe Systems, San Jose, Calif.), contrast and brightness ad-
justed if necessary, labeled, and then printed with a Codonics
1,600 dye-sublimation printer (for color) or a 5750 Xerox Office 6
Copier (for black and white).

Populations of ER-positive cells

Tissue sections from ganglia (PG, NG, and DRG) and spinal cords
were immunostained for ER-a or ER-3 and neurons estimated in
order to present an idea of relative frequency (in terms of percent-
age) of a subpopulation of ER-positive neurons within a general
population of ganglion cells. Our criteria for counting cells includ-
ed making an assumption that a section through a neuron with a
distinct ER-labeled nucleus was a profile to be counted as labeled,
and that a section through a neuron with an unlabeled nucleus (visi-
ble black hole in the cell cytoplasm under fluorescence microsco-
py) was a profile to be counted as unlabeled. Neurons in which nei-
ther a distinctly labeled nor unlabeled nucleus could be identified,
i.e., aprofile sectioned through cytoplasm, were omitted from both
populations and not counted. Thus, all cells counted had to have
been sectioned through the nucleus (using the assumption that a
section through the nucleus was at or near the center of the cell).
Also within our criteria was that only nonadjacent sections would
be examined to ensure that we would avoid double-counting neu-
rons. Twenty randomly chosen fields from two sections mounted
on a dlide from each ganglia of each anima were photographed
with adigital Spot camera using a x20 objective and printed. From
the prints, the number of ER-positive cells (a or ) and number of
ER-negative cells were estimated and the mean + SEM was calcu-
lated using GB-StatJ v5.0 (Dynamic Microsystems), and the per-
centage of ER-positive neurons in each type of ganglion was calcu-
lated. Blocks of spinal cord containing the L6-S1 segments were
serialy sectioned (40-um-thick sections) and about 6065 sections
per block were collected and placed in vials containing 0.01 M
PBS. Ten free-floating sections were selected at random from the
vials and immunostained for ER-a and ten for ER- immunoreac-
tivity. The sections were mounted on slides and ER-immunoreac-
tive nuclear profiles mapped and counted per section using the as-
sumption (Abercrombie 1946) that an immunostained nucleus rep-
resents a neuron. Only the dorsal one-half of the spinal cord sec-
tions were studied. Cells were counted in three regions designated
as dorsal horn (DH), lateral collateral pathway + sacral parasympa-
thetic nucleus (SPN/LCP), and dorsal intermediate gray (DIG) and
the number of ER-positive neurons determined for each area. The
number of ER-positive neurons was expressed as mean per spina
cord section (it was not feasible to accurately identify and count all
projection neurons, interneurons, etc. that were ER-negative in the
cord, thus percentages were not cal cul ated).

Characterization of antisera

The studies of ER-a immunoreactivity were carried out primarily
with the antiserum coded C1355 (Friend et al. 1997), though anti-
sera from other sources were used for comparisons and they pro-
duced similar localization patterns to C1355 in respective nerve
tissues. Other antisera against ER-a used in previous studies in-
clude an antiserum made in rat against the human ER code H222
(Li et a. 1993; Williams and Papka 1996; obtained from Abbott
Laboratories, North Chicago, Ill.), rabbit anti-ER code AS409
(Okamura et al. 1992; Papka et al. 1997), rabbit anti-ER code
NIH715 (Furlow et al. 1990; obtained from Dr. A.F. Parlow at the
National Hormone and Pituitary Program, UCLA, Cdlif.), and
mouse monoclonal anti-human ER antiserum code 1D5 (Collins et
al. 1999; Dako, Glostrup, Denmark). In our hands, the C1355 pro-
duced the most consistent robust signal with immunofluorescence;
thus this antiserum for ER-a was used for these studies.

The ER-a antiserum C1355 was raised against the last 14 ami-
no acids of the ER (Friend et a. 1997). The ER-B antisera were
raised in sheep against the N-terminal (code 893/3/34 and 41/P3)
and the hinge (code 913/1/36/P4) regions of the ER protein (Saun-
ders et a. 2000) or against the last 21 amino acids of the rat ER-3
protein (code Suffolk). Controls included omission of the primary
antiserum, omission of the secondary antibody, absorption of the
primary antiserum with its respective antigen (10 pg/ml of diluted
antiserum), and cross-absorption controls. For the latter, the ER-a
antiserum was absorbed with the ER-[3 peptide and then applied to
tissue sections — the ER-o immunostaining appeared normal.
Likewise, adsorbing ER-B antiserum with ER-a protein did not di-
minish immunostaining for the ER-f3.

The CGRP antiserum has been used extensively in our labora-
tory and its characterization reported previously (Shew et al. 1991;
Papka and McNeill 1992b, 1993). The VR1 antiserum was gener-
ated in a guinea pig against the C-terminal residues 816838 of
VR1, purified and characterized by Guo et al. (1999)

Retrograde tracing with fluorogold

To determine whether ER-containing sensory and autonomic gan-
glionic neurons and/or VR1-immunoreactive neurons projected
axons to the uterus and uterine cervix, rats (n=3) were injected
with the retrograde tracer fluorogold (FG). Prior to all surgical
procedures, rats were anesthetized with sodium pentobarbital
(45 mg/kg i.p.) or a mixture of ketamine and xylazine (86 mg/kg
and 13 mg/kg, respectively, i.p.). A laparatomy was performed and
approximately 2 pl of a4% solution of FG in lactated Ringer’s so-
lution (Fluorochrome, Englewood, Colo.) was injected at multiple
sites in the uterine cervix and lower one-third of the uterine horns.
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After completion of the injections, the sites were sealed with New
Skin (Medtech Labs, Cody, Wyo.), and a “membrane” made from
parafilm was placed between the uterus and urinary bladder to in-
sure that FG did not contact the bladder. After a 14-day survival
period to alow for transport of the tracer, the L6-S1 DRG, PG,
and NG were removed. The tissues were fixed and processed as
described previously. Cryostat sections containing FG-labeled
cells were processed for visualization of ER or VR1 by immuno-
histochemistry.

In situ hybridization

Probes. In situ hybridization for ER-a and ER-B mRNAs were
done using very specific riboprobes for each of the ER receptors.
The probe for ER-a (coded ERa-800; Shughrue et al. 1997) con-
tained an 803-bp fragment of the origina rat ER-a cDNA se-
quence (Koike et al. 1987). The probe for ER-B was a cocktall
(ERB 285/558) of two cRNA probes (fragment ER(B-558, bases
52-610; and fragment ER[3-285, bases 1809-2094; Shughrue et al.
1996a). Plasmids were linearized and used to generate [3S|UTP-
labeled cRNA probes for in situ hybridization.

In situ hybridization

Tissue processing. Intact and ovariectomized rats were anesthe-
tized and perfused with saline as described previously. Tissues
(PG, L6-S1 DRG, NG, L6-S1 spinal cord segments, and uterine
cervix) were rapidly removed, frozen, sectioned on a cryostat,
mounted on slides and stored desiccated at —-86°C until processed
for in situ hybridization. Prior to processing, sections were al-
lowed to warm slowly by temporary storage in a —20°C freezer
(1 h), at 4°C (1 h) and then at ambient temperature (1 h) before be-
ing exposed to air. The in situ hybridization protocol used has
been described in detail by Shughrue et al. (1996b). Briefly, tissue
sections were fixed for a short time in 4% paraformaldehyde in
0.01 M phosphate buffer, treated with acetic anhydride, delipidat-
ed, and dehydrated. Slide-mounted sections were hybridized with
200 W of an antisense riboprobe (ER-B-285/558 or ER-a-800;
6x106 DPM/probe/slide) and 50% formamide hybridization mix.
The sections were placed in a sealed, humidified chamber and in-
cubated overnight at 55°C. The following day, the sections were
immersed in 2 x SSC (0.3 M NaCl, 0.03 M sodium citrate; pH
7.0)/10 mM DTT, treated with RNase A (20 pg/ml), and washed
(twice for 30 min at 65°C) in 0.1 x SSC to remove nonspecific la-
bel. The dlides were then dipped in NTB2 nuclear emulsion
(Kodak; diluted 1:1 with distilled water) and exposed for
30-60 days in light-tight black desiccating boxes. After exposure,
the sections were photographically processed, stained lightly with
cresyl violet, and coverslipped. The slides from all animals were
hybridized, washed, exposed, and photographically processed to-
gether to eliminate differences due to interassay variation in con-
ditions. The sections were examined with brightfield and darkfield
microscopy to detect the presence of reduced silver grains over
perikarya of ganglionic and spinal cord neurons and epithelial and
stromal cells of the uterine cervix.

Neurons were considered labeled if the number of silver grains
over a neuron was 3 times greater than the number of grains over
an equivalent area of (1) nonneural tissue, (2) neura tissue that
was not the cell body, or (3) emulsion. The neural tissue other than
the cell body and the nonneural tissue used for comparisons were
nerve trunks entering or passing through ganglia, ganglionic con-
nective tissue capsules, white matter of the spinal cord, or ependy-
mal cells around the central canal. These tissues and emulsion
would be expected to show minimal background levels of label-
ing. Thus background, i.e., the grains in the emulsion or over the
nonneuronal tissue, was set at 1.0, and then the density of grains
over the neurons had to be at least 3 times background for the neu-
ron to be counted as ER-a mRNA-positive or ER-B mRNA-posi-
tive. The numbers of ER-a mRNA-expressing neurons or ER-3
MRNA-expressing neurons in the spinal cord were estimated as
described for the ER-immunoreactive neurons.

Results

Previous reports have outlined the presence and distribu-
tion of ER-a immunoreactivity in autonomic and sensory
ganglia (Papkaet al. 1997; Collins et al. 1999) and in lum-
bosacral spinal cord (Amandusson et al. 1995; Williams
and Papka 1996), thus only highlights and additional de-
tails will be reported here so that comparisons with ER-[3
can be meaningful.

ER-o immunoreactivity in ganglia

ER-a protein was present in the nuclei of a subpopula-
tion of parasympathetic neurons in the PG (Fig. 1A, B)
and sensory neurons in the L6-S1 dorsal root (DRG;
Fig. 1C, D) and vagal NG (Fig. 1E, F). Of the neuronsin
various ganglia, about 5.5% were ER-a-immunoreactive
in the PG, 2.8% in the NG, and 5.3% were ER-a-immu-
noreactive in the DRG (Table 2). Neurons of sensory
ganglia are in three size categories: large (more than
41 pm diameter), medium (2140 pm diameter), and
small (less than 20 um; sizes based on studies (Rambourg
et a. 1983; Price 1985; Tuchscherer and Seybold 1985;
Papka and McNeill 1992a). ER-a-immunoreactive sen-
sory neurons were predominantly in the small- but also
medium-size categories (Fig. 1C, D). Furthermore, im-
munostaining with an antiserum against the capsaicin re-
ceptor (VR1; Caterina et al. 1997; Guo et al. 1999) was
performed to “mark” mainly small, capsaicin-sensitive,
polymodal nociceptive neurons (and some Ad-neurons).
VR1-immunoreactive + ER-o-immunoreactive neurons

Fig. 1A-G Sections of the pelvic ganglion (PG), dorsal root gan-
glia (DRG), and nodose ganglia (NG) of an ovariectomized rat im-
munostained for estrogen receptor-a (ER-a). A Low-magnifica-
tion view of the PG. The nuclei (arrows) of some PG neurons are
immunoreactive for ER-a. B Higher-magnification view of the PG
showing several ER-a-positive PG neurons (arrows). C Low-
magnification view of a section of a DRG showing scattered neu-
rons immunoreactive for ER-o. Some immunoreactive neurons
appear to be medium (M) and small (S in size. Many of the large
(L) neurons are not labeled. Inset: Higher-magnification view of a
small- (S) and a medium (M)-sized ER-a-immunoreactive neuron
in the DRG. Little cytoplasm is evident around the small neurons,
which makes them difficult to identify. D A medium-magnifica-
tion view of large (L), medium (M), and small (S) DRG neurons.
In this field only the small neurons are ER-a-immunoreactive.
E NG shows several neurons immunoreactive for ER-a (arrows).
One neuron (lower right arrow) is cut tangentially through the nu-
cleus so that that nuclear boundary does not appear sharp. F High-
er-magnification view of the NG showing ER-a-immunoreactive
neurons (arrows). G Section of DRG double-immunostained for
vanilloid receptor subtype 1 (VR1) (red cytoplasm) and ER-a
(green nucleus). Note several small neurons double-stained, while
larger neurons (L) are negative for both ER-a and VRL. Inset:
Same tissue as in G, which illustrates that some neurons in the
DRG were VR1-positive but not ER-a-positive (neuron on the left
with red cytoplasm surrounding an unstained ER-a-negative nu-
cleus). Some neurons were ER-a-positive but VR1-negative (neu-
ron on the right with a green nucleus surrounded by unstained cy-
toplasm). Bar 10 pm



were evident throughout the DRG, and most of the dou-
ble-labeled neurons were small (Fig. 1G). We have pre-
viously reported that some ER-a-immunoreactive gan-
glionic neurons project axons to the uterus or uterine cer-
vix (Papkaet al. 1997).

ER-[3 immunoreactivity in ganglia

ER-B immunoreactivity was present in a subpopulation
of neurons in the PG (Fig. 2A). Such neurons appeared
to be randomly distributed in the ganglion without any







199

Table 2 Mean numbers of estrogen-receptor (ER)-immunoreactive neurons counted in ganglia from ovariectomized rats and the per-
centage of cells that are ER-immunoreactive in those ganglia (PG pelvic ganglion, DRG dorsal root ganglia, NG nodose ganglia)

Ganglia ER(+) cells (mean £ SEM) ER(-) cells (mean £ SEM) Total cells counteda ER(+) ganglion cells (%)
ER-a ER-B ER-a ER-B ER-a ER-B ER-a ER-B

PG 67.0+£9.2 133.3+20.2 1143.3+207.8  1213.3+123.6 3631 4034 55 9.8

DRG 143.3+47.5b 78.3£8.2 2539.3+91.9 2012.3+93.4 8048 6273 53 3.8

NG 56.3+4.4 77.3x18.2 1983.0£241.5 2329.0+392.6 6118 7219 2.8 3.2

aNeurons counted in three rats

bThere is noted variability in the numbers of ER-o-immunoreac-
tive neurons in DRG, because the L6 and S1 ganglia were pooled
for sectioning and counting. In fact, there are differential numbers

apparent localization pattern. ER-B-immunoreactive
neurons were more numerous in the PG than ER-a-im-
munoreactive neurons (9.8% vs 5.5%; see Table 2). In
the L6-S1 DRG and vagal NG, ER-B-immunoreactive
neurons appeared to be randomly scattered, although oc-
casionally small, loosely aggregated clusters were evi-
dent (Fig. 2B, C, D). ER-B-immunoreactive sensory
neurons appeared to be of all sizes, though most were
medium- and small-sized (Fig. 2B, C, D). Of the neu-
rons in various ganglia, 9.8% were ER-B3-immunoreac-
tive in the PG, 3.2% in the NG, and 3.8% in the DRG
(Table 2). Immunostaining with the antiserum against
the capsaicin receptor (VR1) marked capsaicin-sensi-

Fig. 2A—1 Sections of the pelvic ganglion (PG), dorsal root gan-
glia (DRG) and nodose ganglia (NG) of an ovariectomized rat im-
munostained for ER-f. A The nuclel (arrow) of some PG neurons
are immunostained for ER-f3. However, the numbers of such neu-
rons can vary in different fields. Inset: Higher-magnification view
of the boxed area of Fig. 2A shows ER-B-immunoreactive PG
neurons. The nuclei are the sites of ER-3 immunoreactivity and
they are surrounded by ER-[-negative cytoplasm. B Section of a
DRG showing large and medium neurons that have ER-f-immu-
noreactive nuclei. C Shows a higher magnification view of large
(L), medium (M), and small (S) DRG neurons that are ER-f-im-
munoreactive. D NG shows small (S), medium (M), and large (L)-
sized ER-B-immunoreactive neurons. E Section of DRG immuno-
stained for VRL1 (red cytoplasm) and ER-3 (green nucleus). Note
several neurons are negative for both VR1 and ER-3 (arrowhead),
some large neurons are only ER-B-positive (double arrowhead),
some medium-sized neurons are only VR1-positive (double ar-
row), some medium and small neurons are double-stained for both
ER-B and VR1(arrow). F, G Section of DRG from a rat injected
with fluorogold (FG; F) into the uterus and immunostained for
VR1 (green cytoplasmin G). Neurons containing FG (long arrows
in F) are considered “ uterine-related” and some of them are VR1-
immunoreactive (long arrows in G). Some neurons contain VR1
immunoreactivity, but not FG (short arrows in E, F), and some
contain FG without VR1 immunoreactivity (crossed arrows in F,
G). H PG from a rat injected with fluorogold into the uterus. A
FG-positive, uterine-related neuron is ER-f-immunoreactive (ar-
row); other neurons in the field are ER-B-positive but do not con-
tain the tracer (arrowhead), and still others are neither FG- nor
ER-B-positive (double arrowhead). | DRG from a rat injected
with FG into the uterus. A FG-positive, uterine-related neuron is
ER-B-immunoreactive (arrow); other neurons in the field are FG-
positive but do not contain ER-f3 (arrowhead), and still others are
neither FG-positive nor ER-B-positive (double arrowhead). Bar
10 pm

of ER-positive neurons in L6 versus S1 ganglia, and we note that
about 8.3% of neurons in the L6 DRG are ER-positive compared
with approx. 4.2% in the S1 ganglia

tive, sensory neurons that were also ER-3-immunoreac-
tive (Fig. 2E). After injecting the retrograde tracer FG
into the uterus and uterine cervix, labeled neurons were
evident in the PG, L6-S1 DRG, and NG. Some of these
uterine-related (FG-containing) neurons also were VR1
immunoreactive (Fig. 2F, G) and ER-3 immunoreactive
(Fig. 2H, 1).

ER-a mRNA-expressing neuronsin ganglia

Autoradiograms revealed lightly, moderately, and dense-
ly labeled postganglionic parasympathetic neurons of the
PG that expressed ER-a mRNA (Fig. 3A, B). With our
paradigm, most |abeling was regarded to be light to mod-
erate. The ganglion sections (PG, DRG, and NG) were
counterstained lightly with cresyl violet, which high-
lights the nucleus for cell identification but leaves the
perikarya nonevident. However, staining the cytoplasm
can interfere with the ease of reading the labeling (but
helps in making cell-diameter measurements). Thus, we
focused on silver grains associated with the nuclei of
neurons and assumed that grains immediately adjacent to
the nuclei were in the cytoplasm of the neurons (in some
cases we did stain the cytoplasm to identify the entire
perikaryon; e.g., see Fig. 3C, D).

The ER-a mRNA-expressing neurons, though only
estimated, appeared to correspond in number per gangli-
on to those showing ER-a protein by immunohisto-
chemistry (see Figs. 1A, B and 3B, C). Ganglionic neu-
rons from ovariectomized rats appeared to be more
heavily labeled for ER-a-mRNA expression than those
from intact rats (Fig. 3A, B). However, we did not dis-
cern whether there were differences in numbers of la-
beled neurons between intact and ovariectomized rats.
Satellite and Schwann cells were not labeled in the auto-
radiograms of the PG (Fig. 3) or sensory ganglia
(Fig. 4). Moreover, areas of nerve trunks rich in axons,
but neuron-free, did not show any labeling above back-
ground level.

Sensory neurons of the DRG and NG also expressed
ER-a-mRNA that varied from light, to moderate, to
dense labeling (Fig. 4A—F). For the most part, neurons
with the densest labeling were small neurons (Fig. 4B),
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Fig. 3A-D ER-a mRNA in the female rat PG by in situ hybrid-
ization. A, C, and D are from an intact rat, whereas B is from an
ovariectomized rat. In A neurons (arrows) are lightly labeled with
silver grains for ER-a mRNA, whereas in B some neurons (ar-
rows) are distinctly labeled with overlaying silver grains, indicat-
ing the presence of ER-a mRNA. C represents a section lightly
counterstained with cresyl violet indicative of the routine counter-
stain for autoradiographic sections. With this stain the cytoplasmic
extent of the neurons (N) is not readily evident, making the tissue
appear “empty.” The presence of satellite cells (arrows) helps to
delimit the extent of the perikaryon. Thus, it is possible that some
nonnuclear silver grains could be misinterpreted as not represent-
ing specific label. D is a section similar to C but counterstained
with hematoxylin and eosin, which more fully stains the neurons
(N) and satellite cells (arrows) and indicates that neuronal cyto-
plasm fills all of the “apparent empty” spaces in nerve tissue.
Thus, one can be assured that silver grains in “spaces’ surround-
ing neurons in the PG, as well as DRG and NG, actually are over-
lying neuronal cytoplasm. Bar 10 pm

some medium-size neurons were moderately labeled
(Fig. 4C), and occasionaly large neurons were lightly
positive. In DRG, there were approximately six to ten
small ER-a mRNA-expressing neurons per ganglion sec-
tion and three or four lightly labeled, medium-size neu-
rons. However, not all small neurons in the ganglia ex-
pressed ER-a mRNA.

In the NG, fewer neurons per section (four to six total
neurons with two or three being small) expressed ER-a

MRNA than in DRG. In all sensory ganglia it appeared
that autoradiograms showed more labeling for ER-a
MRNA in the ovariectomized rats than in the intact rats
(Fig. 4E—F); however, whether or not the total number of
labeled neurons differed between the groups was not de-
termined. Like those in the PG, DRG satellite cells adja-
cent to neurons (Fig. 4A, B), Schwann cells among nerve
trunks, and axon-rich nerve trunks in the ganglia
(Fig. 4D, F), or connective tissue cells of the DRG and
NG capsule did not show silver grains above background
level.

ER-B mRNA-expressing neurons in ganglia

PG neurons expressing ER-3 mRNA were evident in au-
toradiograms as lightly to moderately labeled neurons
(Fig. 5A). The ER-f mRNA-expressing neurons were
similar in number (per ganglion) to those showing ER-[3
immunoreactivity by immunohistochemistry. Sensory
neurons of DRG and NG also expressed ER-B mRNA.
For the most part, neurons with the most dense labeling
were medium in size (Fig. 5B), though some small-size
neurons were moderately labeled (Fig. 5C), and occa-
sionally large neurons were lightly positive. In DRG,
there were approximately six to ten ER-f mRNA-ex-
pressing neurons per ganglion section that were densely



Fig. 4A—F Sections from the DRG (A-D) and NG (E, F) of an
ovariectomized rat (A—E) and an intact rat (F) processed for in
situ hybridization autoradiography for ER-a mRNA. A was photo-
graphed at low magnification with darkfield optics and shows sev-
eral ER-a mRNA-positive neurons (arrows), but details and char-
acteristics of the neurons are not discernible. B Shows, at higher
magnification with brightfield optics, a moderately labeled, small
sensory neuron (S, adjacent to the 10-um marker) and alightly la-
beled, small neuron (arrow). Note that the Schwann and satellite
cells are not labeled. C A medium-sized neuron (M) is moderately

labeled (Fig. 5C), whereas many more were lightly la-
beled, medium- and large-sized neurons (Fig. 5B). Fur-
thermore, fewer neurons (four to six neurons per section)
expressed ER-B mRNA in the NG (Fig. 5D, E) than in
the DRG.
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labeled, but large neurons (L) and surrounding satellite cells (ar-
rows) are not labeled. D A bundle of axons coursing through the
DRG, showing the average level of control background silver
grains overlying nonperikaryal cytoplasm for comparison with
positive labeling of neurons. E NG section showing several mod-
erately labeled perikarya (arrows) from an ovariectomized rat.
F Small neurons (arrows) lightly labeled for ER-a mRNA in the
NG from an intact rat. Note the low level of background silver
grains overlying vagal nerve fibers (VN) coursing through the gan-
glion. Bar 10 pm

- wn?

Satellite cells adjacent to neurons, Schwann cells
among nerve trunks in the ganglia (Fig. 5E), or connec-
tive tissue cells of the ganglion capsule did not contain
silver grains in numbers above background level.






Fig. 6A-D Orientation diagrams
of the L6-S1 spinal cord for count-
ing of neurons (A), distribution of
primary sensory nervesterminals
(B), distribution of ER-0 neurons
(C), and ER-B (D) neurons. A S1
of the spinal cord (modified from
Paxinos and Watson 1997). The
areas in which the ER-positive

cells were counted are shown on
the left and labeled DH (dorsal
horn), LCP/SPN (lateral collateral
pathway/sacral parasympathetic
nucleus), and DIG (dorsal inter-
mediate gray). In addition, for ori-
entation, the numbered dorsal
horn laminae according to Rexed
arelabeled on theright, aswell as
the location of the medial collater-
al pathway (MCP), lateral collater-
al pathway (LCP), sacral parasym-
pathetic nucleus (SPN), lateral fu-
niculus (LF), and lateral spina nu-
cleus (LSN). B Orientation photo-
graph of the left, upper quadrant
of the lumbosacral spinal cord
similar to an areain A, showing
the dorsal horn (DH), medial col-
lateral pathway (MCP), lateral col-
lateral pathway (LCP), sacra
parasympathetic nucleus (SPN),
and dorsal intermediate gray
(DIG) dorsal to the central canal.
The section was immunostained
for cacitonin gene-related peptide
(CGRP) to show areas of termina-
tion of primary afferent nerve fi-
bers that are immunoreactive for
CGRP in the DH, fibers coursing
tothe SPNin the LCP, and fibers
coursing to the DIG in the MCP.
C, D Schematics (modified from
Paxinos and Watson 1997) of the
distribution of ER-a-immunoreac-
tive neurons (Ir; filled circles) on
theleft (C), ER-a-mRNA (X) on
theright of C; ER-f-immunoreac-
tive neurons (filled circles) on the
left (D), and ER-B-mRNA (X) on
theright of D. These diagramsre-
flect the number of labeled neu-
ronsin two representative spina
cord sections and each symbol
represents one neuron

Fig. 5A-E Sections from the PG (A), DRG (B, C), and NG
(D, E) processed for in situ hybridization autoradiography for ER-
B mRNA. A Section of the PG showing afew lightly labeled, ER-
B mRNA-positive neurons (arrows) among many unlabeled neu-
rons (arrowheads). B Severa lightly labeled DRG neurons (ar-
rows). C shows a small, intensely labeled DRG neuron (arrow)
near several unlabeled medium-to-large neurons (arrowheads).
D Lightly labeled ER-B mRNA-positive sensory neurons (arrows)
in the NG. E An ER-B mRNA-positive neuron (arrow) among
many unlabeled vagal nerve fibers (VN). The VN reflects the
background level of silver grains overlying nonperikaryal tissuein
the NG as an illustration of the control level of label. Bar 10 um
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Spinal cord orientation and CGRP

For orientation purposes, a section of the L6-S1 spinal
cord is shown in Fig. 6A, with the areas outlined for
counting of cells and to show terminology used. A simi-
lar section was immunostained with an antiserum against
CGRP (Fig. 6B). Since CGRP is present almost exclu-
sively in terminals of primary afferent axons from DRG
neurons (Traub et al. 1989; Villar et al. 1991), this
proved useful to highlight specific areas of the spinal
cord where peripheral sensory nerve fibers course and
terminate. In this way, ER-containing neurons could be
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Fig. 7A—G Sections of the lumbosacral spinal cord of an ovariec-
tomized rat immunostained for ER-a. A Summary of the distribu-
tion of ER-a-immunoreactive neuronal nuclei, where arrows link
areas to representative micrographs. B Low-magnification view of
ER-a-immunoreactive neurons (arrowheads) scattered in the outer
laminae of the dorsal horn (DH), clustered in the lateral DH (ar-
row) and in the sacral parasympathetic nucleus (SPN) near the lat-
eral funiculus (LF). C Higher-magnification view of ER-a-immu-
noreactive neurons of Fig. 7B in the outer laminae of the DH. D A
cluster (arrow) of ER-a-immunoreactive neurons in the lateral

DH. In addition, immunoresactive cells are also seen in the SPN
(LF latera funiculus). E Examination of adjacent sections allows
one to determine that there is a continuum of ER-a-immunoreac-
tive neurons from the lateral DH (see arrow in Fig. 7D), along the
lateral collateral pathway (LCP) to the SPN. F Higher-magnifica-
tion view of presumed preganglionic parasympathetic neurons in
the SPN (arrows). G Labeled neurons (arrows) in the dorsal inter-
mediate gray (DIG) between the dorsal columns (DC) and the cen-
tral canal (not seen). Bar 50 um

Table 3 Mean numbers of ER-

immunoreactive neurons and Area Mean number of Mean number of
ER mRNA-expressing neurons ER-immunoreactive cells ERmMRNA-expressing cells
in the dorsal half of the L6-S1 per section@ per sectiona
spinal cord segments of ovari-
ectomized rats (DH dorsal horn, ER-a ER-B ER-a ER-B
SPN/LCP lateral collateral path-
way and leading downtosacral  DH 4.7 2.6 42 30
parasympathetic nucleus, DIG ~ SPN/LCP 7.0 6.2 71 2.6
dorsal intermediate gray and ar-  DIG _ 2.3 5.4 2.7 1.3

Mean total cellg/section 14.0 14.2 14.0 6.9

eadorsal to the central canal)

aRepresentative sections were 40 pm thick



Fig. BA—H Cryostat sections
of the lumbosacral spinal cord
of an ovariectomized rat immu-
nostained for ER-f. A summa-
rizes the distribution of
ER-B-immunoreactive neuronal
nuclel and the arrowslink ar-
eas to representative micro-
graphs. B Low-magnification
view of ER-B-immunoreactive
neurons (arrows) scattered in
the deeper laminae of the dor-
sal horn (DH), with few in the
outer laminae (LF lateral funic-
ulus). C Higher-magnification
view of B, showing ER-B-im-
munoreactive neuronsin the
deep DH (arrow) and sacral
parasympathetic nucleus

(SPN; arrowhead). D ER-B-im-
munoreactive neuronsin the
lateral DH (arrow), SPN (ar-
rowhead), and lateral funiculus
(LF, double arrowhead).

E A continuum of ER-B-immu-
noreactive neurons from the
lateral DH (see arrow in D),
aong the lateral collateral path-
way (LCP; arrow) to the SPN.
Occasiona neurons were evi-
dent in the lateral funiculus
(LF; arrowhead). F Labeled
neurons (arrows) in the dorsal
intermediate gray (DIG) be-
tween the dorsal columns (not
seen) and the central canal
(CC). G, H Higher-magnifica-
tion view of fusiform neurons
in the area between the SPN
and DIG (G) and stellate-
shaped, presumed preganglion-
ic parasympathetic, neuronsin
the SPN (arrowsin H).

Bar 50 pm

related to the locations of sensory and autonomic areas
of the spinal cord. CGRP immunoreactivity is heavily
concentrated in the outer laminae | and Il of the dorsal
horn, along the media collateral pathways (MCP) and
LCP in the SPN, DIG above the central canal, and in
lamina X around the central cana (Fig. 6B). Thus, these
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fibers paralleled the distribution of sensory fibers from
the reproductive organs (Kawatani et al. 1990), and those
in the LCP are directed to the autonomic areas such as
the SPN (Morgan et al. 1981). Summary diagrams out-
lining the distribution of ER-a- and B-immunoreactive
neurons and ER-a mRNA-expressing and ER-3 mRNA-
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Fig. 9A—-1 Autoradiograms of the lumbosacral spinal cord of an
ovariectomized (B-D, F, H) and intact (E, |) rats processed for
ER-a mRNA by in situ hybridization. A summarizes the distribu-
tion of ER-a-mRNA-positive neurons and the arrows link areas to
representative micrographs. B Low-magnification view of ER-a-
mRNA-containing neurons (arrow) scattered in the outer laminae
of the dorsal horn (DH). C Labeled neurons in the lateral DH (ar-
row) and in the lateral collateral pathway (LCP; arrowhead).
D Several labeled neurons (arrow) in the LCP. (1 SPN Direction of
the sacral parasympathetic nucleus, rDH direction of the outer
laminae of the DH.) E Moderately |abeled neurons (arrows) in the
SPN of an intact rat. F Brightfield micrograph showing intensely
labeled neurons (arrows) in the SPN of an ovariectomized rat.
G As F, but photographed with darkfield optics, which enhance
the visibility of labeled neurons in the SPN. H The absence of
ER-a mRNA-specific labeling in the ependyma (E) of the central
canal. | Lightly labeled neurons (arrows) are in lamina X dorsal to
the central canal (CC) from an intact rat. Bar 10 um

expressing neurons in the spinal cord are presented in
Fig. 6C, D.

ER-a immunoreactivity in spinal cord

A summary of the distribution of ER-a-containing neu-
rons is shown in Fig. 7A. These neurons in the spinal
cord were distributed largely in outer laminae (I and I1)
of the dorsa horn (Fig. 7A-C) and in the SPN
(Fig. 7D—F). Concentrations of ER-a-positive neurons
were regularly evident at the lateral margin of the dorsal
horn (Fig. 7B-D). Immunoreactive neurons were com-
mon along the lateral and medial margins of the dorsal
horn in the area of the MCP and LCP (Fig. 7E). From the
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Fig. 10A-D Autoradiograms of the uterine cervix from intact
(A, C) and ovariectomized (B, D) rats processed for demonstra-
tion of ER-a mRNA (A, B) and ER-B mRNA (C, D). A Light la-
beling of ER-a-mRNA over the epithelial cells (E) and stroma (S)
of the uterine cervix of an intact rat. B Relatively dense labeling
for ER-a mRNA over the epithelium (E) and stroma (S) in an ova-
riectomized rat compared with the intact rat (A). C, D Almost no
labeling for ER-B-mRNA in the uterine cervix and no apparent
differences between an intact rat (C) and an ovariectomized rat
(D). (E Epithelium, Sstroma.) Bar 10 pm

LCP, labeled neurons could be traced ventrally to the
SPN (Fig. 7D,E). Abundant ER-a-immunoreactive neu-
rons were distributed across the DIG of the spinal cord
largely in and around lamina X near the central canal
(Fig. 7G). A few ER-a-immunoreactive neurons were
regularly evident in the lateral funiculus (LF) near the
lateral spinal nucleus. Counts of ER-a-immunoreactive
neurons in L6-S1 spinal cord sections of ovariectomized
animals revealed an average of 14.0 neurons per 40-pum-
thick section (Table 3).

The distribution of ER-a-immunoreactive neurons
closely paralleled the distribution of CGRP-immunore-
active primary afferent nerve fibers and terminals —
most notably laminae |-l of the dorsal horn, aong

the LCP and MCP, in the DIG, SPN, and lamina X
(Figs. 6B, 7).

ER-3 immunoreactivity in spinal cord

A summary of the distribution of ER-[3-containing neu-
ronsis shown in Fig. 8A, and these neurons had a similar
distribution pattern and number in the spinal cord to the
ER-a-immunoreactive neurons (Figs. 6C, D, Table 3).
ER-B-immunoreactive neurons were present in the dorsal
horn (but mainly deeper layers 1I-V; Fig. 8A, B), LCP
(Fig. 8E), MCP, SPN (Fig. 8C), lateral funiculus
(Fig. 8D, E), and DIG (Fig. 8F). In general, it appeared
that ER-B-immunoreactive neurons were more deeply
placed in the dorsal half of the spinal cord than were
ER-a-immunoreactive neurons. Within the SPN of the
L6-S1 cord, the ER-B-positive neurons were stellate in
shape (Fig. 8H) and fusiform ER-B-positive neurons
were evident in the intermediate gray between the SPN
and central cana (Fig. 8G). Furthermore, occasional
ER-B-immunoreactive neurons, unlike ER-a neurons,
were present in the ventral horn, mainly in the dorsome-
dial aspect of the ventral horn (not shown).



208

Fig. 11A-G Autoradiograms of the lumbosacral spinal cord pro-
cessed for ER-B mRNA by in situ hybridization. A summarizes
the distribution of ER-B-mRNA-positive neurons and the arrows
link areas to representative micrographs. B A few lightly labeled
ER-B-mRNA-containing neurons (arrow) scattered in the outer
laminae of the dorsal horn (DH). C ER-3 mRNA-positive neurons
(arrows) in the deep dorsal horn. D A high-magnification view of
an intensely labeled neuron in the deep DH. E An ER-3 mRNA-
positive neuron (arrow) in the latera collateral pathway (LCP)
(LF, lateral funiculus). F Labeled neurons in the deep dorsal horn
(arrow) and the sacral parasympathetic nucleus (SPN; arrow-
head). G ER-3 mRNA-containing neurons (arrow) were frequent
in the dorsal intermediate gray (DIG) between the dorsal columns
(not seen) and the central canal. Bar 10 pm

x‘-;

ER-a mRNA-expressing neuronsin spinal cord

Most perikarya that expressed ER-a mRNA were evi-
dent in autoradiograms as lightly to moderately, and oc-
casionally densely, labeled neurons in specific areas of
the spinal cord. Their distribution pattern is summarized
in Fig. 9A and was similar to that of neurons showing
ER-a immunoreactivity (Fig. 6C). For example, ER-a
MRNA-expressing neurons occupied the outer dorsal
horn (lamina I-Il; Fig. 9B, C), the dorsolateral part of
the dorsal horn (Fig. 9C), the LCP (Fig. 9C, D), MCP,
SPN (Fig. 9E, F, G), DIG, and lamina X (Fig. 9I). The
number (per section) of ER-a mRNA-expressing neu-
rons from ovariectomized rats was similar to that for
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ER-a-immunoreactive neurons as evident from immuno-
histochemistry, 13.95 compared with 14.0, respectively
(see Table 3). Though, we have not yet quantitated any
differences, our impression was that spinal cord neurons
from ovariectomized rats were more heavily labeled by
silver grains for ER-o0 mRNA expression than those
from intact rat.

When areas that lacked neuronal perikarya such as the
ependymal lining of the central canal, dorsal root entry
zone, dorsal columns, and lateral funiculus were exam-
ined, the number of silver grains (i.e., labeling) did not
appear greater than background numbers (Fig. 9H). In
addition, autoradiograms from hybridized sections of the
uterine cervix showed intense labeling of the endocervix
for ER-a mRNA-expressing neurons in the ovariectomi-
zed rat (Fig. 10B), but much less intense signal from en-
docervix of the intact rat (Fig. 10A).

ER-B mRNA-expressing neurons in spinal cord

The overall distribution of ER-B mRNA-expressing neu-
rons in the L6-S1 segments of the spinal cord was simi-
lar to that for ER-[3-immunoreactive neurons and is sum-
marized in Figure 6D. For example, these ER-3 mRNA-
expressing neurons were present in the dorsal horn
(Fig. 11A-D, F), LCP (Fig. 11E), MCPR, SPN (Fig. 11F),
lamina X, and DIG (Figs. 6D, 11G; see Table 3). In gen-



eral, ER-B mRNA-expressing neurons were in deeper
dorsal horn laminae more so than in outer laminae. The
number (per section) of ER-B mRNA-expressing neu-
rons from ovariectomized rats was smaller than that for
ER-B-immunoreactive neurons as evident from immuno-
histochemistry, 6.83 compared with 14.20, respectively
(see Table 3). We did not discern any differences in la-
beling by silver grains for ER-B mRNA expression in
spinal cord neurons from ovariectomized compared with
intact rats, however, we have not yet quantitated any dif-
ferences.

On examination of areas that lacked neuron somata
such as the ependymal lining of the central canal, dorsal
root entry zone, dorsal columns, and lateral funiculus,
the numbers of silver grains did not appear higher than
background level. In addition, autoradiograms from hy-
bridized sections of the uterine cervix showed only very
light signal in the endocervix for ER-B mRNA (relative
to ER-a mRNA), whether sections were obtained from
intact or ovariectomized rats (Fig. 11C, D). This coin-
cides with the report of very low ER-f3 transcript in the
(mouse) uterine cervix (Couse and Korach 1998).

Discussion

The classic form of ER isthe a-isoform, and its distribu-
tion and functiona attributes in the CNS have received
considerable attention (Matsumoto et al. 1988; Simerly
et al. 1990; Li et a. 1993; Rissman et a. 1997; Mufson
et a. 1999). Fewer studies have focused on ER-a in
peripheral neurons (Papka et al. 1997; Yang et al. 1998;
Liuzzi et al. 1999a, 1999b; Patrone et al. 1999; Taleghany
et a. 1999). Furthermore, since revelation of a second iso-
form of ER, ER-B (Kuiper et al. 1996, 1998; Mosselman
et al. 1996; Tremblay et al. 1997), severa studies have
detailed the distribution of ER-f3 in the CNS (Shughrue
et a. 1996a, 1997, 1998b, 1999, 2000; Li et a. 1997),
but only one has examined ER-3 (MRNA) in the spinal
cord (Shughrue et a. 1997) and ER-B (mMRNA) in pe-
ripheral sensory ganglia (Taleghany et al. 1999). Thus,
the importance of this study isthat it is the first to identi-
fy both ER-B protein and mRNA transcripts in the neu-
rons of the lumbosacral spinal cord and in peripheral au-
tonomic and sensory ganglionic neurons related to fe-
male reproductive organs. Additional important aspects
of this study were the comparison of ER-a-immunoreac-
tive and ER-B-immunoreactive neurons in these ganglia
and in the spinal cord and that ganglionic neurons ex-
pressing ER-a and - project axons to the uterus and
cervix. Consequently, estrogens could have a complex
influence on structural and/or functional aspects of neu-
ra circuits involving these neurons and thus their target
structures, e.g., reproductive organs.

The autonomic and sensory nerve supply to the uterus
and uterine cervix, indicating the sources of, functions
of, and neurotransmitter used by these fibers, has been
detailed (Berkley et al. 1988, 1993a, 1993b; Papka and
Traurig 1993; Traurig and Papka 1993; Papka and Shew
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1994; Houdeau et al. 1998). Furthermore, some uterine-
related neurons are responsive to estrogens through
ER-a (Papka et a. 1997). Our current results extend
these findings by showing that uterine-related PG and
DRG neurons also can be influenced through ER-(3; pre-
liminary data from our laboratory indicates that ER-a
and ER-[3 may coexist in the some sensory neurons.

Neurons of the female PG appear to respond to go-
nadal steroid hormones. For example, Coujard (1951)
has shown that ovariectomy decreases the volume of PG
neurons and that subsequent estrogen treatment is restor-
ative. According to Schleicher et al. (1985), about 25%
of mouse PG neurons bind estradiol. Since ER-a/-(3 lo-
calization is clearly nuclear, this suggests that estrogens
have genomic effects in these neurons by hormone li-
gand-receptor complex binding to an estrogen response
element of the DNA and modulate transcription of target
genes (Murdoch and Gorski 1991). Such effects could
involve protein synthetic activity and help explain the
volume changes reported by Coujard (1951). In addition,
Gollapudi and Oblinger (1999a) have shown that ER-a
is present in PC12 cells [neural crest derivatives that are
nerve growth factor (NGF)-dependent] and that estro-
gens have cytoprotective (cell survival) effects that in-
volves NGF and the antiapoptotic molecule Bcl-X,
(Gollipudi and Oblinger 1999b). Furthermore, estrogens
stimulate neurotransmitter levels (in CNS neurons;
Gibbs et al. 1994; Okamura et al. 19944, 1994b; Yuri and
Kawata 1994; Dufourny and Warembourg 1999; Miller
et al. 1999), upregulate neuronal-nitric oxide synthase in
autonomic and/or sensory nerves in the vagina (Berman
et a. 1998), or downregulate CGRP in sensory neurons
(Moussaoui et a. 1996; Duval et al. 1998; Yang et al.
1998). These types of regulation could occur in peripher-
al autonomic and sensory neurons that innervate the uter-
us. ER-a and ER-B may be differentially regulated in
different tissues including the CNS (Osterlund et al.
1998; Belcher 1999) and DRG (Taleghany et al. 1999).
Whether or not the ERs are differentially regulated in the
autonomic neurons of the PG is currently not known. It
is noteworthy that other studies have indicated different
preferences in binding of estrogenic substances to ER-a
compared with ER-3 (Kuiper et a. 1997, 1998), different
roles of ER-a and -[ in regulating viscera (Campbell-
Thompson 1997), and neuronal characteristics with re-
gard to neurite sprouting (Patrone et al. 2000). For exam-
ple, 17-B-estradiol acting through ER-a induces in-
creased length and number of neurites, whereas ER-[3 ac-
tivation modulates only neurite length.

The presence of ER-o immunoreactivity and ER-a
MRNA in sensory neurons of DRG was first reported by
Sohrabji et al. (1994). That study implicates estrogens,
working through ER-a, as modulators of NGF receptor
expression and suggests that estrogen mediates NGF-de-
pendent neuronal plasticity and repair. Thisis interesting
in view of the fact that both peripheral autonomic and
sensory neurons are NGF-dependent (Barde 1989;
Mendell 1994). Furthermore, estrogen regul ates neurofil -
ament gene expression in DRG neurons and influences
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the maintenance and function of primary sensory neu-
rons (Scoville et a. 1997). In fact, long-term estrogen
treatment of ovariectomized rats reduces levels of trkA
NGF receptor mRNA and B-preprotachykinin mRNA
(Liuzzi et al. 1999a), whereas short-term treatment has
the opposite effect. Furthermore, Patrone et al. (1999)
have shown that 17-B-estradiol, working through ER-a
and ER-B in developing DRG neurons, increases the sur-
vival of neurons deprived of NGF and promotes the ex-
pression of the antiapoptotic molecule Bcl-x. Taken to-
gether, these studies suggest that both ERs are important
in the survival and maintenance of DRG neurons as well
as expression of peptide transmitters. Indeed, Yang et al.
(1998) have shown that the number of CGRP-immunore-
active DRG neurons increases after ovariectomy and de-
creases with subsequent estradiol treatment, leading to
the conclusion that CGRP expression is downregulated
by estrogens through the ER. CGRP is expressed by
many small- and intermediate-sized nociceptive neurons
(Lee et a. 1985; Papka and McNeill 1992b; Yang et al.
1998), which are sensitive to the sensory neurotoxin cap-
saicin (Holzer 1988; Papka and Traurig 1989). Such cap-
saicin-sensitive neurons must possess the capsaicin re-
ceptor VR1(Caterina et al. 1997; Guo et al. 1999); in-
deed some ER-a-immunoreactive and ER-B-immunore-
active DRG neurons are VR1-positive. Consequently,
some VRI1-immunoreactive/ER-containing  neurons
could be classified as nociceptive neurons that convey
information from the reproductive organs to the spinal
cord or have “efferent” functions in end-organ tissues,
e.g., neurogenic inflammation (Holzer 1988).

Several studies indicate that sensitivity of peripheral
nerves varies with the estrous cycle (changing estrogen
levels, Berkley et al. 1988; Robbins et a. 1992), includ-
ing receptive fields (Komisaruk et a. 1972; Kow and
Pfaff 1973; Adler et al. 1977). In this regard, Taleghany
et al. (1999) have revealed that expression of both ER-a
and ER-B mRNAs in L6-S1 DRG neurons fluctuates
with estrogen levels in the estrous cycle. Whether ER-a
or ER-f influences the transmitter content of DRG neu-
rons and their excitability is of considerable interest to
our laboratory with regard to uterine innervation, as this
innervation expresses plasticity during the estrous cycle
and pregnancy (Sporrong et al. 1981; Alm et al. 1988;
Lundberg et al. 1988; Zoubina and Smith 2000; Brauer
et a. 2000). The presence of ER-0 and ER-[3 isoformsin
PG and DRG neurons suggests that both receptors play
roles in mediating the action of estrogens in these neu-
rons. Two isoforms of the receptor in ganglionic neu-
rons, whether in the same or different cells, suggests
complex control mechanisms for estrogens in the gan-
glia

Visceral afferent neurons of the vagus nerve, located
in the NG, also contained ER-a and ER-3 mRNAs and
protein. Their central processes largely project into the
nucleus of the tractus solitarius. Of al areas of the cau-
dal brainstem, the visceral nucleus of the tractus sol-
itarius has the greatest number of ER-a mRNA (Simerly
et a. 1990; Shughrue et a. 1997), ER-B mRNA (Shughrue

et a. 1997), and ER-a-immunoreactive (Papka et al.
1998) neuronal somata. Accumulating neuroanatomical,
physiological, and behavioral data suggest the uterus re-
ceives avagal input (Collins et al. 1999). Thus, estrogen-
responsive neural circuits may exist between the uterus
and brainstem.

ER-a-immunoreactive and ER-B-immunoreactive neu-
rons have similar numbers and distributions in the lum-
bosacral spinal cord, except in the dorsal horn, where
ER-a-immunoreactive neurons tended to be more nu-
merous in the outer laminae (I and I1); whereas ER-[3-
immunoreactive neurons tended to be more numerous in
deeper laminae. This agrees with previous studies which
reported the distribution of ER-a (Simerly et al. 1990;
Amandusson et al. 1995, 1996; Williams and Papka
1996; Shughrue et al. 1997) and ER-3 mRNA-containing
neurons (Shughrue et al. 1997) in the spinal cord dorsal
horn. Our results showed a concentration of ER-contain-
ing neurons, particularly ER-o-immunoreactive neurons,
not only in the outer laminae but also in the dorsolateral
part of the dorsal horn. Neurons in this location could be
spinothalamic (Willis et al. 1978). Furthermore, ER-pos-
itive neurons extended from this location along the LCP,
where they seemingly continued to the SPN. Many SPN
neurons are preganglionic to the PG; thus autonomic
pathways to the pelvic organs contain ER and could be
influenced by estrogens. ER neurons were conspicuous
in the DIG area between the central canal and the dorsal
columns; such areas are rich in neurons with ascending
projections that respond to cutaneous and visceral affer-
ent inputs (Nahin et al. 1983; Honda 1985). Thus, estro-
gens could influence ascending circuits. Neurons ex-
pressing ER-a-mRNA and ER-a immunoreactivity and
ER-B mRNA and ER-3 immunoreactivity showed a sim-
ilar distribution pattern in the lumbosacral spina cord,
with the exception that ER-B neurons quite frequently
existed in deeper laminae of the dorsal horn. The pat-
terns of location of ER-containing neurons are strikingly
similar to the distribution of terminations of visceral pri-
mary afferent nerves (in part demonstrated by CGRP im-
munostaining) in the spinal cord (Cervero and Connell
1984; Roppolo et a. 1985; Kawatani et a. 1990). These
ER-positive neurons could be the recipients of sensory
information for either reflexes or relays to higher levels.
Along this line of thought, Amandusson et al. (1996)
have shown that many dorsal horn neurons are ER-a-im-
munoreactive and contain preproenkephalin mRNA, sug-
gesting that estrogens could regulate enkephalin expres-
sion in nociceptive-processing spinal neurons. We have
preliminary data that some spinohypothalamic neurons
are ER-a immunoreactive. In addition, transmitters in
primary afferent nerves, including at least CGRP
(Moussaoui et al. 1996) and neurokinins (Duval et al.
1998), can be influenced by estradiol (i.e., in the spind
cord they are downregulated by estradiol). Consequently,
if such neurons receive primary afferent input, they may
have their activity modulated by estrogens either directly
(if they contain ER) or indirectly (if some of their affer-
ent input neurons contain ER). Moreover, since many



ER- expressing neurons are located in deeper laminae
of the dorsal horn, they are in a position to receive affer-
ent inputs from larger-diameter fibers more characteristic
of cutaneous or somatic fibers (Cervero and Connell
1984; Roppolo et a. 1985).

In addition, ER-B mRNA-containing neurons were
less numerous than the ER-B-immunoreactive cells in
the spinal cord of ovariectomized rats. The reason for
this differential number is not fully apparent at this time.
However, as suggested previously, ER-3 might be regu-
lated differently than ER-a and have different functional
role(s) from ER-a. Alternative possibilities for fewer
ER-B mRNA neurons relative to ER-fB-immunoreactive
neurons include: (1) that ER-B mRNA has a rapid turn-
over or is recycled, so ER-B mRNA transcripts are not
sufficiently stable to be labeled in high numbers with in
situ hybridization, but are translated into ER-3 protein,
resulting in fewer ER-B mRNA-positive neurons relative
to ER-B-immunoreactive neurons; and (2) to get to the
level of appropriate detection with the ER- probe we
used a cocktail of two short probes and this may have re-
duced the sensitivity and thus be expressed with fewer
ER-B mRNA cells. Currently it is not known whether
one or more of these explanations, or even another, isin-
volved, but it is worth noting that the results of the pres-
ent in situ hybridization studies with the uterine cervix
suggest that the ER-a mRNA transcripts were upregulat-
ed in the cervix with loss of estrogen, whereas the ER-[3
MRNA was not. It is noteworthy that neurons with bind-
ing sites for radiolabeled estradiol (Keefer et al. 1973;
Morrell et a. 1982) had a distribution similar to the cells
containing ER-a and -B that was shown in the present
and previous studies (Simerly et al. 1990; Amandusson
et a. 1995; Williams and Papka 1996; Shughrue et al.
1997). Taken together, these data confirm that neuronsin
primary sensory-receptive, sensory relay, and autonomic
areas synthesize ER, bind estrogen, and respond to estro-
gens. Though functional attributes for ER-a are known
or are emerging, as of yet, little information is available
on the function of ER-B in central or peripheral neurons,
though Patrone et al. (2000) suggests that ER-a and
ER-[ differentially modulate neurites.

In summary, this study using immunohistochemistry
and in situ hybridization histochemical techniques has
detailed the presence and distribution of ER-a and -
MRNA transcripts and ER-a and -3 protein in the female
rat lumbosacral spinal cord, L6-S1 dorsal root sensory
ganglia, pelvic ganglion, and vagal NG. The distribution
of ER-a and -3 immunoreactivity in these areas is simi-
lar, and this suggests additional circuits and sites of ac-
tion of estrogen in the nervous system. Uncovering the
sites of these two receptors will help to elucidate their
function(s) in these areas. Since both isoforms are pres-
ent in neurons in similar areas, this highlights the possi-
bility of complex control with certain aspects of auto-
nomic and sensory processing.
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