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INTRODUCTION 

Until r~cently nitric oxide (NO) and carbon monoxide (CO) were viewed only as 

toxic substances. However, there has been a substantial amount of evidence in.the past 

decade that has redefined these gaseous molecules · as physiological messengers. Along 

these lines, NO and CO are now recognized as _modulators of immunological defense, 

vasodilation, endocrine signaling, arid· neurotransmission · (1-8).' · As neurotransmitters, 

NO and CO are unique when compared to classical neurotransmitters. For instarice, 

unlike all other classical neurotransmitters NO and CO are, 1) lipophilic gases with short 

half lives, 2) not stored in synaptic vesicles, 3) their effects ·are not mediated through 

classic receptor proteins - rather t~eir effects result from NO and CO binding .to the heme 

moiety of heme-proteins such as· guanylate cyclase and cyclooxygenase, and 4) their 

effects are terminated by diffusion from target tissues (1,2,5, 7,9). 

Production of NO and CO relies on the activity of the enzymes nitric oxide 

synthase (NOS) and heme oxygenase (HO), respectively. NOS uses the substrate L-

arginine to generate NO (2, 10), while HO u_ses the -substrate heme to generate CO (9, 11-

16). NOS exists as three isoforms, macrophage NOS (mNOS),. endothelial NOS (eNOS), _ 

and neuronal NOS (nNOS) (17-21). HO also exists as three isoforms, heme oxygenase-1 

(HO-I), heme oxygenase-2 (HO-2), and heme oxygenase-3 (HO-3). HO-I is inducible, 

while H0:-2 and HO-3 are constitutive enzymes; however, HO-3 is currently viewed as a 

poor heme catalyst (12, 13,22). 

1 
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There is a growing body of evidence that suggests that NO and CO regulate 

hypothalamic function. For example, recent studies have shown that the hypothalamus 

produces significant quantities of NO, primarily through the actions of nNOS (23,24). 

Likewise, the hypothalamus possesses one of the largest production rates of CO in the 

brain (25,26). That NO and CO can regulate neurohormone release from the 

hypothalamus is evidenced by findings demonstrating that NO and CO regulate 

corticotropin-releasing hormone (CRH) (27-33), vasopressin (29-31,34,35), and oxytocin 

secretion (29,36). 

With respect to reproductive function, numerous studies (23,37-45) have provided 

evidence for a significant role of NO in the control of the hypothalamic releasing factor, 

gonadotropin-releasing hormone (GnRH). For instance, it has been demonstrated 

(37,46,47) that NO neurons are located in close proximity to GnRH generating cells 

bodies in the hypothalamus and thus strategically located to exert regulatory effects over 

GnRH neurons.. That NO can exert regulatory effects on GnRH neurons was 

demonstrated in studies where exogenously applied NO markedly stimulated GnRH 

release from male hypothalamic fragments (1,48,49) and immortalized GnRH (GTl-7) 

cells in vitro (1,48). A physiological role for NO in the steroid-induced luteinizing 

hormone (LH) surge has been suggested based on studies in which the LH surge was 

attenuated by the administration of NOS- inhibitors (43,44) or NOS antisense 

oligonucleotides (38). No studies, however, have reported nNOS mRNA, protein, or 

NOS activity levels in the hypothalamus during the LH surge so as to verify that an 

increased NO tone actually occurs during this critical time. To address this deficit, Aim 1 



3 

of this study was designed to examine NO tone on proestrus in the cycling female rat-the. 

day the natural preovulatory LH surge occurs .. 

Since heme oxygenase, the enzyme that produces CO from heme molecule 

metabolism, is located in the hypothalamus (2, 11, 12, 14, 15), and CO production in the 

hypothalamus is one of the highest in the brain (25,26), it is conceivable that CO could 

play a role in regulating GnRH secretion. This possibility has not been investigated and 

thus studies on this issue appear warranted. Therefore, Aims 2-4 of this study were 

designed to assess the possible role of CO in the control of GnRH and LH secretion. The 

specific aims of this study are outlined below. 

Specific Aim 1: 

To determine whether or not nitric oxide (NO) production changes on the 

afternoon of proestrus in the female rat hypothalamus . . 

Hypothesis: NO production by nNOS in t°f!,e female rat hypothalamus increases 

on the afternoon of proestrus leading to enhanced activation of GnRH neurons. 

There are several lines of indirect evidence that support a role for NO as a 

stimulator of GnRH and LH secretion NO (23,37-45,50); however, these studies relied on 

the exogenous administration of NO agents and did not address the status and role of 

endogenous NO. Along theses lines, there are no studies which have examined whether 

the endogenous production of NO in the cycling adult female hypothalamus is elevated at 

the time of the preovulatory gonadotropin surge, which would provide addi~ional 

physiological evidence that this neurotransmitter may be involved in this process. 
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While there is a strong body of evidence which indirectly suggests that nNOS 

production of NO in the hypothalamus is involved in GnRH secretion, little is currently 

known about the regulation of nNOS activity. In the ·past 2 years, work by Brenman et al 

(51,52) and Jaffrey and Snyder (53) has identified binding proteins that may modulate 

nNOS function. Two of these proteins, protein inhibitor of nNOS (PIN) and postsynaptic 

density protein-95 (PSD-95) have been demonstrated to interact with nNOS in the b~ain. 

However, studies determining whether PIN and PSD-95 are located in the hypothalamus 

are lacking. Studies were therefore included in this aim to address whether PIN and 

PSD-95 are located in the hypothalamus, and whether PSD-95 protein levels change on 

proestrus during the LH surge. 

The animal model used in this aim was the adult cycling rat. The l\1BH and POA 

from cycling rats were utilized to examine potential changes in nNOS mRNA levels and 

protein levels, as well as changes in nitric oxide synthase activity on specific days of the 

cycle. The expression ofPSD-95 mRNA was determined.in the MBH, POA and in GTI-

7 cells by RT-PCR. PSD-95 protein levels were also determined in the l\1BH and POA 

on proestrus during the LH surge. 

Specific Aim 2: 

To determine whether or not heme molecules regulate GnRH secretion. 

Hypothesis: Heme molecules regulate GnRH secretion in the hypothalamus and 

this regulation involves the enzyme heme oxygenase. 
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There are no reported studies on the role of CO in the control of GnRH secretion. 

Since CO · has. many of the same attributes of NO and is produced in substantial 

concentrations by the hypothalamus, it could conceivably be an important regulator of 

GnRH secretion. To determine whether CO can regulate GnRH release, the effect of 

heme molecules on hypothalamic MBH fragments and GT 1-7 cells was determined. 

Heme molecules were used since they serve as substrates for CO production and since it 

is difficult to' monitor and control delivery of CO gas. 

This aim was addressed by incubating the heme molecule, hematin, in vitro with 

medial basal hypothalamic (MBH) fragments from estrogen-treated rats or with 

immortalized GnRH (GTl-7) neurons and determining the effect on GnRH release. To 

examine whether hematin's effects involved metabolism by heme oxygenase (the enzyme 

that cleaves heme to CO), zinc protoporphyrin, an inhibitor of heme oxygenase (5), and 

hemoglobin, a scavenger of CO (9), were incubated with or without hematin in the 

fragments and GT 1-7 cells. The HO-generated product, biliverdin, was also used in the 

fragments and GTl-7 cells to determine if this by-product could regulate GnRH 

secretion. In all experiments, GnRH secretion was measured by specific 

radioimmunoassay (RIA). 

Specific Aim 3: 

To determine the mechanism by which heme molecules regulate GnRH secretion. 

Hypothesis: _CO generated by heme oxygenase metabolism of heme molecules, 

initiates a sequence of events which stimulates GnRH secretion. 
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The results of Aim 2 demonstrated that heme molecules do enhance GnRH 

release and this effect is blocked by a_ ·heme oxygenase inhibitor and a CO scavenger 

molecule, which suggests ·that the active mediator is a· heme- oxygenase (HO)-cleaved 

product. Evidence is ~vailable which designates roles of different HO products as 

physiological molecules. With regard to CO, many of its biological roles in the ·CNS 

parallel NO; therefore, it is possible that like NO, CO regulates GnRH secretion and 

could' be the active HO-gener·ated product McCann and Rettori (39) have outlined a 

sequence of events that is believed to · _occur subsequent _ to NO activation in the CNS · 

which leads to increased GnRH release. This pathway postulates activation of the heme 

containing enzymes cyclooxygenase, which leads to the synthesis of prostaglandins, and 

guanylate cyclase which leads to an elevation of cGMP levels. Since CO, similar to-NO,_ 

is also thought to exert its biological effects by regulating· heme-containing enzymes, it 

_ seemed appropriate to test the role of both cyclooxygenase and guanylate cyclase in 

heme-regulated GnRH secretion. We also tested whether iron, which is a by-product of 

heme metabolism, could mediate hematin-induced GnRH release (13). To investigate the 

_possible role of iron in GnRH release, we used the iron chelator, desferrioxami_ne (54). 

Studies involving NO were also included in this aim to rule out the possibility that 

effects of heme molecu~es is due to up-regulation of the heme-c~ntaining enzyme, nNOS, 

leading to enhanced NO production. In this case, an inhibitor of nNOS, N°-nitro-L

arginine (L-NNA) (55), was used in vitro to address this question. 

Finally since cyclooxygenase is a heme enzyme and thusia potential target for CO -

regulation, we examined the 'possible role· of the prostaglandin pathway as an active 

mediator of CO's effects" For the·se studies, an inhibitor of cyclooxgenase, indomethacin 
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(56), was used. The cGMP second messenger system was also examined·by utilizing 1H

[1,2,4]oxadiazolo[ 4,3,-a]quinoxalin-1 ~one· (ODQ), an inhibitor of soluble guanylate 

cyclase (57), sinc~·· guanylat~ ·_cyclas~ is. also· a heme-contai_ning enzyme and thus a 

potential target for CO action. In each of the above mentioned studies, the compound in 

I 

question was incubated alone and together with hematin in GT 1-7 cells . in order to test 

their effect on GnRH secretion. 

Specific Aim 4: 

To establish whether or not heme oxygenase expression is increased in the female 
' ~ t ~ ' ; 

rat hypothalamus on proestrus. 

Hypothesis: He'!'e oxygenase-2 $Jlnthesis of.(;O i~ increase<! o.n proestrus prior 

to the LH surge, 1eading to enhanced activation of GnRH neurons. ,. ·. 

Preliminary work from Aim 2 had shown that blocking HO with ZnPP caused an 
.• ' 

attenuation of hematin stimulated GnRH secretion from GT 1-7 cells and MBH 

fragments. Also, the CO scavenger molecule, hemoglobin (Hb ), blocked the effect of 

hematin on GnRH secretion. While the studies in Aim 2 indicate that exogenous heme 

can stimulate GnRH secretion through a HO-mediated process, they do not prove that 

endogenous CO actually increases on proestrus to aid in production of the LH surge. The 

- studies in this aim were designed to address this issue by measuring the mRNA levels of 

the major heme oxygenase enzyme responsible for _C9 production jn the hypothalamus, 

·HO-2. 
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In order to determine whether HO-2 is increased in the hypothalamus during 

proestrus in the female rat, total RNA from the MBH and POA was isolated on proestrus 

and metestrus ( control) and analyzed by dot blot hybridization to assess changes in HO-2 

gene expression. Serum samples were also collected and analyzed for LH levels using 

RIA to confirm that the animals exhibited the proestrus LH surge. 

Significance and Ob iective of Research 

NO and CO are now accepted as physiological messengers (1-8). In the 

-~ -~ ---
hypothalamus, NO arid CO have been implicated as regulators of neurohormone secretion 

(27-36,39-42). Although there is abundant evidence to support NO as a regulator of 

hypothalamic GnRH secretion and the preovulatory LH surge, there are currently no 

studies demonstrating that NO tone changes on proestrus during the time of the 

preovulatory LH surge. Regarding CO, investigation into the possible role of CO in 

hypothalamic GnRH secretion and the preovulatory LH surge are lacking. The present 

research was designed to address these key issues. The results of this research are 

expected to help provide a better understanding of the potential role of NO and CO in the 

LH surge and advance our understanding of the neuroendocrine events that culminate in 

the mid-cycle LH surge in the female. 



REVIEW OF RELEVANT LITERATURE 

Overview-Control of Ovulation 

The female mammalian reproductive cycle is a complex process that involves 

many phases. One of the key events in this cycle is the process of ovulation. Ovulation 

is regulated by an intricate system of feedback signals that are relayed between the 

hyp(?thalamic-pituitary-ovarian axis. 

Two central regulators of ovulation are the ovanan steroids, estradiol and 

progesterone (58-66). Estradiol has been pinpointed as the initiator of the preovulatory 

gonadotropin surge (58-60), whereas progesterone is thought to ·synchronize, potentiate, · 

and limit the gonadotropin surge to one day (58,59,61,62,64-66). These effects are 

mediated at the level of the hypothalamus, the anterior pituitary, and the ovary. At the 

level of the hypothalamus, steroids act to stimulate the synthesis and secretion of the 

decapeptide, gonadotropin hormone-releasing hormone (GnRH), the principal regulator 

of godandotropin secretion. GnRH neuronal cell bodies are primarily found in the 

preoptic area (POA), while GnRH nerve terminals are located within the median 

eminence (l\ffi) (67,68). Once released from the l\ffi, GnRH travels through the 

hypophyseal portal veins to the anterior pituitary where it stimulates the secretion of the 

gonadotropins, luteinizing hormone (LH) and follicle stimulating hormone (FSH) 

(69,70). It is these gonadotropins which travel to the ovary to initiate the process of 

ovulation. 

9 



Although it is generally accepted that ovarian estradiol and progesterone are centraJ 

regulators in the ovulatory cycle, the precise mechanism employed by these steroids to 

regulate GnRH remains unclear. To date it has not been demonstrated that GnRH neurons 

possess ·steroid receptors (71,72); therefore, the current consensus is that the effects of 

estradiol and progesterone on GnRH release is the result · of an indirect mechanism which 

involves mediation by other neurotransmitters that impinge upon and regulate the GnRH 

neuron (58, 73-78). 

Glutam~~te and the Gonadotropin Surge 

'9ne of the focuses ,<?re.PI:. la.boratory and many others working iri this area has been to 

identify "the neurotransmitters .. that mediate the steroid _ signals on GnRH neurons. Recent 

work has identified the excitato~ amino- acid; glutamate, as. one of the key stimulatory 

neurotransmitters involved in t~e preovulatory gonadotropin surge (79,80). Evidence to 

support a role for glutamate as a regulator of GnRH includes the observations that: _ 1) 

glutamate cell bodies and nerve terminals have been observed in the mediobasal 
. •' . 

_hypothalamus (MBH) (81,82), 2) immunoreactive glutamate nei:ve terminals have been 

rep~rted to synapse c;m GnRH neurons in the arcuate nucleus (ARC) in the monkey (83), 3) 

the glutamate receptor, NMDARl, has been reported to be located in key reproductive nuclei 

in the rat hypothalamus (3 7, 84-86), 4) glutamate neurons in the hypothalamus contain steroid 

,receptors (87), 5) glutamate has been shown to stimulate~ release from hypothalamic 

fragments· in vitro (39,88-93), and 6) central administration of excitatory amino acid (EAA) 

agonists have been reported to increase LH release (94), while the administration of GnRH 

antagonists blocks the effects ofEAAs on LH releas~ (48,95). 
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Furthermore, recent evidence supports a physiological role for glutamate in 

mediating the effects of estradiol and progesterone in inducing the GnRH and the 

gonadotropin surges in the female. For instance, Brann and Mahesh (96-98) have 

de~onstrated that the progesterone-induced and the proestrus LH surges are blocked by 

treatment with Nl\IDA and non-Nl\IDA receptor antagonists. In support of these findings, 

studies by Ping et al, utilizing microdialysis, demonstrated that progesterone significantly 

increases the release of glutamate and aspartate in the POA in the hypothalamus during the 

time of the LH surge (99). Similar results have been shown by other investigators who 

reported that excitatory amino acid release rates are enhanced in the POA during the 

estrogen-induced LH surge (100). 

While the above evidence strongly suggests a role for glutamate neurotransmission in 

GnRH and LH release, the mechanism whereby glutamate regulates the GnRH neuron is not 

clearly understood. It is possible that glutamate acts directly on the GnRH neuron as 

suggested by studies demonstrating that glutamate agonists stimulate GnRH release directly 

from immortalized GnRH (GTl-7) neurons in vitro (101-104). However, in vivo results 

have failed to corroborate these findings as several studies failed to find co-localization of 

glutamate receptors in GnRH neurons in vivo (105,106). Thus, glutamate, while important, 

appears to be mid-stream in the signaling pathway controlling GnRH release, and there must 

be downstream mediators of glutamate effects. Recent evidence suggests that novel gaseous 

transmitters such as nitric oxide (NO) and carbon monoxide (CO) may be important 

downstream mediators of glutamate effects. Along these lines, both NO and CO have been 
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implicated as physiological messengers in hippocampal long term potentiation (LTP), as well 

as long term depression (LTD) in the cerebellum subsequent to prior glutamate release 

(1,49,107,108). Immunohistochemical studies in the hypothalamus have demonstrated that 

NO neurons and the NMDARl receptor s~bunit are co-localized, which also implies an 

indirect mechanism involved in glut_ama:te neurotransmission (37). More recently, intriguing 

new information supports a role. for both NO and CO as physiological neurotransmitters that 

regulate the preovulatory surge of GnRH and LH (39-44, 109). Before describing the 

regulatory roles of NO and CO on GnRH secretion, the following section describes how NO 

and CO are produced. 

NO Synthesis and Localization 

Nitric oxide is produced by metabolism of L-Arginine (fig. 1). Nitric oxide synthase 

(NOS) is· the enzyme that catalyzes this reaction which also yields L-citrulline as a product 

(2, 10). NOS exists in three major isoforms, which are products of different genes. These 

products, neuronal NOS (nNOS) (17, 18), endothelial NOS (eNOS) (19,20), and macrophage 

NOS (mNOS) (21) share a 50% amino acid homology and were named based on their 

original site of detection. Immunohistochemical studies have now detected NOS isoforms in 

a variety of tissues other than their original- site of isolation (3, 110-112). The NOS isoforms 

are broadly classified into two categories; constitutive and inducible. All forms of nitric 

oxide synthase require FAD, Fl\1N, NADPH, and BILJ, as cofactors (2,17,113,114). nNOS 

and ·eNOS are constitutive and they are calcium/calmodulin dependent. In rats and in 

humans, nNOS is a 150-160 kDa protein that shares a sequence homology of93%. The other 

constitutive NOS, eNOS, is a 140 kDa.membrane bound protein. With regards to mNOS, it 
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is classi~ed as inducible and is calcium independent. The constitutive isoforms of NOS 

rapidly synthesize a small quantity of NO for a short period of time. In contrast to the 

constitutive forms of NOS, production of NO by the inducible mNOS requires several hours 

and may last for several days (2,113,114). 

With respect to localization, nNOS is the most prevalent NOS isoform in the CNS 

during physiological states. Immunohistochemical studies have also shown that eNOS is 

expressed lightly in the CNS, whereas mNOS is generally undetectable unless it is 

induced by infection or injury (2,4, 113). Immunohistochemical studies and binding 

assays in rodents have demonstrated that the highest concentrations of nNOS are in the 

olfactory bulb, the amygdaloid complex, the islands of calleja, and the cerebellum, with 

light staining in the cerebral cortex, hippocampus, and the striatum (115-ll 7). Neuronal 

NOS has also been identified in the human and rodent anterior pituitary (118,119). In the 

· hypothalamus, NADPH-diaphorase studies have indicated that a large concentration of 

nNOS is located in the paraventricular nucleus (PVN), supraoptic nucleus (SON), and the 

organum vasculosa of the lamina terminalis (OVLT) (37,115,120). These studies· also 

demonstrated moderate staining of nNOS in the median preoptic nucleus (MPN), 

ventromedial nucleus (VMN), suprachiasmatic riucleus (S.CN) and the median eminence 

(ME), while studies of the medial preoptic area (mPOA) and the arcuate nucleus (ARC) 

revealed only light staining (3 7). 

CO Synthesis and Localization · 

Carbon monoxide production is the result of heme catabolism (fig 2). The 

enzyme heme oxygenase (HO) cleaves the heme ring to yield iron· and equimolar 
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amounts of CO and biliverdin, with biliverdin being• quickly redu~ed to bilirubin (9, 11-
. . . 

14). Currently, three forms -~f HO have been isolated,' HO-I, HO-2, and HO-3 

(12, 13,22). HO-I is an inducible enzyme which is highly expressed in the liver and 

spleen where its function is thought to revolve around the destruction -of senescent red 

blood cells (12). In the brain, this inducible enzyme is generally undetectable until injury 

or infection occurs (13). HO-2, a constitutively expressed enzyme, is highly expressed in 

many brain regions under physiological conditions and is thought to be· responsible for 

the majority of the CO production in the brain (2,11,12,14). In the CNS, HO-2 mRNA 

and protein are expressed primarily in the cerebellum, olfactory bulb, hippocampus, 

dorsal raphe nucleus, and the hypothalamus (5,11-14). Heme oxygenase-3 was recently 

isolated and ch~racterized. HO-3 mRNA is constitutively expressed in the rat brain and 

shares 90% homology with HO-2; however, HO-3 is a poor heme catalyst and a 

functional role for HO-3 has not been determined (22). 

Potential Regulators of nNOS 

PIN: Using the yeast two-hybrid system, Jaffrey and Snyder isolated a 10 :kDa 

protein, which they named protein inhibitor of nNOS (PIN), that interacts with nNOS 

(53). PIN binds to nNOS amino acids 163-245, resulting in destabilization of the NOS 

dimer, and thus attenuation of nNOS activity. PIN only inhibits nNOS function and has 

no affect on eNOS and mNOS, which lack the PIN binding domain. PIN mRNA has 

been shown to be expressed in the testis, brain, and perpherial tissues. It is unknown 

whether PIN is localized in the hypothalamus. 
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Postsynaptic Density Proteins (PSD's): Recently it was determined that 

nNOS interacts with postsynaptic density proteins (51,52,121). Postsynaptic d~nsity 

protein~ are located at synaptic junctions and are thought to play a role in clustering 

receptors to membranes in order to enhance the response of the postsynaptic nerve cell to 

the appropriate stimulus (121-131). In the CNS, nNOS has been found associated with 

postsynaptic density protein~95 (PSD-95) and postsynaptic denisty protein-93 (PSD-93) 

through their PDZ domains. PDZ domains. are regions which contain a 90 residue repeat 

that serves as a protein recognition site (126,132). Interestingly, the amino-terminus of 

nNOS also contains a PDZ · domain, which anchors nNOS to PSD-95 and PSD-93 in the 

brain (fig. 3) (51,.~_2). _The interaction :of nNOS with these postsynaptic density proteins 

-
appears to specify the subcellular localization of nNOS. For, example, mutant mice that 

lacked the nNOS PDZ domain, failed to have nNOS located in the membrane fraction in 

the cerebellum ( 51 ). The interaction of postsynaptic density proteins with NOS is 

specific for the neuronal _isoform, as eNOS and mNOS lack PDZ domains in their amino:.. 

terminus ( 51). 

Interestingly, PSD-95 and PSD-93 also interact with the N-methyl-D-aspartate 

(NMDA) receptor 2B (51,124,127). This is ,important because NMDA has been 

demonstrated to be a potent stimulator. of nNOS activity in the brain (133-135). Thus, 

there is the potential that PSD's may anchor nNOS and NMDA together on postsynaptic 

neurons in the hypothalamus to enhance GnRH secretion and thus the· mid-cycle LH 

surge in the female on proestrus. 



Figure 3. Diagram of PSD-95 and nNOS interaction on the plasma membrane. 
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NO and CO: Regulators of the Preovulatory Gonadotropin Surge 

Investigations by our laboratory and several others have provided evidence to 

support a role for NO in the regulation of GnRH and LH secretion. Along' these lines, 

immunohistochemical studies in the female rat hypothalamus revealed dense NOS

diaphorase staining in neurons and nerve terminals in regions which are involved in 

GnRH secretion, including the OVLT, mPOA, MPN, and the ME (37). Furthermore, it 

has. been determined that NOS is not contained within GnRH neurons; however, NO 

neurons and fibers were found in close proximity to GnRH neurons in the hypothalamus 

(37). In vitro studies have also ·demonstrated that NO-donor molecules stimulate GnRH 

release from male an:d female · hypothalamic explants as well as immortalized GnRH 

neuronal cells (GTI-7 cells) (23,39,40,42,43). In vivo studies, which involved the 

injection of L-arginine into the third ventricle of castrated estradiol primed female rats, 

· also corroborates a role for NO as a stimulator of GnRH secretion, as LH levels were 

rapidly elevated after L-arginine injection (50). Further in vivo studies that utilized 

inhibitors to NOS revealed an.:atte~uating effect on the LB surge during midcycle in the 

rat (43,44). Recent experiments propose that glutamate may regulate hypothalamic NO 

t.hrough activation of the NMDA receptor and demonstrate that NOS inhibitors given 

before NMDA administration 'block NMDA-induced GnRH a·nd LH rnlease (37,41). 

Observations by other laboratories have gone further to suggest a role for steroid. control 

ofNOS in the hypothalamus (46,136-138). 

With regards to CO, it is worth noting that production of CO in the brain is 

second only to the spleen, yet current evidence to support a role for CO as a 
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neuromodulator is not as prevalent as that for NO. Nevertheless, work from this. 

dissertation project has provided evidence that CO may be involved in the secretion of 

GnRH. This suggestion is based on the following observations: 1) the major constitutive 

form of heme oxygenase, HO-2, is present in the female hypothalamu.s in the MBH and 

POA (139), 2) HO-2 niRNA was also demonstrated in the GTl-7 cell line (139), 3) in 

vitro incubation of hematin, a substrate for heme. oxygenase, was found to significantly 

increase· GnRH secretion in both female hypothalamic fragments as• well as in GT 1-7 

cells (109,139), and 4) an inhibitor to HO-2, zinc protoporphyrin (ZnPP), and a scavenger 

of CO, hemoglobin, both blocked the increase in GnRH secretion by hematin (109,139). 

These findings suggest that CO may also play a role in t.he ~ontrql of GnRH secretion. 



EXPERIMENTAL DESIGN AND METHODS 

Animals 

Adult female rats, 55 days of age, (Holtzman, Sprague Dawley, Madison, Wisc., 

USA) weighing between 200 and 225 g were obtained and housed in environmentally 

controlled rooms (lights on 0500 h to 1900 h) and provided food and water ad libitum. 

All animal studies were carried out as approved · by our Institutional committee fo_r the 

Care and Use o~ Anim~ls in Research and Education in accordance with the guidelines of 

the NIH and USDA 

Animal Models · 
( 

Cycling Adult Female Model: Daily vaginal . smears were obtained from 3 separate 

groups of adult naturally· cycling female rats: and only those · animals having two 

consecutive 4 day estrous cycles were used for the experiments. The animals were 

sacrificed by decapitation at two hour intervals from 1200 h to 1800 h on proestrus, and 

at 1200 h on metestrus (controls). The MBH and POA were rapidly dissected and 

processed for northern and/or dot blot analysis, RT-PCR, western blot analysis, or 

. enzyme activity analysis. Trunk blood was taken from each animal for measurement of 

serum LH levels. Four to six animals were included in each group. 

21 



22 

Estrogen Primed Adult Female Model: Adult . female· rats, 5 5 days of age, were 

b_ilaterally ovariectomized under ether anesthesia. Two weeks later ( day 69 and 70), the 

animals were injected at 1700 h with 17(3-estradiol (Sigma, St. Louis, ·Mo, USA) (5 µg) 

subcutaneously in corn oil vehicle. On day 71, the animals were sacrificed at 0900 h by 

decapitation. The l\IBH was rapidly dissected and used immediat~ly for hypothalamic 

incuba~ion experiments. Six animals were included in each group. 

Experimental Protocols 

Cell Culture: Immortalized GnRH (GTl-7) neuronal cells (passages 12-20), generously· 

donated by Dr. Pamela Mellon (University of California, San Diego), were cultured in 75 
. . . . . 

cm2 _flasks containing._ Dublecco's Modified Eagles Medium (DMEM) (4.5 mg/ml 

glucose, 0.584 g/1 glutamine, 3.7 g/1 NaHCO3) supplemented with 5% horse-serum, 5%, 

fetal calf serum, and 1 % penicillin-streptomycin (Gibco, Grand Island, New York, USA). 

The media was replaced every four days until the cells reached 70% confluency. At this 

time cells were processed for RNA and protein extraction or they were used for static 

incu~ation experiments with various test compounds described below. Those cells used 

for static incubation experiments were recovered using 0.25% trypsin-EDT A (Gibco) and 

subsequently plated on poly-D-lysine (0.1 mg/ml; Sigma) coated 24 multiwell plates 

(Fisher, Pittsburgh, PA) at a conc~ntration of 200,000 cells/per well. 

GTJ-7 Cell Static Incubations: GTl-7 celis were cultured in an incub~tor under a 95%_ 

0 2-5% CO2 atmosphere at 37° C for 3-4 days. At this time, the DMEM was replaced by 

0,.5 m1 Krebs Ringers Bicarbonate buffer (KRB; Sigma,1.26 g/lNaHCO3-0.2 g/1 CaCh, 

and 28.4 mg/1 bacitracin) and were allowed a one hour pre-incubation period in the 
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incubator. Cells were then incubated with 0.5ml KRB (control) or 0.5 ml of one of the 

following test compounds: hematin (Aldrich, Milw. WI), 1 µM, 10 µM, and 100 µM, 

zinc protoporphyrin 50 µM (RBI, Natick, MA) (32), hemoglobin 10 µM (Calbiochem, La 

Jolla, CA) (140), biliverdin 10 µM, 50 µM and 100 µM (Sigina), L-NNA 100 µM 

(Sigma) (141), indomethacin 100 µM (RBI) (56), desferrioxamine 100 µM (Sigma) (54), 

ODQ 10 µMand 100 µM (Calbiochem). Each test compound listed above was incubated 

for 3 0 minutes alone as well as in conjunction with hematin. All groups were compared 

to KRB control. Each group contained an n of 6. After each experiment all wells were 

incubated wit~ 56 mM KCl (Sigma) to test cell viability. All media was collected for 

GnRHRIA. 

Dissection of Hypothalamic Tissue: A block of tissue containing the hypothalamus was 

dissected from each brain with a n1zor blade using a previously standardized procedure 

(96). Briefly, the block was bordered laterally by the hypothalamic sulci: anteriorly, 2-3 

mm anterior to ~he uptic chiasm: posteriorly by the · mammilla?' l;>odies; . and the depth 

was. one quc1rter to one half the distance _from the vertical· surface. · The tissue block was 

further divided by a cut immediately posterior to t_he optic chiasm. The anterior half 

contains the POA ·and the posterior section contains the median eminence (ME). The 
. ' 

MBH and POA was then further processed for either RNA and protein extraction or for 

NOS activity assay. In experime~ts inyolving GnRH secretion, only the MBH was used. 

Hypothalamic Incubat!,ons: MBH fragments from estrogen treated animals were 

isolated and immediately placed in ice cold Krebs-Ring~r bicarbonate buffer. One MBH 

was incubated per well ( n=6) for an initial one hour preincubation period in a Dub no ff 

metabolic shaking incubator under a 95% 0 2-5% CO2 atmosphere at 3 7°C for 
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stabilization of GnRH release .. · .t¥ter one· hou~, .the media was replaced with media 

containing ve~icle (KRB) or various test compounds for 30 minutes. Two doses of 

hematin.(10 µMand 100 µly.1) were used to test a dose response. Zinc protoporphyrin (50 

µM; RBI), an inhibitor of HO, Hb (10 µM), a scavenger of CO, and biliverdin (1 µM, 5 

µM, and 10 µM; Sigma), a by~product of ~eme metabolism were all incubated alone and 

with hematin to test their effect on ·hematin regulated ·GnRH secretion. After the 30 

minute incubation period, the media was stored at -20° C for subsequent GnRH 

. ' 

radioimmunoassay (RIA). Finally, the fragments in each group were incubated with 56 

mM KCl for 15 minutes to test for viability. This medium was also assayed for GnRH . 

RNA Extraction: MBH and POA ·blocks dissected from adult cycling female rats were 

· immediately placed in 1ml ofTRI Reagent (Molecular Research Center, Inc., Cincinnati, 

OH). One MBH and one POA was added to each 1 ml of TRI Reagent. Total RNA and 

protein was ~imultaneously extracted per the TRI Reagent protocol. Total RNA from 

GT 1-7 cells was isolated using 1 ml/10 cm2 of TRI Reagent. Samples were homogenized 

in sterile glass tubes using a homogenizer (polytron) at setting #5. After homogenization, 

samples were stored at room temperature for 5 minutes to allow complete dissociation of 

nucleoprotein complexes. Samples were then transferre~ to sterile Eppendorf tubes, to 

which 0.2 ml of chloroform was added, and samples were shaken and allowed to sit at 

room temperature for 15 minutes. The samples were then centrifuged at 12,000 g for 15 

minutes at 4° C. Samples at this stage are separated into an aqueous phase (RNA), 

interphase (DNA), and an organic phase (protein). The aqueous phase was transferred to 

a new sterile Eppendorf tube and then RNA was precipitated by adding 0.5ml of 

isopropanol followed by a 15 minute room temperature incubation. . The organic phase 
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was further processed for protein extraction as described below. RNA samples were 

centrifuged at 12,000 g for 10 minutes at 4° C. S~pernatants were discarded and the 

RNA pellets were washed in 75% ethanol by mixing and then centrifuging at 7500g for 5 

minutes at 4° C. Pellets were air dried for 5 minutes and then resusp~nded in 

diethylpyrocarbonate (DEPC; Sigma) treated distilled water. Aliquots of 5 µls were used 

for optical density readings. The RNA concentrations were estimated using 260/280 nm 

readings. The remaining samples were st~red at -80° C for use in control gels and dot 
- : ,_ ' . - -

blots. Prior to making dot blots, the total RNA was checked for integrity by ru~ning 

1.5% agarose with ethidium bromide (2.5 ml/50ml) (142). All cDNA probes were 

initially verified by northen blot analysis.containing 20µg of total RNA. 

Protein Isolation: Protein was precipitated from the interphase and organic phase of the 

above samples by the addition of 0.5 ml ofisopropanol. ·samples were then kept at room 

temperature for 10 minutes and subsequently centrifuged at 7500 g for 5 minutes at 4° C. 

Supernatants were removed and pellets were washed three times in 1 ml of 0.3 M 

guanidine hydrochloride in 95% ethanol. Pellets were dried at room temperature and 

then dissolved in 1 % sodium dodecyl sulfate (SOS) at 50° C. 

Protein Estimation: Aliquots from each of the above samples were used for protein 

estimation by the Lowry method (143). The following reagents were needed for protein 

determination: 2% sodium bicarbonate in 0.1 M sodium hydroxide (Solution A) 1% 

copper sulfate (Solution B), and 2% sodium-potassium tartrate (Solution C). Solution D 

consisted of Solution A combined with a final volume of 1 % Solution B and 1 % Solution 

C. The standard curve dilutions ranged from 5 µg-100 µg of BSA (lmg/ml) prepared in 

I% SDS. Each of the samples were made up to a final volume of I 00µ1 with I% SDS. 
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. All unknowns and standard samples contained 1 % SOS. Following the addition of 

Solution D (500 µl), all samples were incubated at room temper~ture for 15 minutes. The 

final step in the assay was the addition of IN Folin (50 µl) followed by another room 

temperature incubation. The final incubation was for 30 minutes. The absorption of all 

samples and standards was conducted at 750 nm as compared with blank samples.· 

Prob~ Generation: The cDNA probe for nNOS wa~ developed by our laboratory as 

previously described (38). Briefly, primers were designed based on a previously 

published gene sequence by Snyder (18). The sequence for the nNOS primers is as 

follows:(5' -TGAAGAGCACACTGGAAA3 'and5 'GCGAGTTCCACACTCTCGGAAG-

3 ') and were synthesized by Ransom Hill Bioscience (Ramona, CA.) -and amplified by 

RT-PCR to yield a 480 bp DNA segment of the nNOS gene. The DNA band was then 

gel purified using a Qiaex Gel Extraction kit (QIAGEN, Santa· Clarita, CA) and . · 

subsequently cloned into a -I~GEM-T vector (Promega, ~adison, WI). An aliquot from 

this vector was transfected into Escherichia coli competent cells. The transfected cells 

were plated on ampicillin treated LS (Luria Agar) plates in the presence of isopropyl-B-
( 

thiogalactopyranoside and x-gal. The white colonies were then grown in Luria Broth 

(Gibco) containing ampicillin o~ernight. Plasmid DNA was harvested using a Wizard 

miniprep DNA purification system. n-NOS plasmid DNA was digested with Sacl and 

Apal. Sequence analysis of the cDNA probe confirmed that the targeted sequence and 

the nucleotide sequence are identical. Th,e cDNA probe for H0-2 was developed by our 

laboratory as follows. Primers were designed based on a previously published gene 

sequence:by Shibahara (144). The sequence for the H0-2 primers is as follows: (5'

ACCACTGCACTTTACTTCA-3' and 5'.-TACGT_AGTGAATCCGA!CCACA-3') and 
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were synthesized by R~nsom Hill Bioscience an~ amplified by RT-PCR to yield a 213 bp 

D~~A segment of the HO-2 gene. The DNA band was then gel :purifi~d by a Qiaex Gel 

-- . 

Extraction kit (QIAGEN) and subsequently cloned into a PGEM-T vector (Promega). An 

aliquot from this vector was transfected into Escherichia coli competent cells. The 

transfected cells were plated on _ampicillin treated LS (Luria Agar) plates in the presence 

of isopropyl-B-thiogalactopyranoside and x-ga{ The white colonies were then grown in 

Luria Broth containing ampicillin overnight. Plasmid DNA was harvested using a 

Wizard min~prep DNA purification system. HO-2 plasmid DNA was digested with Sacl 

and Saeli. Sequence analysis of the cDNA probe confirmed that the targeted sequence . 

and the nucleotide sequence are identical. 

Dot Blot and Measurement of RNA: Total RNA was quantified by dot blot analysis 

(145). Prior to preparing dot blots, RNA was checked for integrity utilizing northern gel 

blot analysis (145). Samples of total RNA (3 µg/sample) were denatµred by glyoxalation 

and blotted onto nylon (NEN, Boston,MA) _ membranes. The membranes were hybridized 

with a cDNA probe for nNOS and cyclophilin or HO-2 and cyclophilin. Cyclophilin 

was used as an internal control. Hybridizations were carried out for 18 hours at 42°C in 

50% (v/v) formamide (Clontech, San Francisco, CA), 10% (w/v) dextran sulfate 

(Pharmcia, Piscataway, NJ), 50 mM Tris (pH 7.5), 1 % (w/v) SDS (BIO RAD, 

J:Iercules,CA), 1 M NaCl, and 100 mg/ml sheared, denatured salmon sperm DNA (5 

Prime-3 Prime, INC). The membranes were then washed (3x} with agitation in 0.4 SSC, · 

0.1 % (w/v) SDS, the first wash at 25° C and the last washes ;t 60°C. The blot was then 

washed in .SSPE at 25°C and exposed to X-OMAT film (VWR, Atlanta, GA). The 

intensity of the hybridizations were detected by scanning the autoradiographs with LKBI 
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Pharmacia Ultra Scan laser densitometer. Levels of rnRNA were expressed as percent 

cyclophilin. Previous work from our laboratory has shown that · cyclophilin does not 

change in the hypothalamus during the cycle and thus can be used to correct for loading 

and transfer variations. A 196 bp (nucleotides: 59-254, accession # Ml9533) PCR 

generated probe was used as the probe for cyclophilin. Between nNOS and cyclophilin 

and HO-2 and.cydophilin hybridizations, the blots were stripped with an initial wash of 
, " . . . 

10 mM Tris .. hydrochloride (Tris-HC.l, pH 7.5), 1 mM EDTA, 1% ('3//v) SDS at 100° C, 

and then washed in 0.1 strength SSC containing 0.1 % (w/v)SDS at 100° C, and allowing 

both washes to cool to 30° C with rotation. The final wash consisted of 2x SSPE (20-

strength SSPE, 3·.6 M NaCl, 0.2 M sodium phosp_hate dibasic, pH 6.8, 0.02 M EDTA) for 

3 0 minutes with rotation. 

RT-PCR: Total RNA was isolated from the l\1BH, POA, liver, and spleen of intact 

female rats and from GT 1-7 · cells using the Tri-Reagent method (Molecular Research 

Center, Inc.). Liver and spleen RNA was used as negative controls. Six micrograms of 

total RNA from each sample was then treated with 1 unit of DNase (Promega). to 

eliminate possible genomic DNA contamination. Following DNase treatment, 1 µg of 

total RNA was incubated with 50 ng of random hexamers at 70°C for 10 minutes. The 

RT reaction was carried out in a total volume of 20 µl containing 1 µg of total RNA, 10 

mM Tris-HCI (pH 8.3) 75 mM KCl, 3 mM MgCh, 10 mM dithiothreitol, 0.5 mM dNTP, 

50 ng of random hexamer primers, 20 units ofRnase (Promega) and 200 units ofl\1MLV

RT (Promega) and incubated at 23°C for 10 minutes and 37°C for 60 minutes. The 

enzyme was inactivated by heating at 70°C for 10 -minutes. Primers for PSD-95 were 

designed by our laboratory and synthesized by Ransom Hill. The sequence for the 
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primers 1s as follows: ,_(5'_ TTCTCAGCACCTGGACAATG and 3°

TCTTGGCCTCGAATCGACT A). The ·primers amplified a 419 bp segment of the rat 

PSD-95 gene ... Three i:nircoliters of the RT reaction was amplified in a 50 µl reaction 

containing the following components: 100 ng ofeach primer, 10 mM Tris-HCl (pH 9.0), 

50 mM KCl, 2 ~ MgCh, 0.1% TritonX-100, 200 µM of each dNTP; and 2.5 units of 

Taq polymerase (Promega). The initial denaturing step was set at 94°C for 3 minutes 

followed by 30 cycles at: 94°C, 1 minute, 58°C, lminute, .72°C, 1 minute, with a final 

extep.sion step at 72°C for 10 minutes. The PCR reaction was carried out in a thermal 

cycler (Perkin..'.Elm'er,' Norwalk, Conn.) and the· PCR product was ·res~~wed in a 1.5% 

metaphor: 1 % agarose gel, containing ethidium bromide for 'DNA visualization using a 

digital imagi.~g system (IS-1000, Alpha Innotech, San Leandro~ Calif, USA). 

Western Blotting: Protein samples isolated from-adult cycling rats (100 µg/sample) were 

separated using 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

Electrophoresis was performed at 200 V for four hours in 25 mM Tris, 192 mM glycine, 

and 0.1 % SDS. Molecular weight standards (Bio Rad, Hercules, CA) were loaded onto 

each gel to verify stained proteins. Proteins were then electroblotted onto polyvinylidene 

difluoride (PVDF) membranes (Millipore, Bedford, MA) at 30 V for 17 hours in 25 mM 

Tris, 192 mM glycine, and 10% methanol using the Transblot apparatus (Bio Rad). After 

the transfer was completed, the membranes were washed twice in T-TBS ( 20. mM Tris, 

137 mM NaCl, 0.1% Tween 20) for 10 minutes each wash. This step was followed by 

blocking the membranes in 5% nonfat dry milk dissolved in T-TBS for one hour. A 

polyclonal antibody for nNOS (Transduction, Lexington, Kentucky) at a dilution of 1 :800 

was used, as standardized, to· detect changes in nNOS proteins, or a monoclonal antibody 
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for PSD-95 (Transduction) at a dilution of 1: 150 was employed, as standardized. To 

correct for internal variations, f3-tubulin ( Amer sham, Arlington . Heights, IL) was 

employed at a dilution of I :~000 on the same blot; however since the results were 

significant without tubulin correction, all western blot results are expressed as raw data. 

Donkey anti-rabbit antibody (1 :3000; Amersham) was the secondary antibody for nNOS, 
~ . ... . . 

while mouse anti-sheep antibody (1 :3000; Amersham) was used as the secondary 

antibody along with PSD-95 and tubulin. Both secondary antibodies were conjugated to 

horseradish peroxidase (HRP) in conjunction with the Enhanced Chemiluminescence 

system (ECL; Amersham) which allowed visualization of proteins. Blots were exposed 

to Kodak Biomax (VWR) film and protein determination was made using the IS-1000 

Digital Imaging system. Between probing the membrane with nNOS, PSD-95, and 

tubulin, the membrane was stripped with l00mM mercaptoethanol, 2% SDS, 62.5 mM, 

and Tris-HCl (PH. 6.7) at 70°C for thirty minutes. To determine the expression of PIN in 

the hypothalamus and in GT 1-7 cells, a polyclonal antibody was custom designed 

(Peninsula, Belmont, Calif) from a sequence previously reported in the gene bank by 

Jaffrey and Snyder (53). For PIN, samples were separated by 15% SDS-PAGE and used 

at a standardized concentration of I :3000 along with the donkey anti-rabbit antibody 

(1 :3000; Amersham) secondary·antibody. All other steps were as described above. 

NOS Activity Assay~· . A separate set of cycling animals were. used to test NOS activity. 

MBH and POA sam~les from cycling rats_ were dissected as described above and NOS 

activity was determined by ~easu~ing the conversion of [3H] arginine to [3H] citrulline as 

described by Bredt and Snyder (134): . Briefly, the MBH and POA (1/ml buffer) were 

homogenized in 20 mM ~PBS buffer (pH 7.2) contain~ng 0.32 M sucrose, 0.5 mM 
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EDT A, and 1 mM DTT. The samples were centrifuged at 12000 g for 15 minutes. The 

supernatant was mixed with the following cocktail buffer; 2 mM NADPH, 0.45 mM Ca2+ 
\ 

(1 µM free calcium), 20 µM arginine, and [3H]arginine (1 µCi/ml, Amersham). The 

reaction was carried out at 37° C for 30 minutes and subsequently stopped by the addition 

of ~ ml of 20 mM ice-cold HEPES (pH 5. 5) containing 20 mM EDT A. The reaction 

mixt~re ~~s then ~dded to 2 ml Dowex AG 50 (Na+ form) columns. [3H] citrulline was 
. . . 

eluted with 2ml of distilled water and quantified by liquid scintillation counting 

(Beckman, Model LS5801). NOS activity was expressed as cpm of citrulline formed per 

milligram of protein in 3 o minutes. Protein· concentration. was determined by. the Lowry 

method (143). This assay was previously determined by our lab to be representative ofL

arginine metabolism to NO and citrulline by NOS as the NOS inhibitor, Nw-nitro-L

argiriine (NNA); dose dependently blocked NOS activity in the MBH and the POA (23). 

LH RIA: Trunk blood collected from cycling rats was stored at 4° C overnight and spun 

at 2500 g for 20 minutes. Se~m was. collected and sto~_ed _at -20° C until analyzed by 

RIA. · The amount of LH in the· serum_ samples was analyzed by· a- ra~ioimmunoassay 

method described by Rao and Mahesh (146). LH hormone standards and the first 

antibody (NIAMDD-rLH-S-10) (rabbit) were obtained from NIDDK (National _Hormone 

Pituitary Program). The purified hormone was iodinated _with 125Iodine (Amersham) 

using the cloramine T method ( 14 7). The second antibody was utilized at a 1 :250 

dilution. LH levels are defined in terms of NIAMDD-RP-l standard LH. 

Radioimmunoassay of GnRH: GnRH ·was iodinated using the lactoperoxidase-H2O2 

method described by Reeves et al (148). Synthetic GnRH was used for iodination and 

standard curve preparation. Standard curves were used in triplicate at a range of 0.5-128 
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pg/tube. The first antibody donated by Dr. M. Kelly (Oregon Primate Research Center) 

was used at a final dilution of·I:625,000 with a sensitivity of 0.2 pg/tube. The second 

' 
antibody was used at a dilution of 1:250. After addition of the second antibody, the 

samples were crged on day 5 at 3,000 rpm fur 45 minutes. The supematants were. 

aspirated and die radioactivity iri the pellets was counted in a Beckman 800 gamma 

spectrometer. T tal assay time was 5 days. Hormone levels are expressed as pg/well/30 

mm. 

' Statistical Anal sis: All experiments contained an n of 4-6 per group. All results are 

expressed as th1 means ± SEM. The differences between experimental groups were 

1 ed . I . 1 . . f . . d . b . 
ana yz usmg one-way ana ys1s o variance, an compansons etween treatment means 

was made utilizing the Student-Newman-Keuls multirange test. P values< 0.05 were 

considered significant. 



RESULTS 

I. Neuronal Nitric Oxide Synthase Expression in the Hypothalamus on Proestrus in 

the Female Rat 

A. Verificat_ion of the LH Surge on Proestrus in the Female Rat 

Vaginal smears were taken from adult cycling females daily. Animals with 

two consecutive four day estrous cycles were sacrificed at two hour intervals on proestrus 

(P) from 1200 h _fo 1800 h arid at 1200.h ori metestrus (M). The metestrus animals were 

used as controls. Serum LH levels were measured by RIA to verify that the animals used . . 
in the experiments were cycled correctly. As expected, the serum LH levels were low on 

metestrus 1200 hand proestrus 1200 hand 1400 h, while the level ofLH began to rise by 

1600 hand reached surge level at 1800 h (fig. 4). 

B. Verification of the nNOS cDNA Probe 

To determine whether the nNOS probe generated by our laboratory hybridized 

to the correct mRNA, total RNA (20 µg) from intact female rats and from GTl-7 cells 

was blotted onto a nylon membrane and probed with the nNOS cDNA probe. As shown 

(fig. 5), nNOS mRNA (10.0 kb) is expressed in the MBH (a site where GnRH nerve 
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Figure 4. Serum LH levels in adult cycling female rats used in the analysis of 

neuronal nitric oxide synthase mRNA and protein expression and PSD-95 and PIN 

protein expression in the MBH and· the POA. Daily vaginal smears were taken and 

animals displaying two consecutive four days estrous cycles were used in the 

experiments. Animals wer~ sacrific~d on proestrus (P) at two hour intervals from 

1200 h to 1800 h and on metestrus (M) at 1200 h (control). Serum LH was 

measured by RIA. Four animals were used per time point (n=4). hP<0.05 vs 

metestrus 1200 hand proestrus 1200 h, 1400 h, and 1600 h. 
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Figure 5. Verification of the expression of neuronal nitric oxide synthase (nNOS) in 

the MBH and POA of the adult female r~t and in GTl-7 cells. Total RNA (20 µg) 

was blotted on to a nylon membrane and probed with a cDNA probe for nNOS. 
I 
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terminals are located) and the POA (a site where GnRH cell bodies ar~ concentrated). 

However, in our studies nNOS mmRNA was undetectable in GTl-7 cells.(fig. 5). 

C. Neuronal NOS mRNA Expression in the MBH and POA on Proestrus 

To determine whether nNOS mRNA levels changed in the hypothalamus on 

proestrus, RNA samples (3 µg) from cycling animals were blotted onto nylon 

membranes and probed with a cDNA probe for nNOS. The results shown in figure 6 

demonstrate that while there appears to be a slight increase in the level of nNOS at 1400 

h on proestrus in the MBH, this change is not statistically significant. In contrast to the 

MBH, nNOS mRNA levels were significantly increased on proestrus at 1200 hand 1400 

h in the POA, a time prior to the gonadotropin surge at 1800 h (fig. 7). 

D. Analysis Of nNOS Protein levels In The MBH And POA On Proestrus 

To determine whether nNOS protein levels changed in the hypothalamus on 

proestrus, protein samples (100 µg) from· cycling animals were blotted onto PVDF 

membranes and probed with a polyclonal. antipody for~OS. Figure 8A, presents a,· 

representative western blot of the MBH from cycling animals. As with the mRNA 

expression in the MBH, there were no significant changes in protein expressiqn in the 

MBH as compared with metestrus 1200 h (fig. 8B). Since nNOS mRNA levels were 

increased in the POA, the next step was to examine whether nNOS protein levels were· 



Figure 6. Expression of nNOS mRNA levels in the MBH of the adult cycling female 

rat. Total RNA (3 µg) was blotted onto a nylon membrane. Using the cDNA probe 

for nNOS, the RNA was analyzed by dot blot analysis. Results were expressed as 

percent cyclophilin to control for internal variation. 
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Figure 7. Expression of nNOS mRNA levels in the POA of the adult cycling female 

rat. Total RNA (3 µg) was blotted onto a nylon membrane. Using the cDNA probe 

for nNOS, the RNA was analyzed by dot blot analysis. Results were expressed as 

percent cyclophilin to control for internal variation. hP<0.05 vs metestrus 1200 h. 
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Figure 8. A representative western blot (Panel A) of neuronal nitric oxide synthase 

(155 kDa) in the MBH of adult cycling animals. Each lane represents one animal. 

Panel B depicts nNOS protein levels in the MBH in graph format (all data points 

inclmJed). Protein samples (100 µg) were loaded onto a PVDF membrane and 

probed with a polyclonal antibody for nNOS (1:800 dilution). The data is expressed 

as arbitrary units. 
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also increased in the POA. Figure 9 A shows a representative western blot of cycling 

animals in the POA.' West~rn blot analysi~. revealed that a signi,ficant increase in nNOS 

protein occurred at 1400 h and 1600 h on proestrus as compared with metestrus 1200 h 

(fig. 9B). 

E. Measurement of NOS Activity in the MBH and POA on Proestrus 

To further confirm that NOS levels are elevated significantly in the POA (but 

not in the MBH) just prior to the preovulatory LH surge on proestrus, we cycled another 

set of animals to use in the measurement of_NOS enzyme activity. Figure 10 shows that 

the .animals were cyc~ed correctly, with serum LH levels being low at metestrus 1200 h 

and remaining low on proestrus at 1200 hand 1400 h, with an elevation at proestrus 1600 

h, and .su~ge levels obtained at proestrus 1800 h. NOS activity in the MBH showed no 

statistical ·changes at any time point (fig. 11). · However, NOS activity in the POA was 

significantly elevated at 1600 h on proestrus (fig. 12). This finding correlated well with 

our previous demonstration of elevated nNOS mRNA and protein levels in the POA (but 

not the MBH) on proestrus. . 

F. Determination Of PSD-95 And PIN Expression In The Hypothalamus 

Postsynaptic density proteins are involved in anchoring proteins in the plasma 

membrane of the postsynaptic neuron in order to enhance the response of these cells to 

incoming stimuli. Recently jt has been demonstrated that nNOS binds to postsynaptic 

density proteins in the cerebellum (51,52). The binding of nNOS with PSD-95 was 

shown to be n~cess~ry for nNOS localization in the cell membrane. To examine whether 



Figure 9. A representative western blot (Panel A) of neuronal nitric oxide synthase 

(155 kDa) in the POA of adult cycling animals. Each lane represents one animal. 

Panel B depicts nNOS protein levels in the POA in graph format (all data points 

included). Protein samples (100 µg) were loaded onto a PVDF membrane and 

probed with a polyclonal antibody for nNOS (1:800 dilution). The data is expressed 

as arbitrary units. Groups with different subscripts were statistically significant. 
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Figure 10. Serum LH levels in adult cycling female rats used in the analysis of NOS 

·enzyme : activity ~xpression in the MBH . and the· POA. Daily vaginal_ -$mears were 

taken and anim~ls ,displaying two consecutive four day estrous cycles were used in 

the experiments. Animals were sacrificed on proestrus (P) at two hour intervals 

from 1200 h to 1800 h ~nd on ~etestrus· (M) at 1200 h_ (control). Serum LH :was 

measured by RIA. Four animals were ·used per time point (n=4). hP<0.05 vs 

metestrus 1200 h and proestrus 1200 h, and' 1400 h; and c;p<0~05 vs metestrus 1200 h 

and proestrus 1200 h, 1400 h, and 1600 h ... 
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Figure 11. NOS activity in the MBH of cycling animals was measured by the 

conversion of [3H] arginine to [3H] citrulline. Four to six animals were used per 

group. 
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Figure 12. NOS activity in the POA of .cycling animals. was measured by the 

conversion of [3H] arginine to [3H] citrulline. Four to six animals were used per 

group. hP<0.05 vs metestrus 1200 hand proestrus 1200 h, 1400 h, 1800·h. 
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PSD-95 is located in the hypothalamus, we analyzed RNA from the MBH, POA, liver, 

and spleen of adult intact rats and from GT 1-7 cells by RT -PCR. The liver and spleen 

were used as negative ~ontrols. The results revealed that PSD-95 is expressed as a 419 

bp band in the MBH, POA, and GTl-7 cells, with no expression detected in the liver and· 

the .spleen (fig. 13). In all tissues tested, there _'was no expression of PSD-95 in the 

samples that were not incubated with l\1MLV enzyme (RT minus; fig. 13), confirming 

that the observed expression was not due to contamination with genomic DNA. Western 

blot analysis confirmed that the PSD-95 protein is also highly expressed in the · 

hypothalamus as shown in the representative western blots for the MBH (fig. i4A) and 

the POA (fig. 15A). Further studies were conducted to determine whether PSD-95 

protein levels change on proestrus in the_hypothalamus. The_ results revealed that PSD-95 

protein levels did not change on proestrus in the MBH (fig.14B); however, PSD-95 

protein levels in the POA were decreased at proestrus 1200 has compared wit~ metestnis 

1200 h, followed by a signi_ficant increase on proestrus at 1400 h and 1600 h (as 

compared to proestrus 1200 h), just prior to the preovulatory LH surge (fig. 15B), with a 

subsequent decline at 1800 h. 

Recent studies have identified PIN (Protein Inhibitor of neuronal NOS) as another 

nNOS binding protein located in the brain (5.3). Currently it_ is not known if PIN is also 

located in the hypothalamus. To address this issue, we used' western blot analysis to 

determine whether PIN is located in the hypothalamus and in GT 1-7 cells. . Figure 16 

demonstrates that PIN (IO kDa) protein is indeed localized in the MBH and POA but, 

was undetectable in immortalized GnRii (GTl-7).neuron,.s. 



Figure 13. RT-PCR analysis for the expression of PSD-95 in the female rat MBH, 

POA, liver, spleen and in GTl-7 cells. Plus (+) and minus (-) represents RNA 

treated with and without MMLV enzyme, respectively. Fifteen mircroliters of the 

RT-PCR product from each sample was resolved in a 1.5 % metaphor: 1 % agarose 

gel, containing ethidium bromide for DNA visualization. 
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Figure 1~. A representative western blot (Panel A) of PSD-95 (95 kDa) in the MBH 

of adult cycling animals. Each lane· represents one animal. Panel _B depicts PSD-95 

protein levels in the MBH in graph format ( all data points included). . Protein 

samples (100 µg) . were loaded onto a PVDF membrane and probed with a 

monoclonal antibody for PSD-95 (1:150 dilution). Th~ data is expressed as 

arbitrary units. 
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Figure 15. A representative western blot (Panel A) of PSD-95 (95 kDa) in the POA_ 

of adult cycling animals. Each lane represents one animal. Panel B depicts PSD-95 

protein levels in the POA in graph format ( all data· points inclu~ed). Protein 

samples (100 µg) were loaded onto a PVDF membrane and probed with a 

monoclonal antibody for PSD-95 (1:150 dilution). The data is expressed as 

arbitrary units. Groups with different subscripts were statistically significant. 
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Figure 16. PIN protein expression in the MBH, POA, and GTl-7 cells. The PIN 

polyclonal antibody (1:3000 dilution) was incubated with a PVDF membrane 

containing 100 µg of protein from each tissue. 
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II. Regulation of GnRH Secretion by Heme Molecules 

A. Regulation of GnRH ·Secretion· by Heme Molecules in Hypothalamic 

Fragments 

In the initial experiment, the effect of hematin on GnRH release from l\1BH 

fragments was examined using a IO µM and 100 µM dose. As shown in Figure 17, the 

10 µM dose had no significant effect oi:i GnRH release; however, the I 00 µM dose of 

hematin induced a large release of GnRH. In a subsequent experiment, it was found that 

an intermediate (50 µM) dose of hematin effectively stimulated GnRH release_ (fig. 18). 

Therefore, the 50 µM dose of hematin was used in all subsequent experiments involving 

hypothalamic fragments. Also shown in figure 18, the stimulatory effect of the 50 µM 

dose of hematin appeared to require HO activity as it was blocked by co-incubation with 

the HO inhibitor, zinc protoporphyrin IX Zinc protoporphyrin alone also appeared to 

lower basal GnRH levels as compared to the control, but this effect was not statistically 

significant. The effect of hematin on GnRH release appeared to be due to the HO

generated product, CO, as evidenced by the fact that the effect of hematin on GnRH 

release was blocked by co-incubation with the_ CO-scavenger molecule, hemoglobin (fig. 

19). Biliverdin, another HO-generated product, did not stimulate GnRH release from 

l\1BH fragments, and in fact was inhibitory to GnRH release (fig. 20). 



Figure 17. Effect of hematin upon GnRH release from estrogen primed MBH 

fragments incubated in vitro. *P<0.05 vs control. 
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Figure 18. Effect of the heme oxygenase inhibitor, zinc protoporphyrin IX (ZnPP; 

50 µM) on the ability ·Of hematin (50 µM) to stimulate GnRB release from MBH 

fragments incubated in vitro. Groups with different subscripts are significantly 

different (P<0.05). 
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Figure 19. Effect of the CO-scavenger molecule, hemoglobin (Hb; 10 µM) on the 

ability of hematin (50 µM) to stimulate GnRH release from MBH fragments 

incubated in vitro. Groups with different subscripts are significantly different 

.(P<0.05). 
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Figure 20. Effect ·of different doses of biliverdin upon GnRH ·release from MBH 

fragments incubated in vitro. * = P<0.05 vs control. 
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B. Regulation of GnRH Secretion by Heme Molecules in GTl-7 Cells 

The experiments outlined for this aim were designed to determine if the 

effects of hematin could be by a direct effect on the GnRH neuron. As shown in 

figure 21, hematin (100 µM) effectively stimulated GnRH release from GTl-7 cells, 

demonstrating that hematin can act directly on the GnRH neuron to regulate GnRH 

release. To determine whether hematin' s effects in GT 1-7 cells could be blocked by 

the gas scavenger molecule, hemoglobin, hemoglobin (10 µM) was incubated alone 

and together with hematin (100 µM). The results of figure 22 demonstrate that 

hemoglobin had no effect on basal GnRH release; however, hemoglobin· was able to 

block hematin stimulated GnRH secretion. To determine if zinc protoporphyrin ( 50 

µM) was able to block hematin's effects in GTl-7 cells, h was incubated with 

hematin ( 100 µM) · in vitro ~d alone.· Zinc proto~orphyrin had no effect on basal 

release . of GnRH but, was able to significantly attenuate hematin stimulated GnRH 

release (fig 23). To examine the possible role of biliverdin as a regulator of GnRH 

release, a dose response was tested in GTl-7 cells (10 µM, 50 µM, 100 µM). As seen 

in figure 24, biliverdin failed to exhibit a stimulatory effect on GnRH release but 

rather displays a pattern ~f inhibition, although the decreased levels of GnRH with 

biliverdin treatment is not statistically lower than the control group. The doses 

chosen for this experiment are larger than those selected to test biliverdin' s effect in 

the hypothalamic fragments as a result of suggestions by reviewers of the manuscript 

on the effect of heme molecules in the hypothalamic fragments. The results of this 

aim closely resemble the effects of each compound in the hypothalamic fragments. 



Figure 21. Effect of different doses of hematin (lµM, 10 µM, 100 µM) on GnRH 

release from immortalized GnRH (GTl-7) neurons. *P<0.05 vs control. 
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Figure 22. Effect of the CO-scavenger molecule, hemoglobin (Hb; 10 µM) on the 

ability of hematin (100 µM) to stimulate GnRH release . from GTl-7 neurons. 

Groups with different subscripts· are statistic~lly significant (P<0.05). 



Effect of Hemoglobin on GnRH Secretion from GT1-7 Cells 

100 

b 

80 

-C ·e 
0 60 C"') 
::::: 
ai 
·== a, 
C. - 40 ::c 
a:: a C c., 

20 

0 

e C .c C 

i ::c .:: - ca 
C E E 0 
0 CD CD 

::c ::c 
+ 
.c 
::c 



Figure .23. The effect of the heme oxygenase inhibitor, zinc 

protoporphyrin IX (ZnPP; 50 µM), on the ability of hematin (100 µM) 

to stimulate GnRH release from GTl-7 cells. Groups with different 

subscripts are significantly different (P<0.05). 
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Figure _24. The effect of different doses of biliverdili (10 µM; 50 µM, 

100 µM) on GnRH release from GTl-7 cells. 
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ill. Investigation Of The Mechanism In Which Hematin Stimulates GnRH 

Secretion 

A. Iron And NO As Possible Mediators Of Hematin-Stimulated GnRH 
Secretion 

This aim sought to further clarify the mechanism- involved in hematin 

stimulation of GnRH secretion by using immortalized GnRH neurons, GTI-7 cells. First, 

we examined the possible role of the other· HO-generated product, iron, as a potential 

mediator of hematin stimulated GnRH secretion in vitro. To determine if iron plays .a 

role in GnRH secretion, desferrioxamine (I 00 µM), an iron chelator, was -in~ubated alone 

and together with hematin (100 µ1\1:). As shown ·in figure 25, desferrioxamine, had no 

effect on basal GnRH secretion and it failed to block hematin-stimulated GnRH release. 

To investigate whether NO· production is increased by hematin activation of NOS, L

NNA, a NOS inhibitor, was incubated alone and together with hematin in GTI-7 cells. 

As seen in figure 26;L-NNA (100 µM) had no effect on basal GnRH secretion and failed 

to block hematin (I 00 µM)-stimulated GnRH secretion. 

B. The Prostagalandin Pathway and The cGMP Second Messe_nger ·System 

As Potential Mediators of Hematin-Stimulated GnRH Secretion 

To determine if the prostaglandin pathway phiys ·a role in hematin stimulation 

of GnRH secretion? _the cyclooxygenase inhibitor, indomet~aci~Jl OQ _µM) was incubated 

alone and With hematin (100 µM) in GTI-7 cells. The results of this experiment show 

that indomethacin had no effect on basal or hematin stimulated GnRH secretion (fig. 27). 



Figure 25. The effect of the iron chelator, desferrioxamine (Defx; 100 

µM), on hematin (100 µM) stimulated GnRH secretion from GTl-7 

cells. Groups with different subscripts are significantly different 

(P<0.05). 
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Figure 26. The effect of the nitric oxide synthase inhibitor, NG-nitro

L-arginine (L-NNA; 100 µM), on hematin (100 µM) stimulated GnRH 

iecretion from GTl-7 cells. Groups with different subscripts are 

significantly different (P<0.05). 
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Figure 27. Determination of whether prostaglandins are involved in 

hematin-stimulated GnRH. secretion. The soluble cyclooxygenase 

inhibitor, indometha~in.(lndo; 100 µM), and hematin (100 µM) were 

incubated alone and together in GTl-7 cells. Groups with different 

subscripts are significantly different (P<0.05). 



Effect of lndomethacin on Hematin-Stimulated GnRH Secretion 

60 

50 
b 

b -C: 

E 40 
0 
(") 
::::: 
a; 

30 ~ 
CJ) 
C. -:I: a: 20 C: 

(!) a a 

10 

0 -+----'---~-'-----r----'---'--,----'----'-----r----'-----, 



64 

The next experiment examined whether cGMP is involved in h~matin (100 µM) stimulated 

GnRH secretion. To test this question, the inhibitor of soluble guanylate cyclase, ODQ (100 

µM) was incubated alone and together with hematin in GTl-7 cells. As shown in figure 28, 

ODQ did not block hematin stimulated GnRH secretion, instead it caused an increase above 

that mediated by hematin alone. . 

IV. Heme ·oxygenase-2 Expression in the Hypothalamus on Proestrus 

A. Verification of the Cycle 

To test whether HO-2 mRNA levels were changed in the hypothalamus on 

proestrus, a third group of animals were cycled. As shown in figure 29, the serum LH values 

were low at metestrus 1200 h,. proestrus 1200 h, and: 1400 h. The serum levels rose 

significantly ·by proestrus 1600 h and reached surge leve~ by 1800 h, -verifying _that the 

animals were correctly identified as proestrus or metestrus (fig. 29). 

B. HQ.;2 Exl}ression in- the MBH, POA, and GTl-7 Cells on Proestrus 

Northern blot analysis revealed that the 1.9 kb and the 1.3 kb HO-2 transcripts are 

present in the l\IBH and the POA; however, in GTl-7 cells the 1.3 transcript_ is the most 

prevalent (fig. 30). Since HO-2 is present in the hypothalamus, and since the results from 

aims 2 and 4 suggest that a HO-generated product stimulates GnRH secretion, the next step 

was to examine whether HO-2 gene expression is changed in the MBH and POA on proestrus. 

Total RNA (3 µg) was isolated from adult cycling female rats and analyzed for HO-2 mRNA 
' 

by dot blot analysis. The results were expressed as percent cyclophilin .to control for internal 

variation. As shown in t}gure 31, HO-2 mRNA levels did not change significantly in the 



Figure 28. Determination of whether cGMP acts as a mediator of 

hematin-stimulated GnRB secretion. The soluble guanylate cyclase 

inhibitor, lH~[l,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ; 100 

µM), and hematin (100 µM)· were incubated alone and together in 
' . 

GTl-7 cells. Groups with different subscripts are significantly 

different (P<0.05). 
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Figure 29. Serum LB levels in adult cycling rats used in the analysis 

of HO-2 mRNA studies. Serum LH was measured by RIA. Four 

animals_ were used per group (n=4). bP<0.05 vs metestrus 1200 h, 

proestrus 1200 h, and 1400 h; cP< 0.05 vs metestrus 1200 h, proestrus 

1200,h, 1400 h, 1600 h. 
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Figure. 30. Expression of heme. oxygenase-2 (HO-2) in the MBH, 

POA, and GTl-7 cells. Total. RNA (20 µg). was blotted on. to a nylon 

membrane and probed with a cDNA probe for HO-2 . 
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Figure 31. H0-2 mRNA expression in the MBH. Total RNA (3 µg) 

was blotted onto a nylon membrane. Using the cDNA probe for H0-2, 

the RNA was analyzed by dot blot analysis. Results were expressed as 

percent ~yclophilin to control for internal variation. 
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IvffiH on proestrus. Likewise, HO-i mRNA levels in the POA also showed no statistical 

change on proestrus (fig. 32). 



Figure 32. H0-2 mRNA expression in the POA. Total RNA (3 µg)_ 

was blotted onto a nylon membrane. Using the cDNA probe for H0-

2, the RNA was analyzed by dot blot analysis. · Results were expressed 

as percent cyclophilin to control for internal variation. · 
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DISCUSSION 

I. Nitric Oxide and the Rat Ovulatory Cycle 

Estradiol and progesterone. from the ovary are now recognized as the primary 

regulators of the preovulatory surge of GnRH and gonadotropins in the female (58-66). 

However, the precise mechanism employed by these steroids to regulate the mid-cycle 

surge of GnRH and LH remains undetermined. The current consensus is that estradiol 

and progesterone indirectly regulate the GnRH neuron by recruiting other hypothalamic 

neurotransmitters ·to accomplish the preovulatory surge (58, 73-78). Generally, these 

neurotransmitters can be classified into two categories, excitatory and inhibitory. It is 

believed that during · mid-cycle the inhibi~ory axis would be inactivated, while the 

excitatory axis would be activated by the enhanced . steroid · background in the 

hypothalamus (3). 

Neurotransmitters involv~d in the regulation of GnRH and LH secretion are still 

being identified. One of the · most recently identified modulators of GnRH and LH 

secretion is the gaseous molecule, NO. Initial studies supporting this contention involved 

the use of NO donor molecules which were shown to significantly enhance GnRH release 

from·. hypothalamic fragments and from i~mortalized GriR.H . neurons, GT 1-7 cells 

( 40,42, 102) .. Localization studies provided further evidence for the involvement of NO, 

as they demonstrated that NOS, the enzyme that synthesizes NO, is located in key 

71 
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hypothalamic regions involved in GnRH synthesis and secretion. For instance, NADPH

diaphorase staining indicated that the largest quantities of NOS is located in the PVN, 

SON, and the OVLT, while the l\!IPN, VMN, SCN, and ME displayed moderate staining 

(85,115,120). Light -staining for NOS was also found in the l\!IPOA, and the ARC (3 7). 

Furthermore, previous work by our laboratory has shown that the hypothalamus 

possesses an impressive amount of NOS activity {23). That NO has a physiological role 

in gonadotropin secretion is supported by in vivo studies in which inhibitors to NOS 

(43,44) and NOS antisense oligonucleotides (38) blocked the steroid-induced and 

preovulatory LH surge. While there is sufficient evidence to support a role for NO as a 

regulator -in the mid-cycle preovulatory LH surge, none of the current studies have 

evaluated whether NO production by NOS is actually changed -during the time of the LH 

surge. Therefore, the studies conducted in this thesis sought to address this fundamental 

question. 

II. Localization of nNOS in the Hypothalamus 

The initial step was to determine whether nNOS mRNA is expressed in the 

hypothalamus. Using northern analysis we determined that nNOS mRNA wa~ localized 

in the MBH and the POA, which supports previous findings that nNOS is located in the 

hypothalamus (37,115,120). However, this study failed to show nNOS expression in 

GTI-7 cells. Our finding that nNOS is not expressed in GTI-7 cells supports previous 

studies by our laboratory (37) and others (46,47) that have demonstrated that NOS is not 

localized in the GnRH neuron. In those studies, immunostaining and in situ hybridization 
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· showed that No". 'g~~e~ating neurons are in · clbse . _p~oxir~1ity to· GnRH neurons in the 

OVLT and the POA of the female rat and· in many cases appe~r"to surround the GnRH 

neuron but, nNOS is not localized in the GnRH neuron (37,46,47). This evidence seems 

to support a paracrine action for NO on GnRH secretion. However, one study did find by 

RT-PCR and western ~nalysis that -nN;OS mRNA and p~otein were localized in GTl-7 

cells ( 41 ). This discrepancy in nNOS localization may be explained by the following. 

First, RT-PCR is more sensitive than northern blot analysis used in this thesis. Second, 

western analysis which found nNOS protein located in GT-1-7 cells was conducted using 

a very large concentration of protein (250 µg). Nevertheless, the common consensus in 

the literature is that nNOS is not localized in the GnRH rteuron·in vivo (37,46,47). 

ill. Elevation of nNOS in the POA on Proestrus 

To determine whether nNOS levels change in the hyp~thalatp.us on.proestrus we 

used dot blot, western blot, and NOS. enzyme activity analysis. Dot blot analysis of 

nNOS demonstrated that nNOS mRNA levels were elevated in the POA at 1200 hrs and 

1400 hrs, a time preceding the proestrus LH surge~ Following the risefo nNOS mRNA, 

western blot analysis revealed that nNOS protein levels were significantly elevated in the 

POA at 1400 hrs and at 1600 hrs. In contrast to the POA, nNOS niRNA and protein were 

not , significantly changed in the MBH, demonstrating that the elevation was specific. for 

the POA. When the .Protein levels were expressed· as. percent tubulin, to correct for 

internal variation, the protein levels _in the POA and the MBH displayed a similar pattern 

to the non-tu_bulin · corrected data. Corresponding to the significant elevation of nNOS 
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protein in the POA and lack of change observed in· the MBH, subsequent studies showed 

that NOS activity, as measured by citrulline assay, was si~nificantly elevated in the POA 

(1600 h) with no changes observed in the MBH. Thus, nNOS mRNA, protein and NOS 

activity were all elevated in the POA on proestrus prior to the preovulatory LH surge at 

1800 h. These results suggest that endogenous -NO · production is increased in the 

hypothalamus on proestrus and provides further support for NO as a mediator of the LH 

surge. 

While dot blot and western analysis measured changes specific for nNOS, enzyme 

activity measurements _examined general NOS activity. However, we believe that what 

we measured is indeed representative of nNOS activity. based · on the reports that have 

shown that neuronal NOS (nNOS) is the major isoform in the hypothalamus and is 

responsible for the majority of the NO produced in this tissue (23,24). Along these lines, 

Bhat et. al. (23) conducted immunostaining -studies that found that nNOS is the· major 

form of NOS in the :female rat hypothalamus. In addition, the nNOS mutant knockout 

mouse had only minimal NOS _ activity, while the eNOS mutant mouse had normal 

hypothalamic NOS activity (23,24). 

Since NOS production was elevated in the POA (a region in which GnRH cell 

bodies are cqncentrated) and not in the_ MBH ( a region in which GnRH nerve terminals 

are localized), it appears that NO primarily exerts its'_ regulation on· GnRH at the level _of 

QnRH cell bodies. That NOS did hot change· significantly in the MBH is in agreement 

with Herbison et. al. ( 46), who failed to find significant changes for nNOS 

immunoreactivity in the ME of castrated and intact rats on any day of the estrous cycle. 

However, it should be . noted · that there was no quantitation performed in these 
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immunostaining studies. These results may appear to contradict results. in which NO 

regulated GnRH secretion in the l\1BH hypothalamic fragments, hypothalamic slices 

(l\1BH/POA), and GTI-7 cells (40,42,102). ,Ifowever, :each of these studies relied on the 

exogenous administration of NO donor m.olecules to induce an effect on GnRH secretion, 

· which demonstrated that the tissue could respond to NO if it was applie~ to that site. Our 

wo~k went to the next step and determined at which site NO · is actually produced in 

enhanced quantities (the POA), suggesting that the POA is the critical site of NO 

regulation. That the POA is the main· site of NO-mediated GnRH regulation has also 

been demonstrated by Kalra ( 43) who found that sodium nitroprusside · (SNP) 

significantly increased GnRH release from steroid primed female l\1BH-POA fragments,_ 

while SNP failed to increase basal GnRH release from l\1E-ARC fragments. 

It should be pointed out that a unanimous consensus concerning a physiological 

role for NO in the control of GnRH and LH secretion is lacking. For-exampl_e, Sortino et. 

, ' 

al., using L-arginine and NO donor molecules, found that NO was not stimulatory, but 

was in fact inhibitory to GnRH secretion in GTl-1 cells (141). However, in this study the 

GT 1-1 subclone was used and it has been reported that GTl-7 cells have a more neuronal 

morphology when -compared to the GT 1-1 cells. Additionally, one can not totally be sure 

that GTI cell lines accurately represent in vivo GnRH neurons. Transgenic mice have 

. also been used in studying the biological importance of many proteins in vivo. Recently, 

it was determined that the nNOS knockout mouse remained fertile, which questions the 

importance of nNOS and NO for central regulation of GnRH. -If one considers that 

reproduction is vital to the survival of the mammalian species, then the results could be 

interpreted in the following manner. First, NO may not be the oniy neurotrans.mitter 
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involved in the stimulation of GnRH release. This is supported by an abundance of 

studies supporting roles for neuropeptide-Y (NPY) (73, 79), glutamate (78, 79), and 

norepinephrine (NE) (79) as members of the excitatory axis involved. in GnRH secretion. 

Thus, when one system is defective, another compensatory system can be used to 

maintain the critically important process of reproduction. For example, another isoform 

of NOS may be up-regulated to maintain the production of NO. This seems unlikely, as 

the nNOS knockout mouse had only minimal NOS activity in the hypothalamus (24). 

Alternatively, nNOS splice variants may produce enough NO to · stimula~e GnRH 

· secretion in the absence of wild type nNOS. Even though there are dis.crepancies, the 

·majority of the literature and the results from this dissertation strongly support a role for 

NO as a regulator of the mid-cycle LH ·surge. 

What remains to be determined is what factor(s) regulate the increased production 

of NO by nNOS during the time .of the LH surge. One likely candidate is estradiol, since 

it has been previously shown to increase nNOS levels in the hypothalamus. For example, 

immunostaining st:udies demonstrated that NADPH-diaphorase and estrogen receptor. 

immunoreactivity are co localized in the VMN; furthermore, estrogen treated rats had a 

significantly· higher NADPH diaphorase staining than controls (46,136,137). A study 

conducted by Ceccatelli et. al. (138) found that estrogen treated castrated rats had a ,. 

significantly elevated nNOS. mRNA ·in the VMN. A~ditional ·studies have provided 

evidence that estrogen also regulates nNOS in the POA. Along these lines, it has been 

demonstrated that NADPH~diaphorase can be increased in the 1\1POA (136), and 

:preliminary results froni our laboratory demonstrated that estrogen treated castrated rats 

had a significantly higher nNOS. protein level in the POA than vehicle treated controls. 
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Therefore, the elevated estradiol Jevels·_ on proestrus may be responsible for the higher 

nNOS levels in the.POA observed on the,afternoon of the LH surge _in our studies .. 

IV. Potential Model Depicting a Central Role for NO in the Control of LH 

Secretion 

Based on evidence provided to date, figure 33 depicts a possible sequence of 

events involved in NO regulation of the mid-cycle surge of gonadotropins. The elevation 

of estradiol and progesterone levels in the hypothalamus during mid-cycle in the female 

leads to blockade of the inhibitory td~e exerted by neurotransmitters, such as opioids, 

while the excitatory axis is activated. The excitatory axis involves NO, glutamate, 

neuropeptide-Y (NPY) and norepinephrfoe (NE) (23,39,40,42-44, 73, 79). For instance, 

Bhat et. al. recently reported that naloxone, an opioid antagonist, caused · a significant 

increase in NOS activity in the hypothalamus prior to the naloxone induced LH surge 

(149). The addition of a glutamate antagonist reversed these results. Thes~ results 

provide further evidence that the tonic inhibition of the stimulatory axis is mediated in 

part by opioid· neurons. That NO and glutamate neurotran~mission are linked to achieve 

the LH surge is supported by the following: I) NO neurons and NMDAR-1 receptors are 

colocalized in the hypothalamus (3 7), 2) Nl\IDA has been demonstrated to increase NOS 

activity in the hypothalamus, 3) a NOS inhibitor has been shown to block Nl\IDA 

induced GnRH release (39,102) and LH release (37), and 4) glutamate release and nNOS 

· levels have both been reported to be elevated during the LH surge (99). Taken as a 



Figure 33. Schematic diagram -or the mechanism of_ NO's -re~ulation -of the 
preovulatory LH surge.· 
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whole, the above evidence suggests that glutamate binding to the NMDA receptor in 

hypothalamic NO-generating neurons results in an increased calcium flux in the neuron. 

The increased intracellular calcium enhances NO production by activating the calcium

dependent enzyme, nNOS. In addition to glutamate stimulation of NO, McCann (150) 

and others (151,152) have found that NE can also stimulate NO produ~tion in the 

hypothalamus. Thus, both glutamate and NE may function ~o enhance hypothalamic NO 

production at the time of the LH surge. Intriguingly, NE neurons, like glutamate neurons, 

are subjected to tonic inhibition by opioid neurons (151,152). It has been propo~ed that 

rising steroid levels. on proestrus turn off opioid neurons in the hypothalamus (151,152), 

.allowing for the escape of glutamate .and NE neurons, which leads to activation of NO 

neurons and enhanced NO production. Once produced, NO would then diffuse to the 

GnRH neuron and directly regulate it (151,152). Alternatively, Kalra's group has 

proposed that NO may act indirectly by activating NPY neurons, which would then 

·mediate·NO's effects ~m the GnRH; neuron (5_0). At.the level of the GnRH neuron, NO 

e:ould exert its effects by stimulating· cGMP. (3) or prostaglandin production (3 ), since the 

synthesis of these _second messengers are regulated b.Y heme-containing enzymes, which 

are known ~o be targets for NO regulation. Upon release by exocytosis, GnRH would 

activate the pituitary .gonadotrophs leading to the surge ofLH from the anterior pituitary. 
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V. nNOS Interacting Proteins and the Hypothalamus 

. .. 
While there is abunda~~ evidence supporting a glutamate/NMDA-NO signaling 

pa~hway in the hypothalamus to control GnRH release, the precise · mechanism of 

coupling the NMDA receptor and nNOS has been unclear. This issue received 

considerable illumination recently with the discovery of PSD-95, an anchoring/clustering 

protein which. interacts with the C-terminal of the NMDA receptor and the N-terminal of 
·; :, ·. ' , 

nNOS, effectively coupling the-receptor to its signal transducer.(5.l,.52). It has been 

proposed that PSD~95 coupling of the NMDA receptor and nNOS allows for more 
I 

effective activation of nNOS. Due to its role in glutamate-NO signaling, and the 

importance ~f the glutamate-NO pathway in the control of GriRH secretion, we·exa~ined 

whether PSD-95 was located in the . hypothalamus and whether protein levels undergo 

changes related to the preovulatory LH surge. 

Using RT-PCR analysis, P_SD-95 was shown to be expressed in the POA and 

MBH of random cycling female rats and in immortali_zed GnRH ( GT 1-7) neurons. 

Western blot analysis revealed that PSD-95 levels in the POA are initially low on 

proestrus 1200 h (as compared to metestrus 1200 h), followed by a signifi~ant rise at 
. . 

1400 h and 1600 h on prnestrus which coincides with the initiation of the LH surge.· The 

elevation of PSD-95 on proesti:us was specific for the POA, as no significant elevation 

was observed in the MBH. The results of the western blot analysis were expressed as . 

raw data. However, when we expressed the data as percent tubulin to control for internal 

variations, we obtained simila~ results, with a statistically significant ·elevation observed 

at 1600 hon 'proestrus (data not shown). In addition to RT-PCR and Western analysis 
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conducted in this thesis, immunostaining studies_ were conducted by ou·r laboratory to 

determine the specific -regions of PSD-95 localization within the hypothalamus. These 

results demonstrated. that PSD-95 is localized in the OVL T, ARC, l\1E, SON, · and 

ependymal cells lining the third cerebroventricle of the l\1POA. Furthermore, double 
' ' 

labeling studies revealed that ·PSD-95 was localized on GnRH fibers in the OVL T. This 

finding is in agreement with RT-PCR results presented in this thesis which demonstrated 

that PSD-_95 is expressed in GTI-7 neurons. Based on these results it could be suggested 

that the elevation of PSD-95 levels.in the POA may aid in the production of the LH ·surge 

by enhancing the coupling of NO-glutamate signaling pathway. However, this possibility 

requires further validation through future experiments such as PSD-95 knockout mice, or 

through the use of PSD~95 antisense oligonucleotides delivered through the third 

cerebroventricle and determin:jng the effect on glutamate-NO signaling during the LH 

surge. 

I 

Recent work has demonstrated that a · second important protein interacts with 

nNOS. This protein, called PIN (protein inhibitor-of nNOS), was discovered by Snyder's 

laboratory through the use of yeast two hybrid screening (53). PIN mRNA has been 

shown to be present in the testes, brain, and in some peripheral tissues (53). PIN protein 

has been found localized in the_ cortex, cerebellum, mid brain, medulla, hippocampus and 
. ' . . . 

the spinal cord (153). _Not only is PIN located 'in the brain-but~ functional studies suggest 

it is an important ·regulator of nNOS_ activity._ Along these lines, _in transfected HEK 293 

·cel_ls PIN .dose-dependently inhibit~d. NO~dependent cGl\1P activity· and- decreased NOS 

activity. These effects were specific -for ·nNOS, as. eNOS and mNOS lack the PIN 

binding domain found i_n nNOS (53)._ These reports are intriguing, as they have opened 
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the door for further investigation of a new n"NOS regulator. Since our laboratory is 

interested in hypothalamic regulators .of nNOS and NO function as these regulators· 'could 

relate to the control of GnRH and LH secretion, we used western bl<;>t analysis t6 

determined if PIN was located in the hypothalamus. Our results demonstrated that the 

10.0 kDa PIN protein. is highly expressed in the MBH and POA of the female rat. 

Western blot analysis however failed to detect the PIN protein in GTI-7 cells. Since our 

preliminary study shows that· PIN is located in the hypothalamus, this leads the way for 

future studies to det~rmine the specific hypothalamic regions of PIN location, and 

whether PIN is regulated by cycle-related changes in the hypothalamus... The ultimate 

goal would be to determine if PIN is a .regulator of the NO-glutamate signal pathway jn 

the hypothalamus, and whet~er.PIN is subject to steroid regulation. 

VI. Heine ·Molecules Regulate GnRH, Secretion: A Possible Regulatory Role for 

Carbon· Monoxide. 

Carbo~ monoxide. i~ .a .gas which has .recently been demonstrated to be produced 

' ' ' 

in large quantities in the brain (25,26). The enzym~ heme oxygenase (HO) is respon~ible 

for the production of CO in the brain using heme as a substrate (9). Along with CO, 

biliverdin and iron are also produced from the'heme oxygenase cleavage of heme (16). 

Until recently, only two isoforms of HO were known, HO-I and H0-2. Now, Maines 

(2,2) has isolated a new HO isoform, H0~3. BpthH0-2 and H0-3 are·highly.expressed in · 

the brain, while HO-I is generally very low to undetectable in the brain under basal 

conditions. H0-2 is responsible for the impressive CO-generating ability of the brain, as 
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H0-3 is_cur~~ntly-~iewed as a poor heme catalytic enzy~e (22). ·why the brain produces 

s_o -_much CO is unclear, especially since it does not have a significant role in the 

degradation of hemoglobin like the other major CO-producing tissue in the body, the 

spleen (16). A likel~ possibility is that CO fu!}ctions as a physiological messenger in the 

. brain in much the sarile wayas NO {l_-8)~ Along these lines CO has been implicated as a 

regulator of long term potentiation {LTP) (107) and long term depression (LTD) {107). 

• l 

CO has also been suggested to function as a neurotransmitter in olfactory neurons (154) 

and in chemosensor neurons in the carotid body (155). 

Of significance to our laboratory is the fact that the hypothalamus has a robust 

production of CO (25,26). Not only is CO produced in the hypothalamus, but it has. been 

suggested to regulate CRH (33,35), oxytocin (36), and vasopressin (35) -secretion .. ·since 

CO niimicks many of the neurotransmitter functions of NO, -we decided to determine, if 

like NO, CO could regulate hypothalamic GnRH secretion. Initially we examined this 

question by incubating hypothalamic MBH fragments in vitro with the . HO substrate, 

hematin.. The results revealed that hematin markedly stimulated GnRH secretion. The 
,J 

. effect of hematin appeared to require HO activity as the HO inhibitor, ZnPP, blocked the· 

ability of hematin to induce GnRH release. Biliverdin was · also tested as a possible 

mediator of hematin-stimulated GnRH secretion, as it is also produced by HO 

metabolism of heme. However, the results of the study suggests that CO is the active 

mediator of hematin-stimulated GnRH release, as biliverdin did not stimulate GnRH 

release, and was instead inhibitory. This inhibition is in agreement with a previous report 

which demonstrated that biliverdin can inhibit HO act'ivity by end-product inhibition 

(156). _To further support the idea that CO is the HO-generated product that regulates 
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GnRH secretion, the gas-scavenger molecule, hemoglobin, was incubated·with·the l\1BH 
. . 

fragments. Hemoglobin completely blocked the stimulatory effect of hematin on GnRH 

release when the two compounds were co-incubated. 

To determine whether CO exerts its effects directly on the GnRH neuron or 

indirectly through i1,1terneurons, we incubated .. hematin fa vitro with the immortalized 

GnRH neurons ( GT 1-1 cells). The results revealed that hematin. can. act directly on the 

. ~ : - . . ' 

GnRH neuron as it produced a significant elevation in GnRH secretion from GT 1-7 cells. 

Subsequent studies with biliverdin, . ZnPP, hemoglobin, and hematin in the GT 1-7 cell 

model produced similar results to those we described p~eviously in the l\1BH fragments. 
. .. ~,• : . 

The exception was that while biliverdin decreased GnRH ·secretion when compared to 

control, there was no statistical difference as compared with the significant inhibition 

seen in the l\IBH fragments. Taken as whole, the results of this study suggest that· 

hematin is cleaved by HO to generate· CO, which then stimulates the sec~etion of GnRH 

by a direct action. on the GnRH ·neuron. In further support that hematin acts directly on · 

the GnRH neuron, northern blot analysis demonstrated that the major CO-producing HO 

isoform, H0-2, is located in GTl-7 cells. 

VII. Mechanism of Heme Molecule Control of GnRH Secretion 

Results from Aim 2 led us to· conclude that HO-generated CO regulates GnRH 

. secretion in vitro. However, iron is also liberated from HO-metabolism of heme. Since 

iron is an important metal in mammalian physiology, we investigated whether iron could 

act as a regulator of GnRH secretion. To address this question, we incu~ated the iron 
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chelator, desferrioxamine, alone and with hematin in GT 1-7 cells. The results indicated 

that iron is not a mediator of hemati~ stimulated GnRH secretion, .as desferrioxamine had 
. . ' . . . . 

no effect on h~matin--stimul~ied GnR.H release. The outcome of this study also rules out 

·the possibility that HO-liberate~ iron acts to generate high levels of reactive oxygen 

·molecules, thus causing lipid. pei-oxidation followed by a general · release of all cell 

proteins. 

The ·addition of hematin to. hypothalamic fragments and GT 1-7 cells in previous 

experiments may have resulted in activation of the heme-molecule, NOS, leading to an 

enhanced production of NO. Thus, it is possible that hematin -niay be exerting its effects 

through modulation of the NO pathway. To examine this possibility, we incubated the 

\ ' 

NOS inhibitor, L-NNA, alone and together with hematin in GTI-7 cells. L-NNA failed 

to lower basal GnRH secretion and it failed to block hematin' s effect on GnRH secretion. 

That L-NNA did not affect basal GnRH release supports our previous results which failed 

to find nNOS located in GTI-7 cells, and other work which failed to demonstrate nNOS 

colocalized in GnRH neurons (37,46,47). The la.ck of an effect of L-NNA on hematin

stimulated GnRH release would appear to rule out NO as an active mediator of hematin' s 

effects. Based on all the findings to this point, it was concluded that the HO-product, CO 

is the most likely mediator of hematin effects on GnRH release. Subsequent studies 

therefore: focused on the possible intracellular second messengers mediating hematin' s 

effects. Previous work has suggested that CO exerts its biological effects by regulating 

the activity of the heme-proteins, cyclooxygenase ( 140) and soluble guanylate cyclase 

(9). _Therefore, we explored the possibility that CO stimulates GnRH secretion by one of 

these systems. The cyclooxygenase system was · studied first by incubating the 
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cyclooxygenase inhibitor, indomethacin, alone and with hematin. The results failed to 

support a role for the cyclooxygenase system~ as indomethacin had no effect on hematin

stimulated GnRH release. Concerning the role of soluble.guanylate cyclase, we selected 

the compound ODQ, as it has been shown to be a potent inhibitor of NO and CO 

mediated soluble guanylate cyclase activity (57). Surprisingly, ODQ did not block 

hematin-stimulated GnRH release, and in fact it enhanced GnRH secretion from GT 1-7 
. . 

cells. The reason for this enhancement is not -understood, nevertheless cGMP does not 

appear to mediate hematin's effects. Taken as a whole, the above series of studies were 

unsuccessful in elucidating the mechanism of action of hematin/CO in the control of 

GnRH secretion. While oqe could continu~ with exhaustive studies to del~neate the 
. . 

'signaling pathw~y involved, "\Ve· dedded that it would be_ wise .to first -focus· on studies that 
. ' . 

·-· would pro~ide physiological evidenc~ 'that CO is important for GnRH s~~retion and. the 

LH surge, since· negative findings mc1y :exclude the need for more detaile~ mechanism 

studies. Therefore, we examined whether the endogenous -·production of the CO

generating enzy~e, H0-2~ w~s chan~ed in the·. hyJ>othalamus-: during the time of the LH 

surge. 

vm. Heme Oxygenase-2 mRNA Expression in the Hypothalamus on Proestrus 

To accept a role for CO in the control of GnRH and LH secretion, it is important · 

to determine whether its production is changed in the hypothalamus during the time of 

the LH surge. To address this issue, we measured mRNA .levels of H0-2 in the MBH 

and POA on pr6estrus in the female rat. The results of this study revealed that H0-2 
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mRNA levels did not change in the MBH or POA on proestrus when the LH surge 

occurs. While H0-2 mRNA remained unchanged in thi~ study, it is possible _that either 

HO-I or H0-3 levels may change inthe hypothalamus during the cycle, and thus increase 

CO production in the hypothalamus on proestrus. However, this appears unlikely as HO

I appears to only be induced during injury (11), and a change in H0-3 would probably be 

of little importance since it does not have a strong heme cl~aving ability (22). While 

further work is needed to asc:ertain H0~2 prot_e_i~ and. activity levels, these preliminary 

findings cast doubt that CO would have a physiologi~af role in the GnRH and LH surge 

·in. the female rat. Thus, of the two gaseous neurotransmitters~ CO ~nd NO, we tentatively 
. . 

conclude that NO is the more important regulator of OnRH and LH secretion. 



SUMMARY 

Adult female cycling rats were used to determine whether nNOS levels change in 

the hypothalamus on proestrus. Initially we examined nNOS mRNA expression by dot 

bfot analysis in the MBH ~nd the POA. There appeared to be a slight increase in the 

level of nNOS mRNA levels at 1400 h on proestius in the MBH; however, this change 

was not statistically ~ignificant. . In . contrast to the MBH, nNOS mRNA levels were 

significantly increased on proestrus at 1200 hand 1400 h in the POA, a time prior to the 
. . . 

gonadotropin surge at 1800 h. Since nNOS ~A levels were changed in the POA we 

decided to use western blot analysis to examine whether nNOS protein levels also 
. . 

changed in _the hypothalamus prior to the surge of gonadotropins on proestrus. The 

results of this study revealed that a significant increase in nNOS protein occurred at 1400 

hand 1600 hon proestius as compared. with metestrus pooh. As with nNOS mRNA 

levels, nNOS prot~in levels were also not. significantly elevated _in th_e MBH on proestrus. 

·Tq c~nfirm .that NOS is eleyated significantly in the POA (but not in the MBH) 

just prior to the preovulatory LH surge on proestrus, we measured NOS enzyme activity 

in a second group of cycling animals·. NOS activity in the MBH showed· no statistical 

· changes at any ti_me· point ,m~asured. · _How~ver, NOS activity. in the· POA was 

· significantly elevated at 1600 h on proestrus. This finding correlated. well with .our 

earlier results demonstrating that nNOS mRNA and protein levels. are elevated in the 

POA (but not in the MBH) on proestrus. 

88 
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Since PSD-95 has been demonstrated to bind to nNOS in the cerebellum and 

possibly enhance NO signal transduction, we wanted to determine whether PSD-95 was 

also located in the hypothalamus. To address this question we used RT-PCR to analyze 

the expression of PSD:-95 in the MBH, POA, liver, and spleen of adult intact rats and 

from GTI-7 cells.· The liver and spleen were used as negative controls. The results 

revealed that PSD-95 is expressed in the l\.1BH, POA and GTl-7 cells, with no expr~ssion 

detected in the liver and spleen. Western blot analysis confirmed that PSD-95 protein is 

also highly expressed in the hypothalamus. Further studies were conducted to. determine 

whether PSD-95 protein levels change on proestrus in the hypothalamus. The results 

revealed that PSD-95 protein did not change in the l\.1BH on proestrus; however, PSD-95 

levels in·the POA were decreased on proestrus at 1200 has compared to metestrus 1200 

h, followed by a significant, increase on· proestrus at 1400 h and 1600 h (as compared . to 

proesturs 1200 h), just prior to the preovulatory LH surg~. 

Rec_ent studies have identified protein inhibitor of nNOS · (PIN) as another nNOS 

interacting protein. However, prior to our _study it was not known if PIN was located in 

the hypothalamus or in"GTl-7 cells. J]sing western blot analysis, we determined that PIN 

( 10 kDa) protein is indeed localized in the l\.1BH and POA but, was undetectable in 

immortalized GTI-7 neu·rons. · 

Taken as a whole we have provided further evidence that NO is involved in the . 

regulation of the preovulatory LH surge. We have also provided for the first time 

evidence that the nNOS regulatory proteins, PSD-95 and PIN, are localized in .the 

hypothalamus. In addition, we have demonstrated that PSD-95 protein levels and nNOS 

mRNA, protein,' and NOS activity levels are all significantly. elevated in the POA, but not 
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the l\1BH duri,hg the time of the LH surge. Thus,-.it is possible that PSD-95 and PIN may 

play a·role in regulating nNOS in the hypothalamus. However, further work is needed to 

confirm this hypothesis. 

In addition to providing evidence_ that NO is involved in the regulation of GnRH 

an~ LH release, we investigated whether CO may also -play a role in regulating GnRH 

and LH secretion. To address this question we incubated the heme oxygenase substrate, 

hematin, with l\1BH fragments and GTI-7 cells in vitro and demonstrated that hematin 

significantly increased GnRH secretion. In an attempt to determine whether CO is the 

mediator of hematin-stimulated GnRH secretion, we incubated the HO inhibitor, ZnPP, 

and the CO scavenger, hemoglobin, alone and together with hematin. The results 

revealed that ZnPP blocked hematin-stimulated GnRH secretion in the l\IBH fragments 

and in GTI-7 cells. This suggests that the effect of hematin requires HO activity. 

Hemoglobin also blocked hematin-stimulated GnRH secretion in vitro which suggests 

that HO cleaves hematin to release CO which then stimulates GnRH release. Additional 

support for CO as the mediator of GnRH came from in vitro studies which demonstrated 

that the other HO-generated products, biliverdin and iron, did not stimulate GnRH 

secretion, and in fact bilverdin was inhibitory to GnRH release in vitro. Based on these 

studies we went a step further to attempt to find the mechanism in which CO causes 

GnRH release. Initially, we used the cyclooxygenase inhibitor, indomethacin, in GTI-7 

cells alone and coincubated with hematin to determine whether hematin mediated its 

effects by enhancin~ the production of prostaglandins. The results revealed that 

prostaglandins -do not appear to be involved in hematin-stumulated GnRH release. 

Finally, we investigated the cGlvlP pathway by incubating GTI-7 cells with the soluble 
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guanylate cyclase inhibitor, ODQ, alone and with hematin. Instead of blocking hematin's 

effect on GnRH release, surprisingly ODQ enhanced hematin-stimulated GnRH release 

in vitro. The reason for ODQ's enhancement of hematin's effects is not understood. 

Thus our attempt to define the mechanism in which hematin stimulates GnRH release 

was unsuccessful. 

Based on our results which suggested that CO· is the mediator of hematin's 

regulation of GnRH release in vitro, we decided to examine whether CO has a 

physiological role in regulating the preovulatory LH surge. To address this issue, we 

used adult c_ycling female rats and measured mRNA levels for HO-2, the major CO 

producing enzyme in the CNS, on proestrus. Our results demonstrated that HO-2 mRNA 

levels remained unchanged on proestrus in both the MBH and the POA. These results 

suggest that CO may- not have a. physiological role in regulating the preovulatory LH 

surge. Taken as a whole, these studies provide evidence that NO may be a more 

important regulator ofGnRH and LH secretion than CO. 
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