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Reproductive function is essential to the survival of all species. In mammals and 

other vertebrates, the control of reproduction relies on the hypothalamic-pituitary-gonadal 

axis, with the primary driving force provided by hypothalamic GnRH neurons. In the 

median eminence, the decapeptide GnRH are released in a unique pattern from GnRH 

neuroterminals into the portal capillary system as part of reproductive cycle. During 

aging, the biological rhythms of GnRH release are altered in a species-specific manner, 

with a reduction of GnRH pulsatility and surge in aging female rats resulting in 

reproductive senescence, which happens much earlier than gonadal failure in rats. 

Relatively few studies have focused on regulation of GnRH release at the neuroterminal 

level in the median eminence during reproductive aging. Therefore, the aims of this 

dissertation are to 1) Study the regulation of GnRH secretion at the neuroterminal level, 

focusing on glutamate transmission; 2) Ascertain the interaction between GnRH 

neuroterminals and their surrounding microenvironment focused on glial cells and the 
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portal capillary system in the median eminence; and 3) Analyze age and hormone effects 

on GnRH neuroterminals and their microenvironment.  

An aging ovariectomized female rat model was used to study the effects of age 

and hormones on GnRH neuroterminal system. Fluorescence microscopy, confocal 

microscopy and transmission electron microscopy were used in conjunction with several 

imaging analysis tools. I mastered the use of cryo-embedding multi-probe immunogold 

labeling electron microscopy, which was essential to visualize and quantify the 

ultrastructral changes in GnRH neuroterminals. I combined the serial electron 

microscopy with cryo-embedding immunogold electron microscopy preparation and 

developed a new technique to examine biological markers with a three-dimensional 

perspective at the cellular level. Results from a series of four research projects showed: 1) 

There is a novel glutermatergic pathway in GnRH neuroterminals, which may regulate 

GnRH secretion; 2) There are dramatic age related morphological changes in the GnRH 

neuroterminal /glia/ portal capillary system of the median eminence that may be involved 

in reproductive senescence and other neuroendocrine system impairments with age; 3) 

Serial electron microscopy combined with immunogold labeling technique is a useful 

method to study the regulation of neuronal signaling pathway. Although my studies were 

performed on a rat model, it seems reasonable to predict that some of these changes in the 

median eminence with age may apply to other species, including humans, relevant to 

some of the menopausal symptoms in women. 
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GENERAL  INTRODUCTION 

The text in this section excerpted from review paper, Yin W and Gore A.C, 

Reproduction 131: 403-414 (2006), with permission from the journal.  
 

OVERVIEW OF REPRODUCTIVE SENESCENCE IN FEMALE MAMMALS 

Aging of the female reproductive system involves all three levels of the 

reproductive axis, comprising the brain, pituitary and ovary. Most research on the 

mechanisms of menopause in women has focused on the role of declining ovarian 

follicular reserves. Although this is unquestionably important, it is becoming increasingly 

clear from human, non-human primate, and rodent models that the hypothalamus and 

pituitary also play critical roles. Gonadotropin-releasing hormone (GnRH) neurons of the 

hypothalamus are the primary control of the reproductive axis (Gore, 2002a) driving 

puberty and ovulation. This primacy of the GnRH system makes it reasonable to 

postulate that they are also associated with senescent changes in reproductive function. In 

fact, in the hypothalamus and functionally associated regions such as the preoptic area 

(POA), alterations in the GnRH neurosecretory system occur prior to ovarian failure. 

Nevertheless, the exact mechanisms by which GnRH cells change in terms of their 

intrinsic properties (e.g. biosynthesis, transport and release), extrinsic regulatory factors 

(e.g. inputs from central neurotransmitters, neurotrophic factors, and steroid feedback) 

are only beginning to be understood. In addition, age-associated changes in anterior 

pituitary gonadotrope function, controlling luteinizing hormone (LH) and follicle-

stimulating hormone (FSH) secretion, are also implicated in reproductive senescence 

(Hall and Gill, 2001). At the level of the ovary, numbers and viability of follicles, 
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ovulation, and secretion of estrogens, progestins, inhibin, and activin change with aging 

(Burger et al., 2002). Thus, no single level of the hypothalamic-pituitary-ovarian axis can 

account for the entire process of reproductive senescence. In my dissertation, I will 

address the role of the hypothalamic GnRH neurosecretory system in the loss of 

reproductive competence using female rats model.   

 

EVIDENCE FOR A ROLE OF THE HYPOTHALAMUS IN REPRODUCTIVE AGING 

The depletion of ovarian oocytes is not the primary cause of reproductive 

senescence in rodents. This was addressed in an early study in which young 

reproductively competent rats were ovariectomized, and then given transplanted ovaries 

from senescent rats. These young recipient animals show follicular development and 

ovulation from the aged ovaries, demonstrating that the ovary is not the limiting factor in 

reproductive failure (Krohn, 1955). Moreover, although rats become spontaneously 

acyclic with aging, their ovaries may resume ovulation in response to various external 

stimuli, and contain functional follicles even in acylic rats (Huang and Meites, 1975). 

Such evidence that rodents become acyclic in the presence of a functional ovary supports 

a non-ovarian, putative hypothalamic or pituitary signal, which plays a causal role in 

reproductive failure. Further support for a role of the hypothalamus is provided by studies 

utilizing electrolytic lesions of the medial preoptic area (POA) in young rats. These 

animals show irregular estrous cycles similar to older rats (Clemens and Bennet, 1977). 

Electrochemical stimulation of the POA of aged acyclic rats results in enhanced LH 

secretion (Wuttke and Meites, 1973). This latter finding indicates that the pituitary 

continues to be responsive to GnRH release (which is elicited by the POA stimulation) 
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and suggests that altered GnRH output, not pituitary responsiveness, is responsible for 

age-related acyclicity.  

 

There are clear species differences in reproductive aging processes. The 

hypothalamus probably plays the primary role in reproductive senescence in rodents. 

However, the relative roles of the hypothalamus, pituitary and ovary in both human and 

non-human primates is less clear, although all three of these levels appear to contribute to 

at least some extent to the reproductive aging process. A study in female rhesus monkeys 

shows that pulsatile GnRH release (specifically mean GnRH concentrations and to a 

lesser extent GnRH pulse amplitude) becomes elevated very late in life (28-31 years; 

(Gore et al., 2004), concomitant with the perimenopause in this species. Studies in 

women have measured serum gonadotropin (LH or FSH) or glycoprotein free-α subunit 

(FAS), the latter as a reflection of hypothalamic GnRH release (Gill et al., 2002a), to 

determine age-related changes. One study compared pulsatile gonadotropin release 

(frequency and amplitude) in postmenopausal women relative to premenopausal levels 

during the early follicular stage and showed that the postmenopausal women had 

increased pulse amplitude, but no change in pulse frequency, compared to the 

premenopausal cohort (Rossmanith, 1995). However, because the premenopausal women 

were sampled during the early follicular stage, when pulsatile gonadotropin release is 

relatively low, it is difficult to make a generalized statement about increased 

gonadotropin release between pre- and postmenopausal women. More insight is provided 

by studies comparing early and late postmenopausal women. The study by Rossmanith 

shows that as aging progresses, gonadotropin levels decrease, and there is a decrease 

gonadotropin pulse frequency and amplitude (Rossmanith, 1995). Another group 

compared early postmenopausal women (45-55 years) with late postmenopausal women 
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(70-80 years) and demonstrated significantly lower LH and FSH concentrations in old 

compared to young postmenopausal women (Gill et al., 2002b). A second report from 

this lab shows that FAS pulse frequency is significantly decreased, LH pulse frequency is 

modestly decreased, and both FAS and LH pulse amplitude are lower in the aged group 

(Gill et al., 2002a). 

 

Despite these species differences, the rodent model of reproductive aging that 

involves steroid hormone deprivation (ovariectomy) followed by hormone replacement 

(estradiol and/or progesterone) has been the “gold standard” for studying the 

hypothalamic control of reproductive senescence. My research, as described below, 

focused on changes of GnRH neuronal function, morphology and regulatory inputs. The 

following is a summary of the literature on the role of the hypothalamic GnRH 

neurosecretory system in reproductive aging.  
 

GNRH GENE ACTIVATION AND AGING  

The synthesis of the GnRH decapeptide, as other secreted peptides, begins with 

the transcription of the GnRH gene to an RNA primary transcript in the nucleus. 

Following processing, including 5’ capping, polyadenylation, and intron splicing, the 

mature GnRH mRNA is translocated to the cytoplasm. Relative to most genes, the GnRH 

mRNA precursors in the nucleus are relatively abundant in vivo (Gore, 2002b). This led 

us to hypothesize that there is a large pool of GnRH mRNA precursors, enabling most of 

the regulation of GnRH biosynthesis to occur primarily by a post-transcriptional 

mechanism such as mRNA stability (Gore, 2002b). The mature GnRH mRNA is 

translocated to the cytoplasm, where protein translation occurs in the endoplasmic 
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reticulum and Golgi apparatus. Ultimately, the GnRH precursor peptide are packaged 

into secretary vesicles where processing of the GnRH precursor peptide continues. 

Vesicles contain enzymes involved in proGnRH peptide splicing. Thus, within vesicles, 

both the 10-amino acid GnRH and its 56-amino acid GnRH-associated peptide (GAP) 

can be detected, and both are released from nerve terminals in the median eminence 

(Rangaraju et al., 1991) (Wetsel and Srinivasan, 2002). The former exerts its 

hypophysiotropic actions at the pituitary, and the latter has functions that are only 

partially understood. 

 

The ability of GnRH neurons to synthesize and secrete the decapeptide with age 

can be measured at each neurohormone processing level mentioned above. For example, 

changes in GnRH mRNA levels have been studied extensively in both intact (Rance and 

Uswandi, 1996; Gore et al., 2000a)and OVX rats models (Miller and Gore, 2001) (Rubin 

et al., 1997; Gore et al., 2002). Differing results have been found, and are likely 

attributable to various animal models, time points of the reproductive cycle, and 

differences in the techniques used in these experiments. Nevertheless, overall there is 

little change at the GnRH mRNA level with age (Table A, modified from our review 

paper)(Yin and Gore, 2006). 
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Table A. GnRH gene expression and activation in aging females. 

Species Treatment Method GnRH mRNA result Reference 

A. Intact models overall GnRH mRNA changes 
Human Intact ISH Higher in postmenopausal than 

premenopausal women 
Rance & 
Uswandi 1996 

S-D rat Intact RPA Higher in MA (acyclic or proestrus 
or diestrus I) and old (acyclic) than 
young (proestrus or diestrus I) 

Gore et al 2000 

S-D rat Intact ISH Decreased 20% from 2 to 18 months Li et al, 1997 
B. OVX models overall GnRH mRNA changes 
S-D rat OVX RPA No change with age Gore et al. 2002 
S-D rat OVX RPA Decrease from young to MA Miller & Gore 

2001 
C. Intact models: proestrous GnRH/ LH surge 
S-D rat Intact RPA Young rats have a proestrous 

increase, MA rats lack this increase 
Gore et al. 2000 

D. OVX models: steroid-induced GnRH/LH surge 
S-D 
rats 

OVX ISH The number of GnRH mRNA-
positive cells peaks at 1800h during 
the surge in young, but not MA rats 

Robin et al. 
1997 

Abbreviations: IHC: immunohistochemistry; ISH: in situ hybridization; MA: middle-

aged; OVX: ovariectomized; RPA: RNase protection assay; S-D: Sprague-Dawley. 
 

GNRH RELEASE AND AGING 

After synthesis, GnRH is packaged into secretary granules and transported to the 

median eminence where the peptide is released from GnRH terminals into the 

perivascular space of the portal capillary system (King et al., 1982). In adult rodents, 

GnRH is released from the median eminence at a frequency of about one pulse every 30 

minutes. A slightly slower frequency of release (approximately 50-60 minute intervals) is 

observed in primates (Terasawa, 2001; Gore et al., 2004). The pulsatile pattern of GnRH 

(or LH) release is superimposed upon longer cycles of release, such as menstrual 
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(primates) or estrous (rat, mouse, sheep) cycles. During aging all of the parameters of 

pulsatile release (basal and mean concentrations, pulse frequency) and the preovulatory 

surge are altered (summarized in Table B, modified from our review paper)(Yin and 

Gore, 2006). As all of these biological rhythms are critical for normal reproductive 

function (Levine, 1997) (Terasawa, 2001), age-related changes in these patterns may 

underlie the transition to acyclicity.  
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Table B. GnRH/LH release in aging female (in vivo studies) 

Species Age Treatment Results Reference 
A. Pulsatile GnRH/LH release in intact females 
Rhesus 
monkey 

Young (~5yr)  
Old (~26yr) 

Intact Mean and basal levels increases 
with age; no change in pulse 
frequency 

Woller et al., 
2002 

Rhesus 
monkey 

Young (4-13yr) 
Old (27-31yr) 

Intact Mean level increases (measured 
by push-pull perfusion); no 
change in pulse frequency 

Gore et al., 
2004 

Japanese 
macaque 

Young (7-15yr) 
Old (26yr) 

Intact LH is higher perimenopausal 
than young monkeys 

Nozaki et al., 
1995 

Women Early (45-55yr) 
& late-
postmenopausal 
(70-80yr) 

Mostly 
intact 

FAS pulse frequency, LH and 
FAS pulse amplitude are lower 
in late than early 
postmenopausal women  

Hall et al., 
2000; Gill et 
al., 2002 

B. Pulsatile GnRH/LH release in OVX females 
S-D rat Young (3-4mo) 

MA (8-10mo) 
Old (18-22mo) 

OVX 4 
weeks 

Mean level, frequency, 
amplitude decreases 
progressively during aging 

Wise et al., 
1988 

S-D rat Young (~3mo) 
MA (~11mo) 
 

OVX 4 
weeks 

Mean level, frequency are lower 
in MA than young rats 

Scarbrough 
& Wise, 
1990 

C. Preovulatory GnRH/LH surge in intact females 
Women Perimenopausal 

(~49yr) 
Intact LH surge are detected in only 

half of women 
Weiss et al., 
2004 

S-D rat Young (~4mo) 
MA (~11mo) 

Intact Delayed and attenuated with 
aging 

Rubin et al., 
1994; Lloyd 
et al., 1994; 
Wise 1982 

D. Steroid-induced GnRH/LH surge in OVX females 
S-D rat Young (3-4mo) 

MA (~11mo) 
OVX 4 
weeks 
E2+P 

Decreases during LH surge with 
aging (measured by push-pull 
perfusion) 

Rubin & 
Bridges 1989 

S-D rat Young (~4mo) 
MA (~11mo) 

OVX 4 
weeks 
E2+P 

Delayed and attenulated in MA 
rats 

Rubin et al., 
1994; Le et 
al., 2001 
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Abbreviations: E2: Estradiol; FAS: gonadotropin free alpha-subunit; MA: middle-aged; 

mo: month; OVX: ovariectomized; P: progesterone; S-D: Sprague-Dawley; yr: year 
 

MORPHOLOGIC CHANGES IN GNRH NEURONS WITH AGE 

Studies in GnRH neurons has focused on alterations in the density and 

morphology of GnRH cell bodies, axons and neuroterminals, which reflect the 

manufacture, transport and release of GnRH.  

 

The question of whether aging affects GnRH cell numbers, distribution, 

morphology, and/or ultrastructure has been pursued at the light and electron microscopic 

level. As summarized in Table C (modified from our review paper)(Yin and Gore, 2006), 

the results vary, possibly related to the different treatments, ovarian status, and species. 

Nevertheless, most studies report either no age-related change, or a small difference in 

cell numbers with aging as shown in female rats (Rubin et al., 1984a, b; Miller and Gore, 

2002), mice (Hoffman and Finch, 1986) or rhesus macaques (Witkin, 1986), (Witkin, 

1986) although there are some other reports of a modest (< 20%) age-associated decrease 

in GnRH cell numbers in mice (Miller et al., 1990) and rats (Funabashi and Kimura, 

1995). 

 

Relatively few studies have investigated the question of age-associated changes at 

the level of GnRH axon and terminal (Table C, modified from our review paper) (Yin 

and Gore, 2006). Nevertheless, it is important to perform studies at this level to contrast 

results with effects of age on the perikarya. At the cell body, age-related changes would 

likely have an impact on GnRH biosynthesis. At the GnRH nerve terminal, age-related 
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alterations would directly affect GnRH neurosecretion. GnRH axons project caudally 

through the hypothalamus, with their terminals ultimately projecting to the capillary zone 

of the median eminence. At the light microscopic level, GnRH axon swellings (Herring 

bodies), often referred to as puncta or varicosities, can be easily identified by 

immunohistochemistry. At the electron microscopic level, these structures are seen to 

contain large dense-core vesicles and small vesicles. A few studies have investigated 

changes in GnRH axons and terminals in the context of aging. Few studies showed  age 

related decreases in GnRH axon number, area and immunostaining (Bestetti et al., 1991) 

(Hoffman and Sladek, 1980). Rubin et al showed GnRH immunostaining decreased more 

after GnRH / LH surge in young compared to middle-aged rats (Rubin and King, 1995), 

suggesting a reduced GnRH release occur during LH surge in middle-aged rats.  In 

contrast, few studies showed evidence that GnRH contents in neuroterminals do not 

change with age. In an intact female rat study, no significant difference in GnRH fiber 

immunoreactivity and distribution was found comparing young (3 to 4 month, regular 

cycling) and middle-aged (10 to 15 month, persistent estrus) rats (Rubin et al., 1984a). 

Another study compared the peptide content of GnRH in extracts from the median 

eminence and medial basal hypothalamus of young (2 month, diestrous) and old (22 

month, irregularly cycling with long diestrous periods) female rats and showed no 

difference (Bestetti et al., 1991). 
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Table C. Changes in GnRH cell number and morphology during aging in female 
mammals. 

Species 
(Treatment) 

Age Results Reference 

A. GnRH cell number 

W-R rat  
(intact) 

Young (2-4mo, PE) 
Old (16-20mo, PE) 

More in old rats than young Merchenthaler el 
al., 1980 

S-D rat  
(intact) 

Young (4-5mo)  
MA (9-10mo) 

No difference Miller & Gore 2002 

W-I rat  
(OVX) 

Young (2mo) 
Old (26mo) 

Decrease with age Funabashi & 
Kimura 1995 

Mouse  
(OVX) 

Young (6mo)  
Old (26-28mo) 

Decrease 18% in old mice Miller et al., 1990 

Mouse  
(OVX) 

Young (5-6mo)  
Old (15-16mo) 

No change  Hoffman & Finch 
1986 

B. GnRH distribution, morphology and ultrastructure of cell bodies 

S-D rat  
(intact) 

Young (3-4mo)  
MA (10-15mo, PE) 

Distribution and 
morphology is similar in 
young and MA rats 

Rubin et al., 1984 

S-D rat  
(OVX or  
intact) 

Young (4mo)  
Old (19-20mo) 

Old rats show decreased 
RER and Golgi; OVX has 
opposite effects 

Romero et al., 1994 

Rhesus 
monkey 
(intact) 

Young (2yr) 
Old (22 yr) 

No change in GnRH cell 
number, distribution or 
morphology 

Witkin 1986 

C. GnRH neuroterminals in the median eminence  

S-D rat  
(intact) 

Young (2-3mo)  
MA (9-10mo) 

GnRH immunoreactivity 
decrease more after LH 
surge in young than MA rats 

Rubin & King 1995 

L-E rat  
(intact) 

Young (2mo) 
Old (22mo) 

GnRH axon number and 
area decreases with age; 
GnRH concentration is 
similar in young and old rats 

Bestetti et al., 1991 

S-D rat  
(intact) 

Young (3- 4 mo) 
MA (10-15 mo, PE) 

GnRH mmunoreactivity and 
distuibution is similar in 
young and MA rats 

Rubin et al., 1984 
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Abbreviations: L-E: Long-Evans; MA: middle-aged; OVX: ovariectomized; PE: 

persistent estrus; S-D: Sprague-Dawley; W-I: Wistar-Imamichi; W-R: Wistar-R-

Amsterdam;  yr: year 
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GNRH AND GLIA INTERACTION 

The importance of the interaction between GnRH neurons and glial cells has 

received recent attention. In the preoptic area, Cashion et al (Cashion et al., 2003), 

evaluated the morphometry of astrocytes that are apposed to GnRH neurons in young and 

middle-aged cycling rats across different times on proestrus and estrus. They showed a 

plasticity change as astrocyte cell surface area decreased before the initiation of 

GnRH/LH surge that occurred on proestrus in young (3 – 4 mo) but not middle-aged (9 – 

12 mo) rats. Their data suggest that astrocytes may actively modulate direct and / or 

indirect inputs to GnRH cell body during the estrus cycle, and a loss of astrocytic 

plasticity may contribute to the delayed and attenuated LH surge in middle-aged rats. At 

the GnRH neuroterminal level, electron microscopic analyses of young rats with varying 

estrous cycles or ovarian status show that the distance between GnRH terminals and the 

basal lamina, the ensheathment of GnRH terminals by tanycytes, and the proximity of 

GnRH terminals to portal capillaries are affected by sex (King and Letourneau, 1994), 

developmental age, and hormonal status (King et al., 1987) (King and Rubin, 1994). 

Considerable regulation of GnRH terminals may result from ensheathment by tanycytes 

(specialized glial cells lining the third ventricle) (Flament-Durand and Brion, 1985), 

which could play roles in allowing GnRH terminals access to the portal vasculature or to 

other neuronal processes. Tanycytes are believed to be involved in the transport and 

release of hormones, including estrogen and GnRH, in the median eminence(Akmayev 

and Fidelina, 1981). It has also been proposed that tanycytes may play a role in the 

remodeling of the aged basal hypothalamus in male and female rats through phagocytotic 

actions on degenerating neurons(Brawer and Walsh, 1982) (Zoli et al., 1995). Light and 

electron microscopic studies show that tanycytes undergo morphological modifications 
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with increased lipid drops in the cytoplasm with age in both male and female rats 

(Brawer and Walsh, 1982). Variations of estrogen and neurotransmitter levels in the 

median eminence during reproductive cycles have been shown to affect the morphologic, 

synthetic, and transport activity of tanycytes (Flament-Durand and Brion, 1985; Zoli et 

al., 1995). Therefore, the relationship between GnRH terminals and tanycytes is a level of 

regulation that appears to be affected during aging, and has potential consequences for 

GnRH release into the portal capillary circulation. 

 

With help from Dr. Wesley Thompson’s laboratory (University of Texas at 

Austin), we have tested several glial-green fluorescent protein (GFP) mouse lines to 

ascertain the nature of the glia that are located in the median eminence, in the vicinity of 

GnRH terminals. Three GFP mouse lines were examined: astrocyte-GFP (chosen from 

folliculo-stellated cell marker S100), microglia-GFP (chosen from folliculo-stellated cell 

marker S100) and tanycte-GFP (nestin as promoter). In the median eminence, GnRH 

axons and terminals are in close proximity to astrocytes, tanycytes and microglia cells 

(Figure A). Using glia-GFP mice, we demonstrated a clear GnRH neuroterminal – 

tanycyte - portal capillary network in the pericapillary region of the lateral median 

eminence (Figure B). A cartoon is used to demonstrate the microenvironment of the 

GnRH neuroterminal region in Figure C. 
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Figure A. Confocal fluorescence images from representative young intact glia-GFP male 
mice. 

 

Panel A: Immunoreactive GnRH neuroterminals (labeled with Texas-red) show a close 

relationship with astrocyte processes (green GFP signal). Panel B: Microglia (GFP 

signal) are present in the median eminence and also show a close relationship to GnRH 

neuroterminals (labeled by Texas red). Panel C: Tanycyte cell bodies (GFP signal) align 

along the 3rd ventricle and extend long processes to the base of the brain at the portal 

capillary system. GnRH neuroterminals (labeled by Texas red) are in close contact with 

tanycyte processes. Scale bar = 100 µm, Cap = portal capillary region, 3V = 3rd ventricle. 
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Figure B. Confocal fluorescence image showing the network of GnRH neuroterminals. 

 

Confocal fluorescence image showing the network of GnRH neuroterminals, tanycytes 

and their relationship to the portal capillary vasculature of a representative young male 

nestin-GFP mouse. Tanycyte endfeet  (signal from green GFP channel) separate GnRH 

axon / terminals (punctate immunofluorescence label, seen with Texas-red) from the 

portal capillary bed (DIC signal pseudocolored in blue). Scale bar = 20 µm. 
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Figure C. The microenvironment of the GnRH system. 

The microenvironment of the GnRH system is depicted. The GnRH neuron is 

demonstrated in yellow. At the GnRH terminal level in the median eminence, 

neuroendocrine terminals and glial cells (astrocyte, tanycyte and microglia) contribute to 

the pericapillary microenvironment. Tanycyte processes covers the fenestrated portal 

capillary system and in close contact with GnRH terminal.  
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GLUTAMATE AND GNRH SECRETION 

The regulation of pulsatile GnRH/LH release and the preovulatory surge involves 

multiple neuronal circuits (Gore, 2002a). Over thirty neurotransmitters and 

neuromodulators have been implicated in influencing GnRH synthesis and secretion. Of 

these, I have focused on one important neurotransmitter, glutamate, and its role in 

regulating GnRH secretion. 

 

Abundant evidence indicates that the excitatory amino acid neurotransmitter 

glutamate is extremely important for the regulation of GnRH neuronal function. NMDAR 

agonists stimulate, and antagonists inhibit, the release of GnRH (Arslan et al., 1988) 

(Arias et al., 1993), GnRH gene expression (Petersen et al., 1991) (Gore, 1996), the onset 

of puberty (Plant et al., 1989) (Urbanski and Ojeda, 1990) (Gore, 1996) and the control of 

ovulation (Brann and Mahesh, 1991). GnRH neurons express glutamate receptors (both 

NMDA and non-NMDA receptors) at their cell bodies (Gore, 1996) (Miller and Gore, 

2002) and nerve terminals (Kawakami et al., 1998a). More interesting, while 

controversial, new evidence shows that GnRH neurons of male rats co-express vesicular 

glutamate transporter-2 (VGluT2), the presence of which indicates a glutamatergic 

phenotype, (Hrabovszky et al., 2004a). This suggests that GnRH neurons themselves may 

synthesize and potentially release glutamate. Our laboratory and others studied age 

related glutamate and glutamate receptor changes and their effects on GnRH secretion. 

Detailed information is provided in the following research chapters.   
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AIMS OF THE DISSERTATION RESEARCH 

The aims of this dissertation are to 1) Study the regulation of GnRH secretion at 

the neuroterminal level, focusing on glutamate transmission; 2) Ascertain the 

ultrastructural relationship between GnRH neuron and their surrounding glial cells in the 

median eminence; and 3) Analyze age and estradiol effects on GnRH neuroterminals and 

their microenvironment. 

 

We used an aging ovariectomized female rats model to study the GnRH 

neuroterminal, glia and portal capillary interactions and their changes with age and 

estradiol treatment. Fluorescence microscopy, confocal microscopy and transmission 

electron microscopy were used in conjunction with several imaging analysis systems. We 

have mastered the use of post-embedding multi-probe immunogold labeling electron 

microscopy, which was essential for us to visualize and quantify the ultrastructral 

changes in GnRH neuroterminals. We combined the serial electron microscopy with our 

post-embedding immunogold electron microscopy preparation and developed a new 

technique to examine biological markers with a three-dimensional perspective at the 

cellular level.  

 

The hypothalamus is the central command center of autonomic and 

neuroendocrine functions. However, the median eminence, which is the site where all of 

the hypothalamic releasing- and inhibiting-factors are secreted into the portal capillary 

vasculature, is poorly understood. Nevertheless, and many neural and glial messengers 

are released at the median eminence, affecting not only GnRH neurons but other 

hypothalamic nerve terminals as well. The goal of my dissertation is to understand the 

ultrastructural properties of GnRH terminals and their microenvironment in the median 
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eminence, but the results should also shed light on similar processes in other 

hypothalamic neuroendocrine systems. Further, by performing some of my analyses on 

animals of different ages and hormonal statuses, these experiments may lead to a better 

understanding of normal and abnormal aging process. 
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GENERAL  METHODS 

There are three major experiments in my dissertation. Detailed information for 

each method is described in individual chapters. 

 

In the first experiment, we developed a technique to investigate the GnRH 

neuroterminal region at both the light and electron microscopy levels, and applied it to 

investigate anatomical properties of GnRH terminals and the presence of glutamate 

receptor on GnRH terminals. More specifically, using fluorescence confocal microscopy, 

we confirmed that GnRH neuroterminal immunoreactivities are present in the lateral 

capillary zone of the caudal median eminence. To study how the brain excitatory amino 

acid - glutamate - stimulates GnRH release, we focused on one of the glutamate receptor  

- NMDAR. Using fluorescence confocal microscopy, we found that NMDAR1 also had 

high immunoreactivity in the GnRH neuroterminal region (Yin et al., 2007). Although 

the confocal microscope could not confirm the absolute co-expression of NMDAR1 with 

GnRH, there appeared to be considerable overlap. To test their co-localization at high 

resolution, we used transmission electron microscopy and showed the subcellular 

distribution of NMDAR1 in GnRH immunopositive terminals. Surprisingly, we showed 

NMDAR1 is mainly localized on large dense-core vesicles, a possible site in receptor 

trafficking or even a functional glutamate binding site. We confirmed this novel 

localization of NMDAR1 on large dense-core vesicles using fractionation, sucrose 

gradient and western blot (Yin et al., 2007). 
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We continued to study the properties of GnRH neuroterminals in Experiment 2. 

We combined serial three-dimensional “3D” electron microscopy with multi-probe 

immunogold labeling technique. We successfully reconstructed GnRH neuroterminals 

from young and old OVX rats. The results show the intimate relationship between GnRH 

immunolabeled processes with glial cells, presumably tanycytes, and that this relationship 

is maintained in aging rats. In addition, serial two-dimensional transmission electron 

microscopic analyses revealed previously unreported examples of extruded membranes in 

neuroterminals in the median eminence, possibly representing areas of peptide release, as 

these areas were devoid of immunolabeling. 

 

In Experiment 3, we used a rat model to study the age and estradiol effects on 

GnRH system at light and electron microscopic levels. The GnRH immunoreactivity 

showed no change at the light microscopy level with age and estradiol treatment, but the 

LH concentration measured from rats serum sample showed a significant decrease with 

age. We proposed that a change might happen during the process of GnRH release. Using 

stereological electron microscopy analysis, we surveyed and compared the 

microenvironment of the GnRH terminal region including the glial pattern, portal 

capillary basal lamina, neuroendocrine terminal density, extracellular space and other 

parameters. We also compared the properties of the GnRH terminal and its interaction 

with glial processes.  

 

Flow charts describing each experiment of the study are provided in Figures D, 

E, F and G. More detailed information can be found in each research section. 
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Figure D. (Research Section 1) Novel localization of NMDA receptor subunit 1 
(NMDAR1) in GnRH neuroterminals 

Abbreviations: VEH, vehicle (cholesterol); E2, estradiol; ME, median eminence. 

 



 24 

Figure E: (Research Section 2) Three-dimensional properties of GnRH neuroterminals 
and glia in the median eminence. 

 

Abbreviations: VEH, vehicle (cholesterol); ME, median eminence; 3D, three-dimensional 
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Figure F: (Research Section 3) GnRH neuroterminals and their microenvironment in the 
median eminence: effects of reproductive aging and estradiol treatment. 

 

Abbreviations: VEH, vehicle (cholesterol); E2, estradiol; ME, median eminence; 3D, 

three-dimensional. 
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Figure G: (Research section 4) Expression of vesicular glutamate transporter 2 on large 
dense-core vesicles in GnRH neuroterminals in young and aged female rats 

 

Abbreviations: VEH, vehicle (cholesterol); E2, estradiol; ME, median eminence; P4, 

progesterone; vGluT2, vesicular glutamate transporter-2. 
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RESEARCH  SECTION 1 

The text in this section excerpted from (Yin and Gore, 2006) with permission 

from the journal.  
 

 Novel localization of NMDA receptor within neuroendocrine 
gonadotropin-releasing hormone terminals 

 

Weiling Yin1,4, John M. Mendenhall2, Shawn B. Bratton1,2, Twethida Oung4, William 

G.M. Janssen4, John H. Morrison4, and Andrea C. Gore1,2,3,4*.   

1Division of Pharmacology and Toxicology, College of Pharmacy, 2Institute for Cellular 

and Molecular Biology, and 3Institute for Neuroscience, The University of Texas at 

Austin, Austin, TX  78712, USA; 4Kastor Neurobiology of Aging Labs, Fishberg 

Department of Neuroscience, and Brookdale Department of Geriatrics, Mount Sinai 

School of Medicine, New York, NY 10029, USA 

 

ABSTRACT  

About 1000 hypothalamic neurons synthesize and release gonadotropin-releasing 

hormone (GnRH), the master molecule of reproduction in all mammals. At the level of 

the median eminence at the base of the brain, where GnRH and other hypothalamic 

releasing hormones are secreted into the capillary system leading to the anterior pituitary 

gland, there is nonsynaptic regulation of neurohormone release by a number of central 

neurotransmitters. For example, glutamate, the major excitatory amino acid in the brain, 



 28 

directly regulates GnRH release from nerve terminals via NMDA receptors (NMDAR). 

Moreover, the effects of glutamate action on GnRH secretion are potentiated by estrogens 

and this relates to the physiological control of ovulation by the hypothalamus. We sought 

to determine the ultrastructural relationship between GnRH neuroterminals and 

NMDARs, and this regulation by estradiol. Using immunofluorescent confocal 

microscopy, post-embedding immunogold electron microscopy, fractionation, and 

western blotting, we demonstrated: 1) GnRH is localized in large dense-core vesicles of 

neurosecretory profiles/terminals, 2) the NMDAR1 subunit is primarily found on large 

dense-core vesicles of neurosecretory profiles/terminals, 3) there is extensive co-

localization of GnRH and NMDAR1 on the same vesicles, and 4) estradiol modestly but 

significantly alters the distribution of NMDAR1 in GnRH neuroterminals, by increasing 

expression of NMDAR1 on large dense-core vesicles. Western blots of fractionated 

median eminence support the presence of NMDAR1 in subcellular fractions containing 

large dense-core vesicles. These data are the first to show the presence of the NMDAR on 

neuroendocrine secretory vesicles, its co-expression with GnRH, and its regulation by 

estradiol. The results provide a novel anatomical site for the NMDAR and may represent 

a new mechanism for the regulation of GnRH release.  
 

INTRODUCTION  

The gonadotropin-releasing hormone (GnRH) peptide, synthesized in a small 

subset of neurons in the hypothalamus, is the central neuropeptide that controls the 

reproductive axis. These neurons project neuronal processes that terminate in the median 

eminence, where GnRH is released into the portal capillary leading to the anterior 

pituitary gland (Durrant and Plant, 1999b). The secretory pattern and levels of GnRH are 
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crucial to pubertal development and the maintenance of adult reproductive function 

(reviewed in (Gore, 2002a)). A number of central neurotransmitters are involved in the 

regulation of GnRH neurons, among which glutamate, acting through its NMDA 

receptors (NMDAR), is a key regulator. NMDAR agonists stimulate, and antagonists 

inhibit, the release of GnRH (Arslan et al., 1988; Arias et al., 1993), GnRH gene 

expression (Petersen et al., 1991; Gore et al., 1996), the onset of puberty (Plant et al., 

1989; Urbanski and Ojeda, 1990; Gore et al., 1996) and the control of ovulation (Brann 

and Mahesh, 1991).  

 

The history of whether GnRH neurons express NMDAR and other glutamate 

receptors has been quite controversial. Although earlier studies suggested that GnRH 

neurons may not co-express NMDARs (Suh et al., 1994) (Abbud and Smith, 1995), 

neuroanatomical and physiological studies confirm that GnRH perikarya express 

NMDAR subunits and exhibit neurophysiological responses to NMDAR agonist 

application (Gore et al., 1996; Spergel et al., 1999; Simonian and Herbinson, 2001; Gore 

et al., 2002; Miller and Gore, 2002; Ottem et al., 2002). In addition, glutamate can act 

directly upon GnRH neuroterminals to cause increased GnRH release: application or 

infusion of NMDAR agonists into the median eminence in vivo, or in hypothalamic 

explants in vitro containing GnRH neuroterminals but not cell bodies (Purnelle et al., 

1997; Kawakami et al., 1998b; Claypool et al., 2000), stimulate GnRH release. 

Furthermore, pre-embedding immunoelectron microscopy shows that NMDAR1, a 

subunit obligatory to form a functional NMDAR (Moriyoshi et al., 1991; Monyer et al., 

1992), co-localizes with GnRH neuroterminals  (Kawakami et al., 1998a) (Kawakami et 

al., 1998b), although the ultrastructural relationship is uncertain due to the limitation of 

this technique. Additionally, effects of an NMDAR agonist on GnRH neurons are 
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augmented in the presence of estrogens (Carbone et al., 1992; Arias et al., 1993) despite 

strong evidence that GnRH perikarya do not express the estrogen receptor (ER) α 

(Shivers et al., 1983; Herbison and Theodosis, 1992; Watson et al., 1992). GnRH 

perikarya can co-express ERβ (Hrabovszky et al., 2001) (Kallo et al., 2001) but this is not 

obligatory for the generation of the preovulatory GnRH/LH (luteinizing hormone) surge 

(Wintermantel et al., 2006). These findings suggest that the estrogen-mediated 

potentiation of glutamate’s effect on GnRH neurons may occur indirectly at GnRH 

perikarya via other neuronal or glial cells, or at the level of the GnRH neuroterminals.  

 

We used immunofluorescence confocal microscopy and quantitative post-

embedding immunogold electron microscopy, together with sucrose fractionation and 

western blotting, to study the precise subcellular localization of NMDAR subunits and its 

colocalization with GnRH. Our studies focused on GnRH neurosecretory 

profiles/terminals which we define as GnRH processes containing secretory vesicles in 

the perivascular region of the median eminence (Durrant and Plant, 1999b). Not only did 

we find a novel localization of the NMDAR subunit on neuroendocrine secretory 

vesicles, but we also observed effects of estradiol on this subcellular localization. We 

believe that this result has implications for the mechanisms of neurosecretion of GnRH 

and other hypothalamic releasing hormones in the median eminence.  
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MATERIALS AND METHODS  

Animals 

Female Sprague-Dawley rats (n = 20, 10 for electron microscopy, 4 for 

immunofluorescence confocal microscopy, 6 for western blot) aged 3 to 4 months 

purchased from Harlan (Indianapolis, IN) were housed two per cage in the animal care 

facility with controlled temperature and light cycle (12 h/12 h light/dark cycle, lights on 

at 07:00). Food and water were available ad libitum. All animal experiments were 

performed following guidelines from The Guide for the Care and Use of Experimental 

Animals, using protocols approved by the Institutional Animal Care and Use Committee 

at Mount Sinai School of Medicine and the University of Texas at Austin. 

 

Surgical procedures 

To examine the effects of estradiol on GnRH profiles/terminals, rats were 

bilaterally ovariectomized between 0900-1100 h under isoflurane anesthesia and allowed 

to recover for 3 weeks, a period that is sufficient to clear endogenous ovarian estrogens 

from the general circulation (Gore et al., 2002). We then subcutaneously inserted a 1 cm 

Silastic capsule (inner diameter 1.96 mm, outer diameter 3.18 mm; Silastic Brand 

laboratory tubing, Dow Corning, Midland, MI) previously soaked in saline into 

isoflurane-anesthetized rats. For light and electron microscopic analyses, seven rats 

received a Silastic capsule filled with 17β-estradiol (10% in cholesterol) and seven 

received a vehicle capsule (100% cholesterol), for a 2-day period. An additional 6 rats 

were ovariectomized and received the vehicle capsule for the western blot study. All rats 
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were implanted with capsules between 0900-1100 h. We chose this estradiol treatment 

regimen to attempt to attain preovulatory estradiol levels at the time of perfusion, which 

was performed between 1500-1700 h (Rubin and Bridges, 1989; Lauber et al., 1990; 

Gore and Roberts, 1995; Adams et al., 2001; Gore et al., 2002). Although we could not 

confirm estradiol levels in the current study as we did not collect adequate serum 

volumes during the perfusion, a previous study using this identical protocol reported 

serum estradiol levels of approximately 10 and 83 pg/ml respectively for vehicle- and 

estradiol-replaced ovariectomized rats (Gore et al., 2002).  

 

Immunofluorescence confocal microscopy 

Confocal microscopy was used to show the gross relationship of NMDA receptors 

and GnRH profiles/terminals in the median eminence. Rats were deeply anesthetized with 

150 mg/kg of ketamine and 30 mg/kg of xylazine and perfused transcardially with 1% 

paraformaldehyde, followed by 4% paraformaldehyde (Gore et al., 2000a; Miller and 

Gore, 2002). Brains were removed and sectioned (50 µm) on a vibrating blade microtome 

(Leica VT1000 S, Bannockburn, IL). We incubated sections with mouse anti-GnRH 

(HU11b at 1:500, kindly provided by Dr. H.F. Urbanski (Urbanski, 1991)) and rabbit 

anti-NMDAR1 primary antibody (1 µg/ml, AB1516, Chemicon, Temecula, CA 

(Moriyoshi et al., 1991)) for 4 days. We then used Texas red-conjugated goat anti-mouse 

IgG (1:400, Vector Laboratories) and fluorescein-conjugated horse anti-rabbit IgG 

(1:400, Vector Laboratories) as secondary antibodies, respectively. The primary 

antibodies were omitted in control experiments. We performed additional preabsorption 

control experiments in which primary antibody was preabsorped prior to 

immunocytochemistry. NMDAR1 antibody (1 µg/ml) was incubated with NMDAR1 
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peptide (corresponding to the C-terminus of NMDAR1, 10 µg/ml, AG344, Chemicon, 

Temecula, CA) for 12 h at 4 oC. After centrifugation (15,000 rpm for 20 min), the 

preabsorped NMDAR1 serum in the supernatant was used in place of the primary 

antibody in the immunocytochemical protocol. For GnRH antibody (1:500) we used 

GnRH peptide (10 µg/ml, L7134, Sigma, St. Louis, MO) for preabsorption control 

experiments as described above. No specific labeling was detected in any of our control 

experiments. To determine the colocalization of GnRH and NMDAR1 in the median 

eminence, we used a Leica TCS 4D confocal microscope equipped with an Ar/Kr laser 

for confocal analysis. Image stacks were acquired sequentially at excitation wavelengths 

of 488 nm and 568 nm with a 0.5 µm z-axis step size. We used MetaMorph 6.1 software 

to view two-channel overlays of each image plane, maximum intensity projections, and 

3D reconstructions for evaluation of co-localization. Using XZ plane scans and 

projections, we ensured that the antibody penetrated equally across the entire thickness of 

tissue section. 

 

Post-embedding immunogold electron microscopy 

We used electron microscopy to examine the ultrastructural relationship of 

NMDA receptor and GnRH profiles/terminals in the median eminence. Based on a 

previously published paper (Adams et al., 2002), anesthetized rats were transcardially 

perfused (Gore et al., 2000a; Miller and Gore, 2002) with 2% dextran in 0.1 M phosphate 

buffer (PB, pH 7.4; 50 ml), followed by 4% paraformaldehyde and 0.125% 

glutaraldehyde in PB (600 ml). After perfusion, the brain was postfixed overnight at 4 oC 

and blocked in 1 mm segments using a brain matrix (model RBM-4000C, Activational 

Systems, Warren, MI, USA). We identified and dissected the median eminence 
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(approximately 1 mm3) from a brain segment under a dissecting microscope. Median 

eminence blocks were cryoprotected by immersion in increasing concentrations of 

glycerol (10%, 20%, and 30% in 0.1 M PB). We performed cryofixation by plunging the 

median eminence blocks rapidly in liquid propane cooled by liquid nitrogen (-190 oC) in a 

Universal Cryofixation system KF80 (Reichert-Jung, Vienna). We then quickly 

transferred the cryofixed tissue in an Automatic Freeze-Substitution System unit (Leica, 

Vienna). The samples were immersed in 1.5% uranyl acetate in anhydrous methanol (-90 

oC, 24 h). The temperature was then increased in steps of 4 oC/h from -90 oC to -45 oC. 

The samples were infiltrated with Lowicryl HM20 resin (Electron Microscopy Sciences, 

Fort Washington, PA) at -45 oC with a four-step progressive increase in the ratio of resin 

to methanol for 2 h each, followed by pure Lowicryl (overnight). Polymerization was 

done by UV light (360 nm) (-45 oC for 24 h, increased 5 oC /h, followed by 0 oC for 35 h). 

Semithin sections were cut for morphological orientation and stained with toluidine blue. 

Ultrathin sections were cut at 80-90 nm in thickness on a Reichert-Jung ultramicrotome 

and mounted on nickel mesh grids (300 Mesh Hex Nickel grids, Electron Microscopy 

Sciences, Fort Washington, PA). In some cases serial sections were cut to enable the use 

and comparison of adjacent sections for preabsorption controls and standard 

immunohistochemistry. 

 

Immunocytochemistry for electron microscopy  

To increase antibody permeability and block non-specific binding, we incubated 

ultrathin sections in 0.1% sodium borohydride and 50 nM glycine in Tris-buffered saline 

(TBS, 0.005 M Tris and 0.3% NaCl) for 1 min, and then in 2% human serum albumin 

(HSA in TBS) for 10 min.  We used three primary antibodies and two secondary 
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antibodies in the immunogold labeling procedure. The specificity of these antibodies has 

been extensively validated for immunocytochemistry, including studies in our own 

laboratories (see also above under “confocal microscopy”). The primary antibodies were: 

1) GnRH mouse monoclonal antibody: 1:50, HU11b, kindly provided by Dr. H.F. 

Urbanski (Urbanski, 1991); 2) NMDAR1 mouse monoclonal antibody: 5 µg/ml, 54.1, 

produced by Dr. J. H. Morrison (Huntley et al., 1994; Siegel et al., 1994); 3) NMDAR1 

rabbit polyclonal antibody : 2 µg/ml, AB1516, Chemicon, Temecula, CA (Moriyoshi et 

al., 1991; Petralia et al., 1994). The secondary antibodies were: 1) 5 nm gold-tagged 

F(ab’)2 fragment of goat anti-mouse IgG: 1:20, Electron Microscopy Sciences, Fort 

Washington, PA); 2) 10 nm gold-tagged F(ab’)2 fragment of goat anti-rabbit IgG: 1:20, 

Electron Microscopy Sciences) (Adams et al., 2002). For GnRH single-label and 

NMDAR1 single-label immunocytochemistry, we incubated sections in the primary 

antibody listed above overnight and then secondary antibodies in TBS with 2% HSA and 

polyethyleneglycol (PEG, MW 20,000; 5 mg/ml) for 2 h. For GnRH and NMDAR1 

double-label immunocytochemistry, we incubated sections in the GnRH monoclonal 

antibody overnight followed with gold-tagged (5 nm) F(ab’)2 of goat anti-mouse IgG for 

2 h. We then incubated sections in rabbit anti-NMDAR1 polyclonal antibody overnight 

followed with gold-tagged (10 nm) F (ab’)2 of goat anti-rabbit IgG for 2 h. After 

counterstaining sections with 1% uranyl acetate and 0.3% Reynolds lead citrate, 

ultrastructural analyses were performed on a Jeol 1200EX electron microscope (JEOL, 

Tokyo, Japan). Images were captured using the Advantage HR CCD camera (Advanced 

Microscopy Techniques Corporation, Danvers, MA). Controls omitting the primary 

antibody showed no immunogold labeling. As described above for light microscopy, both 

negative controls (omission of primary antibodies) and preabsorption controls were 

performed. The preabsorption control experiments were performed on GnRH (1:50 
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dilution with 100 µg/ml GnRH peptide) and NMDAR1 antibody (2 µg/ml with 100 

µg/ml NMDAR1 control peptide) similar to those described in our fluorescence 

immunocytochemical protocol. No specific labeling was detected in any of these control 

tissues.  

 

Quantitative analysis for electron microscopy 

We first identified the neuroterminal region in the median eminence at 3,000x EM 

magnification and performed further analysis at 20,000x EM magnification. The number 

and percentage of GnRH immunopositive processes/terminals were determined, and large 

dense-core vesicles (100 nm to 140 nm in diameter) were identified. As the focus of this 

analysis was dense-core vesicles, only GnRH immunopositive profiles/terminals with a 

minimum of three large dense-core vesicles were included in the quantitative analysis. 

On average, we recorded 14 photographic fields per animal. Each field included at least 

one GnRH immunopositive profile. Large dense-core vesicles within each GnRH profile 

were outlined and individually numbered. Using digital magnification, all 5 nm 

(indicating GnRH) or 10 nm (indicating NMDAR1) gold particles occurring within or 

adjacent to the GnRH profile/terminal  were identified, marked, and counted in three 

compartments: 1) in or on large dense-core vesicles; 2) close to the plasma membrane 

with a distance less than 30 nm (Adams et al., 2004); and 3) exclusive of defined large 

dense-core vesicle and plasma membrane pool. We then determined the number and 

percentage of large dense-core vesicles that were GnRH single-labeled (labeled only by 5 

nm gold particles), NMDAR1 single-labeled (labeled only by 10 nm gold particles), or 

GnRH and NMDAR1 double-labeled. An immuno-positive vesicle was counted if it 

contained a minimum of at least two immunogold particles of the same size labeled on 
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the vesicle as described previously (Adams et al., 2002). In all images, the pixel size was 

less than one-quarter of the diameter of the 5 nm gold particles, sufficient to resolve 

them. 

 

Statistical analysis for electron microscopy 

The focus of our analyses was GnRH (5 nm gold labeling) and NMDAR1 (10 nm 

gold labeling) expression on large dense-core vesicles. In addition, we analyzed the 

distribution of GnRH and NMDAR1 labeling in the three compartments of the nerve 

profile/terminal described above. A biostatistician, Dr. W.Y. Wendy Lou (Univ. Toronto) 

analyzed the differences between effects of estradiol vs. vehicle using a mixed model 

approach and the generalized estimating equation approach (Laird and Ware, 1982). This 

statistic takes into consideration the number of vesicles or particles within an animal, to 

result in a composite value for each animal. Therefore in all cases the unit of analysis is 

the animal, and each n represents the number of animals per group. Differences between 

estradiol- and vehicle-treated rats were considered significant at p < 0.05.  

 

Fractionation of the median eminence 

Biochemical analyses were performed to confirm microscopic results showing 

that NMDA receptors are present in large dense-core vesicles in the median eminence. 

Rats (n = 6) were rapidly decapitated, brains removed, and brains were blocked using a 

brain matrix (model RBM-4000C, Activational Systems, Warren, MI). The coronal brain 

segment (2 mm thickness) containing the median eminence was dissected and median 

eminences from 6 rats were pooled in 10 ml of homogenate buffer (320 mM sucrose; 10 

mM Tris-HCl, pH 7.4; 1 mM EDTA, pH 7.4; 1 mM EGTA; 1 tablet protease inhibitor 



 38 

cocktail (complete, mini, EDA-free, Roche Applied Science, Indianapolis, IN) and 1 mM 

phenylmethylsulfonyl fluoride). We homogenized (glass-Teflon homogenizer) tissue 

using 12 up-and-down strokes at 900 rpm and centrifuged at 3,000 rpm (800 xg) for 10 

min. We followed a published protocol (Huttner et al., 1983) to get the crude terminal 

fraction by centrifugation. The supernatant (S1) was centrifuged at 10,000 rpm (9,000 xg) 

for 15 min. The pellet (P2) was resuspended and centrifuged at 10,500 rpm (10,200 xg) 

for 15 min. The pellet (P2’) from P2 fraction containing crude neuroterminals was 

resuspended in a homogenizer using 10 up-and-down strokes at 1,200 rpm and five times 

back and forth through a 25-gauge needle. The resuspended tissue was centrifuged again 

at 10,000 rpm (9,000 xg) for 10 min and the supernatant was used for the sucrose 

gradient followed by western blotting, as described below. To confirm the identity of the 

contents of the P2’ fraction, a small aliquot of the sample was further centrifuged at 

25,000 xg for 20 min. The pellet was freeze-plunged and embedded for electron 

microscopy as described above.  

 

Sucrose gradient and Western blot 

Continuous sucrose gradients (0.3 to 1.8 M in 5 ml total volume) were prepared in 

a gradient maker. After layering the resuspended P2’ fraction (200 µl), the gradients was 

spun for 4 h at 55,000 xg in an SW55 Ti rotor at 4 oC. Gradient fractions (0.5 ml each) 

were collected from the top down (lightest to heaviest). Using the Bio-Rad mini 

PROTEAN 3 system and standard protocol for western blotting (Bratton et al., 2001) an 

8% SDS-PAGE gel was prepared and transferred to a nitrocellulose membrane at 90 V. 

The NMDAR1 antibody (1:500, AB1516, Chemicon), the synaptotagmin I antibody 

(1:1000, MAB5202, Chemicon, CA; (Matthew et al., 1981)), and the synaptophysin 
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antibody (1:2,000, MAB329, Chemicon, CA; (Blumer et al., 2003)) were used for 

blotting to confirm the co-expression of NMDAR1 in the fractions of the sucrose density 

containing large dense-core vesicles. Synaptotagmin-1 and synaptophysin are present in 

large dense-core vesicles, along with their more commonly known association with 

synaptic vesicles (Walch-Solimena et al., 1993) (Littleton and Bellen, 1995) (Saegusa et 

al., 2002) (Leitner et al., 1999). The sucrose gradient provides adequate separation 

between fractions containing small vesicles (0.3 to 0.4 mM) and large dense –core 

vesicles (1 to 1.3 M) to enable differentiation. The relative lack of synapse in the median 

eminence further precludes contamination of the large dense-core vesicle fraction with 

synaptic vesicles. Membranes were incubated in a secondary antibody (horseradish 

peroxidase-conjugated donkey anti-rabbit Ab, 1:2,000 Jackson ImmunoResearch). Bands 

were visualized on film by enhanced chemiluminescence reagents (ECL-PLUS, 

Amersham, Arlington Heights, IL). Exposures were 10 min for NMDAR1, 1 min for 

synaptotagmin I, and 15 sec for synaptophysin. Membranes were stripped between 

antibodies and then re-probed with subsequent antibodies.  
 

RESULTS  

Confocal analyses of GnRH and NMDAR1 immunoreactive processes/terminal in 
the median eminence 

GnRH immunoreactive profiles exhibited punctate labelings and were highly 

concentrated in the external zone of the lateral median eminence (Figure 1.1). Confocal 

microscopy also demonstrated abundant NMDAR1 immunofluorescence in the ME 

(Figure 1.1). The greatest overlap of GnRH and NMDAR1 was in the GnRH terminal 

region close to the portal capillary vasculature. In order to confirm and quantify co-
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expression of GnRH and NMDAR1 in the median eminence and to enhance subcellular 

resolution, we performed electron microscopic analyses on the lateral median eminence 

(Figure 1.2), where overlap of GnRH and NMDAR1 is most abundant. 

 

Electron microscopy of GnRH neuroprofiles/terminals in the median eminence 

The region of the median eminence was characterized by a lack of perikarya and 

dendrites, few synaptic contacts, and the presence of fenestrated capillaries as described 

previously (Durrant and Plant, 1999b). Neurosecretory profiles/terminals containing large 

dense-core vesicles and microvesicles were numerous in the median eminence (Figure 

1.2a). Approximately 5-10% of neural profiles/terminals in the external zone of the 

lateral median eminence were identified as GnRH-immunopositive by immunogold 

labeling (mean: 6 + 1%) as shown in representative micrographs (Figure 1.2b, 1.2c). A 

preabsorption control is shown in Figure 1.2d; this section is adjacent to that shown in 

Figure 2c to confirm that it contains GnRH immunoreactivity. Each GnRH 

immunoreactive profile/terminal had from 4 to 53 (mean: 15 + 1) large dense-core 

vesicles (100-140 nm in diameter) of which 22-100% (mean: 65 + 2%) were GnRH 

immunopositive by our criteria. The number of 5 nm gold GnRH-immunoreactive 

particles per large dense-core vesicle ranged from 0 to 14 (Figure 1.3a). 
 

Expression of the NMDAR in GnRH neuroprofiles/terminals in the median 
eminence 

In single-labeling studies we confirmed the presence of NMDAR1 

immunoreactivity in or on large dense-core vesicles in 7-25% of neuroprofiles/terminals 

in the median eminence. This localization was confirmed by post-embed electron 
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microscopic analyses using two different NMDAR1 antibodies: a mouse monoclonal and 

a rabbit polyclonal (Figure 1.4a, 1.4b, respectively). In addition, control analyses 

showed the absence of specific labeling when the primary antibody is either omitted (not 

shown) or preabsorbed  (Figure 1.4c) with the NMDAR1 polyclonal antibody control 

peptide. 

 

Double-label electron microscopy studies were performed using the rabbit 

polyclonal antibody to NMDAR1 together with a mouse monoclonal antibody to GnRH. 

Results showed extensive co-localization of the NMDAR1 particularly within large 

dense-core vesicles in GnRH profiles/terminals in the median eminence (Figure 1.5). 

NMDAR1 immunostaining was also found in some GnRH immunonegative 

neuroprofiles/terminals, some of which were located in close proximity to the 

GnRH/NMDAR1 double-labeled neuroprofiles and probably represent other peptidergic 

neuroprofiles/terminals. Quantification of the distribution of NMDAR1 in subcellular 

compartments was highest in large dense-core vesicles (approximately 76%) and lowest 

at the plasma membrane (approximately 3%; Figure 1.6). The number of 10 nm gold 

NMDAR1-immunoreactive particles per large dense-core vesicle ranged from 0 to 10 

(Figure 1.3b). 
 

Effect of estradiol on GnRH and NMDAR1 by quantitative electron microscopic 
analyses  

We performed quantitative analyses of immunogold labeled GnRH 

profiles/terminals to determine the percentage of GnRH single-labeled, NMDAR1 single-

labeled, GnRH and NMDAR1 double-labeled, and unlabeled large dense-core vesicles 

(Table 1.1). No significant differences were found between the estradiol and vehicle 
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treatments for these parameters. We then compared the effects of estradiol on the 

distribution of NMDAR1 immunolabeling within GnRH terminals. All three pools were 

significantly affected by estradiol. Compared to vehicle, estradiol caused an up-regulation 

of NMDAR1 labeling on the large dense-core vesicles (p < 0.05) and a decrease in the 

plasma membrane pool and the non-vesicle pool (p < 0.05 and 0.02 respectively; Figure 

1.6). 
 

Subcellular localization of NMDAR1 confirmed by fractionation and western blot  

Because of the unexpected localization of NMDAR in association with large 

dense-core vesicles, we performed a biochemical experiment for further support of this 

observation. Tissues were homogenized and fractionated by a series of centrifugations. 

Electron microscopy of the P2’ fraction, which contained small and large vesicles, 

neuroterminal membranes, and a few intact synaptosomes, was performed (Figure 1.7). 

This P2’ fraction was further separated by sucrose gradient in order to resolve large 

dense-core vesicles from small vesicles and membranes. Western blotting of the 

fractions, from low to high density, was performed. We detected NMDAR1 

immunoreactivity in the fractions of median eminence that are consistent with the density 

of large dense-core vesicles, 1-1.3 M (fractions 6 to 7). We stripped and re-probed the 

filters with two markers of large dense-core vesicles, synaptotagmin and synaptophysin 

(Figure 1.8). Both synaptotagmin-1 and synaptophysin were most abundant in fractions 6 

and 7. Although synaptotagmin and synaptophysin are also markers of synaptic vesicles, 

the density of fractions 6 and 7 is inconsistent with synaptic vesicles and therefore 

labeling of these fractions with synaptotagmin-1 and synaptophysin should primarily 

represent large dense-core vesicles. In the lowest density fraction, our protein 
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concentration was relative high with no synaptic marker was detected. In the median 

eminence, we have found no synaptic contacts using electron microscopy. Weather those 

synaptic like vesicles have similar properties as synaptic vesicles are unknown. Study of 

the contents and functions of those synaptic like vesicles in the neural secretory terminals 

in the median eminence are undergoing in our laboratory. 
 

TABLE, FIGURE AND FIGURE LEGENDS  

Table 1.1 Percentage of GnRH- and NMDAR1- immunoreactive large dense-core 
vesicles in GnRH terminals 

 Vehicle-treated rats: 
% vesicles labeled 

Estradiol-treated rats: 
% vesicles labeled 

GnRH single labeled 21.6 ± 3.8 20.9 ± 3.7 
NMDAR1 single labeled  15.2 ± 3.1 12.6 ± 2.0 
GnRH and NMDAR1 double labeled 47.4 ± 2.1 53.3 ± 4.6 
Unlabeled 16.5 ± 1.9 11.4 ± 0.7 

 

Percentages of total large dense-core vesicles that were GnRH or NMDAR1 

immunopositive are shown as mean ± SEM. Sample were counted from randomly chosen 

fields in the perivascular region of the median eminence. No significant differences were 

found between the estradiol and vehicle treatments for these parameters.  
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Figure 1.1. Dual immunofluorescence confocal image showing GnRH and NMDAR1 
immunoreactivities in the median eminence. 

 

A confocal micrograph of the median eminence of a representative female rat in which 

dual immunofluorescence was performed for GnRH and NMDAR1 immunoreactivities. 

GnRH immunoreactive fibers, seen as punctate varicose labeling (red), are concentrated 

in the external zone of the lateral median eminence. NMDAR1 (green) 

immunofluorescence is also abundant in the median eminence in overlapping regions 

with GnRH, particularly in the external zone of the median eminence (yellow). Scale bar 

= 100 µm. Abbreviation: ME = median eminence, 3V = 3rd ventricle.  
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Figure 1.2. Electron micrograph at three increasing magnifications on sections 
immunolabeled for GnRH 

The median eminence is shown by electron microscopy at three increasing 

magnifications on sections immunolabeled for GnRH (a, b, c) or in a preabsorption 

control (d) in a representative vehicle-treated female rat. a) In the lateral portion of the 

median eminence, the third ventricular zone (VZ), myelinated axon zone (MZ) and 
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pericapillary zone (CZ) are identified with toluidine blue staining in a semithin section. 

Further analyses described in this paper focused on GnRH immunoreactive profiles in the 

CZ. Scale bar = 20 µm. b) At higher magnification, GnRH neuroterminals were 

concentrated in proximity to the portal capillary vascular zone. This region is 

characterized by its lack of perikarya and dendrites, few synaptic contacts, and the 

presence of elongated glial elements (Glia) and fenestrated capillaries (Cap). Two 

immunopositive GnRH neuroterminals labeled with 5 nm gold (asterisks) are identified 

close to the basal lamina (BL) and portal capillary vasculature. They are surrounded by 

glial elements. Scale bar = 2 µm. c) The GnRH neuroterminal in the inset box of panel b 

is shown at higher magnification in panel c. 5 nm gold particle labeling of GnRH shows 

localization on large dense-core vesicles (arrows). This GnRH profile is in close 

proximity to a glial element. Mit = mitochondria. d) A preabsorption control was 

performed using a section adjacent to that shown in panel c. In this control, the GnRH 

antibody was preabsorbed with the antigen, and no specific labeling was detected. Scale 

bar c and d = 200 nm.  
 



 47 

Figure 1.3. Frequency histograms of immunogold labeling in association with large 
dense-core vesicles 

 

Frequency histograms of immunogold labeling in association with large dense-core 

vesicles. The 5 nm gold particles labeling of GnRH (panel a) and 10 nm gold particles 

labeling NMDAR1 (panel b) per immunoreactive large dense-core vesicle was compared 

in vehicle- (white bar) and estradiol- (black bar) treated rats. The number of 

immunoreactive gold particles in or on large dense-core vesicles ranged from 0 to 15 for 
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GnRH and 0 to 10 for NMDAR1. There are no effects of estradiol treatment on the 

distribution of either GnRH or NMDAR1 immunoreactive gold particle distribution. 
 

Figure 1.4. NMDAR1 immunopositive neuroterminals in the median eminence. 

 

NMDAR1 immunopositive neuroterminals in the median eminence. a) Terminals in the 

median eminence are shown single labeled (5 nm) with the NMDAR1 monoclonal 

antibody. b) Terminals in the median eminence are shown immunolabeled (10 nm) with a 

different NMDAR1 polyclonal antibody. Note that most labeling in panels a and b is 

associated with large dense-core vesicles. c) The NMDAR1 polyclonal antibody is 

preabsorbed with the antigen. No specific labeling is detectable. Scale bar = 200 nm. 
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Figure 1.5. GnRH neuroterminals in the median eminence double labeled with 
NMDAR1. 

 

Post-embedding electron microscopic images of two GnRH neuroterminals in the median 

eminence, double labeled with NMDAR1. Micrographs are from a representative vehicle-

treated rat (a) and an estrogen-treated rat (b). Both 5 nm gold particle labeling (GnRH) 

and 10 nm gold particle labeling (NMDAR1) localize intracellularly in many of the dense 

core vesicles and are frequently co-expressed (large arrow) in this compartment. GnRH 

single-labeled dense core vesicles are indicated with the small arrow, NMDAR1 single-

labeled dense core vesicles indicated by arrowhead, and unlabeled dense core vesicles 

with asterisks. Scale bar = 100 nm. 
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Figure 1.6. Subcellular distribution of NMDAR1 (10 nm) immunogold labeling. 

 

Subcellular distribution of NMDAR1 (10 nm) immunogold labeling, and its regulation by 

estradiol, in GnRH neuroterminals. Most NMDAR1 labeling is associated with large 

dense-core vesicles with less than 5% in association with plasma membrane. Estradiol 

causes a significant shift in the distribution of the NMDAR1, with an increase of 

NMDAR1 labeling in secretory vesicles, and a decrease of labeling in the other two 

pools. *p < 0.05 vs. vehicle. Data shown are mean + SEM. 
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Figure 1.7. Electron micrograph showing vesicles from P2’ fraction. 

Electron micrograph showing vesicles from the median eminence with different sizes 

(ranging from 50 nm to 160 nm) and neuroterminal membranes in the P2’ fraction 

following subcellular fractionation. Vesicles with a diameter consistent with large dense-

core vesicles (100 to 140 nm; arrowheads) in neuroterminals are shown. Scale bar = 500 

nm.  
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Figure 1.8. Western blots showing NMDAR1, synaptotagmin and synaptophysin 
immunoreactivity. 

 

Western blots showing NMDAR1, synaptotagmin and synaptophysin immunoreactivity 

(from top to bottom, respectively) in 0.3-1.8 M continuous sucrose gradients of the 

median eminence. Fractions #6 and 7 (1-1.3M) are enriched with large dense-core 

vesicles but are too dense to contain small secretory vesicles. NMDAR1 is concentrated 

in fractions #6 to 7, consistent with its association with large dense-core vesicles. The 

filters were stripped and re-probed with other two other molecules that are expressed on 

large dense-core vesicle markers (synaptotagmin-1 and synaptophysin). The presence of 

synaptotagmin-1 and synaptophysin in these fractions also confirms that these fractions 

were enriched with large dense-core vesicles. 
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DISCUSSION  

The present study demonstrates an entirely novel localization of the NMDAR in 

GnRH neuroendocrine terminals in the median eminence. Specifically, the NMDAR1 

subunit that is obligatory for forming a functional NMDAR (Moriyoshi et al., 1991; 

Monyer et al., 1992) is co-localized with GnRH on large dense-core vesicles within 

neurosecretory profiles/terminals in ovariectomized female rats given vehicle or estradiol 

treatment. Moreover, the distribution of this intracellular NMDAR in GnRH 

neurosecretory vesicles is modestly but significantly regulated by estradiol. When taken 

together with the recent finding that GnRH neurons synthesize glutamate (Hrabovszky et 

al., 2004b), it suggests potential intracellular actions of glutamate on its own receptors 

within GnRH neuroprofiles/terminals in the median eminence. 
 

Subcellular localization of GnRH and NMDAR subunits in the median eminence.  

By using post-embedding immunogold labeling, we found that GnRH 

immunoreactivity was primarily localized in large dense-core vesicles of 

neuroprofiles/terminals in the median eminence, similar to previous reports in rhesus 

monkeys and rats (Kawakami et al., 1998a; Durrant and Plant, 1999b). The presence of 

GnRH in large secretory vesicles is consistent with the role of GnRH as the 

hypophysiotropic neurosecretory peptide involved in the regulation of the reproductive 

axis. Glutamate and ionotropic glutamate receptor agonists can stimulate the release of 

GnRH from neuroterminals, demonstrated by two findings: 1) Application of the 

NMDAR agonist to dissected rat median eminence tissues causes a stimulation of GnRH 

release in the absence of GnRH perikarya (Kawakami et al., 1998b). 2) Infusion of the 

NMDAR agonist directly into the median eminence of conscious rhesus monkeys 
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stimulates GnRH release directly from nerve terminals (Claypool et al., 2000). Together, 

these observations suggest that the actions of glutamate can occur directly on GnRH 

neuroterminals. The direct apposition of GnRH and glutamate terminals in the median 

eminence has been reported (Kawakami et al., 1998b; Kiss et al., 2003; Lin et al., 2003), 

and one of those studies demonstrates the presence of NMDAR1 in GnRH 

neuroterminals (Kawakami et al., 1998a). Although it is difficult to discern from this 

latter study (Kawakami et al., 1998a) the exact location of the NMDAR immunostaining 

due to limitations in resolving subcellular localization using pre-embedding 

immunocytochemical electron microscopy techniques, our present post-embedding 

results indicate that NMDAR1 is co-localized in GnRH neuroprofiles/terminals. We 

confirmed and extended these previous studies by ascertaining that NMDAR1 

immunogold labeling is localized mostly in or on large dense-core vesicles with lesser 

expression in the membrane of neuroprofiles/terminals in the median eminence.  

 

The source of NMDAR subunits on large dense-core vesicles probably involves 

synthesis of the receptors in GnRH perikarya. Recent studies focusing on NMDAR 

trafficking and synaptic plasticity in hippocampus indicate that NMDAR subunits are 

likely synthesized and folded in the endoplastic reticulum and then transported through 

the Golgi apparatus to the postsynaptic membrane (Perez-Otano and Ehlers, 2004). This 

receptor trafficking involves trafficking proteins (such as PSD-95 and SAP102) 

delivering receptors onto the plasma membrane, presumably by transporting vesicles 

(Perez-Otano and Ehlers, 2005) (Sans et al., 2005). These studies are consistent with 

reports that GnRH somata synthesize and express NMDAR mRNA and protein (Gore et 

al., 1996; Ottem et al., 2002). Our results suggest that large dense-core vesicle may be a 

novel trafficking site for NMDARs in neurosecretory neurons.  
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We confirmed our morphologic results by fractionation and western blotting of 

the median eminence. Using homogenization, centrifugation, sucrose gradients and 

western blotting, we were able to resolve the median eminence into specific fractions that 

are enriched in large dense-core vesicles. At these same densities, other types of vesicles 

do not fractionate. At the density at which large dense-core vesicles fractionate (1-1.3 M), 

western blotting showed considerable immunolabeling with NMDAR1. We then re-

probed the filters using synaptotagmin-1 and synaptophysin as markers of large dense-

core vesicles (Walch-Solimena et al., 1993) (Littleton and Bellen, 1995) (Saegusa et al., 

2002). Although these latter molecules are also expressed in synaptic densities, sucrose 

gradient fractions containing synapses are distinct from those containing large dense-core 

vesicles. The western blots for synaptotagmin-1 and synaptophysin show that they are 

localized in the same fractions, at the correct density for large dense-core vesicles, at 

which NMDAR1 is present. Together, our fractionation and western blot results are 

consistent with our electron microscopic data, as they support an association between 

NMDAR1 and large dense-core vesicles.  
 

Functional implications for intracellular non-synaptic NMDARs on GnRH secretory 
vesicles.  

NMDAR immunoreactivity is detectable in nerve terminals in the median 

eminence (Kawakami et al., 1998a), and the median eminence also contains glutamate-

immunopositive processes (Goldsmith et al., 1994; Kawakami et al., 1998a; Kiss et al., 

2003; Lin et al., 2003). However, the median eminence is synapse-poor (our present data, 

and (Kawakami et al., 1998a; Durrant and Plant, 1999b), suggesting a non-synaptic 

mechanism for glutamate actions in this region such as volume transmission (Agnati et 
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al., 1995b) (Theodosis et al., 2004), as well as the possibility of intracellular actions of 

glutamate within GnRH neuroterminals. There are two potential mechanisms for an 

intracellular action of glutamate: either extracellular glutamate is taken up into GnRH 

neuroterminals through a neuronal glutamate transporter, or GnRH neurons themselves 

synthesize glutamate. Regarding the former, the neuronal glutamate transporters, often 

referred to as excitatory amino acid carriers (EAAC), are nonvesicular proteins that play 

an important role in regulating the extracellular levels of glutamate and in reducing the 

concentration of glutamate in the synaptic cleft during synaptic transmission (Taxt et al., 

1984). Alternatively or additionally, GnRH neurons may synthesize glutamate. Although 

controversial, a recent study demonstrates the co-expression of the vesicular glutamate 

transporter-2 (VGlut2) within 99.5% of GnRH neuroterminals in male rats (Hrabovszky 

et al., 2004b). The presence of VGlut2 indicates a glutamatergic phenotype (Takamori et 

al., 2001), and thus nearly all GnRH neurons at least in male rats can synthesize 

glutamate. This glutamate can be released from terminals, or alternatively, act at 

intracellular NMDARs within neuroterminals. The co-expression of NMDARs within 

GnRH neuroterminals supports the novel mechanism for the regulation of hypothalamic 

neurosecretion by intracellular glutamate on vesicle-localized NMDARs. Notably, 

technical limitations prevent us from resolving the orientation of the NMDARs 

associated with GnRH secretory vesicles. These NMDARs may have the C-terminus 

facing inside the vesicle, or outside facing the cytosol of the GnRH terminal. Either 

possibility would represent a potentially novel localization for an NMDAR on secretory 

vesicles in neuroendocrine terminals. 
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Effects of estradiol on the NMDAR1 in GnRH neuroterminals. 

The actions of NMDAR agonists on GnRH neurons are potentiated in the 

presence of estrogens (Carbone et al., 1992; Arias et al., 1993). We found no effect of 

estradiol on the number of dense-core vesicles labeled by GnRH or NMDAR1 in 

neuroterminals of ovariectomized female rats (Table 1.1). However, estradiol caused a 

significant increase of NMDAR1 labeling in secretory vesicles, and a decrease of 

labeling close to the membrane. Presumably, this alteration in distribution changes the 

availability of NMDAR that may be exposed to glutamate. It may also represent the 

regulation of NMDAR trafficking by estradiol. Although we do not know the mechanism 

for the interaction of NMDARs and estradiol, it is not likely due to the nuclear estrogen 

receptor (ER) in GnRH cells which do not express the mRNA or protein for the nuclear 

ERα (Shivers et al., 1983; Herbison and Theodosis, 1992; Watson et al., 1992), and 

express only low levels of ERβ (Skynner et al., 1999) (Hrabovszky et al., 2001) (Kallo et 

al., 2001). We propose that some NMDAR and estradiol interactions might occur at 

GnRH neuroterminals and are potentially mediated by non-nuclear estrogen receptors, 

similar to what has been shown on nerve processes in the hippocampus (Milner et al., 

2001; Adams et al., 2002), or by a membrane estrogen receptor (Norfleet et al., 1999) 

(Toran-Allerand et al., 2002). 

 

In summary, we demonstrate that NMDAR immunoreactivity is primarily located 

in or on large dense-core vesicles of neurosecretory profiles/terminals in the median 

eminence. By focusing on GnRH profiles/terminals, we provide a direct anatomical locus 

where glutamate could regulate the release of GnRH. The recent finding that GnRH 

neurons can synthesize glutamate (Hrabovszky et al., 2004b) makes this intracellular 

NMDAR a likely target for regulation by glutamate occurring within the GnRH nerve 
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terminal. Additionally, while treatment with estradiol does not robustly affect the 

expression of GnRH in secretory vesicles, it significantly increases NMDAR1 

immunoreactivity on secretory vesicles. We suggest that estradiol might affect GnRH 

neurosecretion by changing the protein expression and re-localization of NMDAR in 

GnRH terminals. The novel subcellular localization of the NMDAR in neurosecretory 

terminals has implications for the mechanisms controlling hypothalamic releasing 

hormone secretion into the median eminence.  
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RESEARCH  SECTION 2  

Three-Dimensional Properties of GnRH neuroterminals and their glial 
environment in the median eminence  
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1Division of Pharmacology and Toxicology, College of Pharmacy, 2Institute for Cellular 

and Molecular Biology, and 3Institute for Neuroscience, The University of Texas at 
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ABSTRACT 

The decapeptide GnRH that regulates reproduction in all vertebrates is stored in, 

and secreted from, large dense-core secretory vesicles in nerve terminals in the median 

eminence. There, GnRH is released in pulses at approximately hourly intervals into the 

portal capillary vasculature leading to the anterior pituitary gland. The pattern of GnRH 

release is critical for normal reproduction and undergoes alterations during reproductive 

aging in a species-specific manner, with a loss of GnRH pulses and a diminution of the 

GnRH surge occurring in aging female rats. In order to gain further ultrastructural and 

functional information about GnRH neuroterminals, we used cryo-embedding 

immunogold-electron microscopy, serial ultramicrotomy, and three-dimensional (3D) 

reconstruction to study the properties of GnRH neuroterminals and their relationship with 

glia. The median eminence of young (4-5 month) and old (22-24 month) ovariectomized 

Sprague-Dawley female rats was freeze-plunge embedded. Serial ultrathin sections were 

collected on slot grids for immunogold labeling of GnRH. Sequential images were used 

to create 3D models of GnRH terminals. These reconstructions revealed novel insights 
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into the morphological properties of GnRH processes, and their glial environment. 

Conventional 2D analyses showed a dramatic change in the orientation and pattern of glia 

with age. In addition a small but significant decrease of GnRH neuroterminal-glia 

membrane contacts was found in old rats compared to young rats. Our results provide 

insight into the anatomical site for the regulation of GnRH neurosecretion.  
 

INTRODUCTION 

Gonadotropin-releasing hormone (GnRH) is the primary control molecule of the 

hypothalamic-pituitary-gonadal axis that regulates reproduction in all vertebrates. The 

GnRH decapeptide is stored in large dense-core vesicles in neuroterminals and is released 

in pulses into the portal vasculature in the median eminence. The biological pattern of 

GnRH release is essential for normal reproductive function (Crowley et al., 1985; Spratt 

et al., 1987) and is critically controlled at the level of the median eminence (Terasawa, 

1995), the site of GnRH terminals. Indeed, explanted median eminence fragments from 

rats in the absence of GnRH cell bodies release GnRH in pulses (Maeda et al., 1995; 

Purnelle et al., 1997), showing that this is a potential site of GnRH pulse generation.  

 

The median eminence, as the final regulating region connecting the central 

neuroendocrine system and the peripheral endocrine system, has unique 

microenvironmental features such as specialized glia, large extracellular space and 

fenestrated portal capillaries (King and Letourneau, 1994; King and Rubin, 1994; Prevot 

et al., 1998; Yin et al., 2007). Specialized glia such as tanycytes and astrocytes in the 

median eminence have a close relationship with GnRH axons and terminals (Prevot et al., 

1998)}(King and Letourneau, 1994; King and Rubin, 1994). This anatomical apposition 
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changes under different hormone conditions (King and Letourneau, 1994; King and 

Rubin, 1994; Prevot et al., 1998) as the processes of tanycytes may retract in order to 

expose GnRH neuroterminal to both extracellular regulatory factors as well as to the 

portal capillaries (Theodosis and MacVicar, 1996). However, little is known about GnRH 

neuroterminal and glia interactions with aging. Nevertheless, this question is important 

because luteinizing hormone (LH), and presumably GnRH release, undergo decrements 

in both pulsatile and surge release (Levine, 1997) (Terasawa, 2001). Therefore, it is 

important to determine how the ultrastructural properties of GnRH terminals undergo 

age-related alterations.  

 

Previous studies have investigated the ultrastructure of GnRH neuroterminals 

using pre-embedded tissue for electron microscopy (Goldsmith and Ganong, 1975; 

Silverman and Desnoyers, 1976; Liposits et al., 1995; Prevot et al., 1998; Durrant and 

Plant, 1999a). However, there were limitations to pre-embedding technique and two-

dimensional electron microscopy images that prevented researchers from fully 

appreciating the terminal properties. Here, we combined serial electron microscopy with 

a cryo-embedding immunogold labeling technique and 3D reconstruction computer 

analysis to better understand the morphological properties of GnRH neuroterminals and 

their surrounding glial elements, using an aging female rat model.  
 

MATERIALS AND METHODS 

Experimental Animals  

Female Sprague-Dawley rats were purchased from the Animal Resources Center 

at the University of Texas at Austin. Rats were housed in our laboratory colony, two per 
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cage in a room with controlled temperature (22 oC ) and light cycles (12 h/12 h light/dark 

cycle, lights on at 0700 h). Food and water were available ad libitum. All experiments 

were performed using protocols approved by the Institutional Animal Care and Use 

Committee at the University of Texas at Austin and followed the guidelines from The 

Guide for the Care and Use of Experimental Animals. Rats were assigned into young (4 

to 5 months, n = 5) and old-aged (23 to 24 months, n = 5) groups.  

 

Surgical procedures and tissue preparation 

Surgical procedures and tissue preparation were described in our previous paper 

(Yin et al., 2007). Briefly, rats were bilaterally ovariectomized under isoflurane 

anesthesia and allowed to recover for 4 weeks to clear endogenous ovarian hormones 

from the general circulation (Gore et al., 2002). In the morning between 0900 to 1100, 

rats were transcardially perfused (Gore et al., 2000a; Miller and Gore, 2002) with 0.1 M 

phosphate buffer (PB, pH 7.4; 50 ml), followed by 4% paraformaldehyde and 0.125% 

glutaraldehyde in PB (500 ml) at a speed of 50 ml per minute controlled by a perfusion 

pump (MasterFlex, Cole-Parmer Instrument Co.). The brain was removed and postfixed 

in 4% paraformaldehyde overnight at 4 oC. The hypothalamus region was blocked on an 

adult rat coronal brain matrix (Ted Pella Inc. Redding, CA) and sectioned coronally on a 

vibrating blade microtome (Leica VT1000S, Bannockburn, IL). Once the median 

eminence was first seen in coronal sections, we collected 100 µm sections through the 

entire median eminence region. Sections were cryoprotected by immersion in increasing 

concentrations of glycerol (10%, 20%, and 30% in 0.1 M PB) and leave in 30% glycerol 

over night. A fragment of about 1 mm2 in area was excised from the caudal median 

eminence under a dissecting microscope (Leica S6D stereo microscope, Switzerland). 
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Tissue fragments were attached to a pin and rapidly plunged into liquid propane cooled to 

-180 oC by liquid nitrogen in a cryofixation system (Leica CPC, Vienna). Details of 

cryofixation and freeze-substitution have been published in detail (Yin et al., 2007). 

Cryofixed samples were then quickly transferred to a buffer exchange device filled with 

pre-cooled (-90 oC) 1.5% uranyl acetate in anhydrous methanol in an automatic freeze-

substitution unit (Leica AFS, Vienna) and immersed for 24 hours. After the initial 24 

hours, the temperature in AFS was set to automatically increase in steps of 4 oC per hour 

from -90 oC to -45 oC. The samples were then infiltrated with Lowicryl HM20 resin 

(Electron Microscopy Sciences, Fort Washington, PA) in the ratio of resin to methanol 

from 1:1, 2:1 to pure Lowicyl for 2 hours each, followed by pure Lowicryl overnight at -

45 oC. Finally, samples in buffer exchange capsules filled with Lowicryl resin were 

transferred into a sealed gel capsule. Under UV light (360 nm), Lowicryl resin was 

polymerized at -45 oC for 24 hours followed by 0 oC for 35 hours. 
 

Serial sectioning of Lowicryl HM20-embedded tissue blocks 

Embedded tissue blocks were first trimmed with a razor blade at a 45o  angle to 

make a smaller block face on an ultramicrotome (Leica EM UC6, Vienna). A glass knife 

was used to trim the block surface and around the tissue (30o  angle) to form a rectangular 

block face and pyramid shape base. Semithin sections (400 nm) cut with a 45o ultra 

diamond knife (Diatome, Hatfield, PA) were stained with 2% toluidine blue and 

examined under a transmitted light microscope (Leica DMLB upright microscope, 

Germany) for tissue orientation. Sections that contained the full surface of the lateral 

median eminence were collected individually on formvar-coated gold slot grids (Electron 

Microscopy Sciences, Fort Washington, PA) for general comparison. Due to the highly 



 64 

labor-intensive nature of serial sectioning and 3D reconstruction, we randomly choose 

two embedded tissues from each age group for serial ultrathin sectioning. The interface at 

the boundary between the portal capillary zone and the edge of the lateral median 

eminence was identified and carefully marked on the tissue block face under an 

ultramicrotome (Leica EM UC6, Vienna). By using a 90o trimming knife (CT388, 

Diatome, Hatfield, PA), we were able to trim into the block for about 50 µm in depth to 

form a block face of approximately 50 µm by 2 mm to cover the area of interest (Figure 

2.1). For serial sectioning, the long edge of the block face was carefully aligned with a 

diamond knife  (Diatome Ultra 45). Section ribbons containing about 50 serial ultrathin 

sections (50 nm each) were collected on formvar-coated gold slot grids (Electron 

Microscopy Sciences, Fort Washington, PA) and air dried.  
 

 Immunogold labeling for serial electron microscopy 

Post-embedding immunogold labeling technique were described in our previous 

paper (Yin et al., 2007). Briefly, sections on slot grids were blocked in 2% human serum 

albumin (HSA in TBS) for 10 minutes and then incubated in mouse anti-GnRH 

monoclonal antibody (HU11b at 1:100, kindly provided by Dr. H.F. Urbanski (Urbanski, 

1991), for 4 hours. After washing in TBS for three times, sections were incubated in 

gold-tagged F(ab’)2 of goat anti-mouse IgG 10 nm, 1:20, Electron Microscopy Science) 

in TBS with 2% HSA and polyethylene glycol (PEG, MW 20,000; 5 mg/ml) for 1 hour 

and followed by washes in double distilled filtered water for 12 times. Uranyl acetate or 

lead citrate counterstaining was not necessary because the ultrastructure is sufficiently 

defined by perfusion and freeze-plunge fixation and en bloc uranyl acetate. Control 
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experiments omitting primary antibody were performed in each immunocytochemistry 

experiments and no specific labeling was found in control sections.  
 

Serial electron microscopy and 3D reconstruction 

Under transmission electron microscope (TEM) (Philips EM208, Eindhoven, 

Netherlands), the neuroterminal region (10 µm by 800 µm) along the boundary of the 

portal capillary zone was identified in the lateral median eminence at 2,000x TEM 

magnification. Sequential images of GnRH immunopositive neuroteminals and the 

pericapillary region from section to section were taken with a digital camera (AMT HR 

1Mb). Using the software Reconstruct (Fiala, 2005), www.synapse-

web.org/tools/index.stm), specific sets of structures were identified from section to 

section and carefully aligned. Serial images at 11,000x TEM magnification were used to 

show the interaction between GnRH immunopositive neuroterminals, tanycyte endfeet 

and the capillary basal lamina in three dimensions in the young and old-aged groups. 

Immunopositive GnRH terminal contents including large dense-core vesicle and small 

vesicles were identified and individually outlined in images taken at 28,000x TEM 

magnification to show the three dimensional distribution of vesicles in the neuroterminals 

and their interaction with surrounding glial elements. Movies demonstrating the 

procedure of 3D reconstruction was captured using software Movies CamStudio version 

2.00 (RenderSoft Software and Web Publishing, 

http//www.rendersoftware.com/products/camstudio). 
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Quantitative electron microscopy data analysis  

To study the relationship of GnRH neuroterminal and glial elements, the surface 

interaction between them were quantified and compared with age. Two ultrathin sections 

4 to 5 µm apart were chosen from each animal for quantification analysis to avoid 

repeated counting of the same terminal, which has a maximum 3 µm in diameter. The 

pericapillary region containing GnRH immunopositive terminals covered approximately 

10 µm by 800 µm area along the portal capillaries. All GnRH immunopositive terminals 

within the 10 µm distance from the basal lamina were individually imaged at 28,000x 

TEM magnification. The surface contact of GnRH neuroterminals and glial elements was 

outlined and measured in each image using NIH Image J software (Wayne Rasband, 

National Institute of Mental Health, Bethesda, Maryland, USA. 

http://rsb.info.nih.gov/ij/).  The percentage of GnRH terminal membrane in contact with 

glial elements was compared between young and old rats. Statistical analyses were 

performed by t-test using SPSS 13.0 for windows and each n represents the number of 

animals per group. Age differences were considered significant at P < 0.05. 
 

RESULTS 

The organization of the median eminence 

Using the immunogold labeling technique, we were able to locate 

immunopositive GnRH terminals in the pericapillary area of the lateral median eminence 

under the electron microscope. In this region, GnRH immunopositive terminals were 

identified by the presence of immunogold labeled large dense-core vesicles as reported 

previously (Yin et al 2007). Glial elements were distinguished by their elongated shape 

and high density of electron-dense particles - glycogen granules in the cytosol, and seen 
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in close relationship to GnRH immunopositive terminals as well as immunonegative 

terminals. The three-dimensional relationship between neuronal, glial and portal capillary 

components was shown in Figure 2.2. The glial organization in the pericapillary zone 

was compared between young and old rats using lower magnification electron 

microscopy images. Consistently, in young rats, radial glial processes from the third 

ventricle to the base of the median eminence tended to be linearly oriented toward the 

basal laminar of the portal capillary system (Figure 2.3A). By contrast, this linear glial 

pattern was lost in old rats. The glial cells appeared thicker and were more irregularly 

positioned in the median eminence (Figure 2.3B). In addition, the basal lamina, which 

was relatively smooth in young rats, became less delineated and extremely convoluted in 

the old group (Figure 2.3 A, B).  
 

Ultrastructural properties of GnRH terminals of young rats 

In order to gain further insights into the relationship among the neural, glial and 

portal capillary components of the median eminence, serial sectioning and immunogold 

labeling were used to reconstruct representative GnRH terminals in three-dimensional 

detail. In the pericapillary zone of the lateral median eminence, the processes of 

tanycytes, a specialized glial cell in the median eminence, loosely covering the basal 

lamina of the portal capillaries and were in frequent contact with GnRH immunopositive 

neuroterminals (Figure 2.4A, B) and GnRH immunonegtive terminals. GnRH 

immunopositive terminals were identified by immunogold labels distributed in large 

dense-core vesicles (Figure 2.4B). As viewed by 3D reconstruction, GnRH 

immunopositive terminals showed a complex relationship with glial processes, which 

appeared to wrap around the GnRH terminals. Immunopositive large dense-core vesicles 
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were also found in GnRH puncta (“varicosities”) farther from the capillary region. These 

puncta showed a high density of immunogold labeled large dense-core vesicles, probably 

en route to the median eminence (Figure 2.4E, F). These puncta also were less highly 

associated with glial processes compared to the GnRH terminals (Figure 2.4C, D, E, F). 

The 3D reconstruction also revealed the presence of extruded membrane structures with 

low electron density of both GnRH (Figure 2.4) and non-GnRH (Figure 2.5) axon / 

terminals. 
 

Ultrastructural properties of GnRH terminals of old rats  

In old rats, the 3D reconstruction reviewed a highly convoluted basal lamina in 

the old rats (Figures 2.6 and 2.7). Some GnRH immunopositive terminals were in direct 

contact with capillary basal lamina (Figure 2.6). Using 3D reconstruction technique, we 

demonstrated a branching type GnRH terminal (Figure 2.7). The density of large dense-

core vesicles was apparently reduced in GnRH terminals contacting capillary basal 

lamina (Figure 2.6) compared to GnRH terminals separated from capillary by glial 

elements (Figure 2.7). 
 

The density of GnRH neuroterminals in the pericapillary zone and serum LH data 

We showed a significant decrease of GnRH / LH serum concentration in old OVX 

rats (6.60 ± 2.58 ng/ml) compared to young OVX rats (22.28 ± 3.60 ng/ml) (Table 2.1). 

In contrast, the number of immunopositive GnRH neuroterminal per unit area found in 

the pericapillary zone of the lateral median eminence showed an increase in old (25 ± 3) 

compared to young (14 ± 1) OVX rats (Table 2.1). 
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Interaction between GnRH immunopositive terminal and glia  

The close relationship between GnRH immunopositive terminal and glial 

elements was quantified and compared between young and old female OVX rats using 

high magnification electron microscopy images. A total of 194 GnRH immunopositive 

terminals were analyzed in young (n = 71) and old female rats (n = 123) (Table 2.1). The 

surface interaction between GnRH immunopositive neuroterminals and glial processes 

decreased approximately 14% in old rats compared to young rats (P = 0.009).  
 

TABLE, FIGURE AND FIGURE LEGENDS 

Table 2.1  The percentage of GnRH terminal membrane in contact with glial membrane 
was analyzed and a 14 % decrease was found in old rats compared to young 
rats (P = 0.009). 

Group 
Age 

Animal 
ID 

LH serum 
concentration 

(ng/ml) 

Terminal 
Number 

Membrane 
contacts 

(%) 

Average 
membrane 

contacts (%) 

Young acg202 32.8 11 88.90 86.29 ± 2.36 
 acg208 28.8 17 85.44  
 acg216 19.0 15 80.55  
 acg253 15.8 12 82.68  
  acg209 15.0 16 93.88   

Old acg23 1.8 23 72.02 72.26 ± 3.35 
 acg19 5.0 33 72.12  
 acg20 2.4 27 67.41  
 acg206 7.8 22 65.21  
  acg207 16.0 18 84.54   
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Figure 2.1. Light microscopy image of a semithin section showing the region for 3D 
reconstruction. 

 

Light microscopy image of a semithin section from a representative young OVX female 

rat showing the orientation of the lateral median eminence. The interface between the 

edge of neural profiles and the portal capillaries was identified. This region contains 

many GnRH immunopositive terminals. After several steps of trimming, a 50 µm by 2 

mm cutting zone (marked by parallel lines) was saved for serial electron microscopy 

sectioning. Scale bar = 100 µm.  Cap = portal capillaries, 3V = 3rd ventricle. 
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Figure 2.2. Electron microscopy image and 3D images from a representative young OVX 
rat showing the organization of the lateral median eminence 

 

Electron microscopy image and 3D images from a representative young OVX rat 

showing the organization of the lateral median eminence. Panel A: A GnRH 

immunopositive terminal (white asterisk) was about 2 µm to the portal capillary basal 

lamina (BL with arrows). Panel B: The glial processes (green) showed a linear pattern 

and oriented to the capillary bed (pink). Panel C: The relationship between GnRH 

immunopositive terminal (orange), GnRH immunonegative terminal (yellow, also shown 

in Panel A labeled as T) and capillary bed (pink) were shown. Panel D: The glial process 

separating neuroterminals from the portal capillary bed. Scale bar = 2 µm. Abbreviations: 

BL = basal lamina; Glia = glial processes; T = GnRH immunonegative terminals. 
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Figure 2.3. Electron microscopy images of the pericapillary area of the lateral median 
eminence from representative young and old OVX female rats showing the 
glial pattern. 

 

Electron microscopy images of the pericapillary area of the lateral median eminence from 

representative young and old OVX female rats showing the glial pattern in the 

pericapillary area. Panel A: Extended glial processes with relative higher electron density 

compared to neural profile tend to be linear and oriented towards the basal laminar (BL 

with arrowhead). The basal laminar as the boundary between neuronal profile and 

capillary system is clearly covered by glial endfeet. Panel B: Glial process are less 

structured in old rat. The basal lamina of the portal capillary is very convoluted and hard 

to define. Scale bar = 5 µm. Abbreviations: BL = Basal lamina, Cap = capillary, ECS = 

extracellular space, Glia = glial elements. 
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Figure 2.4. Electron microscopy images and 3D images from representative young OVX 
rats showing the relationship between immunopositive GnRH terminal and 
glial elements. 

 

Electron microscopy images and 3D images taken from representative young OVX rats 

showing the relationship between immunopositive GnRH terminal and glial elements in 

the portal capillary region. Panel A: A GnRH immunopositive terminal (framed in box), 
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identified by the presence of immunogold particles in the large dense-core vesicles at 

higher magnification, is approximately 3 µm in distance from the basal lamina (BL with 

arrow) of the portal capillary (cap). A glial element (Glia) in contact with GnRH 

immunopositive terminal also covers the basal lamina of the capillary. Scale bar = 1 µm. 

Panel B: This same immunopositive GnRH terminal is shown at higher magnification. 

Immunogold labels (5 nm) are located in large dense-core vesicles (arrowheads). Glial 

elements containing high density of glycogen granules (white arrow) are in contact with 

GnRH terminal. The relationship between this GnRH terminal and glial elements (Glia) 

is reconstructed and shown in panel C and D. Panel C: A reconstructed image shows half 

of the GnRH neuroterminal (tan) containing numerous large secretory vesicles (purple) 

and small vesicles (red). Finger shaped glial elements (green) make directly contact with 

the GnRH neuroterminal. Panel D: The interaction between the same GnRH 

neuroterminal and glia is reviewed at different angles and a strong inter-relationship 

between these elements is shown. Panels E, F: An immunopositive GnRH axonal puncta 

is reconstructed and showed at different angles. Note the density of large secretory 

vesicles is higher in axonal puncta compared to neuroterminal. The glial processes also 

shows a less complex relationship with the GnRH axon compared to the GnRH terminal. 

Scale bar (B, C, D, E, F) = 500 nm. BL = basal lamina, Cap = portal capillary, Glia = 

glial element, Mit = mitochondria. 
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Figure 2.5. Electron microscopy images and 3D image showing the extruded membrane 
structure on a neural axonal puncta. 

 

Three representative electron microscopy images and 3D image showing the extruded 

membrane structure on a neural axonal puncta in the median eminence from a 

representative young ovariectomized female rat. No immunogold labeling technique is 

performed in this serial section. Panels A, B, C: The extruded membrane structure 

(arrow) on a axonal puncta in close to glial element (glia) is shown across several 

sections in a series of section with low electron density and no cytoplasmic contents. 

Panel D: This same axonal puncta (tan) is reconstructed to show the relationship to 

another nearby neural axons (light yellow) and nearby glial elements (green). Scale bar = 

100 nm.  
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Figure 2.6. Electron microscopy image and 3D images from a representative old OVX rat 
showing the relationship between immunopositive GnRH terminal, glial 
elements and portal capillary basal lamina. 

 

Electron microscopy image and 3D images taken from a representative old OVX rat 

showing the relationship between immunopositive GnRH terminal, glial elements and  

portal capillary basal lamina in the pericapillary region of the median eminence. Panel A: 

An immunogold labeled GnRH neuroterminal (white asterisk) was in direct contact with 

portal capillary basal lamina (BL with arrows). Glial elements (Glia) were loosely 

surrounding GnRH terminal and separating GnRH terminal from two other non-GnRH 

neuroterminals (T). The basal lamina was highly convoluted. Panel B: A 3D image was 

reconstructed from 21 serial electron microscopy images. In GnRH neuroterminal, the 

distribution of large dense-core vesicles (purple) and mitochondria (blue) was clearly 

seen. A three dimensional relationship of GnRH terminal (orange, demonstrated in panel 

A), non-GnRH terminal (yellow), glial elements (green) and portal capillary bed (pink) 

were demonstrated. Scale bar = 500 nm. Abbreviations: BL = basal lamina; Glia = glial 

processes; T = GnRH immunonegative terminals 
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Figure 2.7. Electron microscopy image and 3D images from a representative old OVX rat 
showing the density of large dense-core vesicles in GnRH immunopositive 
terminal. 

 

 
 

Electron microscopy image and 3D images taken from a representative old OVX rat 

showing the density of large dense-core vesicles in a branching immunopositive GnRH 

terminal. Panel A: An immunogold labeled GnRH neuroterminal (white asterisk) was in 

contact with glial elements (Glia). Glial elements separated the GnRH terminal from the 

convoluted portal capillary basal lamina (BL with arrows). Panels B to D: 3D images 

reconstructed from 20 serial electron microscopy images showed the interaction of GnRH 

terminal (orange) - glial processes (green) (Panel A), glial processes (green) - portal 

capillary bed (pink) (Panel B), and GnRH terminal-glia-portal capillary (Panel C). The 

GnRH terminal containing mitochondria (blue) and high density of large dense-core 
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vesicles (purple) was shown to have very interesting branching shape.  A portion of the 

terminal branch was ensheathed by glial elements. Those GnRH immunonegative 

terminals from Panel A (T) were not shown in 3D images. Scale bar = 500 nm in all 

panels. Abbreviations: BL = basal lamina; Glia = glial processes; T = GnRH 

immunonegative terminals. 
 

DISCUSSION 

Hypophysiotropic neurons project nerve terminals to the median eminence, where 

neurohormones are released into the portal capillary vasculature leading to the anterior 

pituitary gland. Numerous studies have focused on this complex neuroterminal region, 

but as yet, the spatial and functional relationship between neuroterminals, glia and 

capillaries is inadequately visualized or understood. Serial electron microscopy in concert 

with computer graphics has enabled us to perform 3D reconstruction. This approach has 

previously proven to be a powerful tool to collect detailed ultrastructural anatomical 

information on synaptogenesis in hippocampus (Carlbom et al., 1994; Ventura and 

Harris, 1999; Sorra et al., 2006), but to our knowledge it has never been applied to the 

hypothalamus. We extended these methods by combining the technique with cryo-

substitution. The antigenicity in such low temperature prepared brain tissue is well 

preserved for post-embedding immunogold labeling. In this way, we were able to study 

the hypophysiotropic GnRH neural system and demonstrate detailed ultracellular 

information.  

 

3D reconstruction gives a much more meaningful depiction of the shape and 

structural relationships between glia and neuroterminals, which is otherwise difficult to 
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infer from single or multiple isolated 2D sections. Using serial electron microscopy we 

can positively identify previously ambiguous structures by investigating adjacent 

sections. For example, we demonstrated an unknown extruded membrane structure 

widely presented in hypophysiotropic neural axons and terminals. Furthermore, by 

combining serial electron microscopy with immunogold labeling, the labeling specificity 

can be confirmed by virtue of corresponding labels on the same structures on adjacent 

section. We showed that GnRH immunogold labels were present in all large dense-core 

vesicles in GnRH terminal in both young and old female rats. To our knowledge, this has 

never been shown by previous electron microscopy studies.  

 

The median eminence is one of the circumventricular organs with a relatively 

porous blood-brain barrier, thereby enabling the neuroendocrine systems to communicate 

with the peripheral circulation (Okon and Koch, 1977). This unique feature is maintained 

by specialized tanycyte and astrocyte cells (Nozaki et al., 1979; Kozlowski and Coates, 

1985; Theodosis and MacVicar, 1996; Prevot et al., 1998; Durrant and Plant, 1999a; 

Baroncini et al., 2007; Ojeda et al., 2008). In the capillary zone of the median eminence, 

tanycyte processes covers the basal lamina of the portal capillary and were frequently 

seen in contact with neural axons and terminals.  High density of glucose granules was 

seen in the cytosol of tanycytes processes. Because glucose is the major energy source in 

the brain, the high density of glycogen granules in glial processes represents a high-

energy demanded neural-glial activity. Indeed, Previous morphological studies 

demonstrated the close interaction between glial cells and GnRH neurons in the rodent 

(Kozlowski and Coates, 1985; King and Letourneau, 1994; Romero et al., 1994), 

nonhuman primate (Witkin et al., 1991; Perera and Plant, 1997) and human 

hypothalamus (Baroncini et al., 2007) and this has been proposed to regulate GnRH 
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secretion (Prevot et al., 1998; Dhandapani et al., 2003; Ojeda et al., 2003; Garcia-Segura 

et al., 2008). Our study on the organization of the capillary zone in the median eminence 

showed clear evidence that glial cells undergo dynamic morphological changes in the 

median eminence during aging. Most interestingly, the general organization of the 

median eminence became less structured in aged rats. In addition, the boundary between 

the neuroterminals of the pericapillary zone with the portal capillaries became more 

convoluted in aged female rats. We interpret this to mean that the access of the GnRH 

peptide to the portal capillary system is different between young and aged rats, and may 

be related to the decreased pulsatile (Wise et al., 1988a; Scarbrough and Wise, 1990) and 

surge (Wise, 1982; Lloyd et al., 1994; Rubin et al., 1994)release  of GnRH reported in 

aging rats. 

 

We examined the close relationship between GnRH neuroterminals and glial 

elements in three-dimensions and demonstrated a complex interaction between GnRH 

neuroterminals and glia. These results extend previous studies on the GnRH-glia 

interaction reported using 2D analysis (King and Rubin, 1994; Prevot et al., 1998; Prevot 

et al., 1999). We further quantified this close relationship and found a small but 

significantly decreased membrane apposition between GnRH terminals and glia in old 

compared to young rats. To our knowledge, this is the first evidence showing that GnRH 

terminal and glia interactions are affected by age. Whether this 14% decrease of 

membrane interaction can result a decrease of GnRH release is uncertain, but it suggests 

that the underlying anatomical framework and neural-glial communication is different. 

This finding may relate to reports showing that cell-surface molecules involved in 

structural properties underlying cellular communication including PSA-NCAM, a neural 

cell adhesion molecule (Gascon et al., 2007); contactin, a neural surface protein (Parent et 
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al., 2007); and SynCAM1, an adhesion molecule for synaptic assembly (Ojeda et al., 

2008). These cell-surface molecules have been shown to be involved in interactions 

between and among GnRH terminals and their surrounding glial cells (Ojeda et al., 

2008). It will be interesting to know whether the expression of these neuronal-glial cell 

surface molecules changes with age. 

 

In summary, using advanced electron microscopy technique, we have 

demonstrated a clear picture that the communication between GnRH neuroterminals and 

glia decreased with age in the median eminence, which may related to the decrease of 

GnRH pulsatile release and GnRH/LH surge in aged rats. Serial electron microscopy 

combined with the immunogold technique and 3D reconstruction provides us new 

insights into properties of GnRH neuroterminals and their surrounding glial elements. 

This technique can be further used to precisely locate and confirm neurotransmitter 

activity in the GnRH system. As shown in 3D image, GnRH neuroterminals are rich in 

small vesicles. However, as one of the mysteries in the GnRH neural system, the nature 

of the contents of small vesicles presumably neurotransmitters are still unknown.  
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RESEARCH  SECTION 3 

GnRH Neuroterminals and their Microenvironment in the Median 
Eminence: Effects of Reproductive Aging and Estradiol Treatment 

 

Weiling Yin1, Di Wu1, Megan L. Noel1, Andrea C. Gore 1,2,3 

1Division of Pharmacology and Toxicology, College of Pharmacy, 2Institute for 

Neuroscience, Institute for Cell & Molecular Biology, The University of Texas at Austin, 

Texas 78712 

ABSTRACT  

The gonadotropin-releasing hormone (GnRH) decapeptide is released from 

neuroendocrine terminals into the portal capillaries in the median eminence, the pattern 

of which is critical for normal reproductive function. During aging in the female rat, 

decreased GnRH pulsatile release and an attenuated preovulatory GnRH surge contribute 

to a gradual decline in reproductive function. The interactions between GnRH 

neuroterminals, glia and portal capillaries in the median eminence provide a unique 

network that undergoes dynamic changes during reproductive cycles and is sensitive to 

steroid regulation.  Here, we sought to evaluate how this network undergoes age-related 

changes, and to ascertain effects of estradiol on these anatomical interactions. Young (4-5 

mo), middle-aged (11-12 mo), and old (23-24 mo) Sprague-Dawley female rats were 

ovariectomized (OVX), and four weeks later they were treated with vehicle (VEH) or 

estradiol (E2). Rats were anesthetized and perfused transcardially 72 hours after E2 or 

VEH. Using fluorescence microscopy, GnRH immunofluorescence intensity was 

analyzed in a rostral to caudal series of the median eminence. A block of the caudal 
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median eminence was also prepared by cryosubstitution for post-embedding immunogold 

electron microscopy, in order to study the ultrastructural properties of GnRH 

neuroterminals and their microenvironment. Our analyses demonstrated: 1) GnRH 

fluorescence intensity in neuroterminals was not affected with age, indicating that GnRH 

neurons maintain the capacity to synthesize the GnRH peptide with aging. 2) The  

median eminence underwent structural changes with increased age, including a 

diminution of the organizational linear pattern of glial processes, and an increased 

convolution of the boundary of the neuropil along the portal capillary system. 3) In the 

region of the median eminence most proximal to the portal capillaries, the total number 

of neuroterminals per unit area decreased with age, whereas the number of GnRH-

immunoreactive neuroterminals per unit area showed no change, resulting in an overall 

increase in the percentage of neuroterminals that were GnRH-immunopositive. 4) The 

density of large dense-core secretory vesicles in GnRH neuroterminals increased with 

age, suggesting increased transportation or reduced release of the peptide. Additionally, a 

positive correlation was found between the density of large dense-core vesicle and the 

distance from the GnRH immunopositive terminal to capillary basal lamina only in young 

and middle-aged vehicle treated rats. 5) The apposition of GnRH neuroterminals to glial 

processes as measured by membrane contact significantly decreased with E2 treatment in 

all three age groups. With aging, this neuroterminal glia interaction significantly 

decreased. Together, these data suggest that while GnRH neurons can continue to 

synthesize the peptide, changes in the GnRH neuroterminal-glial-capillary machinery 

occur during reproductive senescence in a manner consistent with potential alterations in 

the ability of the GnRH decapeptide to access the portal capillary vasculature.  
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INTRODUCTION 

The gonadotropin-releasing hormone (GnRH) decapeptide secreted at the base of 

the hypothalamus in the median eminence is critically involved in the control of 

reproductive function. From the portal capillary bed in the median eminence, GnRH is 

transported to the anterior pituitary, where it stimulates the release of follicle-stimulating 

hormone (FSH) and luteinizing hormone (LH). These gonadotropins in turn control the 

synthesis and release of gonadal steroid hormones. The biological rhythms of GnRH 

release are responsible for pubertal development and the maintenance of adult 

reproductive function, although the role of GnRH in reproductive senescence is less clear 

(reviewed in (Gore, 2002a; Yin and Gore, 2006). This process of reproductive aging in 

many female mammals, including humans and rats, is characterized by a gradual 

transition from regular reproductive cycles to irregular cycles to eventual acyclicity, and 

concomitant loss of fertility (Huang et al., 1976; Scarbrough and Wise, 1990). A role of 

the hypothalamic GnRH neurons in this process is difficult to discern because all three 

levels of the hypothalamic-pituitary-gonadal (HPG) axis change during aging, and the 

causes and consequences are not easily distinguishable. Nevertheless, there is evidence 

that GnRH neurons undergo age-related changes in biosynthesis, processing, and release 

of the GnRH decapeptide prior to reproductive failure, suggesting a contributory role of 

GnRH cells to reproductive failure (reviewed in (Yin and Gore, 2006)). 
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Neurosecretory terminals of hypothalamic releasing hormone neurons, including 

GnRH, are concentrated in the pericapillary region of the median eminence. This brain 

region is abundant in nerve terminals and glia, yet it contains very few synaptic contacts 

(Kawakami et al., 1998b; Durrant and Plant, 1999a; Yin et al., 2007). Therefore, the 

mechanism for communication among neuroterminals in this region, including the 

coordination of pulses of GnRH release, is thought to involve volume (or non-synaptic) 

transmission within the median eminence (Agnati et al., 1995a; Kawakami et al., 1998b). 

This process is likely to involve local interactions among GnRH terminals; 

communication between GnRH axons and other neuroterminals; as well as glial cells 

such as tanycytes and astrocytes that are apposed to GnRH neuroterminals. With regard 

to the neuroterminal-glial relationship, it was reported that glia of the median eminence 

may retract in order to expose the neuroterminal to both extracellular regulatory factors 

as well as to the portal vessels (Theodosis and MacVicar, 1996). This close relationship 

changes under different hormone conditions (King and Rubin, 1994; Prevot et al., 1998) 

but little is known about how this system may change during aging.  

 

Here, we sought to characterize the ultrastructural properties of GnRH 

neuroterminals and their microenvironment in the median eminence in the context of 

reproductive aging and estradiol regulation. Our model was the ovariectomized rat at 

three ages (young, middle-aged and old), given either estradiol or vehicle treatment. First, 

we used fluorescence microscopy to quantify the GnRH immunoreactivity in the median 

eminence as an index of peptide content. Second, we developed electron microscopic 

approaches to assess the ultrastructural properties of the median eminence, including 

qualitative descriptions of this region’s organization, and quantitative analyses of 

intrinsic properties of immunolabeled GnRH terminals. Third, we quantified the 
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microenvironmental changes in the median eminence, including glial apposition to GnRH 

neuroterminals, extracellular space in the pericapillary region, and the coverage of portal 

capillary basal lamina by glial elements. Finally, we related these changes to the age and 

hormonal status of the animal. Together, these studies provide a novel morphological 

approach to understanding the hypothalamic changes that occur during reproductive 

aging. 
 

MATERIALS AND METHODS 

Experimental Animals  

Female Sprague-Dawley rats were purchased from the Animal Resources Center 

at the University of Texas at Austin, and housed in the laboratory colony. Rats were 

housed two per cage in a room with controlled temperature (22 oC) and light cycles (12 

h/12 h light/dark cycle, lights on at 0700 h). Food and water were available ad libitum. 

All animal experiments were performed using protocols approved by the Institutional 

Animal Care and Use Committee at the University of Texas at Austin and guidelines 

from The Guide for the Care and Use of Experimental Animals. Rats were assigned to 

use at one of three ages: young (4 to 5 months, n = 16), middle-aged (11 to 12 months, n 

= 16) and old (23 to 24 months, n = 16).  
 

Surgical procedures and tissue preparation 

Surgical procedures were performed as previously described (Yin et al., 2007) 

with some modification. Briefly, 48 rats were bilaterally ovariectomized under isoflurane 

anesthesia and allowed to recover for 4 weeks to clear endogenous ovarian estrogens 
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from the general circulation (Gore et al., 2002) Silastic capsules (inner diameter 1.96 

mm, outer diameter 3.18 mm; Silastic Brand laboratory tubing, Dow Corning, Midland, 

MI) were prepared for young (1 cm in length), middle-aged (1.5 cm in length) and old (2 

cm in length) rats (Funabashi et al., 2000b; Gibbs, 2000). Capsules filled with either 17β-

estradiol (5% in cholesterol) or 100% cholesterol (vehicle) were soaked in saline for 24 

hours and then subcutaneously implanted into isoflurane-anesthetized rats. Seventy-two 

hours later, rats were anesthetized between 0900 to 1100. Before perfusion, we collected 

3 ml of blood from the left ventricle. Serum was separated by centrifugation at 4000 rpm 

for 8 min and aliquoted for LH, estradiol and progesterone assays as described below. 

Rats were transcardially perfused (Gore et al., 2000a; Miller and Gore, 2002) with 0.1 M 

phosphate buffer (PB, pH 7.4; 50 ml), followed by 4% paraformaldehyde and 0.125% 

glutaraldehyde in PB (500 ml). After perfusion, the pituitary was carefully removed. 

Antemortem body weight (including change from OVX to perfusion) and postmortem 

pituitary weight and uterus diameter were recorded. The brain was removed and 

postfixed in 4% paraformaldehyde overnight at 4 oC and then sectioned on a vibrating 

blade microtome (Leica VT1000S, Bannockburn, IL). We identified the median 

eminence and collected alternating sections of 40 µm thickness for light microscopy and 

100 µm for electron microscopy through the entire median eminence region. Sections for 

electron microscopy were cryoprotected by immersion in increasing concentrations of 

glycerol (10%, 20%, and 30% in 0.1 M PB) and checked under a transmitted light 

microscope (Leica DMLB compound microscope, Germany) with Leica DFC digital 

color camera. Differential interference contrast (DIC) images were taken for 

morphological orientation and comparison. A fragment of about 1 mm2 in area was 

excised from the lateral median eminence under a dissecting microscope (Leica S6D 

stereos microscope, Switzerland), and this fragment was rapidly plunged into liquid 
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propane cooled to -180 oC by liquid nitrogen in a cryofixation system (Leica CPC, 

Vienna). Cryofixed tissue was then quickly transferred to an Automatic Freeze-

Substitution System unit (Leica AFS, Vienna). The samples were immersed in 1.5% 

uranyl acetate in anhydrous methanol at -90 oC for 24 hours. Then, the temperature was 

set to automatically increase in steps of 4 oC/hour from -90 oC to -45 oC. Once at  -45 oC, 

the samples were infiltrated with Lowicryl HM20 resin (Electron Microscopy Sciences, 

Fort Washington, PA) at -45 oC with a four-step progressive increase in the ratio of resin 

to methanol for 2 hours each, followed by pure Lowicryl overnight. To polymerize the 

Lowicryl resin, the samples were incubated under UV light (360 nm) at -45 oC for 24 

hours followed by 0 oC for 35 hours.  
 

Fluorescence immunohistochemistry, microscopy, and analysis 

One 40 µm section was chosen at each of the rostral, middle, and caudal levels of 

the median eminence of each rat for a total of three sections per rat for use in 

fluorescence immunohistochemisty. Sections were washed in PBS, blocked in 10% 

normal goad serum, and incubated with mouse anti-GnRH primary antibody (HU11b at 

1:500, kindly provided by Dr. H.F. Urbanski (Urbanski, 1991; Yin et al., 2007). for 3 

days and then Texas red goat anti-mouse IgG secondary antibody (1:400, Vector 

Laboratories) for 2 hours. The primary antibody was omitted in control experiments. 

Images to analyze the localization and intensity of GnRH processes and neuroterminals 

were captured using a fluorescence microscope (Leica DM IRBE, Germany) with a 

digital camera (Leica DFC 300). All images were captured using the same set up for 

microscope and camera. Quantification analysis was performed using Metamorph 

imaging software (MetaMorph 6.1). The fluorescent labeling of GnRH processes and 
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neuroterminals from each image were thresholded at the same level and the integrated 

number for each image was used for statistical analysis. Statistical analyses were 

performed using SPSS 13.0 for windows. The GnRH average intensity and distribution 

were compared for effects of age and hormone (estradiol vs. vehicle treatment) using 

two-way ANOVA. An effect was considered significant at P < 0.05.  
 

Transmission electron microscopy tissue preparation and immunocytochemistry 

Due to the intensive labor for electron microscopy preparation, after low 

temperature embedding, we randomly choose embedded tissue from 5 rats from each of 

the six group s(total 30 rats) for ultrathin sectioning. In addition, based on 

immunofluoresence results showing the most intense GnRH terminal labeling in the 

caudal median eminence, tissue blocks from this subregion were selected for all further 

electron microscopy procedures. Tissue blocks were trimmed on an ultramicrotome 

(Leica EM UC6, Vienna). Semithin sections (400 nm) stained with 2% toluidine blue 

were examined under a transmitted light microscope (Leica DMLB compound 

microscope, Germany) with Leica DFC digital color camera for morphological 

orientation. Three sets of serial ultrathin sections (70-80 nm) cut with a diamond knife  

(Diatome Ultra 45) were collected on formvar-coated gold slot grids (Electron 

Microscopy Sciences, Fort Washington, PA). For post-embedding immunogold labeling, 

sections were treated in 0.1% sodium borohydride and 50 nM glycine in Tris-buffered 

saline (TBS, 0.005 M Tris and 0.3% NaCl) for 1 minute, and then in 2% human serum 

albumin (HSA in TBS) for 10 minutes.  We incubated sections with mouse anti-GnRH 

(HU11b at 1:100) for 4 hours and followed with gold-tagged (10 nm) F(ab’)2 of goat 

anti-mouse IgG (1:20, Electron microscopy science) in TBS with 2% HSA and 
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polyethylene glycol (PEG, MW 20,000; 5 mg/ml) for 1 hour. Ultrastructural analyses 

were performed on a transmission electron microscope (Philips EM208, Eindhoven, 

Netherlands) with an AMT HR 1Mb digital camera. No counterstaining (uranyl acetate or 

lead citrate) was necessary because the ultrastructure is sufficiently defined by perfusion 

and freeze-plunge fixation and en bloc uranyl acetate. In preabsorption control 

experiments, GnRH antibody (1:100) was incubated with GnRH peptide (10 µg/ml, 

L7134, Sigma, St. Louis, MO) overnight at 4 oC. After centrifugation (15,000 rpm for 20 

minutes), the preabsorbed GnRH serum in the supernatant was used in place of the 

primary antibody in an adjacent ultrathin section.  
 

Quantitative analysis for transmission electron microscopy 

Three ultrathin sections (4 to 5 µm apart) from the caudal median eminence of 

each rat were used for election microscopy data analysis. The neuroterminal region (10 

µm by 800 µm) along the portal capillaries was identified in the lateral median eminence. 

To study the organization of median eminence, ten images along the basal lamina of the 

lateral median eminence were taken at 5,600x TEM magnification. Each image covers an 

approximately 10 by 10 µm2 area near the portal capillary system. Glial elements were 

identified by overall higher electron density, large number of glycogen granules with 

evenly high electron density and a distinctive outline. Glial elements were pseudocolored 

in Photoshop 6.0 to facilitate a comparison of the pattern of glial elements in the 

pericapillary region. The basal lamina interface of the portal capillaries was outlined and 

the length was measured in each image using NIH Image J software (Wayne Rasband, 

National Institute of Mental health, Bethesda, Maryland, USA. http://rsb.info.nih.gov/ij/). 

The extracellular space of the capillary region from each image was thresholded and 
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quantified using Metamorph imaging software (MetaMorph 6.1). The neuroterminal 

density in each image was quantified and the neuroterminals in apposition to the basal 

lamina were counted. Along the basal lamina in an area of about 10 by 1000 µm2, each 

GnRH immunopositive terminals was further individually photographed at 28,000x EM 

magnification of the portal capillaries for ultrastructural study, for a total of 716 GnRH 

terminals. The distance between each GnRH neuroterminal to the nearest basal lamina 

point was measured and only neuroterminals within 10 µm from the basal lamina and 

with a minimum size of 0.75 µm2 were included for data analysis. Using NIH Image J 

software, the area and perimeter of each GnRH neuroterminal fraction was measured. 

Within each GnRH neuroterminal, the threshold parameter was set to delineate and count 

large dense-core vesicle numbers and 10 nm immunogold particles (indicating GnRH 

peptide labels) occurring in the GnRH neuroterminal. The mitochondrial area fraction in 

each terminal was also determined. Finally, the surface contact of GnRH neuroterminals 

and glial elements within a distance of 50 nm was outlined and the percentage of 

membrane surface contact was calculated. Statistical analyses were performed using 

SPSS 13.0 for windows. Effects of age and hormone treatment were analyzed using two-

way ANOVA. Although multiple data points were collected per animal, as three sections 

were used with multiple sampling zones, the final unit of analysis is the animal, and each 

n represents the number of animals per group. Differences were considered significant at 

P < 0.05. When a significant main effect was found, post-hoc analysis was performed 

using Bonferroni post-hoc test. Regression analysis was performed to study the dynamic 

changes of the density of large dense-core vesicle and the distance from GnRH terminal 

to the portal capillary using SPSS 13.0 for windows. Significance was determined at P < 

0.05. 
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Radioimmunoassay (RIA) for LH, estradiol and progesterone  

LH concentrations in serum samples were determined by double antibody RIA in 

the laboratory of Dr. Michael J. Woller at the University of Wisconsin-Whitewater (Gore 

et al., 2000b; Gore et al., 2002). This RIA was performed using the rat LH RP-3 standard 

from the National Hormone and Pituitary Program of the NIDDK with reagents provided 

by Dr. A. Parlow (Vella et al., 2001). The antibody-antigen complex was precipitated 

using goat anti-rabbit γ-globulin (Biogenesis, Inc., Sandown, NH). The intra-assay 

variability was 4.39% and assay sensitivity for the LH assay was 0.4 ng/ml. Estradiol 

concentration in serum was determined by RIA of duplicate samples using the DSL 

ultrasensitive estradiol RIA kit (DSL-4800) according to the manufacturer’s instructions. 

This assay sensitivity was 2.2 pg/ml, and intra-assay variability was 2.59%. Effects of 

age and hormone treatment, and their interactions, were compared using two-way 

ANOVA followed by post-hoc analysis if indicated by a significant main effect. An 

effect was considered significant at P < 0.05. 
 

RESULTS 

Epifluorescence microscopy 

Fluorescence intensity of GnRH immunoreactive axons and terminals was 

measured  in three confocal sections per rat, one each at the rostral, medial and caudal 

median eminence levels (Figure 3.1). Fluorescence microscopic analyses showed that 

there was no statistically significant change in GnRH immunofluorescence with age or 

hormone treatment (Figure 3.2). In general, fluorescence intensity was higher in the 

caudal median eminence, and therefore this region was used for subsequent electron 

microscopy analyses. 
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Transmission electron microscopy 

Organization and ultrastructure of the median eminence 

Tissue sections (100 µm in thickness) from the caudal median eminence were 

prepared for transmission electron microscopy (Figure 3.3). Four zones can be identified 

in the lateral portion of the median eminence: the ventricular zone, the myelinated axon 

zone, the neural profile zone and the pericapillary zone. These zones can be seen with 

both light microscopy (Figure 3.3) and electron microscopy (Figure 3.4A, B, C, D). In 

the ventriclular zone, tanycytes cell bodies were seen to loosely line the walls of the 3rd 

ventricle, and extended long basal processes oriented radially toward the portal capillary 

region (Figure 3.4A). Basal to the ventricular zone, numerous neuronal axons covered 

with myelin sheaths were perpendicular to tanycyte processes (Figure 3.4B). In the 

neural profile zone, neuronal axon swellings (puncta) containing large dense-core 

vesicles were seen to be in close proximity to the tanycyte processes (Figure 3.4C). 

Neuroterminals containing large dense-core vesicles were separated from the basal 

lamina of the portal capillaries at the pericapillary zone (Figure 3.4D). While most of the 

portal capillary basal lamina was covered by tanycytic endfeet, some neuroterminals were 

found to be in direct contact with the basal lamina (Figure 3.5). Those neuroterminals in 

touch with the basal lamina had few large dense-core vesicles in the cytoplasm, 

presumably because the secretory vesicular contents had been released. Therefore 

without immunolabeled large dense-core vesicles, we could not identify whether those 

neuroterminals were GnRH terminals. The percentage of basal lamina area in contact 

with neuroterminals was quantified and no statistical difference was found with age and 

estradiol treatment (Table 3.1). In the ventricular and pericapillary zone, the extracellular 

space showing low electron density surrounding the neuronal and glial elements was 

clearly visible (Figure 3.5). We quantified the extracellular space in the capillary zone 
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where the extracellular fluid might play a role in volume transmission affecting 

neuropeptide release. No statistical difference was found for this parameter (Table 3.1). 

 

The organization of the pericapillary zone of the median eminence was observed 

qualitatively using lower magnification electron microscopy images. In young rats, 

extended tanycyte processes tended to be linear and oriented towards the portal capillary 

system. With age, the glial elements appeared larger, and their pattern of organization 

was less structured (Figure 3.6 A-F). The boundary of the neuronal-glial elements and 

the portal capillary system became increasingly convoluted and less clearly delineated 

with age (Figure 3.6 G-L).  
 

GnRH neuroterminals and their properties 

As the focus of our study was GnRH neuroterminals, further electron microscopic 

studies were focused on the capillary zone of the lateral median eminence (see Figure 3.3 

and Figure 3.4D). GnRH immunopositive neuroterminals were identified by the 

presence of 10 nm immunogold particles. The specificity of the GnRH antibody was 

tested in preabsorption control experiments and no specific labeling was found in the 

adjacent control sections (compare Figures 3.7B and 3.7C). The relationship between 

GnRH immunopositive terminals, glial processes and the distance to capillary basal 

lamina as shown in Figure 3.7A, was quantified. Only GnRH immunopositive terminals 

that met the following criteria were included: a minimum 0.75 µm2 size; at least 4 labeled 

large dense-core vesicles; and within 10 µm to the portal capillary basal lamina. The 

largest GnRH immunopositive terminal section imaged was 5.6 µm2. A total of 716 

GnRH immunopositive terminals fit our criteria and were imaged and analyzed (Figure 
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3.8). Statistical analysis showed a significant decrease in neuroterminal density of all 

terminals in the pericapillary zone, both GnRH immunopositive and immunonegative, 

with age (p < 0.01) (Figure 3.9). Post-hoc analysis showed that terminal density was 

significantly lower in middle-aged and old rats when compared to young rats (p < 0.05, P 

< 0.01, respectively). The density of GnRH immunopositive terminals showed no 

statistical difference with age and estradiol treatment (data not shown).  

 

The size (area) of GnRH immunopositive terminals and their cytoplasmic 

contents were also quantified. The average area of the GnRH immunopositive terminals 

was not affected by age, but was significantly decreased with estradiol treatment (P < 

0.05; Table 3.2). Within GnRH immunopositive terminals, the density of large dense-

core vesicles increased with age (P <  0.05, Table 3.2, Figure 3.10). Although estradiol 

had no main effect on this endpoint, there was a significant interaction between age and 

estradiol (P < 0.05). The density of large dense-core vesicle also showed a positive 

correlation with the distance from the GnRH immunopositive terminal to the basal lamina 

in young (P < 0.01, R2 = 0.12) and middle-aged (P <0.01, R2 = 0.07) vehicle treated rats 

(Table 3.3). No correlation was seen in all other groups. The number of immunogold 

labels per large-dense core vesicle was not affected by age or hormone (Table 3.2). The 

area fraction of mitochondria showed no difference with age and estradiol treatment 

(Table 3.2).  
 

Relationship between GnRH terminals and glia 

We quantified the surface contact between GnRH immunopositive neuroterminals 

and glial processes and showed a decrease of surface contact with age (p < 0.001) and 
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with estradiol treatment (p < 0.05; Figures 3.10 and 3.11). In addition, during the course 

of analysis, we noted a dramatic increase in the amount and size of autophagic vacuoles 

in middle-aged and old rats (Figure 3.12). These vacuoles  (0.5 to 2 µm in diameter) 

were accumulated in glial cytoplasm and exhibited low electron density. Membrane and 

neuroterminal structures can be seen in some of the vacuoles (Figure 3.12). Few 

autophagic vacuoles were seen in the young rats. 
 

Reproductive hormones and organs in the experimental animals 

LH serum concentrations were significantly lower in middle-aged and old rats 

than in young OVX rats (P < 0.01, Table 3.4). Negative feedback from estradiol 

treatment  (72 hours) decreased LH concentrations only in the young group (Table 3.4). 

The pituitary weight was significantly increased with age (p < 0.05), and with estradiol 

treatment (p < 0.05, Table 3.4). Notably, rats with pituitary tumors were excluded from 

the study. Body weight was measured and compared before and after 72 hours of 

estradiol or vehicle treatment. Body weight significantly decreased after 72 hours of 

estradiol treatment at all three ages (p < 0.001, data not shown). The diameter of the 

uterus significantly increased with estradiol treatment at all three ages (p < 0.001, Table 

3.4), demonstrating that estradiol had an uterotrophic effect at all ages. Serum estradiol 

data reviewed a significant difference between estradiol and vehicle treated group in all 

three ages (p < 0.001, Table 3.4). 
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TABLES, FIGURE AND FIGURE LEGENDS 

Table 3.1 Quantification of the percentage of basal lamina in contact with neuroterminals 
and of the extracellular space of the pericapillary zone.  

Group % of basal lamina in contact 
with neuroendocrine terminals 

% of extracellular space 
in the capillary zone 

Young-VEH 8.51 ± 1.86 27.50 ± 2.50 
Young- E2 9.42 ± 1.29 24.92 ± 1.95 
MA-VEH 8.30 ± 1.77  26.99 ± 1.45  
MA- E2 9.98 ± 4.16 29.63 ± 2.67 

Old-VEH 12.27 ± 1.85 25.13 ± 0.82 
Old- E2 10.36 ± 1.76 27.10 ± 1.78 

The percentage of basal lamina in contact with neuroterminals showed no statistical 

difference with age (p = 0.537) or estradiol treatment (p = 0.907). The extracellular space 

in the capillary zone also showed no statistical difference with age (p = 0.46) or estradiol 

treatment (p = 0.68). Abbreviations: MA: middle-aged; VEH: vehicle (cholesterol); E2: 

estradiol. 
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Table 3.2 The properties of GnRH immunopositive terminals were compared with age 
and estradiol treatment.  

Group GnRH 
terminal 

section area 

 LDCV number 
per GnRH 

terminal area 

 Immunogold 
per LDCV 

 Mitochondria 
area fraction 

 

Young-VEH 2.38 ± 0.28  7.49 ± 0.63  2.79 ± 0.19  3.01 ± 0.32  
Young-E2 1.91 ± 0.21  8.90 ± 0.85  3.10 ± 0.55  3.86 ± 0.38  
MA-VEH 2.39 ± 0.23   8.74 ± 0.15   2.47 ± 0.21   4.55 ± 0.57   
MA- E2 2.07 ± 0.06  10.87 ± 0.72  3.25 ± 0.22  3.25 ± 0.50  
Old-VEH 2.00 ± 0.22  12.36 ± 1.42  3.53 ± 0.43  3.29 ± 0.48  
Old- E2 1.70 ± 0.13  9.5 ± 0.74  2.58 ± 0.39  3.67 ± 0.55  

The average area of GnRH immunopositive terminals (µm2) significantly decreased with 

estradiol treatment (p = 0.036) but not age. The number of large dense-core vesicles per 

GnRH terminal area increased with age (p = 0.012). Although there was no effect of 

hormone, a significant ineraction between the age and estradiol treatment effect was 

determined (p = 0.014). GnRH immunogold labels per large dense-core vesicles showed 

no change with age and estradiol treatment. The area fraction of mictochondria in GnRH 

immunopositive terminal also showed no statistical changes with age and estradiol 

treatment. Abbreviations: LDCV: large dense-core vesicles; MA: middle-aged; VEH: 

vehicle (cholesterol); E2: estradiol. 
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Table 3.3 Relationship between the density of large dense-core vesicle in GnRH 
immunopositve terminal and the distance of that terminal to the basal 
lamina. 

Group R Square P-value 
Young-VEH 0.120 0.003* 
Young-E2 0.002 0.720 
MA-VEH 0.074 0.004* 
MA- E2 0.000 0.900 
Old-VEH 0.010 0.256 
Old- E2 0.007 0.150 

Regression analysis was performed between the large dense-core vesicles per GnRH 

terminals and its distance to the basal lamina of the median eminence. A significant 

positive correlation was found for the Young-vehicle and Middle-aged vehicle groups. *, 

P < 005. Abbreviations: MA: middle-aged; V: vehicle (cholesterol); E2: estradiol. 
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Table 3.4 Validation of the experimental aging model.  

Group LH 
(ng/ ml) 

Pituitary 
weight (mg) 

Serum E2  
(pg/ml) 

Body weight 
at OVX  & 
gain after 

treatment (g) 

Uterus 
diameter 

(mm) 

Young-
VEH 

22.28 ± 
3.60 

 15.34 ± 
0.45 

 16.46 ± 
3.34 

 257 (±7) 
+ 59 (±6) 

 1.54 ± 
0.10 

 

Young-
E2 

7.20 ± 
1.00 

 18.92 ± 
0.80 

 204.67 ± 
36.61 

 262 (±6) 
+ 38 (±5)  

 5.48 ± 
0.69 

 

MA-
VEH 

9.48 ± 
1.55  

 14.34 ± 
0.76  

 28.69 ± 
10.52 

 276 (±9) 
+ 52 (±5)  

 1.98 ± 
0.28 

 

MA- E2 10.88 ± 
1.77 

 17.06 ± 
1.52 

 172.60 ± 
42.68 

 274 (±8) 
+ 37 (±4)  

 4.14 ± 
1.40 

 

Old-
VEH 

6.60 ± 
2.58 

 19.20 ± 
0.39 

 38.09 ± 
13.72 

 295 (±15) 
+ 50 (±2) 

 2.22 ± 
0.31 

 

Old-  
E2 

4.27 ± 
1.31 

 26.08 ± 
4.33 

 215.39 ± 
17.75 

 339 (±14) 
+14 (±4) 

 4.90 ± 
0.10 

 

 

LH serum concentration was significantly lower in middle-aged and old rats than in 

young OVX rats (p = 0.005). The negative feedback effect of estradiol on LH 

concentration was only seen in the young group (p < 0.001). Pituitary weight was 

significantly increased with age (p = 0.024), and with estradiol treatment (p < 0.001). 

Serum estradiol concentration significantly increased after estradiol treatment in all three 

ages (p < 0.001).  Body weight increased with age at ovariectomy (p< 0.001). After 

ovariectomy and estradiol treatment, body weight increased at all three ages (p < 0.001) 

but the gain of body weight was lower by estradiol treatment at all three ages (p < 0.001). 

The diameter of the uterus significantly increased with estradiol treatment at all three 

ages (p < 0.001). Abbreviations: MA: middle-aged; VEH: vehicle; E2: estradiol. 
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Figure 3.1. GnRH immunofluorescence intensity and distribution images through the 
median eminence. 

 

GnRH immunofluorescence intensity and distribution images through the median 

eminence of a representative vehicle treated young female rat. Similar results were seen 

for other ages and hormone treatments. The fluorescence intensity of GnRH processes 

and terminals determined by immunohistochemistry for GnRH is plotted as pseudocolor 

(red as most intense, purple as least) in the XY and Z direction (rostral to caudal) 

distribution. A much higher GnRH immunofluorescence intensity is seen in the caudal 

median eminence. Cap = capillary, 3V = 3rd ventricle, Scale bar = 500 µm. 
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Figure 3.2. Quantitative analysis of GnRH immunofluorescence intensity through the 
median eminence. 

 

Quantitative analysis of GnRH immunofluorescence intensity through the median 

eminence. Data are shown with three bars per group from rostral (left), medial (middle) 

to caudal (right) representing the three sections used per animal. There was no significant 

effect of either age or hormone on GnRH fluorescence intensity. Abbreviations: E2 = 

estradiol; MA = middle-aged; VEH = vehicle. 
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Figure 3.3. DIC image showing the lateral median eminence and quantitative electron 
microscopy methods. 

 

Panel A: Transmitted light differential interference contrast (DIC) image showing the 

lateral median eminence from a representative young vehicle treated rat. The lateral 

median eminence can be visually delineated into four stratified zones beginning from the 

ventricle (most dorsally) to the base of the brain towards the portal capillary vasculature 

(most ventrally). The capillary zone is the focus of this study as shown in the box. Scale 

bar = 100 µm. Panel B: Tissue block (100 µm in thickness) as shown in panel A is cryo-

embedded into HM20 and a block face is seen in this semithin section (500 µm in 

thickness). The capillary zone approximately 10 µm by 1000 µm area is marked by a 

solid line along the boundary of the portal capillary. For the median eminence 

organizational study, 10 sub-regions along the basal lamina were chosen (shown as 

square frames) and compared at the electron microscopy level. For GnRH neuroterminal 

ultrastructural comparisons, GnRH immunopositive terminals within 10 µm to the basal 

lamina were imaged individually in the capillary zone. Scale bar  (XY, Z direction) = 100 

µm. Abbreviations: Cap = portal capillary, CZ = capillary zone, MZ = myelinated axon 

zone, NZ = neuronal profile zone,  VZ = ventricular zone, 3V = 3rd ventricle. 
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Figure 3.4. Four zones of the lateral median eminence. 

 

Electron microscopy images showing the characteristic features of the four zones of the 

lateral median eminence of a representative vehicle treated rat, all shown at the same 

magnification. Panel A: In the ventricular zone, tanycytes cell bodies (Tan) loosely line 

the walls of the 3rd ventricle. B) Basal to the ventricular zone, groups of neuronal axons 

covered with myelin sheaths (My with arrow) are perpendicular to tanycyte processes 

(Tan with arrow). Panel C: In the neural profile zone, neuronal axon swellings 

(arrowhead) are in close proximity to the tanycyte processes (Tan with arrow). Panel D: 
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In the capillary zone, neuroterminals (asterisks) are separated by tanycytic endfeet (Tan 

with small arrow) from the basal lamina (BL) of the portal capillaries  (Cap). The 

extracellular space (ECS with arrow) surrounding neuronal and glial elements is clearly 

visible in the ventricular and capillary zone. Scale bar = 5 µm. BL = basal lamina, Cap = 

capillary, ECS = extracellular space, My = myelin sheaths, Tan = tanycyte, 3V = 3rd 

ventricle. 
 

Figure 3.5. The capillary zone of the lateral median eminence. 

 

Electron microscopy images of the capillary zone of the lateral median eminence of 

representative young (A), middle-aged (B) and old (C) vehicle treated rats showing the 

relationship between neuroterminals (white asterisks), extracellular space (ECS) and 

capillary (Cap) basal lamina (BL with arrow). Similar profiles are seen for estradiol 

treated rats (data not shown). The neuroterminals apposed to the basal lamina (double  

white asterisks) have few large dense-core vesicles. The extracellular space (ECS) with 

low electron density surrounding the neuronal and glial elements (Glia) is clearly visible. 

BL with arrow = Basal lamina, Cap = capillary, ECS = extracellular space, Glia = glial 

elements, Scale bar = 2 µm.  
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Figure 3.6. The organization of the pericapillary zone of the median eminence. 

 

Electron microscopy images showing the organization of the pericapillary zone of the 

median eminence. Panels A through F: The pattern of glial processes in the pericapillary 

zone of the median eminence from one representative rat per group (A = young-VEH; B 

= young-E2; C = middle-aged-VEH; D = middle-aged-E2; E = old-VEH; F = old-E2). In 

each panel, glial processes are pseudocolored in green, and a corner of the portal capillary 

plexus is pseudocolored in red. Glial processes of young rats, irrespective of hormone 

treatment, tended to be linear and oriented toward the portal capillary system. These glial 

process became larger and wider this radial orientation diminished with age. Scale bar 

(panels A – F) = 2 µm. G through L: The boundary of the portal capillary system is 
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shown from representative rats from each group (G = young-VEH; H = young-E2; I = 

middle-aged-VEH; J = middle-aged-E2; K = old-VEH; L = old-E2). The capillary 

boundary (pseudocolored in red) of the neuronal-glial elements and the portal capillary 

system appears to become increasingly convoluted and less clearly delineated in old rats. 

Scale bar (panels G – L) = 10 µm. Abbreviation: MA = middle-aged. 
 

Figure 3.7. The organelle and cytoplasmic contents within GnRH immunopositive 
terminals. 

 

Electron microscopy images showing the organelle and cytoplasmic contents within 

GnRH immunopositive terminals. Panel A: A GnRH neuroterminal (asterisk) is in close 

proximity to the basal lamina (BL with arrow) of the portal capillaries separated by 

tanycytic endfeet (Tan). Scale bar = 500 nm. Panel B: A GnRH neuroterminal identified 

by immunogold particle labels contains large dense-core vesicles (large arrows), small 

vesicles (small arrow) and mitochondria (Mit). Panel C: A preabsorption control using an 

adjacent section to that shown in panel B shows no specific immunogold particle labels. 

Scale bar (panels B and C) = 200 nm, Basal lamina = BL with arrow, Mit = 

mitochondria, Tan = tanycyte endfeet.  
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Figure 3.8. GnRH immunopositive and immunonegative terminals. 

 

Electron microscopy images from a representative old vehicle treated female rat 

showing a mix of GnRH immunopositive terminal and immunonegative terminals in the 

capillary zone. Two immunopositive terminals are framed in panel A and shown in 

higher magnification in panels B and C. In panel B, an immunonegative neuroterminal 

(N) with large dense-core vesicles is seen in close apposition to a GnRH immunopositive 

terminal (asterisk), and both are embedded in tanycytic processes. In panel C, a GnRH 

immunopositive terminal  (asterisk) is partially ensheathed by tanycytic processes and is 

close to two neuroterminals containing small vesicles (arrows). Scale bar panel A = 2 

µm, panels B and C = 500 nm.  
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Figure 3.9. The density of total neuroterminals in the capillary zone. 

The density of neuroterminals including GnRH immunopositive and negative terminals in 

the capillary zone decreased with age (P = 0.006), with young rats having significantly 

higher terminal density then middle-aged (P = 0.02) and old rats (P = 0.01)  
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Figure 3.10. Higher magnification electron microscopy images showing the interaction 
between GnRH terminals and glial elements. 

 

Higher magnification electron microscopy images from representative young (panel A), 

middle-aged (panel B) and old (panel C) vehicle treated rats showing the relationship 

between GnRH immunopositive neuroterminals and glial elements. The membrane 

surface contact between GnRH immunopositive terminal and glial elements are 

pseudocolored in green. Immunogold labels for GnRH are seen in large dense-core 

vesicle (arrows). Scale bar = 500 nm. Abbreviations: Glia = glial elements, Mit = 

mitochondria. 
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Figure 3.11. The surface contact between the GnRH immunopositive terminals and glia 
elements. 

 

The surface contact between GnRH neuroterminal and glial elements was significantly 

decreased with age (p < 0.001) and estradiol treatment (p = 0.031). 
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Figure 3.12. Accumulated antophagic vacuoles in glial cells. 

 

Electron microscopic images showing accumulated autophagic vacuoles (asterisk) in glial 

cells. Panel A: Glial cells with autophagic vacuoles are found in the capillary zone of a 

representative estradiol-treated old rat. Panel B: Some neuroterminals containing 

secretory vesicles are enclosed in the vacuoles (arrowhead). Scale bar = 2 µm. 

Abbreviations: BL = basal lamina, ER = endoplasmic reticulum, Mit = mitochondria, Nu 

= Nucleus.  
 

DISCUSSION 

The contribution of the hypothalamic GnRH system to the process of reproductive 

senescence is becoming better understood. Studies on how the GnRH neurosecretory 

system changes with age have been demonstrated through GnRH gene expression, GnRH 

release pattern, and GnRH neuron morphology, as well as by inputs to GnRH circuits 

(references in our review paper (Yin and Gore, 2006)). In aging rats, both pulsatile 
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release of GnRH (Wise et al., 1988b; Scarbrough and Wise, 1990; Sano and Kimura, 

2000) and the GnRH/LH surge (Wise, 1982; Lloyd et al., 1994; Rubin et al., 1994) are 

diminished. Here, we demonstrate age- and estradiol-related changes of the GnRH 

neuroterminal–glia–capillary network at the base of the median eminence, which may 

contribute to the senescence of the hypothalamic-pituitary-gonadal axis. In addition, such 

morphological changes to the ultrastructure of the median eminence extend beyond the 

GnRH system and may play roles in other hypothalamic neuroendocrine pathways, all of 

which undergo functional age-related alterations.  
 

GnRH neuralterminals at the light microscopy level  

During the process of GnRH synthesis, secretory vesicles are transported in the 

axon caudally through the hypothalamus to the median eminence where the decapeptide 

is released from GnRH neuroterminals into the portal capillary system (King and Millar, 

1982). Along GnRH axons, clusters of secretory vesicles form axonal swellings (Herring 

bodies) often referred to as puncta or varicosities that can be identified by 

immunocytochemistry at the light microscopic level (Goldsmith and Ganong, 1975; Yin 

et al., 2007). A few studies have investigated changes in GnRH axons and terminals in 

the context of aging at this level. A study in male rats showed a reduction in GnRH fiber 

immunostaining in the median eminence with age (Hoffman and Sladek, 1980). In an 

intact female rat study comparing young (3 to 4 month, regular cycling) and middle-aged 

(10 to 15 month, persistent estrus) rats, no significant difference of GnRH fiber 

immunoreactivity and distribution was found (Rubin et al., 1984a). Another study 

compared the peptide content of GnRH in extracts from the median eminence and medial 

basal hypothalamus of young (2 month, diestrous) and old (22 month, irregularly cycling 
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with long diestrous periods) female rats and showed no difference (Bestetti et al., 1991). 

These data are consistent with our results using the OVX aging model that the average 

GnRH fluorescence intensity representing GnRH axon and terminals through the median 

eminence showed no significant change with age and estradiol treatment, thereby 

suggesting that GnRH neurons are capable of synthesizing and transporting GnRH, and 

that this undergoes little change with age and hormone status. When comparing the 

GnRH immunoreactivity before and after the preovulatory GnRH/LH surge using intact 

female rats, the GnRH immunoreactivity in the median eminence decreased more in 

young (2 -3 month) compared to middle-aged (9 – 10 month) rats (Rubin and King, 

1995). This evidence(Rubin and King, 1995) suggest that more GnRH had been secreted 

in the young than the middle-aged rat, a result that is consistent with the attenuation of 

the GnRH/LH surge at middle age. These findings that there is relatively little change in 

GnRH immunoreactivity in the median eminence at a time when there are robust age-

related declines in pituitary gonadotropin function and levels (Wise et al., 1988b; Sano 

and Kimura, 2000) stand in sharp contrast to one another. This disparity could be 

interpreted to mean that there is a disconnection between GnRH release and the LH 

response, possibly due to alterations in properties of the pituitary GnRH receptor. 

However, this does not appear to be the only explanation, as a failure to release adequate 

amounts of GnRH in reproductive aging has been proposed for decades (Rubin et al., 

1984a; Kozlowski and Coates, 1985; Terasawa, 1998). Therefore, it is likely that the light 

microscopic level of analysis is inadequate to ascertain functional properties of GnRH 

terminals including their capacity to store and release the peptide, and for the peptide to 

gain access to the portal capillary vasculature. The current advanced electron microscopy 

preparation and computer analyses allowed us to seek and quantify such ultrastructural 

evidence for age- and hormone-related changes in GnRH neuroterminal. 
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The structure and cytoplasmic contents of GnRH immunopositive terminals 

The pulsatile and surge patterns of GnRH release during reproductive cycles are 

critical for normal reproductive function (Wise, 1982; Rubin and Bridges, 1989; Lloyd et 

al., 1994; Rubin et al., 1994; Terasawa, 2001; Gore et al., 2004; Yin and Gore, 2006). 

Age-related changes in these patterns may underlie the process of reproductive 

senescence. To study ultrastructural correlates of GnRH release, we performed cyro-

embedding immunogold electron microscopy for GnRH on ultrathin sections collected 

from the caudal median eminence. Using this technique, we were able to identify GnRH 

immunopositive terminals and compare their ultrastructural differences as well as the 

changes in their surrounding microenvironment with age and hormone treatment. A 

number of significant changes with age were found. First, while the total area fraction of 

terminals in the pericapillary zone of the median eminence decreased with age, the 

relative proportion of those terminals that were GnRH immunopositive increased with 

age. Second, within GnRH terminals, the number of large dense-core vesicles increased 

with age, the latter suggesting that either the synthesis of secretory vesicle increased or 

the release of secretory vesicles decreased with age. In addition to storing neuropeptide, it 

has been suggested that large dense-core vesicles may regulate receptor trafficking 

(Shuster et al., 1999; Yin et al., 2007). Other properties of GnRH terminals did not 

change, including the number of immunogold particles within the large dense-core 

vesicles, and the size of GnRH terminals. The area fraction of mitochondria also did not 

change, consistent with other electron microscopy reports showing that the volume 

density of mitochondria remains constant throughout the lifespan (Monteiro et al., 1998; 
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Bertoni-Freddari et al., 2008) and indicating that the GnRH neuroterminal energy 

demands do not change substantially during reproductive aging.  

 

To further examine the relationship between the density of large dense-core 

vesicle in GnRH immunopositive terminals and the distance from that terminal to the 

basal lamina in all rats, we performed regression analyses between these factors. A 

positive correlation was observed only in young and middle-aged vehicle treated rats 

suggesting that more large dense-core vesicles might be released from neuroterminals in 

close to the portal capillary system only in theses groups. This correlation was not shown 

in the old age group suggesting that decreased large dense-core vesicle release may occur 

in old rats. We also found that in young rats, most of the neuroterminals apposed to the 

capillary basal lamina had few large dense-core vesicles left in neuroterminals, while in 

old rats, many GnRH immunopositive terminals with a high density of large dense-core 

vesicles were seen in contact with basal lamina. Together these data suggest that a 

decreased GnRH large dense-core vesicle release may occur with aging. 
 

GnRH neuroterminal – glia – portal capillary interaction 
 

Glial cells have been shown to interact with GnRH neurons in the rodent 

(Kozlowski and Coates, 1985; King and Letourneau, 1994; Romero et al., 1994), 

nonhuman primate (Witkin et al., 1991; Perera and Plant, 1997) and human 

hypothalamus (Baroncini et al., 2007). In the median eminence, specialized glial cells 

including tanycytes and specialized astrocytes are in close apposition to GnRH axons and 

neuroterminals (Kozlowski and Coates, 1985; Theodosis and MacVicar, 1996; Durrant 

and Plant, 1999a; Prevot et al., 1999; Baroncini et al., 2007) ) and regulate GnRH 
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secretion (Dhandapani et al., 2003; Dziedzic et al., 2003; De Seranno et al., 2004; Garcia-

Segura et al., 2008). Earlier light and electron microscopic studies comparing young (1 

mo) and middle-aged (14 mo) male and female rats showed evidence that tanycytes 

undergo age related changes with a marked increase in neutral lipid droplets present in 

the cytoplasm (Brawer and Walsh, 1982). To further study age-associated changes to the 

network of GnRH terminals, glia and portal capillaries, the morphological properties of 

the capillary zone of the median eminence were described and quantified. We showed 

that in young rats, tanycytic processes enwrapping neuronal axons tended to be linear and 

oriented from the ventricle towards the portal capillary system. With age, these tanycytic 

processes became larger and appeared disorganized. In addition, the boundary of the 

neuronal-glial elements and the portal capillary system as defined by the basal lamina 

became increasingly convoluted and less clearly delineated with age. These age-related 

changes in the capillary system might alter GnRH peptide transportation to the portal 

capillaries after it is released from neuroterminals. Glial regulation of microvasculature 

has been shown to play an important role to maintain neural function (Iadecola and 

Nedergaard, 2007). Whether these structural changes resulted in changes of GnRH 

release needs to be further investigated, but it suggests that the underlying anatomical 

framework and neuroal-glial communication is substantially different. Furthermore, we 

observed a dramatically increased amount of autophagic vacuoles in glia in aged rats 

similar to the results seen in Brawer and Walsh (Brawer and Walsh, 1982). These 

vacuoles were accumulated in glial cytoplasm with low electron density especially in the 

capillary zones of the central portion of the median eminence and the infundibulum. 

 

At higher magnification electron microscopy, we quantified the surface contacts 

between the GnRH neuroterminals and glial processes. Similar to the dynamic 
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interactions of glia and GnRH neuroterminal reported throughout the estrous cycle 

(Prevot et al., 1999), we observed an overall decrease in membrane contacts in estradiol 

treated rats in all three ages. A small but significant age-related decrease in these 

membrane contacts was also detected. The plasticity of the neuroterminal - glial surface 

interactions is only beginning to be understood, but it likely involves several cell-surface 

molecules in the median eminence (Ojeda et al., 2008). Polysialic acid – neural cell 

adhesion molecule (PSA-NCAM) (Gascon et al., 2007) is suggested to be involved in the 

control of GnRH neuroterminal – glial plasticity (Perera et al., 1993; Parkash and Kaur, 

2005). Contactin, a neural surface protein highly expressed on GnRH neuroterminals, 

was shown to mediate adhesive communication with astrocytes (Parent et al., 2007). 

SynCAM1, an adhesion molecule required for synaptic assembly, is expressed in both 

GnRH cell lines (GT1-7 cells) and astrocytes (Ojeda et al., 2008). Whether this neuronal 

– glial interaction is altered by steroid hormones needs additional evidence, but 

considering that estrogen receptors have been found in astrocyte, tanycyte and endothelial 

cells in the median eminence (Langub and Watson, 1992), it is possible that estradiol may 

alter the network of glial cells and therefore indirectly regulate GnRH secretion.  

 

Though we saw no morphological changes of extracellular space in the capillary 

region with age and estradiol treatment, the extracellular factors such as neurotropic 

factors, neurotransmitters and neuromodulators involved in volume transmission might 

change with age and hormone status. The roles of gliotransmission have been extensively 

studied in synapses (Halassa et al., 2007) but few or no synaptic contacts were found in 

the median eminence (Durrant and Plant, 1999a). Whether gliotransmission molecules 

such as glutamate and ATP are involved in neuropeptide release and how 

gliotransmission may change with age are interesting ideas that warrant further study. 
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The arrangement of neuroterminals, glia and capillary morphology and their regulation 

by age and hormone provides a system to fine-tune response to the demands of neuronal 

activity. Our data provide further support to the idea that glial cells are involved in 

remodeling the median eminence.  
 
 

CONCLUSIONS 

Our data showing ultrastructural changes in the GnRH neuroterminal-glia-

capillary relationship at the median eminence support an age and hormone related 

hypothalamic control at the level of GnRH neuroterminals. We would also like to point 

out that non-GnRH neuroterminals in the median eminence also underwent age- and 

hormone-realted changes, and therefore effects described in this report are likely relevant 

to the other hypothalamic releasing hormones. Thus the study of changes to GnRH 

neuroterminals and their surrounding microenvironment is central to understanding 

senescence of reproductive and other hypothalamic neural systems that are involved in 

neuroendocrine functions. As our understanding of the inevitable changes of aging 

grows, so will our ability to predict and manage such changes including the menopausal 

transition. 
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RESEARCH SECTION 4 

Expression of vesicular glutamate transporter 2 on large dense-core 
vesicles in GnRH neuroterminals in young and aged female rats 

 

Weiling Yin1, John M. Mendenhall2.3 and Andrea C. Gore1,2,3*. 

1Division of Pharmacology and Toxicology, College of Pharmacy, 2Institute for Cellular 

and Molecular Biology, and 3Institute for Neuroscience, The University of Texas at 

Austin, Austin, TX  78712, USA. 

ABSTRACT: 

Maintaining reproductive function in all vertebrates involves the complex 

interaction of GnRH neurons with numerous neurotransmitters, neurotropic factors and 

steroid hormones. As a result, the release of GnRH from neuroterminals in the median 

eminence is precisely controlled to regulate reproductive function in adulthood, a process 

that undergoes changes during reproductive senescence. To better understand the role of 

the glutamate system in the regulation of GnRH neuroterminals during aging, we 

analyzed the relationship between vesicular glutamate transporter -2 (vGluT2), a marker 

for glutamate, in GnRH neuroterminals of aging rats. We also ascertained effects of 

hormone treatment on these functions, because ovarian steroids modulate the effects of 

glutamate on GnRH release. The lateral median eminence containing GnRH 

neuroterminals was obtained from young (4-5 month), middle-aged (11-12 month) and 

old (22-24 month) ovariectomized Sprague-Dawley female rats that were treated with 

either vehicle (VEH) or the hormones estradiol + progesterone (E2+P4). 

Immunofluorescent labeling for GnRH and vGluT2 was compared using fluorescent 
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confocal microscopy. In addition, to study the subcellular relationship between GnRH 

immunopositive terminals and vGluT2 immunopositive vesicles, post-embedding 

immunogold immunohistochemistry was performed on ultrathin sections, and sequential 

images were collected by transmission electron microscopy to confirm the subcellular 

distribution of vGluT2 and its relationship to GnRH. We showed: 1) GnRH and vGluT2 

immunoflurescent intensity in the median eminence showed no change with age, but 

significantly increased by E2+P4 treatments compared to VEH treated rats. 2) VGluT2 

immunoreactivity was associated with large dense-core vesicles in GnRH axons and 

neuroterminals, suggesting that GnRH neurons are glutamatergic and may co-release 

glutamate along with the GnRH peptide from neuroterminals. 3) Serial electron 

microscopy showed the vGluT2 immunoreactivity on all large dense-core vesicles in 

GnRH axon and terminals. Our results provide insight into the anatomical site and 

mechanism for glutamate actions upon GnRH neurosecretion, and age- and hormonal 

regulation. 
 

INTRODUCTION 

Reproductive activity and senescence are precisely regulated by the GnRH system 

in the hypothalamus. Numerous neurotransmitters are involved in the GnRH network and 

are thought to play a role in the hypothalamic control of reproduction. Glutamate, the 

most important excitatory neurotransmitter in the hypothalamus (Van den Pol et al., 

1990) is one such neurotransmitter; it can act directly upon GnRH terminals to cause 

increased GnRH release (Purnelle et al., 1997; Kawakami et al., 1998a; Claypool et al., 

2000). These effects are mediated by glutamate receptors including both NMDA and 
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non-NMDA receptors which are detectable in the GnRH terminal region (Eyigor and 

Jennes, 1995; Kawakami et al., 1998a; Kawakami et al., 1998b) (Yin et al., 2007). 

 

Although there is considerable evidence that the interaction of glutamate and 

GnRH is involved in the development and maintenance of adult reproductive function, it 

is only more recently that glutamate has become implicated as playing a role in the 

hypothalamic control of reproductive senescence. Neal-Perry et al (2005) showed an age-

associated decline in glutamate release in the hypothalamus as measured by microdialysis 

in middle-aged (9 - 11 months) compared to young (3 – 4 months) ovariectomized female 

rats, an effect that may be involved in the diminution of the steroid-induced GnRH/LH 

surge with aging (Neal-Perry et al., 2005). Our laboratory has shown age-related changes 

in NMDA receptor (NMDAR) subunit mRNA levels in hypothalamus, and in co-

expression of NMDAR protein on GnRH neurons in aging rats (Gore, 1996; Gore et al., 

2000a; Gore, 2001; Miller and Gore, 2002; Maffucci and Gore, 2005). Further, the 

stimulatory effect of NMDA on GnRH release and on GnRH gene expression is 

diminished with age (Arias et al., 1996; Gore, 1996; Gore et al., 2000a; Gore, 2001; 

Miller and Gore, 2002; Maffucci and Gore, 2005). These data suggests that changes in 

regulatory inputs to GnRH neuron from the glutamatergic system may influence 

reproductive senescence.  

 

Recent evidence suggests that GnRH terminals may co-express glutamate, based 

on evidence for the high co-expression (>99%) of the vesicular glutamate transporter 2 

(vGluT2) on GnRH terminals (Hrabovszky et al., 2004b). Here we sought to confirm this 

co-expression, which is controversial (Kiss et al., 2003; Lin et al., 2003) as well as to 

extend it to address whether this co-expression changes with age and hormone status.  
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MATERIALS AND METHODS 

Experimental Animals  

Female Sprague-Dawley rats were purchased from the Animal Resources Center 

at the University of Texas at Austin. Rats were housed two per cage in the laboratory 

colony with controlled room temperature (22 oC) and light cycles (12 h/12 h light/dark 

cycle, lights on at 0700 h). Food and water were available ad libitum. All of the animal 

experiments followed protocols approved by the Institutional Animal Care and Use 

Committee at the University of Texas at Austin and guidelines from The Guide for the 

Care and Use of Experimental Animals. Rats were assigned to use at one of three ages: 

young (4 to 5 months, n = 12), middle-aged (11 to 12 months, n = 12) and old (23 to 24 

months, n = 12).  
 

Surgical procedures and hormone treatment 

Ovariectomy and hormone capsule implantation procedures were performed as 

previously described (Yin et al., 2007) with some modification. Briefly, 36 rats were 

bilaterally ovariectomized under isoflurane anesthesia and allowed to recover for 4 weeks 

to clear endogenous ovarian estrogens from the general circulation (Gore, 2002b; Gore et 

al., 2002). Silastic capsules (inner diameter 1.96 mm, outer diameter 3.18 mm; Silastic 

Brand laboratory tubing, Dow Corning, Midland, MI) filled with either 17β-estradiol (5% 

in cholesterol) or 100% cholesterol (vehicle) were prepared for young (1 cm in length), 

middle-aged (1.5 cm in length) and old (2 cm in length) rats (Funabashi et al., 2000a; 

Gibbs, 2000). Capsules were soaked in saline for 24 hours and then subcutaneously 
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implanted into isoflurane-anesthetized rats. After two days (48 hours) of capsule 

implantation, rats were subcutaneous injected with either vehicle (0.1 ml sesame oil) or 

progesterone (0.1 ml, 5.9 mg/ml progesterone in sesame oil) (Gore and Roberts, 1995; 

Gore et al., 2000b). Twenty-four hours after injection, rats were anesthetized between 

0900 and 1100. Before perfusion, 3 ml of blood from the left ventricle were collected for 

serum hormone assay. Then, rats were transcardially perfused (Gore et al., 2000a; Miller 

and Gore, 2002) with 0.1 M phosphate buffer for 1 minute (PB, pH 7.4; 50 ml), followed 

by 4% paraformaldehyde and 0.125% glutaraldehyde in PB (500 ml) for 10 minutes. The 

brain was removed and post-fixed in 4% paraformaldehyde overnight at 4 oC and then 

coronal sectioned on a vibrating blade microtome (Leica VT1000S, Bannockburn, IL). 

Sections of 100 µm thickness were collected from the median eminence for light 

microscopy and electron microscopy study.  
 

Fluorescence immunohistochemistry, confocal microscopy, and analysis 

Two sections were chosen from the caudal median eminence of each rat. Sections 

were washed in PBS, blocked in 10% normal goat serum and 10% normal horse serum. 

Tissue were incubated with rabbit anti-GnRH polyclonal antibody (HU60 at 1:1000, 

kindly provided by Dr. H.F. Urbanski (Urbanski, 1991) and mouse anti-vesicular 

glutamate transporter 2 monoclonal antibody (vGluT2; 5 µg/ml, MAB5504, Chemicon). 

The vGLuT2 antibody was derived from protein coded by SLC17A6 solute carrier family 

17 (sodium-dependent inorganic phosphate cotransporter), member 6. After 3 days of 

primary antibody incubation, tissues were washed in PBS and followed with secondary 

antibodies: Texas red goat anti-rabbit (1:400, Vector Laboratories) used to detect GnRH, 

and FITC horse anti -mouse (1:400, vector laboratory) to detect vGluT2, for 2 hours. The 
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primary antibody was omitted in control sections. Confocal microscopy was used to 

assess the colocalization of GnRH and vGluT2 in the median eminence. From the surface 

of each tissue section, a stack of 10 images (in a 10 µm thickness) was captured using a 

confocal microscope (Leica SP2 AOBS). All images were captured using the same set up 

and parameters. Quantification of GnRH and VGluT2 immunofluorescence intensity was 

performed using Metamorph imaging software (MetaMorph 6.1). The fluorescent 

labeling of GnRH and vGluT2 from each image were thresholded at the same level and 

the integrated number (summation of immunofluorecent intensity over thresholded area) 

for each image was used for statistical analysis. Statistical analyses were performed using 

SPSS 13.0 for windows. The GnRH average intensity, vGluT2 average intensity were 

compared for effects of age and hormone (VEH, E2 + P4) using two-way ANOVA. A 

statistic effect was considered significant at P < 0.05.  
 

Electron microscopy tissue preparation 

To study the subcellular localization of vGluT2 and their relationship with GnRH 

neuroterminals, we randomly chose two young and two old VEH treated rats, and 

performed serial electron microscopy and a multi-probe immunogold labeling technique. 

Sections for electron microscopy were cryoprotected by immersion in increasing 

concentrations of glycerol (10%, 20%, and 30% in 0.1 M PB). The next day, a fragment 

of about 1 mm2 in area and 0.1 mm in thickness was dissected from the lateral median 

eminence under a dissecting microscope (Leica S6D stereo microscope, Switzerland). 

The fragment was then rapidly plunged into liquid propane cooled to -180 oC by liquid 

nitrogen in a cryofixation system (Leica CPC, Vienna). Cryofixed tissue was then 

transferred and immersed into 1.5% uranyl acetate in anhydrous methanol in an 
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Automatic Freeze-Substitution System unit (Leica AFS, Vienna). The temperature of 

AFS was set to be at -90 oC for 24 hours and then increase in steps of 4 oC/hour from -90 
oC to -45 oC. At -45 oC, we infiltrate the samples with Lowicryl HM20 resin (Electron 

Microscopy Sciences, Fort Washington, PA) with a four-step progressive increase in the 

ratio of resin to methanol for 2 hours each followed by pure Lowicryl overnight. 

Lowicryl were then polymerized under UV light (360 nm) at -45 oC for 24 hours 

followed by 0 oC for 35 hours.  
 

Serial sectioning of Lowicryl HM20-embedded tissue blocks 

Serial sectioning Lowicryl-embedded tissue has been described in detail in 

another chapter (Research section 2). Briefly, embedded tissue blocks were trimmed 

carefully with razor blade, glass knife and 45o ultra diamond knife (Diatome, Hatfield, 

PA) on an ultramicrotome (Leica EM UC6, Vienna). The final block surface of 

approximately 50 µm by 2 mm was chosen to cover the pericapillary zone of the lateral 

median eminence (Research Section 3). The long edge of the block face was carefully 

aligned with a diamond knife  (Diatome Ultra 45). Sections (50 nm in thickness) were 

collected in series on formvar-coated gold slot grids (Electron Microscopy Sciences, Fort 

Washington, PA).  

 

Multi-probe immunogold labeling and serial electron microscopy 

For post-embedding immunogold labeling, sections on slot grids were blocked in 

2% human serum albumin (HSA in TBS) for 10 minutes and then incubated in primary 

antibody (antibodies) for 4 hours. After washing in TBS three times, sections were 

incubated in secondary antibody (or antibodies) in TBS with 2% HSA and polyethylene 
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glycol (PEG, MW 20,000; 5 mg/ml) for 1 hour and followed by washes in double 

distilled filtered water for 12 timesThe primary antibodies used for GnRH / vGluT2 dual- 

labeling were the same as those used for immunofluorescence, namely, the rabbit anti-

GnRH polyclonal antibody (HU60 at 1:1000 (Urbanski, 1991) and the mouse anti-

vesicular glutamate transporter 2 monoclonal antibody (MAB5504, Chemicon). For 

secondary antibodies, the gold-tagged F(ab’)2 of goat anti-rabbit IgG (5nm, 1:20, 

Electron Microscopy Science), gold-tagged F(ab’)2 of goat anti-mouse IgG (10 nm, 1:20, 

Electron Microscopy Science) were used. In addition, single-labeling for GnRH was 

performed using a mouse anti-GnRH monoclonal antibody (HU11b at 1:100, kindly 

provided by Dr. H.F. Urbanski (Urbanski, 1991) and gold-tagged F(ab’)2 of goat anti-

mouse IgG (5nm, 1:20, Electron Microscopy Science). vGluT2 single-labeling was 

performed using the mouse anti-vesicular glutamate transporter 2 monoclonal antibody 

(vGluT2 at 5 µg / ml, MAB5504, Chemicon) and gold-tagged F(ab’)2 of goat anti-mouse 

IgG (10 nm, 1:20, Electron Microscopy Science). We also tested vGluT1 

immunoreactivity in the median eminence. No vGluT1 (AB5905, Chemicon) 

immunoreactivity was found at both light and electron microscopy level in the median 

eminence suggesting that vGluT1 may not be the isoform occurring in the 

neuroendocrine terminals (data not shown). Control experiments omitting primary 

antibodies were performed in each immunocytochemistry experiments and no specific 

labeling was found in any control sections. Sections were air dried for at least 12 hours 

before checking under the electron microscope. Sequential images were taken using a 

transmission electron microscope (Philips EM208, Eindhoven, Netherlands) with a 

digital camera (AMT HR 1Mb). To confirm a positive immunoreaction, GnRH and 

vGluT2 immunogold labels were checked in sequential sections from section to section 

for a consistent cellular localization.  
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Radioimmunoassay (RIA) for LH, estradiol and progesterone  

Serum samples collected at the time of perfusion were centrifuged at 4000 rpm 

for 8 min, aliquoted and stored in a – 80oC freezer for subsequent LH, estradiol and 

progesterone assays. Serum LH concentrations were determined by double antibody RIA 

in the laboratory of Dr. Michael J. Woller at the University of Wisconsin-Whitewater 

(Gore et al., 2000b; Gore et al., 2002) using the rat LH RP-3 standard from the National 

Hormone and Pituitary Program of the NIDDK with reagents provided by Dr. A. Parlow 

(Vella et al., 2001). The antibody-antigen complex was precipitated using goat anti-rabbit 

γ-globulin (Biogenesis, Inc., Sandown, NH). The intra-assay variability was 4.39% and 

assay sensitivity for the LH assay was 0.4 ng/ml. Serum estradiol concentrations were 

determined by RIA of duplicate samples using the DSL ultrasensitive estradiol RIA kit 

(DSL-4800). This assay sensitivity was 2.2 pg/ml, and intra-assay variability was 2.59%. 

Serum progesterone concentrations were determined in a coated tube RIA using the DSL 

progesterone kit (DSL-3900, Diagnostic Systems laboratories, Inc., Webster, TX) 

following the manufacturer’s instructions. Samples were run in duplicate in a single 

assay. The sensitivity of this assay was 0.12 ng/ml and the intra-assay variability was 

1.98%. Statistical analyses comparing effects of age and hormone treatment, and their 

interactions were performed by two-way ANOVA followed by post-hoc analysis using 

SPSS 13.0 for windows. An effect was considered significant at P < 0.05.  
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RESULTS 

GnRH and vGluT2 immunofluorescent intensity in the lateral median eminence 

GnRH and vGluT2 immunoreactivity were detectable in the lateral median 

eminence (Figure 4.1). Immunofluorescent signal were compared using summation of 

intensity within thresholded area. GnRH fluorescent signal was not affected by age (P = 

0.083), but it was significantly increased by estradiol plus progesterone treatment 

compared to vehicle treated rats (P = 0.013). No interaction effect of age and hormone 

treatment was found (P = 0.708 (Figure 4.2A). The vGluT2 fluorescent signal was also 

increased by estradiol plus progesterone treatment (P = 0.012) but not affected by age (P 

= 0.536). An age and hormone interaction effect was found (P = 0.045) (Figure 4.2B). In 

addition, the vGluT2 immunofluorescent signal showed considerable overlapping with 

GnRH immunofluorescent signals (Figure 4.1).  
 

Co-expression of vGluT2 in GnRH axons and terminals as ascertained by electron 
microscopy 

In order to confirm whether GnRH neurons co-express vGluT2, we used serial 

electron microscopy and a multi-probe immunogold labeling technique. At this level of 

analysis, vGluT2 was co-localized in 100% of GnRH axons and terminals, similar to the 

report of Hrabovzsky et al (Hrabovszky et al., 2004b). To our surprise, vGluT2 was not 

located on small vesicles, but rather, serial sectioning and immunogold labeling clearly 

showed that vGluT2 was only present on large dense-core vesicles in neuroendocrine 

terminals (Figures 4.3B, 4.4B, 4.5) and axons (Figure 4.6). Although quantitative 

analyses were not performed, there was no apparent differences in vGluT2 distribution in 

young (Figures 4.3 and 4.4) and old (Figure 4.5) VEH treated rats. In single labeled 

serially sectioned preparation, multiple immunogold labels for vGluT2 were on virtually 
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every large dense-core vesicle (Figure 4.5). The diameter of large dense-core vesicles is 

about 100 to 140 nm, while individual sections were only about 50 nm thick with a single 

section face exposed to the antibody during incubations. Therefore, the antibody reaction 

site on large dense-core vesicle might only be captured on sections faces in which antigen 

site can be exposed (Figures 4.5 and 4.6). Nevertheless, by serial sectioning, we could 

confirm that almost all large dense-core vesicles were vGluT2 immunoreactive.  
 

Serum hormone assay 

Serum LH, estradiol and progesterone concentrations are shown in Table 4.1. 

Serum LH concentrations significantly decreased with age (P = 0.001), and estradiol plus 

progesterone treatment (P < 0.001). Estradiol and progesterone treatments significantly 

increased serum estradiol (P  < 0.001) and progesterone (P < 0.001) concentrations, 

respectively, in all three ages. An interaction effect of age and hormone treatment was 

seen for LH concentration (P < 0.001), but not for estradiol (P = 0.135) or progesterone 

(P = 0.942).  
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TABLE, FIGURE AND FIGURE LEGENDS 

Table 4.1 Serum hormone assay results (LH, estradiol and progesterone) 

Group LH concentration 
(ng/ml) 

E2 concentration 
(pg/ml) 

P4 concentration 
(ng/ml) 

Young (VEH) 17.60 ± 2.42 13.97 ± 2.64 9.56 ± 3.51 
Young (E2 +P4) 7.25 ± 0.59 101.36 ± 21.08 18.32 ± 3.04 

    
MA (VEH) 9.25 ± 0.96 28.69 ± 10.52 7.75 ± 1.59 

MA (E2 +P4) 5.80 ± 0.41 169.13 ± 15.59 17.28 ± 2.29 
    

Old (VEH) 2.92 ± 0.53 38.09 ± 13.72 7.88 ± 2.37 
Old (E2 +P4) 3.68 ± 0.92 178.36 ± 18.52 15.63 ± 3.07 

 

VEH: vehicle treatment, E2 +P4: estradiol + progesterone treatment,  
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Figure 4.1. Confocal images showing GnRH and vGluT2 co-localization in the median 
eminence. 

 

Immunofluorescence confocal images scanned from a single plane of a representative 

young estradiol + progesterone treated rat. Panel A: GnRH axons and terminals labeled 

with Texas-red were shown along the portal capillary region (cap) in the caudal median 

eminence. Panel B: FITC signals representing vGluT2 were clearly seen in the 

pericapillary area with a similar pattern to that of GnRH. Panel C: A merged image 

showed colocalization of GnRH and vGluT2 fluorescent signal. Panel D: Considerable 

overlapping of GnRH and vGluT2 signals was shown in higher magnification (as shown 

by arrows). Cap = portal capillaries, scale bar = 20 µm.  
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Figure 4.2. The immunofluorescence signal of GnRH and vGluT2 in the lateral median 
eminence. 

A. Immunofluorescence signal of GnRH in the median eminence 

 

B. Immunofluorescence signal of vGluT2 in the median eminence 
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Figure 4.3. Electron microscopy images showing a vGluT2 immunogold labeled 
terminal. 

 

Electron microscopy images showing a vGluT2 immunogold (10 nm) labeled terminal 

(large arrow in panels A and B) from a representative young VEH treated rat. Panel A: A 

low magnification electron microscopy image shows the region of the pericapillary zone 

of the lateral median eminence. The basal lamina (BL with arrowheads) is covered by 

glial elements (tanycyte endfeet). A vGluT2 immunogold labeled terminal (arrow) 

approximately 6 µm from the basal lamina is shown in higher magnification in panel B. 

Some immunonegative terminals (T) containing large and small vesicles are also seen in 

this region. Panel B: The immunogold labels for vGluT2 are seen on large dense-core 

vesicles (small arrows). An immunonegative terminal (T) containing small vesicles with 

no large dense-core vesicles is seen in adjacent to the vGluT2 immunopositive terminal. 

BL = basal lamina, Glia = glial processes, Mit = mitochondria, T = terminal, Scale bar = 

500 nm 
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Figure 4.4. Electron micrograph showing GnRH and vGluT2 immunogold labeling on 
adjacent sections. 

Immunogold labeling was performed on two adjacent ultrathin sections from a 

representative young VEH treated female rat. In panel A, a GnRH immunogold labeled 

terminal (15 nm gold particles; indicated by the arrow) is shown, and the adjacent section 

is seen with vGluT2 immunogold (10 nm) labeling (panel B). In both images, 

immunogold labels are shown in or on large dense-core vesicles. The same large dense-

core vesicles are seen containing both GnRH and vGluT2 immunogold labels in the 

adjacent sections. Glial processes (Glia) are in close contact with this GnRH/vGluT2 

immunoreactive terminal. Scale bar = 500 nm.  
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Figure 4.5. Serial sections showing subcellular distribution of vGluT2.  
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Serial sections were used for single-labeling of vGluT2. Images were taken from a 

representative old VEH treated rat. Panel A: A control section omitting primary vGluT2 

antibody shows no immunogold labels in the terminal. This neurosecretory terminal is in 

direct contact with the basal lamina (BL with arrow) of the portal capillary region. Large 

dense-core vesicles and small vesicles are clearly seen in this neurosecretory terminal. A 

cluster of small vesicles is distributed in the central portion of the terminal (right 

arrowhead). Another cluster of irregular shaped small vesicles is shown on the left (left 

arrowhead). Panels B – J:  Immunogold labels for vGluT2 are seen on large dense-core 

vesicles in serial sections, but not on small vesicles. By examining adjacent sections, it 

can be seen that immunogold labels are present in virtually all large dense-core vesicles. 

As shown in panels B and C in the framed regions, some large dense-core vesicles in 

image B show no immunogold labels, while the same vesicle in the adjacent image C is 

immunolabeled. This is likely to be the case because the antibody reaction site on large 

dense-core vesicle (about 120 nm diameter) might only be captured in sections (each 

about 50nm thick) in which antigen is exposed. Similar phenomena are shown in all other 

adjacent images. An extruded membrane structure, possibly a site for exocytosis of the 

vesicular contents, is shown in panels B to E as indicated by the arrow.  
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Figure 4.6. Subcellular distribution of vGluT2 in neural axons. 

 
 

Electron microscopy images show the subcellular distribution of immunoreactive vGluT2 

in serial sections through neural axons of a representative young VEH treated rat. Images 

were taken from the neuroprofile zone of the lateral median eminence, a region in which 

neurosecretory axons are located. Panel A: Three axonal puncta are framed and shown in 

higher magnification in panels B, C, and D. Scale bar panel A = 2µm. Panels B, C, D: 

The 10 nm immunogold labels for vGluT2 are seen on large dense-core vesicles 

(arrowheads). Panels E, F, G, H: Four adjacent serial sections show consistent 

immunogold labeling of vGluT2 on large dense-core vesicles (white and black 

arrowheads). A maximum of three adjacent sections can be found to have vGluT2 labels 

on the same large dense-core vesicle (white arrowheads). Some non-specific immunogold 

labeling is shown by the arrow in panel F which was not seen in adjacent images; thus 

serial sampling helps distinguish between background and signal. Scale bar B – H = 200 

nm. 
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DISCUSSION 

The pulsatile release of GnRH is crucial in maintaining reproductive function, and 

this pattern is altered during reproductive aging. Previously, using an aging rat model, we 

showed a number of ultrastructural changes in GnRH terminals, and their relationship to 

glia in the median eminence, that may be related to functional changes in GnRH release 

(Research section 3). Here we further tested the potential role of glutamate, and its 

relationship to GnRH terminals, in the median eminence of aging rats, and in addition, 

we investigated hormonal regulation of this phenomenon. Glutamate, the dominant 

excitatory amino acid in the brain, is well known to be involved in controlling the GnRH 

neuronal network (Olney et al., 1976; Ondo et al., 1976; Purnelle et al., 1997; Kawakami 

et al., 1998a; Kawakami et al., 1998b; Claypool et al., 2000).  Examples of such 

regulation are numerous and include reports showing stimulatory effects of NMDA 

agonists on the induction of precocious puberty in immature rats through activation of 

GnRH neurons (Urbanski and Ojeda, 1987); that activation of ionotropic glutamate 

receptors increases pulsatile release of GnRH (Bourguignon et al., 1989) and the GnRH 

surge (Ping et al., 1997); and glutamate and its agonists can induce Ca2+ dependent 

release of GnRH from superfused median eminence fragments (Kawakami et al., 1998b). 

With respect to aging, studies on the GnRH and glutamate system in the hypothalamus 

showed that effects of NMDAR agonists and antagonists are diminished in aging rats, 

and expression of NMDARs in the hypothalamus undergoes age-related alterations (Arias 

et al., 1996; Gore, 1996; Gore et al., 2000a; Gore, 2001; Miller and Gore, 2002; Maffucci 

and Gore, 2005).  
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To further examine what is the source of glutamate that stimulates GnRH 

neuroterminals, and whether this changes with age and hormone treatment, we examined 

the density of vesicular glutamate transporters in the median eminence using an aging 

ovariectomized rats model. Several vesicular glutamate transporters have been identified 

on glutamatergic synaptic vesicles, with differential distribution in the brain (Herzog et 

al., 2001; Takamori et al., 2001). Of these, the vesicular glutamate transporter 2 (vGluT2) 

has high expression in the hypothalamus (Kiss et al., 2003; Lin et al., 2003). More 

interestingly, one laboratory demonstrated in male rats that GnRH perikaya express 

vGluT2 mRNA, and that vGluT2 immunoreactivity is colocalized in GnRH axon 

terminals (Hrabovszky et al., 2004b). We have extended that previous study to female 

rats, and put it in the context of aging and hormone regulation.  

 

In the current study, using immunofluorescent confocal analysis, we first 

confirmed that no vGluT1 (AB5905, Chemicon) immunoreactivity was found in the 

median eminence suggesting that vGluT1 may not be the isoform occurring in the 

neuroendocrine terminals (data not shown). A clear vGluT2 immunopositive labeling 

pattern was found in the median eminence with considerable overlap with GnRH 

immunofluorescent signals.  
 

Changes in GnRH and vGluT2 fluorescent intensity with age and hormone treatment 
in the median eminence  

Although there was no effect of age on the immunofluorescent signal of GnRH 

axons and terminal in the caudal median eminence, interestingly, hormone treatment 

(estradiol plus progesterone) significantly increased the GnRH signal in comparison to 

vehicle treated rats. We previously observed no difference of GnRH signal in the median 
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eminence with only estradiol treatment (Research Section 3). These new data suggest that 

progesterone is necessary to elicit estradiol activity and to induce changes of GnRH 

immunoreactivity in the median eminence. Consistent with a previous report 

(Hrabovszky et al., 2004a), we showed a clear pattern of vGluT2 immunoreactivity in the 

median eminence and a considerable overlap with GnRH axons / terminals. The density 

of vGluT2 labeled terminal were not affected by age, but significantly increased by 

estradiol plus progesterone treatment.  
 

Expression of vGluT2 on large dense-core vesicles of GnRH immunopositive axons 
and terminals 

The subcellular distribution of vGluT2 and its relationship with GnRH neuron is 

still controversial. In the rat medial preoptic area, vGluT2 immunopositive bouton 

synapses have been observed on GnRH cell bodies, although those studies did not find 

co-localization of vGluT2 within the GnRH perikarya (Kiss et al., 2003; Lin et al., 2003). 

In contrast, one laboratory showed that 99.5% of GnRH perikarya expresses vGluT2 

mRNA and that GnRH terminals show vGluT2 immunoreactivity in male rats 

(Hrabovszky et al., 2004b). Using serial electron microscopy and multi-probe 

immunogold labeling technique, we further studied the sub-cellular glutamate source that 

may regulate GnRH release at the neuroterminal level in the median eminence. To our 

surprise, we found that vGluT2 was located on large dense-core vesicles also containing 

GnRH peptide. The novel subcellular location of vGluT2 in GnRH neuroterminal 

suggested that GnRH neurons themselves can synthesize and potentially co-release 

glutamate with the GnRH decapeptide. To our knowledge, this is the first evidence of 

potential co-release of a neurohormone and glutamate from same large dense-core 

vesicles in the central nervous system. Interestingly, in the peripheral endocrine system, 
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vGluT2 has been shown to be expressed in secretory granules of glucagon-secreting 

alpha cells in the pancreas (Hayashi et al., 2003). Co-secretion of these secretory 

contents, glutamate and glucagon, from pancreatic alpha cells is trigged by low glucose 

conditions and further triggers gamma-aminobutyric acid (GABA) secretion from beta 

cells (Hayashi et al., 2003). GABA, as the major inhibitory amino acids in the brain also 

plays an important role in regulating reproductive function (Ottem et al., 2004). 

Considering the robust effects of GABA in the regulation of GnRH secretion at the 

median eminence (Donoso et al., 1992; Bilger et al., 2001) and its potential interaction 

with glutamate signaling pathway (Donoso et al., 1992), we are currently looking for 

ultrastructual evidence of co-release of GnRH and glutamate and their potential cross-talk 

with GABAergic neurons at the GnRH neuroterminal level.  

 

Our findings provide further evidence that glutamate plays an important role in 

GnRH release. The functional aspects of co-released GnRH and glutamate need further 

investigation. It is possible that intracellular glutamate may play a role in regulating 

GnRH terminal function. We previously showed large dense-core vesicles co-express the 

NMDAR subunit, NMDAR1, and we suggested that this may be involved in receptor 

trafficking at the neuroterminal (Yin et al., 2007). The function of large dense-core 

vesicles in the neuroendocrine system might be much more complex than we know now. 

Considering that GnRH nerve terminals may express glutamate and the NMDAR, this 

may be a novel aspect of intracellular signaling within these neuroendocrine cells. 

 

In summary, serial electron microscopy combined with multi-probe immunogold 

technique provides us a new insight into the neurotransmitter regulation of GnRH 

neuroterminals. With this technique, we are able to precisely locate and demonstrate the 
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distribution of subcellular molecules. We showed that vGluT2 immunoreactivity was 

located on large dense-core vesicles of GnRH neural axons and terminals. The 

colocalization of GnRH and vGluT2 showed no change with age, but was significantly 

increased with hormone treatment. Our results support a potentially different role of 

glutamate in stimulating neuroendocrine terminals in the median eminence from its 

effects on synapses in other brain regions. Considering that the median eminence is 

sparse in synapses, we believe that this region may have co-opted receptor-ligand 

regulated mechanisms for alternative functions such as non-synaptic communication 

within and between nerve terminals. 
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GENERAL DISCUSSION  

Reproductive function is essential to the survival of all species. In mammals and 

other vertebrates, the control of reproduction relies on the hypothalamic-pituitary-gonadal 

axis, with the primary driving force provided by hypothalamic GnRH neurons. During 

aging, the biological rhythms of GnRH release are altered in a species-specific manner, 

with a loss of GnRH pulses and surge in aging female rats, a process that results in the 

loss of reproduction. The evolutionary significance of reproductive senescence is 

unknown, although it is speculated that it may occur to enable the female to care for her 

offspring through their maturity. It is interesting that reproductive failure occurs earlier in 

women than in nearly all other species (Maffucci and Gore, 2005). While menopause is a 

natural process, it is related to some menopause related symptoms that have a detrimental 

impact on the quality of life such as hot flashes, vaginal dryness, mood changes, 

cardiovascular disease, and others. Therefore, understanding the causes and consequences 

of menopause is very important for the management of these symptoms. Relatively few 

studies have focused on changes in GnRH neurons during reproductive aging, and those 

that have, in general, examined GnRH at the level of their cell bodies. Nevertheless, the 

function of GnRH terminals in the median eminence, as the connection between 

hypothalamus and the peripheral endocrine system, is under appreciated.   

 

The median eminence contains hypothalamic-adenohypophysial (anterior 

pituitary-stimulating) hormones besides GnRH. These include thyrotropin-releasing 

hormone (TRH), corticotropin-releasing hormone (CRH), growth hormone 

inhibiting/releasing hormone (somatostatin, GHRH) and prolactin inhibiting hormone 

(dopamine). Thus, the study of changes to the median eminence in general, and the 
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GnRH neural terminals specifically, together with their surrounding microenvironment is 

central to understanding senescence of other hypothalamic neuronal systems that project 

into the median eminence. Indeed, many of my experiments discussed in this dissertation 

showed that features of GnRH neuroterminals are common to non-GnRH terminals, 

including co-expression of NMDARs on secretory vesicles, intimate contact between 

nerve terminals and glial elements such as tanycytes, and other structural features. 

Although this dissertation focused on the properties of GnRH processes, it would be 

interesting to determine effects of hormones and age on similar properties in other 

hypothalamic nerve terminals. 
 

NMDARS, GNRH NEURONS, AND REPRODUCTIVE AGING  

As already discussed, glutamate, acting at least in part through NMDARs, 

stimulates GnRH release. Some of these effects of glutamate occur on GnRH terminals, 

which can release the GnRH decapeptide in response to glutamate agonists even in the 

absence of GnRH cell bodies (Purnelle et al., 1997). Glutamate receptors including 

NMDA and non NMDA receptors are detectable on GnRH terminals (Kawakami et al., 

1998a) (Eyigor and Jennes, 1995; Kawakami et al., 1998b). In this dissertation, I have 

demonstrated a novel subcellular NMDAR1 localization on large dense-core vesicles in 

GnRH neuroterminals. We are not certain about the function of the subcellular NMDAR1 

distribution or if indeed it is even functional. Large dense-core vesicles might serve as a 

site to regulate receptor trafficking to the terminal membrane. Additionally or 

alternatively, NMDARs within GnRH cells may serve as an intracellular calcium 

channel, although this is highly speculative.  
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Although previous research has shown that effects of NMDAR agonists and 

antagonists are diminished in aging rats, as well as age-related changes in expression of 

NMDARs in hypothalamus, little work has addressed this question from the perspective 

of aging. Work from our laboratory shows that NMDAR1 and NMDAR2b are expressed 

on GnRH neurons, along with their abundant presence on hypothalamic-preoptic regions 

that regulate GnRH release. The NMDAR, which comprises the NMDAR1 subunit 

together with members of the NMDAR2 family in hypothalamus, undergoes 

stoichiometry changes with age. However, all of this research has focused on GnRH cell 

bodies or on general hypothalamic regions, not the median eminence. Previous research 

in our laboratory showed that NMDAR1 mRNA in POA (GnRH cell body area) varies 

little with age in intact female rats (Gore et al., 2000a). Other subunits of the NMDAR, 

such as NMDAR2b mRNA decreased not with chronological age but rather with 

reproductive status. Young and middle-aged rats that are regularly cycling, examined on 

either proestrus or diestrus I, have higher NR2b mRNA levels in the POA than do 

middle-aged acylic or old acylic rats (Gore et al., 2000a).The co-expression of NR2b 

specifically on GnRH perikarya increases in intact middle-aged (either proestrous or 

persistent estrous) compared to young, proestrous rats, suggesting an alteration in the 

NMDA receptor stoichiometry with aging, but largely independent of reproductive 

cycling status (Miller and Gore, 2002). Such changes in receptor expression are likely to 

have a functional outcome, as the ability of NMDA agonists to stimulate GnRH gene 

expression in young proestrous rats is abolished in middle-aged proestrous or persistent 

estrous rats (Gore et al., 2000a). Additionally, the stimulatory effect of NMDA on GnRH 

release is diminished in old (18 months) compared to young (3 months) OVX rats (Arias 

et al., 1996). Finally, Neal-Perry et al showed age-associated declines in glutamate 

release in the hypothalamus (Neal-Perry et al., 2005). Together, these data suggest 
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changes in regulatory inputs to GnRH neurons from the glutamatergic system that may 

influence reproductive senescence. Although my dissertation studies focused on the co-

expression of NMDAR1 in GnRH nerve terminals in young rats, it will be interesting to 

examine these phenomena in the aging model. 

 

GNRH NEUROTERMINAL CONTAIN VGLUT2 

Using immunohistochemistry together with electron microscopy, I have found 

that vGluT2 is localized on large dense-core vesicles of GnRH neuroterminals. This 

localization of vGluT2 is consistent with a prior report from Hrabovzsky et al. 

(Hrabovszky et al., 2004b) although my study provides additional ultrastructural 

information about its subcellular location. Considering that the vGluT2 is thought to 

represent a neural glutamatergic phenotype(Herzog et al., 2001) (Takamori et al., 2001), 

this suggests that GnRH nerve terminals contain glutamate, and even more specifically, 

glutamate and GnRH can be co-released from large dense-core vesicles. To my 

knowledge, this is the first evidence showing potential co-release of neural hormone and 

glutamate from same large dense-core vesicles in the central nervous system. I think this 

is an exciting finding, because GnRH vesicles contain both vGluT2 and NMDAR subunit 

- it suggests that the function of large dense-core vesicles is far more complex than we 

know now. Whether the release of glutamate from GnRH terminal is to bind to glutamate 

receptors on the same neuroterminal or other surrounding neuroterminals or even 

intracellular binding cite is unknown. Interestingly, in the peripheral endocrine system, 

vGluT2 has been shown to express in secretory granules of glucagons-secreting alpha 

cells in pancreas (Hayashi et al., 2003). Co-secretion of secretory contents (glutamate and 

glucagons) from pancreatic alpha cells is trigged by low glucose conditions and further 
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triggers gamma-aminobutyric acid (GABA) secretion from beta cells (Hayashi et al., 

2003). GABA, as the major inhibitory amino acids in the brain also plays an important 

role in regulating reproductive function (Ottem et al., 2004). Considering the robust 

effects of GABA regulating GnRH secretion at the median eminence (Bilger et al., 2001) 

(Bilger et al., 2001) (Donoso et al., 1992) and its potential interaction with glutamate 

signaling pathway (Donoso et al., 1992), it is important to look for ultrastructual evidence 

of co-release GnRH and glutamate induced cross-talk with GABAnergic neuron at GnRH 

neuroterminal level. I realize that considerable further research is necessary to test this 

hypothesis, but my observations suggest that a novel mechanism for glutamate action 

may exist in the median eminence. Because this region has few, if any, synapses, and the 

mechanism for neural communication is non-synaptic, it is possible that these 

glutamatergic signaling molecules have been co-opted in the circumstance of volume 

transmission to serve a different signaling function.  
 

3D RECONSTRUCTION OF GNRH NEUROTERMINAL 

Constructing three-dimensional models using serial electron microscopy in 

concert with computer graphics, computer visualization technique has proven to be a 

powerful tool to collect detailed ultrastructural anatomical information (Carlbom et al., 

1994). This technique has been successfully used in neuroscience to study synaptogenesis 

in hippocampus (Ventura and Harris, 1999; Sorra et al., 2006). However, prior to my 

dissertation work, this technique has not, to my knowledge, been applied to the 

hypothalamus in general, and the median eminence in particular. 
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The three-dimensional reconstructions of GnRH terminals revealed several novel 

properties of these cells. First, the abundance of both large dense-core vesicles as well as 

small vesicles has not been fully appreciated. The 3D reconstructions reveal the extent 

and large volume covered by these organelles as well as mitochondria. Finally, we have 

gained new insight into the close relationship between glial cells and GnRH terminals. 

Although such appositions were obvious from two-dimensional studies, the 3D studies 

provide much more detail into the high degree of contacts among the neurons and glia in 

the axon terminals.  

As noted above, GnRH neuroterminals are rich in small vesicle. However, the 

nature of the small vesicle contents, presumably neurotransmitters or non-traditional 

neurotransmitter molecules such as ATP, in GnRH terminals as well as in other 

hypophysiotrophic terminals are still unknown. In preliminary studies not shown in this 

dissertation, we used immunohistochemistry to test antibodies to vesicular acetylcholine 

transporter, tyrosine hydroxylase, vesicular serotonin transporter and Gamma-

aminobutyric acid (GABA). However none have yielded any conclusive results due either 

to the high background or absence of immunostaining. Additionally, our labeling with the 

vGlut2 antibody revealed that labeling was on large dense-core vesicles but not small 

vesicles. Therefore, the contents of these abundant small vesicles in GnRH terminals 

remains a mystery. 

GNRH TERMINALS AND AGING 

The unique pattern of GnRH release during reproductive cycles is critical for 

normal reproductive function  (reviewed by Yin and Gore (Yin and Gore, 2006)). To 
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study the factors involved in the GnRH release, we performed cyro-embedding 

immunogold electron microscopy for GnRH on ultrathin sections collected from the 

caudal median eminence. Using this technique, we were able to identify GnRH 

immunopositive terminals and compare their ultrastructural differences as well as the 

changes in their surrounding microenvironment with age and hormone treatment. We 

quantified several properties of the GnRH immunopositive terminals including the size of 

terminals, the density of secretory vesicles (large dense-core vesicles LDCV) within the 

terminals, the density of immunogold-labeled GnRH peptide and the area fraction of 

mitochondria. We showed that the number of secretory vesicles increased in GnRH 

neuroterminals with age, suggesting that either the synthesis of secretory vesicles 

increased, the release of secretory vesicles decreased with age, or both. Although the 

number of large dense-core vesicles per terminal area increased with age, the 

immunogold GnRH labels per large dense-core vesicles showed no significant difference 

with age and estradiol treatment. This evidence leads us to conclude that if change 

occurs, GnRH synthesis and packaging processes participate equally. Together, these 

ultrastructural data suggest that the major change of GnRH immunopositive terminal with 

age is an increased large dense-core vesicle density in terminals, which supports our 

hypothesis that the release of GnRH decreases with age. 
 

THE ORGANIZATION OF THE MEDIAN EMINENCE 

The median eminence is one of the circumventricular organs lacking a brain-

blood barrier, which enables the neuroendocrine systems to communicate with peripheral 

circulation. This unique feature is maintained by specialized tanycyte and astrocyte cells 

(Ojeda et al., 2008). Our study on the organization of the capillary zone in the median 
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eminence showed clear evidence that the microvasculature undergoes age related changes 

and that glial cells are involved in remodeling the median eminence. Most interestingly, 

the general organization of the median eminence became less structured with age. In 

young rats, the tanycytes are organized linearly from the third ventricle to the portal 

capillary vasculature. With aging, the tanycytes processes appeared wider and lost this 

orientation. In addition, the boundary between the neuroterminals of the pericapillary 

zone with the portal capillaries became more and more convoluted with aging. These 

organizational changes are likely to alter the ability of the GnRH peptide, when 

released,to gain access to the portal blood vessels. Clearly, further research is necessary 

to ascertain how these processes occur.  
 

OVERALL CONCLUSION 

With this series of experiments, 1) we demonstrated ultrastructual evidence for a 

site at which glutamate may regulate GnRH secretion; 2) we developed a new method to 

study the subcellular distribution of neurotransmitters and receptors through serial 

sectioning, immunolabeling, and three-dimensional reconstructions, thereby showing 

novel relationships between GnRH terminals and their microenvironment; and 3) we 

showed dramatic age related morphological changes in the ultrastructure of the median 

eminence that may be involved in reproductive senescence and other neuroendocrine 

system impairments with age. 4) we showed evidence that GnRH is glutamatergic as 

vGluT2 immunolabels were localized on large dense-core vesicles of the GnRH axon and 

terminals.  
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The hypothalamus is the central command center of many brain messengers and 

many such messengers are released at the median eminence similar to the GnRH system. 

The median eminence serves as a confluence of many diverging inputs from the central 

nervous system, as well as the final common output by which the central neuroendocrine 

system can regulate peripheral endocrine functions. Although the current studies were 

performed on a rat model of reproductive aging, it seems reasonable to predict that at 

least some of these changes in the median eminence with age may apply to other species, 

including humans, as the GnRH neurosecretory system is highly conserved. My 

dissertation research has provided a clear picture that the microenvironment of the 

median eminence is important for cell-cell communication, neurotransmitter regulation 

and neuroendocrine function.  
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