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Dynorphin, an endogenous opioid peptide, mediates progesterone-negative feedback on gonadotropin-

releasing hormone (GnRH) neurons in other species. The role of dynorphin in humans is unclear. The

objective of this study was to determine if dynorphin fibers have close contacts with GnRH neurons in

humans. Dual-label immunocytochemistry was performed on postmortem human hypothalamic tissue.

The majority of GnRH neurons, 87.5%, had close contacts with dynorphin fibers and multiple close

contacts were common, 62.5%. There were no regional differences between the hypothalamus and pre-

optic area in the distribution of close contacts. More close contacts were identified on the GnRH dendrites
compared to the cell bodies (P <.001), but this difference was not significant when corrected for length. In
conclusion, dynorphin fibers form close contacts with GnRH neurons in humans. This neuroanatomical
evidence may suggest that dynorphin has effects on GnRH regulation in humans as seen in other species.
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INTRODUCTION

The female menstrual cycle is controlled by complex
interactions involving the hypothalamus, anterior pitui-
tary gland, and ovaries.' Progesterone, in particular, inhi-
bits pulsatile gonadotropin-releasing hormone (GnRH)
release during the luteal phase.>> The progesterone
receptor antagonist, RU-486, completely blocks the
effects of progesterone on pulsatile GnRH secretion,’
suggesting the classic nuclear progesterone receptor was
involved. However, GnRH neurons in ovine brain lack
progesterone  receptors.”  Therefore, progesterone-
negative feedback may involve other cells that contain
progesterone receptors, which then project that influence
to the GnRH neurons.”® There is significant evidence
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that the endogenous opioid peptides (EOP) are important
mediators of progesterone-negative feedback on GnRH
neurons.””’

The EOPs are a family of neuropeptides that include
dynorphin, endorphins, and enkephalins.® It is well estab-
lished that dynorphin® and B-endorphin’ have effects on
reproductive function. Studies in sheep have demon-
strated that dynorphin is likely the EOP responsible for
mediating the progesterone-negative feedback on GnRH

5,6,9
2> Further understand-

neurons during the luteal phase.
ing of the role of dynorphin in the control of the female
menstrual cycle may lead to a foundation on which to
build novel treatments for a variety of reproductive prob-
lems including amenorrhea and infertility. The objective
of the current study was to determine whether dynorphin
fibers have close contacts with GnRH neurons in the

human brain.

MATERIALS AND METHODS

Institutional Review Board approval was obtained from
the University of Cincinnati to carry out the experiments
described. We used dual-label immunocytochemistry to
Immunoreactive

examine the relationship between
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Table 1. Identification Number, Age, and Postmortem
Interval (PMI) of Subjects

Subject Age (years) Cold PMI Frozen PMI
T-133 33 3 hours 40 minutes 34 hours 50 minutes
T-180 52 2 hours 25 minutes 6 hours 7 minutes
T-111 33 8 hours 11 hours 25 minutes

* Cold PMI represents patient’s reported time of death to the time the
subject was brought into the cold room. Frozen PMI represents the
patient’s time of death to time tissue was processed.

GnRH neurons and dynorphin fibers in human hypotha-
lamic tissue. Fixed blocks of postmortem hypothalamic
tissue were obtained from the New York Brain Bank at
Columbia University. Consent was previously obtained
for autopsy and use of brain tissue and clinical records for
research purposes. The subjects were healthy females (n =
3) with no known neurological disease (Table 1). Brain
tissue was collected by the New York Brain Bank at
Columbia. Status of the menstrual cycle or use of exogen-
ous hormones was not reported at the time of death.
Brain tissue blocks were dissected, postfixed in formalin,
and stored at 4°C. Upon receipt, the tissue blocks were
removed from formalin and placed in 0.1 mol/L phos-
phate buffer containing 0.9% sodium chloride (PBS) at
4°C for 10 days. Tissue blocks were then placed in
0.1 mol/L phosphate buffer (PB) with 20% sucrose for
3 hours at 4°C. After blocks were infiltrated with sucrose,
30-pm sections were cut in series of 6 using a Leitz freez-
ing microtome. Tissue sections were placed in cryopre-
servative solution and stored at 4°C until processing for
immunocytochemistry.

Tissue sections were removed from the cryopreserva-
tive solution and gently placed in tissue processing cups to
minimize tissue fragmentation. The sections were rinsed
in PB with 0.01% sodium azide for 30 minutes and then
sections were rinsed 6 times in PB for 10 minutes at room
temperature. All subsequent washes were performed for 5
minutes at room temperature, unless otherwise noted.
The tissue sections were subjected to an antigen-retrieval
procedure consisting of heating the tissue for 20 minutes
at 90°C in 1% sodium citrate buffer (Vector Laboratories,
Burlingame, CA) in PB. The solution containing the sec-
tions was removed from heat and allowed to cool at room
temperature for 20 minutes. Sections were then washed 4
times in PBS. Sections were incubated in PBS with 1%
sodium borohydride for 30 minutes and then washed in
PBS 4 times. Sections were incubated in PBS with 1%
hydrogen peroxide for 10 minutes and then washed in
PBS 4 times. Sections were incubated in PBS containing
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4% normal goat serum and 0.4% Triton X-100 for 60
minutes to minimize nonspecific binding of the antibody.

For detection of dynorphin, sections were incubated
in rabbit polyclonal antibody against dynorphin-A (1:160
000; dynorphin A1-17; Peninsula Laboratories, Tor-
rance, CA) diluted in PBS containing 0.4% Triton
X-100 and 4% normal goat serum for 16 hours at room tem-
perature. This antiserum is specific to dynorphin A 1-17
and has less than 0.1% cross-reactivity with B-endorphin,
Leu-enkephalin, or dynorphin B.'” After incubation with
the primary antibody, sections were rinsed and then incu-
bated with biotinylated goat anti-rabbit immunoglobulins
(IgG), (1:200; Vector Laboratories), in PBS containing
0.4% Triton X-100 for 1 hour. Sections were washed
in PBS 4 times and then incubated with avidin-biotin-
complex (1:250; ABC-elite; Vector Laboratories) in PBS
for 1 hour. Tissue sections were washed again in PBS 4
times. Immunoreactivity was visualized by exposure of
sections to a chromagen solution containing 0.02%
3,3’-diaminobenzidine tetrahydrochloride (DAB), 2%
Nickel sulfate, and 0.015% hydrogen peroxide in PB to
produce a blue—black reaction product. After completion
of the procedure for detection of dynorphin, sections
were washed 3 times in PB and then incubated in PBS
with 1% hydrogen peroxide for 10 minutes. The sections
were then washed in PBS 4 times. For detection of
GnRH, the sections were then incubated in LR-5 anti-
GnRH (1:40,000; gift of Dr R Benoit), in PBS contain-
ing 0.4% Triton X-100 and 4% normal goat serum for 16
hours at room temperature. Tissue was washed 4 times in
PBS and then incubated in biotinylated goat anti-rabbit
IgG (1:200), in PBS containing 0.4% Triton X-100 for
1 hour. Tissue sections were rinsed in PBS 4 times and
then incubated in ABC-elite (1:250), in PBS for 1 hour.
Sections were washed in PBS 4 times. Immunoreactivity
was visualized by incubation with DAB diluted in PB
containing 0.015% hydrogen peroxide for 10 minutes,
which produced a brown reaction product. Sections were
then rinsed in PB 4 times and gently mounted on slides
with 0.3% gelatin in PB and allowed to dry for 4 hours.
Slides were dehydrated in a series of increasing concentra-
tions of alcohol and then were rinsed in CitraSolv for 5
minutes 3 times. Finally, slides were coverslipped using
DPX (Fluka, Milwaukee, WI).

Controls for determining specificity of immunoreac-
tive reactions included preabsorption of GnRH and
dynorphin primary antibodies for 24 hours at 4°C with
their respective peptides. Preabsorption of the GnRH and
dynorphin antibodies was performed with nanomolar
concentrations of purified mammalian GnRH (Accurate
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Chemical, Westbury, NY) and dynorphin-A 1-17
(American Peptide, Sunnyvale, CA) peptides, respec-
tively. Additional controls for dual-labeling included
omission of the dynorphin antibody, omission of the
GnRH antibody, and omission of both of the primary
antibodies from the staining protocol. Both the preab-
sorption and the omission controls resulted in elimination
of all specific fiber and cell body staining for dynorphin
and GnRH, respectively.

Data Analysis

Gonadotropin-releasing hormone neurons were identi-
fied by the presence of dense, brown colored, reaction
product that filled their cell body and dendrites. Dynor-
phin immunoreactivity was identified by the presence
of dense blue—black fibers with beaded varicosities.
Immunoreactive signals were observed using a brightfield
microscope (Nikon Optiphot microscope, Nikon Cor-
poration, Tokyo, Japan). Every sixth coronal section
through the preoptic area, and hypothalamus was ana-
lyzed. Only GnRH neurons identified with intact cell
bodies and dendrites were evaluated. The numbers of
close contacts between dynorphin-containing fibers and
GnRH cell bodies and dendrites were recorded for each
subject. Close contacts were defined as direct appositions
between dynorphin fibers and GnRH neurons in the
same focal plane under x40 magnification. The sections
were evaluated by 2 examiners, blinded to the subject’s
identification number. Images of labeled cells and fibers
were captured using a Magnifire CCD camera (Optro-
nics, Goleta, CA) attached to a Leica microscope (Leica,
Deerfield, IL). Images were not altered in any way except
for minor adjustments in brightness and contrast. The
SSPS program (Chicago, IL) was used for statistical anal-
ysis of descriptive data and 2-tailed ¢ tests. Data are pre-
sented as mean =+
significance was assessed at P < .05.

standard deviation and statistical

RESULTS

Age and postmortem intervals for each subject are listed in
Table 1. As expected, GnRH cell bodies and dendrites
were observed in the preoptic area, anterior, and medioba-
sal hypothalamus. The GnRH neurons with intact cell
bodies and dendrites were identified in the 3 female sub-
jects. These cells were equally distributed in the preoptic
area, anterior hypothalamus, and mediobasal hypothala-

mus. The GnRH neurons displayed typical fusiform
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Figure 1. Immunocytochemical identification of gonadotropin-
releasing hormone (GnRH) neurons (brown). Dynorphin fibers
appear as black-beaded varicosities. Dynorphin fibers are observed in
close contacts with GnRH neuron dendrite (A) and cell bodies (B-C;
black arrows). A and B were acquired at xX20 magnification. C was
acquired at x40 magnification.

morphology (Figure 1A-C) and size of both cell bodies
(12.5 £+ 0.3 pm mean width, 26.8 + 0.7 um mean length)
and dendrites (82.9 + 7.5 pm mean length, range 10 to
330 pm). Dynorphin fibers were identified in the preoptic
area, anterior, and mediobasal hypothalamus and exhibited
close contacts with GnRH cell bodies and dendrites
(Figure 1A-C). Dynorphin close contacts were identified
on 87.5% of the GnRH cells analyzed (Table 2). GnRH
neurons received an average of 2.3 + 1.8 contacts/cell
(Table 2). The percentage of GnRH neurons that had
close contacts with dynorphin and the average number
of close contacts for each subject is listed in Table 2. The
majority, 62.5%, of GnRH neurons were observed to pos-
sess >1 close contacts with dynorphin fibers (Figure 2).
The distribution of these close contacts did not differ
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Table 2. Summary of GnRH Neurons With Close Contacts From Dynorphin Fibers for Each of the 3 Female Subjects
Subject Percent of GnRH Cells With Dynorphin Close Contacts Mean Number of Contacts Per Cell + SD
T-133 85.2% 20 £ 15
T-180 84.2% 2.7 + 21
T-111 94.4% 224+19
Total 87.5% 23 £ 1.8
Abbreviations: GnRH, gonadotropin-releasing hormone; SD, standard deviation.
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Figure 2. Percentages of gonadotropin-releasing hormone e

(GnRH) cells with none, one, or multiple close contacts with
dynorphin immunoreactive fibers. Most of the GnRH neurons 40/64
(62.5%) examined received multiple close contacts from dynorphin
immunoreactive fibers.

among neuroanatomical regions including the preoptic
area, anterior hypothalamus, or mediobasal hypothalamus,
or in the number of close contacts (data not shown). The
mean number of close contacts identified on the GnRH
dendrites (1.69 4+ 1.53) was greater than the cell bodies
(0.59 4+ 1.08; P < .001) but this difference was not signif-
icant when corrected for length (0.028 + 0.03 contacts/
pm, 0.023 + 0.04 contacts/um respectively; P = .15).
Examples of dynorphin fibers and preabsorbed immunocy-
tochemical control for dynorphin staining with elimination
of specific staining in the preoptic area (POA) are demon-
strated in Figure 3A and B, respectively. The preabsorbed
controls for GnRH cell bodies and the elimination controls
for both dynorphin and GnRH demonstrated no specific
staining (data not shown).

DISCUSSION

This study in humans revealed that dynorphin immunor-
eactive fibers have close contacts with GnRH neurons in
the female hypothalamus. This neuroanatomical evidence

Figure 3. Example of immunocytochemical control for dynorphin

staining in the human preoptic area (POA; A). Adjacent control
section of the POA incubated with preabsorbed dynorphin antibody
(B). Images acquired at X20 magnification.

supports the hypothesis that dynorphin is involved in the
regulation of GnRH neurons in humans as seen in other
species.

The morphology and distribution of GnRH cell bod-
ies and fibers we observed in this study was consistent
with other reports of GnRH neuron distribution in
humans.'" There were a greater number of dynorphin
close contacts identified on the dendrite portion of the
GnRH neurons compared to the cell bodies. However,
the mean dendrite length identified in this study was
notably longer than the mean cell body length. When
corrected for unit length, there was no difference
between the cell bodies and dendrites in the number of
close contacts identified from dynorphin fibers. The
majority of GnRH neurons identified in this study
received multiple contacts from dynorphin fibers. Studies
in sheep demonstrated that close contacts seen under light
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microscopy were actual synaptic contacts by electron
microscopy.® Future studies should clarify whether
dynorphin neurons contain progesterone receptors in
humans as seen in other species including sheep.”

The distribution of dynorphin fibers in this study was
consistent with a previously reported distribution of
dynorphin in the human.'? Studies have demonstrated
that GnRH neurons have close contacts with other endo-
genous opioid peptides in humans. The anatomic rela-
tionship between B-endorphin and GnRH neurons was
examined in postmortem human hypothalamic tissue."'
Close contacts from B-endorphin were seen in 71% of
GnRH neurons in the mediobasal hypothalamus and
median eminence but were less common in the preoptic
area. The majority of these GnRH neurons received 1 to
3 close contacts.'" Close contacts from leu-enkephalin
were identified on 44% of GnRH neurons, with the
majority of these close contacts located in the mediobasal
hypothalamus and median eminence, with fewer contacts
observed in GnR H neurons in the preoptic area and ante-
rior hypothalamus.'? In contrast, in our study, no regional
differences were observed between the preoptic area and
hypothalamus in relation to the percentage of GnRH
neurons that received close contacts from dynorphin
immunoreactive fibers. This suggests that the various
endogenous opioid peptides may have differential roles
in the control of reproductive neuroendocrine function.
Although studies suggest that dynorphin mediates proges-
terone’s negative feedback on GnRH neurons, endor-
phin is thought to play a more important role in the
generation of the preovulatory surge of GnRH.°

It is difficult to make direct comparisons between our
study of dynorphin and previous studies with f-endorphin
and leu-enkephalin. The subjects from previous studies
included both females and males. The authors reported
no sexual dimorphic differences between the female and
male subjects. However, the endogenous opioid peptides
have been shown to be sexually dimorphic in hypo-
thalamic nuclei of other species.'*'” There may have
been differences in the postmortem delay as well as
differences in the tissue fixation process itself that led to
different findings between the studies. Interestingly, the
percentage of GnRH neurons that received f-endorphin
or leu-enkephalin close contacts was lower than the
percentage of GnRH neurons observed to have close
contacts with dynorphin in this study.

It is fairly well accepted that endogenous opioid
peptides are important in human menstrual cycle
regulation.””'® The frequency and amplitude of luteiniz-
ing hormone (LH) pulses were increased in normal
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cycling women treated with a nonspecific opioid antagonist,
naloxone, during the luteal phase of the menstrual
cycle.'”'® In contrast, no effect of naloxone was observed
during the early follicular phase of the cycle,'® in post-
menopausal women,'” or in women with surgical
menopause.>’
enhancing gonadotropin release were reinstated with
progesterone replacement.'”*’ This suggests that endo-
genous opioid peptides may inhibit LH release during the
luteal phase, a time of the menstrual cycle when circulat-
ing concentrations of progesterone are elevated. There
are few studies on the more specific role of dynorphin
in the negative feedback of progesterone on GnRH
neurons in humans. The sheep estrous cycle, like the
human menstrual cycle, includes a true luteal phase
dominated by the inhibitory feedback of progesterone
on GnRH secretion. This makes sheep an ideal model
to study the regulation of GnRH neurons by dynorphin.

There is substantial evidence in sheep that dynorphin
plays a critical role in conveying the inhibitory influence
of progesterone upon GnRH neurons. Greater than 95%
of dynorphin cells in the sheep hypothalamus contain
nuclear progesterone receptors.” Progesterone increases
concentrations of dynorphin in the cerebrospinal fluid
collected from the third ventricle and dynorphin gene
expression is decreased by ovariectomy.” Progesterone
replacement in ovariectomized ewes increases preprody-
norphin messenger RNA (mRNA) in the preoptic area
and anterior hypothalamus.” Dynorphin fibers have close

Interestingly, the effects of naloxone

contacts with GnRH neurons in sheep and synaptic
inputs of dynorphin containing terminals onto GnRH
neurons have also been demonstrated in sheep.® Pharma-
cological studies provide evidence for dynorphin regula-
tion of GnRH release. Dynorphin binds preferentially to
the K opioid receptor.”' Studies demonstrated that micro-
injections of the specific antagonists to the Kk opioid
receptor increases the frequency of LH release.® In other
words, blocking the dynorphin receptor ultimately blocks
the effects of progesterone on GnRH neurons. There are
ongoing studies to determine whether ovine GnRH neu-
rons contain dynorphin receptors or whether dynorphin
acts through other mechanisms. In the rat, there is evi-
dence to suggest the EOPs influence GnRH neurons via
presynaptic inhibition of norepinephrine.**

In addition to the role of EOPs on the regulation of
reproductive physiology, several studies have implicated a
possible role for EOPs in pathological syndromes of the
reproductive system including polycystic ovarian syn-
drome,” amenorrhea,”* and infertilil:y.24 Flevated levels of
B-endorphin were seen in a group of obese women with
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polycystic ovarian syndrome compared to control women
with regular menstrual cycles.” Treatment of hypothala-
mic amenorrhea patients with naltrexone, a nonspecific
EOP antagonist, restored normal ovulation and women
with infertility achieved pregnancies.”* This suggests that,
in those patients, high levels of EOPs suppress GnRH
release leading to amenorrhea. The study also found that
the EOP antagonist was not effective in restoring ovulation
in women with primary amenorrhea due to Kallmann’s
syndrome.?* This syndrome is associated with an absence
of functional GnRH neurons, primary amenorrhea, and
anosmia and is additional evidence along with data in
sheep”” that dynorphin acts at the level of GnRH neurons
and not at the level of the pituitary.** Considering the
potential role of dynorphin in normal and pathological
syndromes of the reproductive system, it is interesting to
speculate that specific agonists and antagonists to dynor-
phin and other endogenous opioid peptides may be useful
pharmaceuticals in the future. There is ongoing research to
develop highly selective dynorphin A analogues as poten-
tial new medications.”®

CONCLUSION

Dynorphin is an endogenous opioid peptide that has close
contacts with GnRH neurons in the female hypothala-
mus. This neuroanatomical evidence in humans, as well
as numerous studies in other species, may suggest a role
for dynorphin in the regulation of GnRH neurons. Fur-
ther understanding of the role of the endogenous opioid
peptides including dynorphin in the control of human
reproductive physiology and its potential involvement
in reproductive disorders may lay a foundation for novel
treatment options.
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