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ABSTRACT 

Post-menopausal women have an increased incidence of Alzheimer's disease (AD) 

that may be delayed in onset by estrogen replacement therapy (ERT). Estrogen has many 

neuroprotective and neurotrophic proclivities; therefore, its decline with menopause may 

leave the brain vulnerable to toxic insults stemming from disease states. Recent clinical 

trials investigating ERT as a treatment for AD found beneficial effects following short-

term treatment that become attenuated, and possibly reversed, following longer treatment 

intervals. 

This doctoral dissertation examined the interaction of two conditions known to exist 

within the female AD brain: the presence of chronic neuroinflammation and either 

estrogen deprivation or chronic ERT. As the duration of treatment and regimen of 

estrogen administration may alter the effectiveness of ERT, chronic and fluctuating 

administration of estrogen were assessed against the behavioral, biochemical and 

pathological consequences of short- and long-term neuroinflammation in the female rat 

brain. 

Overall, the results suggest a strong interaction between neuroendocrine and 

autonomic function in the female brain with neuroinflammation. In the presence of 

chronic neuroinflammation, the brain differentially responds depending on the hormone 

status of the animal. Cognitive performance is impaired with neuroinflammation or 

constant estrogen; the combined occurrence of both conditions worsened performance 

more than either condition presented alone. However, gonadally intact females with 

neuroinflam mation were unimpaired on the task and had approximately half the number 



of activated microglia. The pattern of acti vated microglia is unique to tlie female brain 

and highliglits an interesting distribution not seen in male rats. Specitkally, an elegant 

map of activated microglia emerges of brain areas involved in autonomic control, stress 

regulation and energy homeostasis. Regions showing the densest distribution of activated 

microglia are important autonomic relay stations that interconnect various brain regions 

conveying internal state intbrmation. 

Moreover, these regions have extensive bi-directional communication with both 

endocrine and immune systems, suggesting an extensive interaction occurring in the 

female brain capable of influencing multiple systems, including hormone secretion, 

sympathetic output, immune fanction and behavioral processes. This dissertation 

proposes that the interactions between these systems have important consequences for 

post-menopausal women with AD and are likely to underlie the varying effects seen with 

ERT. 
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CHAPTER 1: INTRODUCTION 

Post-menopausal women demonstrate an increased incidence of Alzheimer's disease 

(AD, (Gandy and Dufif, 2000; Maoly et al, 2000) and epidemiological evidence suggests 

that postmenopausal estrogen replacement therapy (ERT) may reduce the risk or delay 

the onset of AD (Kawas et al, 1997; Yaffe et al, 1998; van Duijn, 1999). Estrogen has 

many neuroprotective and neurotrophic proclivities (Goodman et al, 1996; Green and 

Simpkins, 2000; Wise et al, 2001a), therefore, its decline with menopause might leave 

the brain vulnerable to the toxic influence of elevated levels of p-amyloid or 

inflammatory proteins associated with AD (JafFe et al, 1994; Paganini-Hill and 

Henderson, 1994; Mattson et al, 1997; Xu et al, 1998; Brinton et al, 2000; Gandy and 

Duff, 2000; Silva et al, 2001). Estrogen may alter the pathogenesis of AD by protecting 

against the consequences of these neuroinflammatory components, including 

proinflammatory cytokines, P-amyloid, and activated microglia. 

The results of recent chnical trials investigating ERT in modulating the cognitive 

function of female AD patients suggest a pattern of beneficial effects upon cognitive 

function after relatively short-term ERT. However, this beneficial effect is attenuated, 

and possibly reversed, following much longer treatment regimens (Henderson et al, 

2000; Marder and Sano, 2000; Mulnard et al, 2000; Wang et al, 2000). It has been 

suggested that prolonged estrogen deprivation followed by long-term continuous estrogen 

replacement can downregulate the number of estrogen receptors (Brown et al, 1996), 

which may limit the effectiveness of the ERT (Clark et al, 1981; Crespo et al, 1991; 

Simpkins et al, 1997a). Therefore, a therapy designed to mimic the natural cycle of 
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gonadal horaione fluctuation may provide a more effective therapy to slow the 

progression of AD in post-menopausal women. The fluctuation of gonadal hormones 

may minimize receptor downregulation and better mimic the hormone status of 

premenopausal women who display a reduced risk of AD. 

This doctoral dissertation examines the interaction of two conditions known to exist 

within the brains of female AD patients: the presence of chronic neuroinflammation and 

either estrogen deprivation or chronic ERT. This dissertation will address chronic and 

fluctuating administration of estrogen as important modulators of chronic 

neuroinflammation in the female rat brain. The behavioral, biochemical and pathological 

consequences of chronic neuroinflammation produced by infusion of lipopolysaccharide 

(LPS) may depend on the timing of gonadal hormones. 
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CHAPTER 2: ALZHEIMER'S DISEASE 

Epidemiology 

Alzheimer's Disease (AD) is a neurodegenerative disease that is the most common 

form of dementia in the aging population. Approximately 5-10% of the American 

population are affected over the age of 65 (Arriagada et al., 1992a), with tlie risk of the 

disease doubling every five years to affect 50% of the population by age 85 (Evans et al, 

1989). Alois Alzheimer first reported the disease (Alzheimer, 1907aj, b) in a woman from 

Frankfurt, Germany who died at the age of 51 with progressive and severe dementia. The 

brain of Auguste D. revealed many neurofibrillary tangles and neuritic plaques that have 

since characterized the disease. 

Neuropathological Changes 

Although normal brains contain neurofibrillary tangles and neuritic plaques, it is the 

preponderance of them in AD patients that enable the postmortem diagnosis of the 

disease (Tomlinson et al, 1968; Ball, 1977; Mountjoy et al, 1983; Ulrich, 1985). 

Tangles and plaques can develop independently of each other, with tangles tending to 

precede plaque formation (JeUinger and Bancher, 1998). Therefore, both 

neuropathological hallmarks need not be present for postmortem diagnosis. 

Neurofibrillary Tangles 

Neurofibrillary tangles (NFT) are one of the pathological hallmarks found in AD 

brains. NFT develop when a microtubule-associated protein, tau, becomes 
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abnormally hyperphosphorylated. 'ITie hyperphosphoryialion of these filaments 

results in the formation of insoluble tangled bundles located within the cytoplasm that 

extend to somatodendritic processes (tor review, see Geschwind, 2003). NFT 

accumulation can disrupt the cytoskeleton of the neuron and inhibit normal transport, 

ultimately inducing cell death (Terry et al, 1994). The evidence for NFT-induced 

cell death is supported by the finding of extracellular NFT (termed 'ghosts,' as they 

retain the shape of neurons) in the late stages of AD (Mudher and Lovestone, 2002). 

Drugs that prevent tau phosphorylation by inhibiting glycogen synthase kinase-3p 

(GSK-3p), cyclin-dependent kinase 5 (cdk5), p42/44 MAP kinase (MAPK) and p38 

MAPK (Buee et al, 2000; Lee et al, 2001) are currently being explored for potential 

AD therapeutics. 

NFT develop in an anatomically stereotypical pattern, with the CAl subfield of 

the hippocampus, subiculum, layers II and IV of the entorhinal cortex and 

transentorhinal regions being the earliest to show NFT in AD(Hirano and 

Zimmerman, 1962; Hyman et al, 1984; Braak and Braak, 1991). With further 

disease progression, NFT develop in increasing numbers in the hippocampus, 

entorhinal cortex and high-order association cortices (Arriagada et al, 1992b; 

Gomez-Isla et al, 1997; Riley et al, 2002; Giannakopoulos et al, 2003; Guillozet et 

al, 2003). The number of NFT well correlate with cognitive state of the AD patient 

(Nagy et al, 1995). In fact, increased phosphoiylation and subsequent aggregation of 

tau are seen in brain areas critical tor learning and memory (Braak et al, 1994; Braak 

and Braak, 1998). 
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NFT are also found Ibllowing cerebral insults mid other adult-onset 

neurodegenerative diseases such as subacute sclerosing panencephalitis, progressive 

supranuclear palsy, frontotemporal dementia and parkinsonism (for review, see 

Geschwind, 2003). Some of these diseases have been linked to a dominantly 

inherited mutation in tau located on chromosome 17 (I^e et al., 2001; Bird et al, 

2003), Despite NFT being a key pathological feature in AD; however, no mutations 

in tau have yet been identified in AD (for review, see Geschwind, 2003), which has 

been a point of controversy in the field for scientists trying to identify risk factors and 

causes for AD. 

Neuritic Plaques 

Neuritic plaques are the other major pathological hallmark found in AD. Neuritic 

plaques are accumulations of ^-amyloid protein that surround neurons. j3-amyloid 

protein is produced by cleavage from amyloid precursor protein (APP), an integral 

membrane glycoprotein. APP is cleaved by secretases and the location of cleavage 

influences the solubility of the resulting protein (see Figure 1). 

For example, a-secretase cleaves in the middle of the p-amyloid protein, thereby 

inhibiting P-amyloid formation. In contrast, p- and 5-secretases cleave APP leaving 

the p-amyloid protein intact but attached to the membrane portion of the parent APP. 

Subsequent cleavage by y-secretase then releases the intact cleaved protein from the 

membrane. Several clinical trials have focused on gamma-secretase inhibitors as a 

therapy to delay the progression of the disease by preventing P-amyloid formation. 
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The accumulation of (3- amyloid protein can form insoluble spherical deposits around 

neurons that may interfere with normal signaling and induce cell death. Activated 

microglia and reactive astrocytes surround these neuritic plaques and can release 

inflammatory cytokines that may forther impair cellular function. 

xtrricoDular 

intiBtcGltuiar 

Figure 1: Proteolytic processing of amyloid precursor protein (APP) by secretases. The location 
of cleavage determines the solubility of the resultant protein. The red region indicates the toxic 
P-amyloid protein most often found in plaques. Cleavage by p and y secretases render the p-
amyloid protein able to form plaques. 

Neuritic plaques deposit throughout the brain and have a more widespread 

distribution than NFT, the latter which typically first deposit in layer II of the 

entorhinal cortex (for review, see Ingelsson et al, 2004). Although plaques can be 

found in meningeal and cortical blood vessels, the majority of the neuritic plaques are 

found in primary and association cortices as well as limbic areas and basal ganglia 

(Arnold et al., 1991; Braak and Braak, 1991; Terry et al, 1994). Primary visual and 

sensorimotor areas tend to be spared from plaque accumulation. 

Controversy exists in the field regarding whether NFT or neuritic plaques are the 

critical factor responsible for the neurcxlegeneration that occurs in AD. Those that 
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support NFT as the principle cause of AD ('tauists') cite its regional specificity and 

stTong correlation with the cognitive decline occurring with the disease (for review, 

see Geschwind, 2003). In cotitrast, those that support the p-amyloid hypothesis and 

the deposition of neuritic plaques as being the critical factor in AD ('baptists') point 

to the multiple genetic mutations involving APP and P-arnyloid (see below) that are 

involved in the disease and the toxic properties of p-amyloid in vitro (for reviews, see 

Bishop and Robinson, 2002; Hardy and Selkoe, 2002; Mudher and Lovestone, 2002; 

Rottkamp et al, 2002). However, the notion of P-amyloid being toxic to neurons 

conflicts with the finding that high levels of P-amyloid are deposited in the non-

demented elderly (for reviews, see Bishop and Robinson, 2002; Rottkamp et al, 

2002). Moreover, although neuritic plaque deposition is increased in the AD brain 

relative to the control brain, the extent of amyloid deposition correlates poorly with 

AD symptoms and severity of dementia (Braak and Braak, 1991; Gomez-Isla et al, 

1997; Giannakopoulos et al, 2003; Guillozet et al, 2003). Some have hypothesized 

that the role of p-amyloid is instead neuroprotective, as p-amyloid levels inversely 

correlated with the degree of oxidative stress seen in AD (Nunomura et al, 2000; 

Nunomura et al, 2001). p-amyloid may function as an antioxidant by acting as a sink 

for trapping potentially harmful transition metal ions (Atwood et al, 2003). 

Specifically, P-amyloid is able to bind copper, iron and zinc in vivo thereby 

preventing their participation in oxidative reactions. Thus, the accumulation of p-

amyloid may be instead neuroprotective. A recent 'bioflocculant hypothesis' 

proposed that p-amyloid has a surveillance function to protect the brain from 
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neurotoxic agents (Bishop and Robinson, 2002). They proposed that p~amyloid 

forms a web to snare and immobilize harm&l agents in the extracellular space that are 

then permanently removed by glial cells via phagocytosis (Bishop and Robinson, 

2002). Interestingly, P-amyloid accumulation tends to precede tau aggregation 

(Naslund et al, 2000), which may suggest processes of oxidative stress are occurring 

in the brain before tau becomes hyperphosphorylated. Moreover, if NFT have not yet 

formed and P-amyloid is neuroprotective, it may suggest that an alternative 

pathogenic factor promoting AD that has not yet been identified. P-amyloid is 

thought to maintain cellular integrity, therefore its loss would lead to the breakdown 

of the blood-brain barrier and neuroinflammation (Atwood et al, 2002). In addition, 

according to the bioflocculant hypothesis, removal of P-amyloid from the brain may 

also remove the neuroprotective abilities of the protein, leaving the brain vulnerable 

to toxic insults. Interestingly, a clinical trial that actively immunized AD patients 

with P-amyloid was halted due to the occurrence of neuroinflammation, encephahtis 

and meningitis in a subset of patients with detectable viral loads (Check, 2002). 

Therefore, the proposed roles of P-amyloid and NFT may be changing. 

Unfortunately, animal models that have appropriate neuritic plaques and NFT are 

lacking. A transgenic mouse was recently developed that overexpressed both mutant 

APP and mutant tau (Lewis et al, 2001). Interestingly, the double mutant animal 

showed more neuritic plaques and NFT than mice with only one of the APP or tau 

mutations. In addition, the injection of p-amyloid into the cerebrum of mutant tau 

transgenic mice exacerbated NFT pathology (Gotz et al, 2001), suggesting neuritic 
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plaque and NFT pathologies are related. However, the roles of each in the 

pathogenesis of AD remain unclear. 

Cell Loss 

Deposition of neuritic plaques and NFT occmxing with AD progression is thought 

to disrupt neuronal function, which may lead to cell death, Tlierefore, it is not 

surprising that with AD progression, there is a loss of neurons in the neocortex, 

entorhinal cortex, basal forebrain, locus coeruleus and dorsal raphe nucleus (Bussiere 

et al, 2003; Hof et al, 2003; Lyness et al, 2003; Yang et al., 2003; higelsson et al, 

2004). The loss of these cells strongly correlates with AD progression (DeKosky and 

Scheff, 1990; Terry et al., 1991) and represents a better neurobiological correlate of 

the cognitive deficit seen in AD than deposition of NFT {for review, see Coleman and 

Yao, 2003). 

However, until recently it was unclear whether the neurons in these regions are 

actually dying or represent a loss in volume or synaptic connections (for review, see 

Terry et al., 1994; Giannakopoulos et al, 2001). Recent stereological evidence 

supports the disease-associated but not age-associated neuronal loss in layer II of the 

entorhinal cortex (Hof et al, 2003), hippocampus (West et al, 1994) and layers III 

and rv of the neocortex (Bussiere et al, 2003). The neuronal cell death appears to be 

preceded by cell cycle arrest in tlie hippocampus, basal forebrain and entorhinal 

cortex at all stages of AD (Yang et al., 2003). 
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Moreover, recent evidence suggests that in addition to the loss of synapses 

resulting from neiiron death, neurons that are still alive also lose synapses with AD 

and are altered in their synaptic function (Coleman and Yao, 2003; Ingelsson et al, 

2004). Specifically, in AD there is a regionally specific loss of dendritic terminals 

(Buell and Coleman, 1979; Coleman and Flood, 1987; Braak et al, 1994) and 

alterations in the presynaptic terminals and fimction (for review, see Honer, 2003), 

manifested by reduced expression of messages related to synaptic vesicle trafficking 

(Coleman and Yao, 2003; Honer, 2003; Ingelsson et al, 2004). 'Thus, neuronal 

changes in AD are manifested by reductions in cell number, function and synaptic 

connections. 

Otlier pathologies seen in AD include Hirano bodies, neuropil threads and 

granulovacuolar bodies. All can be found w^ithin or near pyramidal cells and may 

also contribute to cellular dysfunction. Hirano bodies are rod-like filamentous 

structures near or within pyramidal neurons. Neuropil threads are also filamentous 

structures similar to NFT that are localized to dendrites. Granulovacuolar bodies are 

granule-containing cytoplasmic inclusions, termed vacuoles. The role of these 

pathologies in AD and induction of cell death are unclear. 

Neurochemical Changes 

Alzheimer's disease is characterized neuropathologically by neuritic plaques and 

neurofibrillary tangles. These cellular hallmarks can induce cellular dysfonction and lead 

to cell death. Some of the cellular alterations seen with AD include neurochemical 
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changes. Many neurotiansmitter and neuropeptide systems are decreased with AD and a 

number of therapeutics have focused on these neurochemical declines for areas of 

treatment. 

Acetylcholine 

Neurochemical alterations accompanying AD are most often described with 

regard to the chohnergic system. With AD, there is a dramatic reduction in 

cholinergic fiinction due to a loss of choJinergic cells in the basal forebrain (Davies 

and Maloney, 1976; Whitehouse et al, 1981; for review, see Lyness et al, 2003). 

Cholinergic axons of the basal forebrain innervate all parts of the cerebral cortex, 

including limbic structures such as the hippocampus, entorhinal cortex and amygdala 

(Mesulam et al, 1992). These regions are involved with aspects of learning and 

memory and tend to show the most AD pathology. The decline in basal forebrain 

cholinergic cells also results in a decrease in other cholinergic markers, including 

enzymes that initiate the formation and breakdown of acetylcholine by choline 

acetyltransferase (ChAT) and acetylcholinesterase (AChE), respectively (Davies and 

Maloney, 1976; Perry et al, 1977). Although most have reported cholinergic deficits 

and cell loss (for review, see Mesulam, 2004), others have challenged the assumption 

that changes in cholinergic function is an early event in AD (DeKosky and Scheff, 

1990; Davis et al., 1999; Gilmor et al, 1999). However, a conelation exists between 

the magnitude of cholinergic depletion and severity of the cognitive deficit (Baskin 

et al., 1999; Minger et al., 2000; Pappas et al, 2000; Doody et al, 2001), such that the 
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severe decline in cholinergic function is generally accepted for patients with 

advanced AD (for review, see Mesulam, 2004). Some reports have shown 

cholinergic markers to influence progression of neuritic plaques and NFT, although 

most studies have shown these pathological hallmarks to disrupt acetylcholine 

synthesis and neurotransmission (for review, see Mesulam, 2004). 

To date, most of the approved AD therapeutic drugs function by preventing the 

breakdown of acetylcholine in the synaptic cleft, tenned cholinesterase inhibitors. 

These drugs include tacrine (Cognex®), donepezil (Aricept®), rivastigmine 

(Exelon®) and galantamine (Remynyl®). These medications have modest, 

temporary and symptomatic improvements in some patients with AD (for review, see 

Doody et al, 2001); however no patient with dementia has become cognitively 

normal following these drugs, even with the most rigorous of cholinergic treatments 

(for review, see Mesulam, 2004). It remains unclear why cholinergic neurons are 

vulnerable in AD, however, the cholinergic system is not alone in its vulnerability in 

AD. 

Norepinephrine, Dopamine and Serotonin 

Monoamines, such as serotonin, norepinephrine and dopamine have also been 

reported to change with AD progression. Specifically, AD-related neuronal 

degeneration has been reported in the dorsal raphe nucleus (DRN), locus coeruleus 

(LC) and substantia nigra pars compacta (SN), brain regions that predominantly 

synthesize the above monoaminergic neurotransmitters, respectively (for review, see 
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Lyness et al, 2003). Classically, cholinergic neurons have been considered the most 

vulnerable in AD, although a recent stereological study reported noradrenergic cell 

loss in the LC to exceed than that of the cholinergic system (Zarow et al., 2003). 

Noradrenergic neurons in the LC decrease with aging (Vijayashankar and Brody, 

1973) and decline dramatically with AD (Tomlinson, 1989). Noradrenergic 

projections from the LC project predominantly to Uie hippocampus, frontal cortex and 

temporal cortex, regions that show the most extensive cell loss in AD (Marcyniuk et 

al., 1986; Geula and Mesulam, 1994). Recent stereological studies (Chan-Palay and 

Asan, 1989; Hoogendijk et al, 1995; Busch et al, 1997; Burke et al, 1999; 

Hoogendijk et al, 1999) and a meta-analysis of the literature (Lyness et al, 2003) 

supported the loss of noradrenergic cells in the LC. Thus, it is not surprising that 

declines in both norepinephrine (Bondareff et al, 1987a) and its metabolites have also 

been found in these regions in patients with AD (Adolfsson et al, 1979; Cross et al, 

1981; Cross et al, 1983; Francis et al, 1994). Some have reported the cell loss in the 

locus coeruleus not to be correlated with the decline in noradrenergic markers in AD 

(Cross et al. 1981; Cross et al, 1983); however, the reductions in noradrenergic cells 

or function do correlate with the severity and duration of dementia in AD (Mann et 

al, 1982; Bondareff et al, 1987b; German et al, 1992). The loss of norepinephrine 

may imderlie the symptoms of depression reported in AD patients; drugs that prevent 

the breakdown of norepinephrine have been used in the symptomatic management of 

AD patients (Doody et al, 2001). 
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Dopamine is another catecholamine reported in some studies to decline in AD (for 

reviews, see Kemppainen et al, 2002; Lyness et al, 2003). Hovi'ever, in contrast to 

the consistent reports of noradrenergic decline, dopamine neurons undergo a variable 

loss with AD (Tabaton et al, 1985; Gibb et al, 1989; Forstl et al, 1994b; Reyes et 

al, 1996) with recent stereological studies reporting either no cell loss (Kemppainen 

et al, 2002) or a mild cell loss that was highly variable (Zarow et al, 2003). A recent 

meta-analysis reported changes in substantia nigra neurons to be the smallest of all of 

the neurotransmitter effects. Similarly, dopamine levels of autopsied and biopsied 

AD brains were comparable to control brains in the temporal and frontal cortices, 

regions that show the most dramatic AD pathology (Francis et al, 1994). Thus, AD-

related changes in dopamine function tend to be mild or undetectable. 

Serotonergic alterations have also been reported in AD. Many serotonergic cells 

in the DRN are affected by NFT formation (Ishii, 1966; Tomlinson, 1989) and cell 

loss in this region has been reported in AD (Yamamoto and Hirano, 1985; Wilcock et 

al, 1988; Zweig et al, 1988; Aletrino et al, 1992; Halliday et al, 1992; Forstl et al, 

1994a; Geula and Mesulam, 1994; Burke et al, 1999; Chen et al, 2000). Similarly, 

serotonin experiences an AD-related decline (Arai et al, 1984; for review, see Francis 

et al, 1994). A recent meta-analysis reports that the AD-related decline in 

serotonergic DRN neurons tends to be less prominent than those of the cholinergic 

and noradrenergic systems, yet much greater than those seen with dopamine in the 

substantia nigra (Lyness et al, 2003). Therefore, alterations in neurotransmitter 

fiinction and cell loss appear to vary with regard to the system studied. 
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Neuropeptides 

Some neuropeptides systems are also reduced with AD, such as galaiiin and 

somatostatin (Rossor and Iversen, 1986; Crawley and Wenk, 1989). However, most 

others neuropeptide systems remain normal in AD, including cholecystokinin, 

vasoactive intestinal polypeptide, substance P, metenkephalin, neurotensin, 

neuropeptide Y and thyrotropin releasing hormone (for review, see Perry, 1987). It is 

of interest that vasoactive intestinal polypeptide and neuropeptide Y remain normal, 

as the former colocalizes with choline acetyltransferase in cortical neurons 

(Eckenstein and Baughman, 1984) while the latter colocalizes with cortical 

somatostatin, both of which are shown to decline in AD. Thus, the neuropeptide 

systems differ with regard to their localization and vulnerability occurring with the 

disease. 

Behavioral Changes 

With AD there is a progressive deterioration in cognitive ftmction that can include 

changes in personality and emotional affect as well (Berg ct al, 1987; Huff et al, 1987; 

Salmon et al, 1990; Morris et al., 1993). Many of the behavioral alterations can be 

attributable to the decline in neurotransmitter ftmction associated with a particular region. 

For example, the decline in cholinergic fiinction may explain the loss of attention and 

cognitive failure seen with progressing AD. Depression may result from the loss of 

norepineplirine, while the anxiety and mood alterations seen with AD are likely 

attributable to the loss of serotonergic projections from the raphe nucleus. 
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The progression of AD can be divided into three clinical stages. The first am nesia 

stage lasts two to four years and corresponds to the early clinical symptoms, including 

short-term memory loss and difficulty with advanced tasks. The second confiisional 

stage encompasses farther declines in cognition, communication, disorientation and 

personality changes. The last dementia stage is a complete dementia that is associated 

v^fith unresponsiveness and withdrawal These patients are often bedridden, exhibit 

psychological problems and die fi-om secondary illnesses. Many therapies have tried to 

focus on patients who are at the eariiest stages of AD and those who may be at risk but do 

not yet demonstrate any clinical symptoms. 

Genetics and Risk Factors of AD 

Although AD atlects roughly 5 million people, only 11% of the cases can be 

attributed to genetic mutations in known genes. The mutations can be localized to 

chromosomes 1,14, and 21. All of these mutations increase the deposition of amyloid 

plaques (Goate et al, 1991; Levy-Lahad et al, 1995; Sherrington et al., 1995). Mutations 

to chromosomes 1 and 14 affect presenilin genes (PS2 and PSl, respectively). 

Presenilins are thought to regulate intracellular trafficking and protein recycling. 

Mutations to the PSl gene on chromosome 14 can increase production and deposition of 

neuritic plaques and account for 50-70% of the early-onset familiar AD cases. In 

addition, the observation that Down's syndrome patients developed AD pathology by 

middle age resulted in discovery of the APP gene on chromosome 21. Patients with 

early-onset tamilial AD were subsequently found to have APP gene mutations. 
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Many scientists will point out that mutations involving p>amyloid account for a very 

small percentage of the fifteen million known cases of AD (Rottkamp et al, 2002). Of 

the remaining 90% of AD cases, 40% of patients have alterations in the composition of 

alleles for apolipoprotein E (ApoE), a gene on chromosome 19 that is involved with lipid 

transport and metabolism (Saunders et al, 1993; Strittmatter et al, 1993). Specifically, 

three alleles (E2, E3, and E4) can determine the relative risk of developing AD, such that 

increased risk is conferred by E4>E3>E2. Two copies of the E4 allele, for instance, can 

increase the risk of developing AD to 90% (Strittmatter et al, 1993). ApoE mutations are 

linked to late-onset familial AD and sporadic AD cases and may affect both neuritic 

plaque metabolism and NFT phosphorylation. Interestingly, some African pygmy tribes 

have an increased incidence of carrying two copies of the E4 allele yet demonstrate very 

low occurrence rates of AD (Zekraoui et al, 1997). It is thought that the diet of these 

tribals may contribute to their lack of AD susceptibility (Kottke et al, 1990). Under 

normal circumstances, the ApoE4 allele contributes to increased transport of lipids, 

which may be deleterious in many Western countries that consume high amounts of fats. 

However, the low-fat diet of these tribals may counteract the consequences of increased 

lipid transport resulting from the ApoE4 allele. Therefore, both genetic and 

environmental factors may aifect the susceptibility and risk of developing AD. 

The remaining 49% of AD cases have an unknown etiology. Although more genes 

have been identiied to influence AD susceptibility, tiiey do not account for all of the AD 

cases (see Table 1). 
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Table 1: Genetic factors and susceptibility genes associated with Akheimer's Disease. Table 
adapted from Albert and colleagues (1999). 
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Neuroinflammation in AD 

Inflammatory processes play an important role in the etiology, pathogenesis and 

clinical expression of Alzheimer's Disease (AD, (McGeer et al, 1989; Rogers et al, 

1992; Aisen and Davis, 1994; Eikelenboom et al, 1994; Mrak et al, 1995; Rogers et al, 

1996; Eikelenboom et al., 1998; Griffin et al, 1998; Cotter et al., 1999; McGeer and 

McGeer, 1999; Akiyama et al, 2000). The inflammatory response seen in the AD brain 

is discrete and chronic, however since it typically lacks involvement from lymphocytes 

and monocytes, many immunologists have not studied the phenomenon (for review, see 

Akiyama et al, 2000). 
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Inflammatory Markers Upregulated with AD 

Numerous inflammatory markers are upregulated in the AD brain, including 

proinflammatory cytokines (lL-1, IL-2, IL-6, TNF-a) aiid their receptors, products of 

the complement cascade, acute phase proteins, MHC4 and -11 surface glycoproteins, 

cell adhesion molecules, and Fc receptors (McGeer et al, 1989; Bauer et al, 1991; 

Mrak et al, 1995). Activated microglia and reactive astrocytes typically release these 

inflammatory products, or express them on their cell surface as in the case of MHC 

glycoproteins. Neurons are also capable of producing some inflammatory mediators, 

including complement and proinflammatory cytokines (for review, see Akiyama et 

al, 2000). In contrast to the upregulation of inflammatory mediators seen in AD 

brains, nondemented elderly patients demonstrate undetectable or background levels 

of inflammatory products (for review, see Akiyama et al, 2000), suggesting the 

inflammatory reaction is specific for a disease process rather than increasing age. 

However, some have reported increases in levels of granulocytes, a broad cell class 

consisting of neutrophils and microglia to increase with aging ( Abo and Kawamura, 

2002), which is interesting as these cells have the ability to produce inflammatory 

products. With normal aging, background levels of inflammatory products tend to 

have a widespread distribution, in contrast to the distinct localization of inflammatory 

products in regions with the most pathology in AD. 
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Localization of Inflammatory Markers 

The importance of inflammation in AD results from the localization and density 

of inflammatory products correlating with the regional vulnerability and progression 

of AD. Many inflammatory markers, including activated microglia capable of 

producing inflammatory products, are highly localized to the temporal lobe and other 

regions with dramatic AD pathology, yet are absent in brain regions that typically do 

not develop neuritic plaques and NFT, such as the cerebellum (Cagnin et al, 2001). 

Moreover, the microscopic localization of these inflammatory products is gi eatest 

directly surrounding neuritic plaques and NFT. Activated microglia cluster within 

sites of neuritic plaques and amyloid deposition (Ling and Wong, 1993; Davis et al, 

1994), whereas reactive astrocytes fonn a corona surrounding the perimeter of the 

neuritic plaque (Mrak et al, 1996), The consequence of the microscopic co-

localization may be the creation of a positive feedback loop that exacerbates cellular 

dysfunction. Another consequence of tlie co-localization of microglia and astrocytes 

with neuritic plaques may be catabolic regulation of neuritic plaques, thereby 

determining the balance between amyloid deposition and removal (Hyman et al., 

1993). The breakdown of neuritic plaques by inflammatory cells may be a double-

edged sword, however, as the phagocytotic process is accompanied by a respiratory 

burst and release of cytotoxic compounds (for review, see Adams and Hamilton, 

1992). Further recruitment of inflammatoiy mediators may be initiated, thereby 

creating another positive feedback loop with ongoing disease progression. In fact, 

elevation of inflammatory markers correlates with the deposition of necrotic plaques 
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anclNFT{Sheng et al, 1998). These inflammatory products increase with ongoing 

disease progression and the long-term exposure to inflammatory proteins may result 

in neuronal degeneration (Banati et al, 1993; McGeer and McGeer, 1998; Gonzalez-

Scarano and Baltuch, 1999), similar to that seen in AD. 

Animal Model of Chronic Neuroinflammation 

The region-specific set of pathological, neurochemical and behavioral alterations 

seen in AD patients creates a very stringent set of criteria needed for an animal model 

that reproduces components of the disease. Many of the transgenic mice that 

overexpress the pathological hallmarks seen in AD do not demonstrate the 

accompanying regional specificity also seen in the disease (Guenette and Tanzi, 1999; 

Holcomb et al., 1999). However, an animal model introduced by our laboratory has 

reproduced many of the temporal and regional-specific components of the disease 

(for review, see Wetik and Hauss-Wegrzyniak, 2003). 

Lipopolysaccharide (LPS) is an inflammogen derived from the cell wall of gram-

negative bacteria. In high doses in the periphery, it can initiate an immunologic 

challenge to produce fever, seizures, ataxia and sickness behavior; the latter 

characterized by a shift in the priorities of an animal during an infectious episode, 

such as loss of appetite (Reul et al, 1998; Konsman et al, 2002). However, when a 

very low dose of LPS is infused directly into the brain, a time-dependent 

inflammatory response is produced (Hauss-Wegrzyniak et al, 1998a; Wenk and 

Hauss-Wegrzyniak, 2001a). Inilision into the 4* ventricle produces widespread 
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neuroinflammation with minimal mechanical damage to suiTounding tissue. Further, 

the LPS infiision is restricted to the brain, as detectable levels of inflammatory 

proteins are not found in the blood of treated animals (De Simoni et al, 1995). Two 

days of treatment results in microglial activation scattered evenly throughout the 

brain. With longer infusion times, the activated microglia concentrate in regions of 

the brain affected most by AD, such as the hippocampus, entorhinal and piriform 

cortices as well as the cingulate gyrus {Hauss-Wegr5q''niak et al, 1998a; Wenk et al, 

2000). Biochemical and behavioral changes associated with AD are also induced by 

neuroinflammation (Wenk and Hauss-Wegrzyniak, 2001a). These alterations include 

activation of microglia, elevation of proinflammatory cytokines (IL-l, IL-6, and 

TNF-a), astrogliosis, induction of prostaglandins, elevated amyloid precursor protein 

(APP) induction, temporal lobe cell loss and working memory deficits (Hauss-

Wegrzyniak et al., 1998a; Hauss-Wegrzyniak et al., 1999a; Hauss-Wegrzyniak et al, 

1999b; Wenk et al., 2000). The LPS-induced elevations are thought to increase 

intracellular calcium which results in an increase in extracellular glutamate that can 

induce cellular dysfunction and cell death. LPS-infused animals demonstrate 

volumetric decline in the hippocampus and entorhinal cortex (Hauss-Wegrzyniak et 

al., 2000a), a finding that mirrors the regional atrophy found in the early stages of AD 

in humans (Seab et al, 1988; Kesslak et al, 1991; Killiany et al, 1993; Bobinski et 

al, 1999). Overall, the neuroinflammation induces a regional vulnerability as well as 

alterations in neurochemical and behavioral measures that reproduces many 

components associated with AD (Wenk and Hauss-Wegrzyniak, 2001a). 
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CHAPTER 3: MENOPAUSE AND ALZHEIMER'S 

DISEASE 

Menopause is the cessation of cyclic release of pituitary and gonadal hormones. In 

humans, menopause occurs at a mean age of 51 and is accompanied by dramatic changes 

in hormone levels, gene expression, and overall cell morphology. Postmenopausal 

women have an increased incidence of AD compared to pre-menopausal women and age-

matched raen (Gandy and Duff, 2000; Manly et al, 2000). Therefore, the menopausal 

brain may oflfer insight into the pathways that may become vulnerable in AD with the 

aging process. 

Reproductive Function 

Reproduction is a dynamic and tightly regulated process that relies on a series of 

precisely timed hormonal signals. The major players in the reproductive axis include 

gonadotropin releasing hormone (GnRH) neurons of hypothalamus, gonadotrophs in the 

pituitary gland and gonads to stimulate ovulation in healthy young animals and humans. 

Specifically, the medial basal hypothalamus releases pulsatile bursts of GnRH to 

stimulate production and pulsatile release of the gonadotropins luteinizing hormone (LH) 

and folhcle stimulating hormone (FSH) from pituitary gonadotrophs. Circulating 

gonadotropins travel through the systemic bloodstream to target the ovaries, thereby 

stimulating follicle growth, ovulation fi'om the follicular pool as well as secretion of 

steroidal hormones and peptides. The ovarian products can subsequently feedback on the 

hypothalamus and pituitary to regulate the reproductive axis and their own release. The 



positive or negative direction of feedback depends on the stage of the reproductive cycle 

(Silberstein and Merriam, 2000). Moreover, the reproductive axis can have reciprocal 

interactions with other systems, including sleep, stress and mood (Williams et al, 2001; 

Karsch et al, 2002; Young and Korszun, 2002; Steiger, 2003). 

Reproductive Aging 

Human Reproductive Aging 

With aging, there is a dysregulation in the hormonal signals of the hypothalamic-

pituitary-ovarian axis that ultimately results in reproductive senescence. Although 

ovarian cycles are still normal, the process begins with a decreased probability of 

pregnancy around age 37. Ovarian cycles become irregular about eight years later, 

indicating a perimenopausal state that will later result in menopause following twelve 

consecutive months without menses (Utian, 1994). The onset of menopause likely 

occurs with the depletion of ovarian follicles. A woman is bom with a vast but finite 

number of follicles that can decline exponentially with age. When the number of 

follicles falls to below a critical number, it is hypothesized that the process of 

reproductive senescence may be initiated (for review, see Ranee and Abel, 2001). 

Perimenopause 

Perimenopase begins around the age of 45 and is characterized by the onset of 

cycle irregularity. Although the perimenopausal transition is complex and not fully 

understood, one of the first changes seen in these women is an elevation in FSH and 



40 

decrease in inhibin B levels. Inhibin B is an ovtirian factor that inhibits FSH 

following gonadotropin stimulation of Hie ovaries. The decreased inhibin B levels 

has been hypothesized to be a signal from the failing ovary tliat initiates the rise in 

FSH and accelerates the depletion of ovarian follicles (Nelson et al, 1995). Estrogen 

levels at the time are usually normal, although some have reported increases in 

estrogen levels (Santoro et al., 1996) perhaps due to a compensatory increase in 

estrogen synthesis from adipose tissue. LH levels are also thought to remain 

unchanged in the early perimenopausal period. 

Menopause 

With the fiirther decline of ovarian folhcles, menses becomes increasingly 

irregular and culminates in the menopause at the mean age of 51. The exhaustion of 

ovarian follicles no longer supports synthesis of ovarian hormones such as estrogen, 

progesterone, activin and inhibin. At this time, inhibin A levels decrease and 

circulating ovarian steroids drop to approximately 1% of premenopausal levels 

(Burger et al, 1998). The loss of ovarian hormones eliminates feedback onto the 

hypothalamus and pituitary, thereby increasing circulating LH levels in the 

postmenopausal woman (Ahmed Ebbiary et al, 1994). Therefore, the 

postmenopausal woman experiences increased gonadotropin levels in the absence of 

circulating ovarian hormones resulting in downstream consequences on hypothalamic 

gene expression and physiologic alterations. 
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Rodent Reproductive Aging 

Although rodents experience a reproductive aging, there are distinct differences 

compared to that of human menopause. Like humans, rodents use the same steroid 

hormones and feedback mechanisms to drive ovulation and follicular development. 

However, rodents differ in the means by which they undergo menopause. Rodents do 

not undergo an ovarian failure resulting in menopause as there is no exhaustion of the 

ovarian follicular pool. Rodents have sufficient numbers of follicles after becoming 

acyclic to drive gonadal honnone synthesis. However, these animals do undergo 

changes with aging. 

Reproductive Function in Young Rodents 

Young rats experience a 4-5 day estrous cycle. Like humans, the major players 

include the hypothalamic-pituitary-ovarian axis. Specifically, the arcuate nucleus and 

preoptic area of the hypothalamus release pulsatile bursts of GnRH to stimulate 

production and pulsatile release of LH and FSH from pituitary gonadotrophs. The 

systemic bloodstream then circulates the gonadotropins to the ovaries, thereby 

simulating follicle growth, ovulation from the follicular pool as well as secretion of 

steroidal hormones and peptides. The estrous cycle of rodents can be monitored by 

examining the vaginal cytology. There are three characteristic cell types in the 

vaginal lavage: comified epithelial cells (estrus), nucleated epithelial cells (proestras) 

and leukocytes (diestrus). The type and proportion of tliese cells in a lavage dictate 

the estrous cycle stage of the animal. Lavages with multiple ceil types indicate the 
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animal is between cycle stages and the proportion of cell types distinguishes bet ween 

stages. 

Reproductive Aging in Rodents 

The duration of the estrous cycle lengthens and becomes irregular with 

reproductive aging in rodents. The increased irregularity results in a 2-3 month 

period of constant estrus, the cycle phase characterized by low to moderate levels of 

estrogen. With increasing age, rats then go into a phase of constant diestras (low to 

undetectable estrogen) or become anestrous, thereby becoming incapable of 

ovulation. Increases in LH pulse duration and interpulse interval are seen in animals 

that are in constant estrus, although these animals still have estrogen. Some have 

reported that estrogen levels may be increased in tlie period of constant estrus (Lu et 

al., 1979; Lu et al, 1980). Moreover, despite the initial rise in FSH, gonadotropin 

levels are not elevated compared to young controls, another important difference 

between human and rodent processes of menopause. In rats, ovariectomy results in 

an upregulation of menopausal markers such as gonadotropin levels and 

hypothalamic gene expression, similar to that seen in humans. Furthermore, 

ovariectomy also results in a decline in ovarian hormone levels that better mimics the 

human menopausal state, in contrast to that seen in the aged non-cycling rat. The 

process of rodent menopause is thought to result from age-related changes in the 

central nervous system, specifically in the hypothalamus (Wise, 1999,2001), rather 

than a failure in ovarian function. Tlius, despite using the same steroid hormones and 

feedback mechanisms, the processes of human menopause and rodent estropause are 
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quite dilferent, thereby illustrating menopause as a complex transition that affects 

hormone levels, gene expression as well as physiology of the brain and body. 

Estrogen Replacement Therapy and Risk of AD 

Menopausal women experience a number of physiological symptoms, including 

mood changes, hot flushes and memory loss (for review, see Henderson, 1999). 

Epidemiological studies first noted that these post-menopausal women were two times 

more likely to develop AD compared to age-matched men (Fillit et al, 1986). Estrogen 

replacement therapy (ERT) was given to combat hot flushes, the most common complaint 

of post-menopausal women (for review, see O'Bryant et al, 2003). ERT not only 

alleviated the hot flushes but was found to enhance verbal memory (Kampen and 

Sherwin, 1994; Rice et al, 1997; Jacobs et al, 1998), visual memory (Resnick et al, 

1997) as well as overall psychological function (Ditkoff et al, 1991) in postmenopausal 

women without dementia. Postmenopausal women who develop AD have lower serum 

estradiol levels (Manly et al, 2000) and ERT may reduce the risk of developing AD by 

40-60% (Paganini-Hill and Henderson, 1994). In fact, postmenopausal women with AD 

who took ERT demonstrated improvements in semantic memory (Henderson et al, 1996) 

as well as other measures of cognitive function (Honjo et al, 1989; Hagion et al, 1993; 

Fillit, 1994). 

Although more recent studies have also found an increased incidence of AD in 

postmenopausal women (Gandy and Duff, 2000; Manly et al, 2000), not all studies have 

found a positive role for ERT in AD. A recent long-term (1 year), placebo-controlled, 
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study examined the effects of ERT upon cognitive ftinction in a large group of women 

with mild to moderate AD (Mulnard et al, 2000). The etTects of ERT were initially 

beneficial when examineti at two months, similar to previous reports using smaller 

groups of patients and for a shorter duration of treatment (Fillit et al, 1986; Honjo et al, 

1989; Ohkura et al, 1994; Asthana et al, 1999); however, the performance of women 

receiving chronic ERT ultimately declined more on the Clinical Dementia Rating Scale 

than those receiving placebo (Mulnard et al, 2000). Additional recent studies also 

concluded that ERT could not improve the cognitive abilities of women with mild to 

moderate AD (Henderson et al, 2000; Marder and Sano, 2000; Wang et al, 2000). 

When considered together, the results of these clinical trials suggest a pattern of 

beneficial effects upon cognitive function after relatively short-term ERT; however this 

beneficial effect is attenuated, and possibly reversed, following longer treatment 

regimens that last at least a year. 

ERT is likely to affect the occurrence and progression of AD (Honjo et al, 1989; 

Hagion et al, 1993; Fillit, 1994; Henderson et al, 1994; Schneider et al, 1996) by 

delaying the onset or decreasing the risk of developing the disease (Tang et al, 1996; 

Kawas et al, 1997; Yaffe et al, 1998; van Duijn, 1999). However, these data may 

suggest that despite beneficial effects of estrogen to prevent AD, treatment may be 

ineffective if the disease process is already ongoing (Brinton, 2001; Vegeto et al, 2001). 



45 

CHAPTER 4: ESTROGEN SIGNALING AND ACTION 

Although gonadal hormones are best known for orchestrating the process of 

reproduction, hormones such as estrogen can affect nem-al fonction in regions 

independent of reproducti ve control Early studies first noted estrogen-induced 

alterations in neuronal plasticity and synapse formation (Chung et al, 1988; Matsumoto, 

1991; Toran-Allerand, 1991). Gonadal hormones have since been shown to mediate the 

formation, maintenance, and remodeling of neuronal circuits throughout the lifespan, 

including changes that occur with aging (for review, see Henderson, 1999). 

Estrogen Synthesis and Release 

Most of the synthesis and release of estrogen occurs in the ovaries in response to 

gonadotropin stimulation, however the hypothalamic-pituitary-ovarian axis is not the 

only mechanism for estrogen production. The brain is also able to synthesize steroid 

hormones, independent of the gonads or adrenal glands (Sfikakis et al, 1978; Schlinger 

and Arnold, 1992). Aromatization of circulating testosterone by cytochrome p450 is one 

mechanism by which estrogen can be synthesized (Naftolin and Ryan, 1975; MacLusky 

et al, 1987). Many brain regions are capable of aromatization, including the 

hippocampus, cortex, amygdala and hypothalamus (Roselli et al, 1985; Sanghera et al, 

1991; Garcia-Segura et al, 1999). Moreover, both neurons and glia are able to produce 

estrogen (Zwain et al, 1997; Zwain and Yen, 1999) suggesting a paracrine action of 

estrogen to produce local effects on brain function in addition to the better known 

endocrine effects. 
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Estrogen Signaling 

Ovarian release of esti-ogen travels by the bloodsti'eam to affect many target tissues 

throughout the body and brain. Although estrogen was once thought to exert its actions 

solely through one type of estrogen receptor, it is now known that estrogen can affect 

several di fferent signaling pathways to affect cellulai- function. The presence of m ultiple 

signaling pathways illustrates the potential for diverse actions of estrogen on the brain. 

Classical Genomic Signaling 

Once at a target tissue, estrogen readily diffuses across the cell membrane and 

interacts with high affinity estrogen receptors located in the cytosol of the cell (see 

Figure 2). Typically, these high affinity receptors are bound to two heat shock 

proteins that render the receptor transcriptionally inactive when estrogen is not 

present. However, upon estrogen binding to the estrogen receptor, the heat shock 

proteins dissociate, thereby exposing a nuclear localization signal. The ligand-

receptor complex can then translocate to the nucleus and form a homodimer with 

another ligand-receptor complex to become a fiilly active complex able to mediate 

gene transcription (Evans, 1988). The homodimer complex binds to the estrogen 

response element (ERE), a palindromic DNA sequence located in the promoter region 

of the target gene. 
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Figure 2: Classical genomic signaling by estrogen. Receptors bound with estrogen are 
translocated from the cytoplasm to the nucleus. DImers are formed and bind to the estrogen 
response element on DNA, thereby facilitating histone acetylation and enabling access of 
transcriptional machinery to the DNA. Figure adapted from Quirk and Nilson (2001). 

Under normal conditions, the DNA is expressed as chromatin wrapped tightly 

around histones. Since DNA is negatively charged and histones are positively 

charged, there is a strong attraction between the two, which restricts transcriptional 

machinery access to the DNA. Therefore, it is necessary to first separate DNA from 

the histones for transcription to occur. Histone acetylators separate the two charged 

species by adding neutral acetyl groups to the histones. The acetylation has the net 

effect of loosening the tightly bound DNA and allowing the transcriptional machineiy 

access to the DNA (see Figure 3). 
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Figure 3; Histone acetylation and deacetylatlon in gene transcription. Several views of a nuclear 
chromosome showing DNA tightly wound around histones. Histone acetylators (HAT) and 
deacetylators (DHAT) facilitate the loosening and tightening of DNA, respectively. Loose 
winding of DNA around histones enables gene transcription. Adapted from an Illustration 
created by Darryl Leja, National Human Research Genome Institute. 



Binding of the ER complex to the ERE induces a signaling cascade that initiates 

gene transcription. The first recruited protein class is a steroid receptor coactivator 

(SRC), which not only stabilizes the ER complex to the ERE but initiates a complex 

of proteins that acetylate histones to facilitate chromatin decondensation. CREB 

binding protein (CBP) is a liistone acetylator that allows transcriptional machinery to 

bind to the TATA box, a region on the DNA where transcription is initiated. TATA 

binding protein (TBP), TBP-binding protein (TAP), RNA polymerase II (POLIl), and 

transcription factor II (TFII) then form a complex on the TATA box to transcribe 

genes into mRNA that will make new proteins in the cytosol (Landers and Spelsberg, 

1992). This genomic mechanism of estrogen action is considered to be the classical 

mechanism of estrogen action. 

Estrogen Receptor Subtypes 

Two nuclear receptor isoforms have been identified, ERa and ERp, that 

participate in classical genomic signaling (Evans, 1988; Shughrue et al., 1996; Wong 

et al., 1996; Shughrue et al, 1997; Kuiper et al, 1998). Although the binding 

affinities for different ligands vary between the two receptor isoforms, both are able 

to bind estrogen and able form either homodimers (ERo(/ERa or ER|3/ERP) or 

heterodimers (ERcx/ERP) for subsequent binding to the nuclear ERE. 

Early studies found numerous estrogen receptors throughout the basal forebrain 

(Terasawa and Timiras, 1968; Toran-Allerand et al, 1992) and temporal lobe regions, 

including the hippocampus (MacLusky et al, 1987; Loy et al, 1988; Maggi et al, 
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1989), medial septiim (Fallon et al, 1983), and neocortex (MacLusky et al, 1987). 

Estrogen receptors are found on neurons as well as glial cells, including microglia and 

astrocytes (Garcia-Segura et al, 1994; Santagati et al, 1994; Mor et al., 1999). 

Subsequent studies have distinguished that the estrogen receptor isofoms are 

differentially expressed throughout the brain (see Figure 4, Shughrue et al, 1997). 

ERa ERp ERa ERp 
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iJ 
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'V 
m  
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Figure 4: Overall expression of estrogen receptor subtypes in the rat brain. Schematic 
representation of coronal sections depicting the distribution of ERos side; red dots) and ERp 
(right side; black dots). Small dots = 1-5 labeled cells; medium dots = 6-10 labeled cells; large dots = 
approximately 50 labeled cells. Regions showing the greatest intensity of inRNA expression include 
the bed nucleus of the stria terminalis, supraoptic nucleus and preoptic area in the -0.92 ram section. 
Paraventricular nucleus, medial amygdala, and arcuate nucleus in the -1.80 mm section as well as 
the hippocampus and cortex in the three most caudal sections. Figure adapted from Shughrue, Lane 
and Merchenthaler (1997). 
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For example, regions that show exclusive ERa niRlSIA include the ventromedial 

hypothalamic nucleus and subfornical organ. In contrast, neurons of tlie olfactory 

bulb, supraoptic, paraventricular, suprachiasmatic and tuberal hypothalamic nuclei, 

zona incerta, ventral tegmental area, cerebellum and pineal gland all contained 

exclusively ERP mRNA. The cerebral cortex and hippocampus display both 

subtypes, although ERj^ tends to be more prevalent. Lastly, several areas of the brain 

contained equal amounts of both receptor isoforms, such as the bed nucleus of the 

stria terminalis, amygdala, preoptic area, lateral habenula, periaqueductal gray, 

parabrachial nucleus, locus coeruleus and nucleus of the solitary tract. Tlierefore, the 

action of estrogen in a particular brain region depends on the distribution of the 

receptor isoforai present in that region in addition to the isoform recruited, especially 

true in areas where both isofonus are present. Thus, the actions of estrogen have the 

potential to be very complex. 

Selective Estrogen Receptor Modulators (SERMs) 

Activation of different ER isoforms is not the only way to modulate estrogen 

function. The action of the homo- or heterodimer at the ERE can activate various 

steroid receptor coactivators or corepressors, the latter being capable of deacetylating 

histones and preventing transcription. It is not surprising that histone deacetylators 

can function in concert with estrogen to prevent constitutive gene transcription, as 

estrogens are typically mitogenic and can be carcinogenic. Therefore, the diverse 

actions of estrogen on various target tissues may also be explained based on the type 
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of coactivator or corepressor that is recruited. Binding of a inolecule to the estrogen 

binding site (be it estrogen, an agonist, or antagonist) can induce a unique 

conformational change in the receptor that can modify the binding site of a specific 

coactivator or corepressor, thereby modifying the effect on transcription as well 

Such compounds are called selective estrogen receptor modulators (SERMs) and have 

different pharmacological effects depending on the tissue (for review, see McDonnell, 

1999). For example, tamoxifen serves as an antagonist in breast tissues by inducing a 

conformational change that effectively allows binding of corepressor that can inhibit 

gene transcription while acting as an agonist on bone. The tissue selectivity 

(antagonist in some tissues, agonist in others) may be due to the specific localization 

of some coactivators and corepressors in tissues. Therefore, despite a conformational 

change that allows a particular corepressor to bind, there may be no effect if that 

corepressor is not localized at the cell. SERMs may serve as usefol therapeutics in 

areas such breast cancer, osteoporosis and hormone replacement therapies due to the 

mitogenic action of estrogen in some tissues. Furthermore, SERMs illustrate another 

example of how the type of estrogen response element and associated proteins 

activated may induce complex alterations in estrogen action (Yang et al., 1996). 

DNA-Binding Independent 

Classical genomic signaling illustrates estrogen receptor homo- or heterodimers 

binding to an estrogen response element (ERE) on DN A to mediate transcription. 

Recent studies have documented that in the absence of an ERE-like promoter, the 
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estrogen receptor dimer is capable of inducing gene transcription by interacting with 

fos and jun at AP-1 binding sites (for review, see Hall et al., 2001). The different 

mechanisms by which estrogen can induce such signaling are shown in Figure 5. 

It 

T»»e R»spd»s«s 

Figure 5: Non-classical mechanisms of estrogen signaling. These mechanisms include binding of 
estrogen receptor dimers to non-ERE binding sites, induction of phosphorylation cascades to 
allow activation of unbound receptors and rapid actions through an unknown pathway. Figure 
from Hall, Couse and Koraeh (2001). 

The ERE-independent means of transcription has been observed largely in vitro, 

although other steroids have been shown to use a similar DNA-binding independent 

transcription mechanism with other transcription factors. Although the mechanisms 

are largely unknown, domains of the estrogen receptor (both AF~1 and AF-2) are 

required to enable AP-1 binding. Demonstrating a nice effect of differences between 

estrogen receptor isofomis, the ERP lacks a fimctional AF-1 domain and is, therefore, 
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unable to activate AP-1 -mediated transcription. The DNA-binding independent 

signaling further illustrates the pleiotropic and complex actions of estrogen. 

Ligand-Independent 

In addition to estrogen receptor dimers acting on ERE and AP-1 binding sites to 

modulate transcription, it is possible that estrogen receptor function can be modulated 

in the absence of estrogen. For example, certain growth factors are able to bind to 

their respective receptors to initiate a series of cellular kinases, thereby 

phosphorylating estrogen receptor coactivators and activating gene transcription (for 

review, see Hall et al, 2001). Insulin-like growth factor-1 (IGF-1) and epidermal 

growth factor (EGF) initiate phosphorylation of the estrogen receptor machinery 

through the mitogen-activated protein kinase (MAPK) cascade and provide one of the 

best-studied examples of ligand-independent signaling (Kato, 2001). Like the DNA-

binding independent signaling, hgand-independent activation of the estrogen receptor 

appears to require both AF-1 and AF-2 domains of the estrogen receptor, therefore 

only the ERa isoform can undergo signaling. The AF-1 and AF-2 domains are 

thought to modulate growth factor activation and intracellular cAMP elevation 

effects, respectively (El-Tanani and Green, 1997). The crosstalk between the 

estrogen receptor and growth factor pathways may serve to enhance mitogenesis and 

allow estTogen receptor activation in the presence of low estrogen levels (Hall et al, 

2001). The signaling crosstalk could have strong implications for menopause and 



changes with aging, although the biological significance and processes remain largely 

unknown. 

Nongenomic Signaling 

Estrogen is able to modulate neuronal excitability and neurotransmitter release in 

a manner too rapid to be nuclear-mediated (for review, see Hall et al, 2001). For 

example, estrogen can modulate electrophysiological responses within a minute of 

exposure (for review, see Henderson, 2000). In addition, estrogen can mediate rapid 

vasculature effects through endothelial nitric oxide syntliase (eNOS). Activation of 

eNOS initiates MAPK and PI3-kinase/Akt signaling pathways (Mendelsohn, 2000; 

Simoiicini et al, 2000), thereby inducing phosphorylation of appropriate targets. 

It remains highly controversial whether a third estrogen receptor exists on the cell 

membrane to mediate the fast neural actions of estrogen. Moreover, if there is a 

membrane receptor, it remains unclear if the membrane receptor is a third receptor 

isoform or an already existing one. Most have cited electrophysiological and 

biochemical evidence gathered in the presence of estrogen receptor antagonists, 

knock-outs and following application of the 'transcriptionally inactive' stereoisomer 

of estrogen, 17a-estradiol, to support the existence of a third membrane receptor. 

Further, some have speculated that the putative membrane receptor functions as a G-

protein coupled receptor to phosphorylate target proteins. Despite the many 

pharmacological and electrophysiological characterizations, a third receptor has not 

yet been found nor cloned and therefore remains elusive. 



Taken together, estrogen signaling can be attributable to many different factors, 

including different receptor isofbrms and localizations, specificity of coactivators and 

corepressors, as well as multiple genomic and nongenomic signaling pathways (for 

review, see Kushner et al, 2000), The pervasive mechanisms of estrogen signaling 

well illustrate its complexity and suggest estrogen may have pleiotropic actions 

throughout the periphery and central nervous system . 
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CHAPTER 5; ESTROGEN AND ASSOCIATED 

PLASTICITY 

Given the multiple estrogen signaling pathways throughout the brain, it is not 

surprising that estrogen can induce alterations in synaptic plasticity. Changes in 

morphological, electrophysiological and neurochemical measures all occur in response to 

estrogen treatment. Some measures of estrogen-induced plasticity fluctuate across the 

estrous cycle, while otliers respond to estrogen treatment or deprivation. Moreover, the 

brain regions affected by this plasticity may contribute to the cognitive and 

neuroprotective changes seen with estrogen treatment. 

Morphological Changes 

Estrogen-induced plasticity was first seen in hippocampal and cortical neurons 

increased outgrowth following estrogen treatment (Toran-Allerand, 1984; Woolley et al, 

1990). These early studies were important because they first demonstrated a role for 

estrogen in neuroplasticity outside the scope of reproductive function. Specifically, two 

injections of estrogen resulted in a dramatic increase in the dendritic outgrowth from 

CAl hippocampal pyramidal cells. Moreover, examination of the dendritic arbors across 

the estroxis cycle revealed that natural fluctuations in estrogen and progesterone can also 

induce changes in dendritic spines located on hippocampal pyramidal cells (Woolley et 

al, 1990). The fluctuations oscillate 30% across the 4 day rat estrous cycle. Animals 

sacrificed at proestrus, when circulating estrogen levels were high, showed the greatest 

density in dendritic spines. In contrast, animals sacrificed at estrus, when estrogen is low 
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and progesterone is moderate, showed the lowest dendritic spine density. Interestingly, 

progesterone has since been shown to induce severe dendritic pruning, thereby 

functioning as a balance for the increases in estrogen-induced dendritic spines. The 

timing (Woolley and McEwen, 1993) and molecular messengers participating in this 

phenomena have been attributed to alterations in NMD A, BDNF, GABA, and CREB 

(Murphy and Segal, 1996; Murphy et al, 1998; Woolley, 1998). 

Estrogen-induced alterations in neural plasticity are not limited to fluctuations in 

dendritic spine density (for reviews, see Naftolin et al, 1996; Wise et al, 2001a). Toran-

Allerand has long foimd increased outgrowth of cortical explant cultures treated with 

17P-estradiol (Toran-Allerand, 1984, 1991) just as Garcia-Segura and colleagues found 

similar extensions of astrocytic processes following estrogen administration (Garcia-

Segura et al, 1994). In addition, recent evidence suggests that estrogen may be able to 

induce transient increases in neurogenesis in the dentate gyrus of the hippocampus 

(Tanapat et al, 1999). Ovarian hormones appear to affect neurogenesis, as ovariectomy 

diminished the number of BrdU-labeled cells, an effect reversed by estrogen replacement. 

Fluctuation in cell prohferation was also noted across the estrous cycle, as females 

produced more cells during proestrus (when estrogen levels are highest) compared with 

estrus and diestrus. However, these cells degenerated within two weeks to baseline 

numbers. Therefore, the consequences of the estrogen-induced morphological changes 

remain unclear but may contribute to other electrophysiological and neurochemical 

changes occurring in these regions. 



Physiological Changes 

Increased liippocampal dendritic spines are likely to affect the number of synaptic 

connections in the hippocampus. Given that the hippocampal dendritic arbors are 

maximal following estrogen treatment and during the proestrus phase of the estrous 

cycle, one would expect changes in electrophysiological measures to correspond with the 

increased synaptic connectivity occurring at those times. In fact, estrogen treatment can 

induce LTP (Wong and Moss, 1992; Cordoba Montoya and Carrer, 1997) with the ease 

of LTP induction also fluctuating across the estrous cycle (Warren et al, 1995). As 

expected, the enhanced sensitivity of CAl pyramidal cells is directly correlated to 

dendritic spine density in vitro (Woolley et al, 1997). Thus, alterations in hippocampal 

physiology may provide a window into the morphological changes occurring with 

estrogen. 

In addition to changes in electrophysiological measures, estrogen can affect 

physiological markers of synaptic plasticity as well. For example, enhancement of 

cerebral blood flow (Belfort et al., 1995) and augmentation of brain glucose utilization 

(Bishop and Simpkins, 1995) are botli seen following estrogen treatment. These changes 

may support many measures of estrogen-induced plasticity, as increased protein synthesis 

and gene expression require energy and precursors, which may be present in tlie blood 

and increased following estrogen treatment to areas undergoing alterations in plasticity. 



Neurochemical Alterations 
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Acetylcholine 

Many neurochemical systems within the brain tire affected by estrogen, although 

cholinergic system alterations are best studied due to their strong involvement in AD. 

As epidemiological evidence suggests ERT can delay the progression of AD, studies 

have examined estrogen's effect on the cholinergic system. In fact, estrogen can 

enhance the expression of numerous cholinergic markers in the basal forebrain (for 

review, see Gibbs, 1996). For example, following ovariectomy in rats there is a 

decline in ChAT (Luine et al., 1980; Luine, 1985; Kauftnan et al, 1988; Singh et al, 

1994) and AChE (Iramain et al, 1980) activity that can be restored by estrogen. 

Moreover, estrogen is able to increase hippocampal ACh release when an animal is 

learning a spatial task (Marriott and Korol, 2003) of following artificial stimulation 

by potassium (Gibbs et al, 1997). High affinity choline uptake (HACU) is also 

enhanced in the basal forebrain, cortex, and hippocampus by estrogen (Singh et al, 

1994). Overall, these results suggest that the cholinergic system can be modulated by 

gonadal hormones, such as estrogen. Further, estrogen receptors tend to colocalize 

with nerve growth factors on cholinergic neurons (Toran-Allerand et al, 1992), 

suggesting the involvement of estrogen and acetylcholine in neuronal viability as well 

as in aspects of learning and memory. 
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Serotonin 

Serotonin fonction can be modulated by estrogen. Levels of serotonin fluctuate 

across the estrous cycle and change during pregnancy (Kueng et al, 1976; Biegon et 

al, 1980), suggesting hormonal modulation of mood during these times. In addition, 

estrogen treatment enhanccvs serotonergic system activity (Luine et al, 1975; Munaro, 

1978; Cone et al, 1981; Biegon et al, 1983; Chomicka, 1986). Ovarian steroid 

administration to primates increases both the expression and protein levels of 

tryptophan hydroxylase, a key enzyme involved in serotonin biosynthesis (for review, 

see Bethea et al, 2000). Although serotonin fonction has been implicated in mood, 

sleep, reproduction and cognition, the involvement of estrogen on these functions 

remain unclear. Antidepressant effects in humans have been reported following high 

dosages of estrogen (Klaiber et al, 1996). Moreover, estrogen has been shown to 

increase the responsiveness of women to antidepressant drugs (Schneider et al, 

1997). Thus, estrogen affects the serotonergic system and may alleviate some of the 

symptoms characterized by low serotonergic fiinction. 

Dopamine 

Estrogen is also capable of modulating the catecholaminergic neurons in the 

brainstem. Tyi'osine hydroxylase expression is modulated in tlie locus coeruleus by 

estrogen (Heritage et al, 1980; Liaw et al, 1992) as is striatal dopamine release 

(Becker and Beer, 1986; Becker, 1990; McDermott, 1993; McDermott et al, 1994). 

In addition, estrogen replacement to ovariectomized animals inhibits dopamine 
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uptake (Dluzen, 1997) and monoamine oxidase (MAO) activity (Kobayashi et al., 

1964; Chakravorty and Halbreich, 1997). However, estrogen receptors have not been 

found in the striatum (Shughrue et al, 1997), suggesting that estrogen effects on 

dopamine in this region may be indirect. Early studies found that high levels of 

estrogen exacerbate movement disorders associated with Parkinson's disease, 

although later studies have found either positive or no effects of estrogen (for review, 

see Kompoliti, 1999). 

GABA 

GAB A plays a major role in estrogen function. GABA intemeurons in the 

hypothalamus alter the level of local inhibition, thereby regulating gonadotropin 

secretion. Further, estrogen has been suggested to be an allosteric modulator of the 

GABAa receptor (Maggi and Perez, 1986; Lasaga et al, 1988; O'Connor et al, 1988; 

Schumacher et al, 1989; Canonaco et al, 1993), thereby increasing the frequency and 

duration of channel opening. The effect of increased GABA activity may result in 

sedative or anxiolytic effects (for review, see Rupprecht and Holsboer, 1999). Thus, 

the menopausal decline in ovarian hormones results in decreased estrogen-mediated 

GABA activity and may affect subsequent changes in mood. 

GABA is also known to regulate dendritic spine density and underlie estrogen-

induced changes during development. Specifically, estradiol decreases glutamic acid 

decarboxylase (GAD) and its product, GABA, thereby reducing GABAergic 

inhibition in the hippocampus and allowing excitatory increases on pyramidal cells to 
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form new dendritic spines (Murphy et al, 1998). Moreover, sexual differentiation of 

the rat brain during development appears to depend on changes in GABA activity in 

the hypothalamus, which serves as divergence point to direct signal transduction 

pathways and steroid-mediated sexual differentiation (for review, see McCaitliy et al, 

2002). 

Behavioral Effects 

Estrogen can induce alterations in morphological, physiological and neurochemical 

measures in brain regions involved in learning and memory. TTierefore, it would suggest 

that the alterations in plasticity would induce changes in learning and memory on tasks 

that depend on these areas. In fact, estrogen can induce many changes in learning and 

memory in response to estrogen treatment or estrous cycle fluctuations. 

Changes in Learning and Memory with Estrogen Treatment 

Many studies have noted beneficial effects of estrogen treatment on aspects of 

learning and memory (Masters and Allen, 1948; Caldwell and Watson, 1952; 

Caldwell, 1954; Caldwell and Watson, 1954; Furuhjelm and Fedor-Freybergh, 1976; 

Hackman and Galbraith, 1976; Fedor-Freybergh, 1977; Phillips and Sherwin, 1992). 

Estrogen appears to modulate performance on many tasks, especially those that 

involve working memory or hippocampal processing (for review, see Dohanich, 

2002). For example, performance on radial maze spatial working memory tasks is 

enhanced under various regimens of estrogen administration including acute 

(Sandstrom and Williams, 2001) or chronic replacement (Daniel et al., 1997). In 
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addition, some of these estrogen-induced enhancements have been linked to 

hippocampal dendritic spine plasticity. Specifically, alterations in dendritic spine 

density are positively correlated with changes in memory retention on a delayed 

matching-to-place task (Sandstrom and Williams, 2001). 

Estrogen can modulate the consequences of drags on aspects of leaxoing and 

memory. For example, estrogen counteracts memory impairments induced by 

scopolamine, a cholinergic antagonist, when injected systemically (Dohanich et al, 

1994; Packard and Teather, 1997b) or intrahippocampally (Packard et al, 1996; 

Packard and Teather, 1997a; Fader et al, 1998). Moreover, posttraining 

intrahippocampal estradiol injections to male rats enhanced perfonnance on a hidden 

platform swim task that could be attenuated by concurrent peripheral administration 

of scopolamine (Packard et al, 1996). 

Although many studies have demonstrated beneficial effects of estrogen on 

learning and memory, others have found either no effect (Rauramo et al, 1975; 

Ditkoff et al, 1991; Barrett-Connor and Kritz-Silverstein, 1993) or impairments on 

various tasks (Korol et al., 1994; Frye, 1995; Galea et al, 1995; Warren and Juraska, 

1997; Korol and Kolo, 2002). Moreover, one study found that although estrogen did 

not affect the acquisition of spatial learning, estrogen administration potentiated the 

acetylcholine released from the hippocampus only when the animal was learning the 

task (Marriott and Korol, 2003). Thus, it appears that that multiple factors are 

capable of influencing learning and memory with regard to honnone modulation. 
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Changes in ^Learaing and Memory Across the Estrous cycle 

Similar to findings with estrogen treatment, some studies have found changes in 

learning and memory across the estrous cycle while others have not. At times when 

endogenous estrogen levels are elevated during the estrous cycle, spatial working 

memory performance, as tested on radial arm and Morris water mazes, has been 

either impaired (Korol et al, 1994; Frye, 1995; Galea et al, 1995; Warren and 

Juraska, 1997) or shown no change (Berry et al, 1997; Stackman et al., 1997). 

However, proestras female rats with highest levels of esti-adiol, performed 

significantly better than animals with low circulating estradiol levels on a conditioned 

avoidance response task (Sfikakis et al, 1978; Diaz-Veliz et al, 1989; Singh et al, 

1994). In contrast, Sfikakais and colleagues (1978) found better acquisition during 

estrus while Denti and Epstein (1972) foimd no changes in acquisition across the 

cycle when using the same task. High estrogen levels have been associated with 

impaired acquisition on an active avoidance task (Burke and Broadhurst, 1966) and 

facilitated extinction (I'Kard et al, 1972; Gray, 1977; Sfikakis et al, 1978), perhaps 

due to the reduction of fear levels with increased estrogen (Gray, 1971). In contrast, 

O'Neal and colleagues (1996) investigated this hypothesis in ovariectomized rats and 

found that estrogen-treated animals performed significantly better than did placebo 

controls on undisturbed trials of a working memory water maze task while estrogen 

impaired performance during an emotionally distracting interval It is unclear 

whether ovariectomy can differentially affect the fear response suggested by Gray 

(1971). 
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Estrogen Modulation of Leaming Strategy 

It is likely that estrogen not only influences memory processing, but also affects 

the cognitive strategy used in a leaming situation, perhaps through differential 

modulation of neural systems (Korol and Manning, 2001; Korol and Kolo, 2002). 

Acute esti'ogen administration biases the leaming strategy used by rats to solve a 

navigation task. Specifically, systemic administration of estradiol to ovariectomized 

female rats can enhance place leaming, but impair response learning on similar mazes 

(Korol and Kolo, 2002). Furthermore, navigation strategy can shift across the estrous 

cycle or with moderate durations of hormone replacement, i.e. 1 or 4 weeks. For 

instance, rats characterized by high circulating estrogen choose place-learning 

strategies over equally effective response strategies (Thomas et al, 2001; Korol et al., 

2003). Thus, impaired acquisition on a task that can be solved multiple ways may not 

reflect a deficit in cognitive function per se. Taken together, these results suggest that 

estrogen may serve a modulatory role in shifting the leaming strategy used by an 

animal to solve a task. 

Neuroprotective Effects of Estrogen 

Estrogen-induced plasticity can encompass a wide array of morphological, 

physiological, neurochemical and behavioral alterations. Estrogen can enhance neuronal 

viability and provide neuroprotection from a variety of toxic insults, including cerebral 

ischemia (Hall et al, 1991; Simpkins et al, 1997b; Sudo et al, 1997; Dubai et al, 1998; 

Toung et al, 1998; Zhang et al, 1998; Rusa et al, 1999; Wang et al, 1999; Green and 
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Simpkins, 2000; Wise et al, 2000), cerebral contusion (Emerson et al, 1993; Garcia-

Estrada et al, 1993; Roof et al, 1993), Ap-induced toxicity (Behl et al, 1995; Green et 

al, 1996; Gridley et al, 1998; Brinton et al, 2000; Li et al, 2000), serum deprivation 

(Gi-een et al, 1997b), hypoxia (Saiyed and Riker, 1993), drug-induced toxicity (Cadet et 

al, 1994; Dluzen, 1997), oxidative damage (Behl et al, 1995; Behl et al, 1997), 

excitotoxicity (Singer et al, 1999; Singh et al, 1999; Brinton et al, 2000), and aspects of 

neuroinflammation (Vegeto et al, 2001). These disparate models of estrogen 

neuroprotection have provided details into the mechanisms by which estrogen may be 

conferring neuroprotection. It becomes increasingly clear, however, that estrogen does 

not protect via one mechanism. Instead, the neuroprotective effects of estrogen appear to 

work through multiple mechanisms, including chemical, biochemical and genomic 

pathways (for review, see Brinton, 2001). There is overlap between the mechanisms, 

although the details remain largely unclear. 

Chemical Neuroprotection 

Chemical neuroprotection refers to the ability of estrogen to provide protection 

based on its chemical structure. For example, estrogens are naturally occurring 

antioxidants, with both 17a-estradiol and 17j3-estradiol possessing antioxidant 

qualities (Mukai et al, 1990; Mooradian, 1993). Oxidative stress can induce cell 

death; therefore administration of antioxidants may confer neuroprotection. In fact, 

classically inactive isomers, such as 17a-estradiol, are able to protect the neuronal 

cell lines against serum deprivation (Green et al, 1997b) or Ap exposure (Green et 
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al, 1996). Since 17a-estradiol binds weakly (Korenman, 1969) or not at all (Kneifel 

et al, 1982) to the estrogen receptor, the neuroprotective effects against oxidative 

damage may not be receptor-mediated (Green et al, 1996). 

Instead, the neuroprotective effects of estrogen against oxidative damage were 

found to necessitate the presence of a hydroxyl group on the phenohc A ring of the 

steroid structure (Behl et al, 1995; Green et al, 1997a). The presence of this 

hydroxyl function on the aromatic ring enables production of tocopherol, an 

extremely potent antioxidant (Mukai et al, 1990). This neuroprotective property can 

be synergistic with free-radical scavengers, such as glutathione (Gridley et al, 1998), 

however if the hydroxyl group was missing, the protective ability of estrogen was 

also removed. Inhibition of estrogen receptors by tamoxifen or ICI 182,780 had no 

effect on the neuroprotective ability of estrogen against oxidative damage (Green et 

al, 1997b). Overall these results suggest that estrogen neuroprotection from 

oxidative damage occurs through a chemically-mediated pathway that acts 

independent of estrogen receptor stimulation. 

Biochemical and Genomic Neuroprotection 

Estrogen is able to protect against insults that are not limited to oxidative damage, 

including excitotoxicity and p-amyloid toxicity. These insults are not protected by 

the chemical structm-e of estrogen, but by the biochemical pathways that estrogen 

activates. These pathways include kinase cascades as well as downstreatn gene 
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transcription. Therefore, estrogen neuroprotection can also be biochemically and 

genomicaliy-mediated-

Excitotoxicity results in an accumulation of extracellular glutamate that can 

stimulate a rise in intracellular calcium levels and induce cell death. Estrogen can 

prevent excitotoxic cell death by activating the MAPK cascade, thereby 

phosphorylating proteins and initiating transcription. Downstream proteins may 

include receptors and channels involved in calcium entry and cell death. These 

biochemical pathways appear to confer neuroprotection as estrogen can not offer 

protection from excitotoxic damage if the MAPK pathway is inhibited (Singer et al, 

1999; Singh et al, 1999). The Akt/protein kinase B phosphorylation pathway also 

appears to be involved in neuroprotection by inducing gene transcription (Singh, 

2001; Wilson et al, 2002). Specifically, enhancing the transcription of anti-apoptotic 

genes, such as bcl-2, has been shown to confer protection in models of cerebral 

ischemia (Dubai et al, 1999), although the mechanisms of the pathways remain 

unclear 

In addition, estrogen is able to modulate aspects of AD neuropathology, including 

p-amyloid and ApoE expression, through biochemical and genomic modes of 

neuroprotection. Specifically, estradiol promotes metabolism of AFP into smaller 

fragments that are less likely to accumulate into p-amyloid (Jaffe et al, 1994). In 

addition, p-amyloid that has already accumulated can be taken up by microglia 

following estrogen exposure, thereby decreasing the amount of p-amyloid protein in 
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the brain (Li et al, 2000). Estrogen also reduces the circulating levels of ApoE 

expression (Applebaum-Bowden et al, 1989; Stone et al, 1997) 

Thus, the ability of estrogen to provide neuroprotection against many insults, 

including those involved in AD, suggest its use as a therapy for preventing or 

delaying AD. Moreover, taken together these studies demonstrate an important role 

for estrogen outside the scope of reproductive function and suggest that many brain 

regions may be capable of recognizing and responding to alterations in gonadal 

hormones. 
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CHAPTER 6: RATIONALE AND OUTLINE OF 

EXPEMMENTS 

Overview 

Estrogen has many neuroprotective and neurotrophic actions against a variety of 

insults (Goodman et al, 1996; Green and Simpkins, 2000; Wise et al, 2001a), therefore, 

the menopausal decline in estrogen may leave the female brain vulnerable to the 

inflammatory proteins associated with AD (Jaffe et al, 1994; Paganini-Hill and 

Henderson, 1994; Mattson et al, 1997; Xu et al, 1998; Brinton et al, 2000; Gandy and 

Duff, 2000; Li et al, 2000; Silva et al, 2001). Estrogen's ability to attenuate the progress 

of AD (Kawas et al, 1997; Jacobs et al, 1998; Duka et al, 2000) may be due to its 

abihty to reduce the activation of microglia (Mor et al, 1999), an important primary 

inflammatory effector cell for releasing inflammatory proteins (Akiyama et al, 2000). 

Estrogen's ability to protect vulnerable neuronal populations within the AD brain may be 

due to the presence of estrogen receptors on neurons and glia (Stone et al, 1997; Mufson 

et al, 1999). A recent in vitro study demonstrated that 17|3-estradiol could dose-

dependently prevent the LPS-induced activation of primary cultures of rat microglia and 

also reduce the expression of inflammatory proteins (Vegeto et al, 2001). Given the 

apparent neuroprotective actions of estrogen within the brain of female humans at risk for 

AD, the ability of estrogen to influence the consequences of chronic widespread 

inflammation within the brain of female rats will be addressed. 
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Significance of the Proposed Research, 

This doctoral dissertation will investigate the interaction of two important conditions 

known to exist within the brains of female AD patients; the presence of chronic 

neuroinflammation and either estrogen deprivation or ERT. The conditions reproduced 

in this dissertation are analogous to those seen in post-menopausal human females who 

have existing brain inflammation due to a neurodegenerative iltoess (for review, see 

Akiyama et al, 2000) or following head trauma (Rasmusson et al, 1995) and then choose 

to undergo ERT. This research will investigate whether chronic and fluctuating 

administration of estrogen are important modulators of chronic neuroinflammation in the 

female rat brain. The current dissertation will use established animal models, behavioral, 

biochemical, and histopathological methods as well as novel hormone administration 

methods to examine the impact of several hormonal and timing considerations on the 

modulation of chronic neuroinflammation produced by long-term infusion of LPS. 

Experiment 1: To determine the consequences of estrogen on LPS-

induced inflammation in female rats. 

AD is characterized by a process of neuroinflammation. Postmenopausal women 

lack circulating gonadal hormones and must choose whether to take chronic ERT, 

which may delay the progression of AD. Given the neuroprotective proclivities of 

estrogen, the current experiment will determine whether chronic estrogen is able to 

protect against the behavioral, biochemical and histopathological consequences of 

chronic neuroinflaiiimation. 
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Experiment 2; To determine the optimal dose of LPS in female rats. 

Previous work from our lab established a dose response curve for LPS infusions 

in male rats in order to identify an optimal dose that would induce adequate levels of 

brain inflammation without producing an overall systemic toxicity (Hauss-

Wegrzyniak et al, 1998b). Female rats given the same dose are more sensitive to tlie 

systemic effects of LPS and have a different pattern and number of activated 

microglia than male rats. The purpose of the current experiment is to determine die 

optim al dose of LPS in female rats that will activate the greatest number of microglia 

and produce behavioral impairments without inducing an overall systemic toxicity. If 

females respond to LPS in a dose-dependent manner, systemic variables (body weight 

and temperature), behavior, and microglial activation should also vary in a dose-

dependent manner, allowing visualization of the optimal dose for use in futore 

experiments. 

Experiment 3: To develop a novel cycle replacement pump. 

Fluctuating hormones rather than chronic estrogen may be able to differentially 

modulate the consequences of chronic neuroinflammation. The long-term nature of 

the LPS infusion necessitates multiple estrogen injections that may become 

uncomfortable to the animal following longer treatment times. Tlie current 

experiment will attempt to develop and characterize a novel cycle replacement pump 

(CyRep pump) that mimics the major players of the rat estrous cycle. This method 

would minimize problems associated with daily injections and provide a reliable. 
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time-efficient, and accurate method to reproduce cyclic hormones. If a known 

regimcB of hormone injections can reproduce the estrous cycle in an ovariectomized 

rat, then the same regimen may be programmed into a CyRep pump to deliver the 

same hormone protocol without the need for daily injections. 

Experiment 4: To determine the short- and long-term consequences of 

chronic and fluctuating estrogen on chronic neuroinflammation. 

Normal ovarian function, but not chronic estrogen, can protect against the 

behavioral and pathological effects of chronic brain inilammation. The increased 

vulnerability of ovariectomized female rats to the effects of chronic estrogen and 

chronic neuroinflammation may be due to the presence of constant, rather than 

fluctuating, estrogen or due to removal of the ovaries. Downregulation of estrogen 

receptors and decHnes in cholinergic fimction have been suggested to underlie the 

consequences of chronic estrogen treatment. The current experiment will determine 

whether the duration of treatment (short vs. long-term) and frequency of hormone 

administration (fluctuating vs. constant) can differentially affect estrogen receptor 

regulation and cholinergic function as well as the biochemical consequences of 

chronic neuroinflammation. If estrogen is involved in modulating the inflammatory 

response, the duration of treatment and frequency of estrogen administration should 

affect the brain's response to chronic neuroinflammation. 
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Conclusions 

Taken together, current evidence demonstrates that the role of estrogen in AD is 

largely unknown. The controversy remains that epidemiological data suggest tliat 

estrogen should help Alzheimer's patients, yet the pharmacological intervention 

studies have failed. The key issue might be hormonal fluctuation in these patients. 

This doctoral dissertation will reproduce the critical components outlined above in an 

animal model. These studies have been designed to gain useM new intbrmation and 

a better understanding whether fluctuating hormones can attenuate or exacerbate the 

consequences of the chronic neuroinflammation, similar to that seen in AD. 
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CHAPTER 7; LONG-TERM ESTROGEN THE,RAFY 

WORSENS THE BEHAVIORAL AND 

NEUROPATHOLOGICAL CONSEQUENCES OF 

CHRONIC BRAIN INFLAMMATION 

Introduction 

Inflammatory processes play an important role in the etiology and pathogenesis of 

Alzheimer's Disease (AD, Akiyama et al., 2000). The neuritic plaques that are 

associated with this disease contain P-amyloid as well as many activated glial cells that 

release inflammatory proteins (McGeer et al, 1989; Mrak et al, 1995). The 

consequences of long-term exposure to inflammatory proteins may be neuronal 

degeneration (Banati et al, 1993; McGeer and McGeer, 1998; Gonzalez-Scarano and 

Baltuch, 1999). 

In previous studies, we used chronic infusion of lipopolysaccharide (LPS) into the 4'^ 

ventricle of male rats to produce an inflammatory response throughout the brain (Hauss-

Wegrzyniak et al, 1998a; Wenk and Hauss-Wegrzyniak, 2001a). This model reproduced 

many components of the pathological, biochemical and behavioral changes associated 

with AD (Wenk and Hauss-Wegrzyniak, 2001b), including, but not limited to, the loss of 

hippocampal pyramidal neurons (Hauss-Wegrzyniak et al, 1998a). The greatest 

inflammatory response was found within the hippocampus/entorhinal cortex, cingulate 

gyrus and nucleus basalis magnoceUularis (NBM, Hauss-Wegrzyniak et al, 1998a; Wenk 
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et al, 2000); these regional neiirobiological changes may underlie the observed 

impairment in learning and memory ability (Hauss-Wegrzyniak et al, 1999a; Hauss-

Wegrzyniak et al, 2000b). 

Estrogen deprivation has also been implicated in the pathogenesis of AD (Paganini-

Hill and Henderson, 1994; Manly et al, 2000). Post-menopausal women demonstrate an 

increased incidence of AD (Gandy and Duff, 2000; Manly et al., 2000) and the level of 

serum estradiol is lower in women who develop AD (Manly et al, 2000). 

Epidemiological evidence suggests that postmenopausal estrogen replacement therapy 

(ERT) may reduce the risk or delay the onset of AD (Kawas et al., 1997; Yaffe et al, 

1998; van Duijn, 1999). Because estrogen has many neuroprotective and neurotrophic 

proclivities (Goodman et al, 1996; Green and Simpkins, 2000; Wise et al, 2001a), its 

decline with menopause might leave the brain vulnerable to the toxic influence of 

elevated levels of (3-amyloid or inflammatory proteins such as seen in AD (Jaffe et al, 

1994; Paganini-Hill and Henderson, 1994; Mattson et al, 1997; Xu et al, 1998; Brinton 

et al, 2000; Gandy and Duff, 2000; Li et al, 2000; Silva et al, 2001). 

Estrogen's ability to attenuate the progress of AD (Kawas et al, 1997; Jacobs et al, 

1998; Duka et al, 2000) may be due to its ability to reduce the activation of microglia 

(Mor et al, 1999). Estrogen's ability to protect vulnerable neuronal populations within 

the AD brain may be due to the presence of estrogen receptors on neurons and glia (Stone 

et al, 1997; Mufson et al, 1999). A recent in vitro study demonstrated that 17P-estradiol 

could dose-dependently prevent the activation of primary cultures of rat microglia and 

also reduce the expression of inflammatory proteins (Vegeto et al, 2001). Given the 



apparent neuroprotective actions of esti^ogen within the brain of female humans at risk Ibr 

AD, the current study investigated estrogen's ability to influence the consequences of 

chronic widespread inflammation within the brain of female rats. 

Methods 

Subjects 

Forty virgin female F-344 rats (Harlan Sprague-Dawley breeders), aged three 

months, were housed in triplicate in a temperature-controlled room (21®C) with food 

and water available ad Uhitim. All rats were maintained on a 12-hr dark:light cycle 

with lights off at 10:00 a.m. and allowed to adjust to their new environment for one 

week following arrival. The health of the rats was monitored regularly and all rats 

were randomly assigned to one of six treatment groups (see below). 

Surgery 

Each rat received 0.3 ml of atropine methylbromide (5 mg/ml, i.p.) and Nembutal 

(50 mg/kg, i.p.) and was placed in a stereotaxic instrument with the incisor bar set at 

3.0 mm below the earbars. An Alzet (Palo Alto, CA) osmotic minipump (model 

2004; 0.25 jil/hr) containing either LPS (Sigma; E. coli, serotype 055:B5, TCA 

extraction; 1.0 }J.g/(al) or artificial cerebrospinal fluid (CSF) was implanted into tlie 

dorsal abdomen and attached via Tygon tubing (0.02" I.D.x 0.06"O.D.) to a chronic 

indwelling cannula (Model 3280P, 28 gauge, Plastics One, Inc., Roanoke, VA) that 

had been positioned stereotaxically -2.5 mm from Lambda on the midline, so that the 



cannula tip extended 7,0 mm ventiul from dura and into the 4"' ventricle. Previous 

work established a dose-response curve for LPS infiisions in male rats in order to 

identify an optimal dose that would produce adequate levels of brain inflammation 

without producing an overall systemic toxicity (Hauss-Wegrzyniak et al, 1998b). 

The same optimal dose determined for male rats was selected for the female rats in 

the current study. Rats in the control group were infused with CSF: (in miVI) 140 

NaCl; 3.0 KCl; 2.5 CaCla; l.O MgCb; 1.2 Na2HP04, pH 7.4. LPS was dissolved in 

CSF. A change in volume to the CSF space was discounted because the 0.25 fil/hr 

iniusion rate contributed only to about 0.4% of the CSF volume produced by the rat 

each hour and was only 0.25% of the rat's total CSF volume. The Tygon tubing was 

pre-filled with CSF for all rats and had a total volume of 12 jil; therefore, the LPS 

solution did not reach the 4"' ventricle until approximately two days after surgery. 

This delay was introduced in order to prevent the development of the inflammatory 

reaction within the brain prior to the availabihty of estrogen from the silastic capsules 

(see below). A recent study suggested that the neuroprotective effects of estrogen are 

absent if the inflammatory reaction is already ongoing (Vegeto et al., 2001). 

Experimental Design 

In contrast to post-menopausal women, aged rats do not undergo an ovarian 

failure and experience a 2-3 month period of persistent estrus or diestrus before 

becoming acyclic (LeFevre and McClintock, 1988). Although aged female rats 

experience changes in gene expression, ovariectomized rats experience both the 
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ovarian tailure and the alterations in gene expression tliat more closely mimics the 

changes seen in postmenopausal women (for review, see Ranee and Abel, 2001). For 

these reasons, following implantation of the cannula, each rat was either bilaterally 

ovariectomized (OVX) or remained intact. All ovariectomized rats were implanted 

subcutaneously (s.c.) with 5 mm silastic capsules (0.058" ID, 0.077" OD, Dow 

Coming Corp., Midland, MI) containing estrogen (E2,25% 17P-estradiol and 75% 

cholesterol, Sigma, St. Louis, MO), or control capsules (Oil, containing 100% 

cholesterol). Our preliminary radioimmunoassay studies showed that physiological 

levels of blood estrogen after capsule implantation were maintained at 30 and 5 pg^'ml 

for estrogen and oil treatments, respectively. These capsules can maintain constant 

blood levels of 17P-esti*adiol for at least two months (Gibbs, 2000b) and were 

therefore exchanged for a new capsule containing the same treatment (E2 or Oil) after 

40 days to ensure continuous levels of estrogen for the duration of the experiment. 

The replacement of estrogen in a chronic, rather than cyclical, manner mimics the 

method of ERT commonly given to post-menopausal women (Ansbacher, 2001). The 

six treatment groups were the following (minipump contents + hormone status): 

CSF+OVX/Oil (n=7), CSF+0VX/E2 (n=7), LPS+OVX/Oil (n=5), LPS+0VX/E2 

(n=8), CSF+Intact (n=8), and LPS+Intact (n=5). 

For post-operative care, all rats were injected (s.c.) with 3 ml of 0.9% sterile 

isotonic saline to prevent dehydration during recovery and betadine was appHed to all 

incisions to minimize the risk of infection. The rats were monitored closely during 

recovery and kept in an incubator (29°C, Ohio Chemical & Surgical Equipment Co., 
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Madison, WI) un til folly awake and acti ve. All of the surgical procedures described 

above were performed during the same surgical episode. The rats were then housed 

in triplicate with other rats undergoing the same treatment in order to reduce the 

impact of housing on cycling between rats receiving diflFerent treatments (Stern and 

McCIintock, 1998); however, all rats were housed in the same colony room for the 

duration of the experiment. Body weights were monitored and nutritional 

supplements were provided as necessary during the in&sion period. 

Behavioral Testing 

Vaginal smears were taken each morning, beginning at Day 49 and continuing for 

the duration of the study, in order to determine the cycle stage of intact animals, 

validate the ovariectomy procedure, and determine the effectiveness of ERT to the 

ovariectomized rats. The osmotic minipumps ceased llinctioning by 42 days after 

surgery (according to calculations provided by the manufacturer). Behavioral testing 

for all rats began 56 days after surgery. Therefore, two weeks were allowed for the 

acute effects of the LPS infusion into the brain to dissipate. This delay was 

introduced because acute LPS-induced elevation of cytokines has been associated 

with increased drowsiness and sleep in rodents (Schiffelholz and Lancel, 2001). 

All rats were tested in the morning (0800-1200) using the Morris water maze task 

as previously described (Hauss-Wegrzyniak et al, 1999a). The water maze was 

located in the center of a 2.3 x 2.73 x 2.5m room that was surrounded by a circular 

black curtain with cardboard cutouts as distal cues. Proximal cues were leaned 
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against the wall of the water maze and included a tblding chair and metal board. The 

water maze was 185 cm in diameter with white walls. The water was made opaque 

by adding white non-toxic paint and was maintained at 27°C. The circular escape 

platform was 11.5 cm in diameter. For the spatial (hidden platform) version of the 

task, the piatfom was submerged I cm beneath tlie water surface and maintained in a 

constant location. Black capes were mounted on the rats to create a contrast between 

the animal and the opaque water. Animals were tracked using an overhead video 

camera connected to a VP! 14 tracking system (HVS Image, England) and the data 

were stored on a computer database for later analysis of the rat's path during trials. 

Rats were trained over four consecutive mornings with three training blocks that 

consisted of two trials for each of the four days (24 trials total). The rats did not 

receive any pre-training experience in the water pool Training blocks were separated 

by 30 minutes to allow the animals to rest in the incubator (29°C). On each trial, a rat 

was placed in the water lacing the wall in one of seven random locations spaced 

evenly around the perimeter of the tank. After the rat found the escape platform, it 

remained there for 30 seconds. Rats that had not found the platform in 60 seconds 

were placed on the platform by the experimenter and allowed to remain there for 30s. 

At the end of the fourth day (24 trials), the hidden platform was removed from the 

pool and the animal was given a "probe" trial, in which all rats were started from the 

same location and allowed to swim freely for 60s. The visual acuity and swim ability 

of the animals were tested on a visible version of the task on days four and five. A 

visible platform was raised two cm above the water surface and moved randomly to 
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one of four locations in the tank after each trial. Sk visible platform trials were 

performed for each of the two days. Path length data were analyzed by a two-way 

repeated measures ANOVA; multiple planned, pairwise post-hoc comparisons were 

performed using Tukey tests. 

Biochemical Studies 

Following completion of the behavioral testing, 20 rats were anesthetized with 

isofluorane, sacrificed by decapitation, and the brain removed for dissection. A 

section of frontal sensorimotor cortex was isolated and stored (-70°C) until assayed 

for choline acetyltransferase (ChAT) activity by the fonnation of ['"*C]-acetylcholine 

from ['''Cl-acetyl-coenzyme-A (New England Nuclear, Boston, MA) and choline 

according to Fonnum (1969). The ChAT enzyme is specific for cholinergic cells; its 

decline in the cortex is used as a standard measure of cholinergic integrity within the 

basal forebrain region (Wenk et al, 1994). Protein content was determined for each 

sample (Lowry et al., 1951). All assays were performed in triplicate; results were 

analyzed by ANOVA. 

Histological Studies 

Twenty rats were anesthetized with isofluorane and transcardially perfused with 

ice-cold 0.9% saline containing 51.0 mg/L heparin followed by perfusion witli 

filtered 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.3. The brain 

was removed, post-fixed for one hour in 4% paraformaldehyde/0.1 M sodium 

phosphate buffer before cryoprotection in 0.1 M sodium phosphate buffer containing 
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increasing amounts of sucrose: 10%, 20%, and 30% sucrose solutions at 4''C for 24 

hours each. Brains were then snap-frozen in isopentane on dry ice (-50"C) and stored 

at -70®C. Immediately prior to sectioning on a cryostat, tlie brains were allowed to 

wann to -20°C before coronal sections (40 i-im) were taken beginning at the anterior 

commissure. Sections containing the basal forebrain and hippocampus were placed in 

plastic wells containing 0.1 M phosphate buffered saline (PBS) before being 

transferred into a cryoprotective solution containing PBS, ethylene glycol and 

glycerol (pH 7,4). The sections were stored in 1.5 ml Eppendorf centrifoge tubes (-

40''C) until used for immunohistochemistry. The sections were rinsed and pretreated 

in 0.3% hydrogen peroxide solution prior to staining in order to block the endogenous 

peroxidase activity. Activated microglia were visualized using a monoclonal 

antibody (OX-6, 1/400 dilution, PharMingen, San Diego, CA) directed against the 

major histocompatibility complex, class II (MHC11, Finsen et al., 1993; Flaris et al, 

1993) antigens. The location of OX-6 positive cells was examined by light 

microscopy and the cells were plotted using a camera lucida by a blind reader. The 

number of OX-6 positive cells in the hippocampus, amygdala, lateral hypothalamus, 

zona incerta, central thalamic nucleus, cingulate gyrus/retrosplenial cortex, 

piriform/entorhinal cortex, and parafascicular cortex were counted using multiple 

comparable regions from each rat in each group. These regions were chosen because 

tliey contained the highest concentration of activated microglia. Regions of brain 

outside of these areas contained comparatively few activated microglia. All sections 

from each brain were organized in order from rostral to caudal; landmarks were used 
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to determine boundaries tor sections. White matter and fiber tracts were drawn to 

serve as landmarks as brain sections were mapped onto plates 20-24 of the atlas by 

Pellegrino and colleagues (1979). All attempts were made to remain consistent with 

the measurements used in the atlas and all boundai7 measurements represent 

distances in real brain according to the atlas. The boundaries of the regions counted 

are shown in detail in Figure 6. 

Figure 6: Camera Lucida counting twundaries. These reconstructions of representative coronal 
sections depict the outline of brain regions counted for microglia. The number of OX-6 positive 
cells in the hippocampus (11), amygdala (A), lateral hypothalamus (LH), zona incerta (Zl), 
central thalamic nucleus (CTN), cingulate gyrus/retrosplenial cortex (CG), piriform/entorhinal 
cortex (PE), and parafascicular cortex (PF) were counted using four comparable regions from 
cach rat from each group. 

Briefly, a horizontal line that connected the rhinal fissure bilaterally and a line 

that extended the boundaries of the external capsule determined the counting 

boundary of the amygdaloid complex. From the intersection of the rhinal fissure and 



external capsule, a 1.66 box was drawn that extended medially and veDtrally. 

The cingulate gyrus/retrosplenial cortex boundaries were 1.25 mm bilaterally from 

the longitudinal fissure and were bordered by the dorsal aspect of tlie brain and 

ventrally by the corpus callosum. The counting boundary of the lateral hypothalamus 

was determined by a vertical line 1.25 mm parallel to the 3"® ventricle that extended 

dorsally 1.66 mm from the ventral aspect of the brain. A perpendicular line was 

drawn laterally for 1.25 mm and another line descended ventrally to meet the optic 

tract. The dorsal borders of the optic ti'act and supraoptic decussation as well as the 

ventral aspect of the brain marked the ventral counting boundaries. The zona inceita 

was determined by extending the vertical line by 0.83 mm that was used to determine 

the medial aspect of the lateral hypothalamus. A perpendicular line was then drawn 

laterally 2.5 mm and then connected at an acute angle to the dorsolateral corner of the 

lateral hypothalamic border. Although this approximate shape remained the same, 

variations in size reflected the rostro-caudal location of the section. The lateral 

boundary of the zona incerta was the dorsomedial border of the internal capsule, 

while the dorsal boundary of the lateral hypothalamus remained the ventral counting 

boundary. The entirety of the hippocampus served as the outer boundary of the 

hippocampus, excluding the fimbria. The subregions were then assigned to dentate 

gyrus, CA3, or CAl as shown in Figure 6. The boundaries of the central thalamic 

nucleus were determined by drawing a horizontal line that extended 1.66 mm from 

the midline. From this lateral point, a perpendicular line was drawn 2.08 mm 

ventrally from the dorsal aspect of the thalamus. For the boundaries of the piriform 
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cortex the rhina! fissure was connected bilaterally and served as the dorsal boundary 

of the piriform cortex. The lateral ventricles served as a medial border, and the outer 

aspects of the brain marked the edge of the lateral and ventral counting regions. 

Finally, a circle with a radius of 0.625 encompassed the parafascicuiar cortex 

containing the fasciculus retroflexus. The dorsal border of the circle began 1.25 mm 

ventrally from the dorsal edge of the thalamus; the medial border of the circle began 

0.625 mm from the 3*^ ventricle. After all sections and microglia locations were 

drawn, each dot (representing three distinct activated microglia) was counted for each 

section by a blinded reader. The data were analyzed by ANOVA. 

Vaginal smears were stained with hematoxylin (T.Sg/L, Sigma) and eosin (0.5% 

w/v in 90% ethanol, Sigma) solutions and staged by visual examination to confirm 

the phase of the estrous cycle. The lavages were examined under a light microscope 

to identify the type and proportion of cornified epithelial cells (estrus), nucleated 

epithelial cells (proestrus) or leukocytes (diestrus). Each daily smear was assigned by 

a blinded reader to one of these three cytological stages. 

Results 

All rats gained weight during LPS or CSF inflision. None of the rats was observed to 

have seizure activity or any other indication of toxicity or poor health. We have 

previously demonstrated that this infusion procedure does not produce fever in male rats 

(Hauss-Wegrzyniak et al, 1998b). Ovariectomized rats that received estrogen treatment 

maintained a vaginal cytology of esttus for the dm'ation of the experiment, whereas 
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animals receiving the oil control treatment remained in diestrus. Intact animals had 

norma! four-day cycle fluctuations that continued during behavioral testing. On tiie first 

day of water maze testing, the CSF- and LPS-infused intact rats were in a variety of 

estrous states, i.e. most rats were in estrus, while a few rats in each gi oup were in either 

proestrus or diestrus. 

Behavioral Studies 

The analysis results of path length data for each group of rats to find the hidden 

platform in the water pool are shown in Figure 7. Path length data are presented 

because it eliminates the effect of variations in the rats' swim speed; a factor that can 

be influenced by estrous phase (Frye, 1995; Healy et al., 1999). In the current 

investigation, velocity differed significantly across groups (F5,959=26.1, p<0.()01). A 

two-way repeated measures ANOVA of the path length data revealed an overall main 

effect of testing day (F3,959=65.4, p<0.001) for all groups, an overall main effect of 

group (f5,959=21.8, P<0.001) and a significant group X day interaction (f15,959=1.99, 

p=0.013). 

There was no difference (p>0.05) in perfomiance between intact rats receiving 

CSF and ovariectomized female rats infused with CSF. In contrast, the performance 

of ovai iectomized female rats infused with CSF that were treated with chronic ERT 

was significantly impaired (p=O.OOI), as compared to ovariectomized female rats 

inflised with CSF but not given constant ERT. Tliere was no significant difference 



(p>0.05) in performance between intact female rats infused witti LPS or intact female 

rats infosed with CSF. 
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Figure 7: Performance of young female rats in the Morris water maze task. In the absence of 
ovaries: performance was impaired by giving either chronic neuroinflammation (#p=0.002) or 
chronic estrogen therapy C'^O.OOl), as compared to intact females or CSFHKJil; the combined 
presence of these two conditions produced a significantly greater behavioral impairment {* 
p<O.OOI) than either condition alone, i.e. as compared to the CSF+E2 and LFS+Oil groups. 

Chronic infusion of LPS into the 4'^ ventricle of ovariectomized female rats 

receiving oil significantly impaired (p<0.001) performance as compared to intact rats 

chronically infused with LPS. The chronic infusion of LPS into the 4"* ventricle of 

ovariectomized female rats that were treated chronically with estrogen significantly 

impaired performance, as compared to LPS-infused rats treated chronically with oil 

(p=().002) or to C'SF-infused rats treated chronically with estrogen (p<0.001). All rats 

in all groups were able to discover the visible platform at the end of the behavioral 

testing. At the end of the hidden platfomi testing phase, all rats were given a probe 
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ti'ial and the number of target crossiogs were deteraiineci A one-way ANOVA of the 

probe data found a main effect of group (F5,47=2.495, p<0.046). 

Histology 

Intact rats infused with CSF, or ovariectomized rats infused with CSF and 

chronically treated with either oil or estrogen had only a small number of activated 

microglia scattered throughout their brain (see Figure 8). 

aCSF LPS 

Estrc^en 

Intact 

Figure 8: Reactive microglia in the dentate gyrus. Activated microglia were stained with OX-6 
antibody within the dentate gyrus of the hippocampus (magnification lOx). Only a few activated 
microglial cells are scattered throughoirt the brains of rats infused with aCSF whereas chronic 
LPS infusion significantly increased the number of activated microglial cells In all groups. The 
reactive microglia In the LPS-treated rats were characterized by a contraction of their highly 
ramified processes that appeared bushy in morphology. 
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Following chronic infusion of LPS into the 4*'^ ventricle of intact or 

ovariectomized rats, immunocytochemica! staining for the MHCII (using the OX-6 

antibody) found numerous, highly activated microglia distributed throughout the 

selected brain regions mentioned above. Hie activated microglia were characterized 

by a contraction of their highly ram ified processes that appeared bushy in 

morphology. 

Camera lucida reconstructions of OX-6 positive microglia througliout the brain 

are depicted in Figure 9. 

aCSF LPS 

Oil 

Estrogen 

Intact 

../A'.'"*-• 

Figure 9: Camera lucida reconstructions of OX-6 positive microglia throughout the brain. Each 
dot represents three OX-6-iminunostaiiied, activated microglial cells. Only a few activated 
microglial cells are scattered throughout the brains of rats Infused with aCSF. Chronic LPS 
infusion slguiflcantly increased the number of activated microglial cells in all groups. 
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The results of an investigation of the total number of OX-6-positive microglia 

within all eight regions outlined in Figure 6 are shown in Figure 10. An ANOVA 

found a significant main effect of group [Fs,2o= 34.1, p<0.{)01]. Post-hoc, pair-wise 

comparisons using a Tukey test found that the LPS inftision, into either intact 

(p<0.001) or ovariectomized (p<0-0()1) rats, significantly increased the number of 

activated microglia in these brain regions, as compared to all CSF-infiised rats. 
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Figure 10: Semi-quantitative determination of microglia in the female brain. OX-6-positive 
microglia were counted usii^ four comparable sections from each rat in each group. The 
boundaries of the regions were defined by reference to an atlas of the rat brain (Pellegrino et al, 
1979) and are shown in Figure 6, These regions include the hippocampus (H), amygdala (A), 
lateral hypothalamus (LH), zona Incerta (ZI), central thalamic nucleus (CTN), cingulate 
gyrus/retrosplenial cortex (CG), piriform/entorhinal cortex (PE), and parafascicular cortex (PF). 
Chronic LPS activated microglia was not reduced by ERT. Intact females receiving LPS 
infusion had significantly fewer activated microglia. 

However, LPS-infiised intact rats had significantly fewer activated microglia as 

compared to LPS-infiised, ovariectomized rats given either estrogen (p=0.02) or the 

oil vehicle (p<0.01). Chronic ERT did not significantly increase the ability of the LPS 
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infusion to activate additional microglia compared to rats receiving oil. Similar to the 

effects of these conditions upon behavior, chronic ERT or the absence of the ovaries 

increased the responsiveness of resident microglia to the effects of chronic 

neiiroinflammation. No significant correlation was found in blood level of estradiol 

vs. path length or number of activated microglia vs. blood level of estradiol; however, 

a significant correlation was found between the number of activated microglia in the 

thalamus and impaired performance on the Morris water maze, as measured by path 

length (r=0.481, p<0.03; see Figure 11), 
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Figure 11: Thalamic microglia correlate with impaired spatial performance. A positive 
correlation exists between the number of activated microglia and impaired performance on the 
Morris water maze task (r=.481, p<0.03). The number of activated microglia refers to the total 
number seen in Figure 10 with the animals from each group being plotted in the same color: 
intact+CSF (gray), OVX+CSF/Oil (green), OVX-i-CSF/E2 (yellow), Intact+LPS (pink), 
OVX+LPS/Oil (blue) and 0VX+LPS/E2 (red). 



94 

Biochemistry 

ChAT acti vity in the sensorimotor fi ontal neocortex of the CSF intact group was 

47.8 nmoles/hour/mg protein. An ANOVA tbund no significant alteration 

(F4,16=1.09,p=41) in the level of this enzyme due to estrogen therapy or 

neuroinflammation in female rats (data not shown). 

Discussion 

The current study investigated the interaction of two conditions known to exist 

within the brains of female AD patients: the presence of chronic neuroinflammation and 

either estrogen deprivation or chronic ERT. It is worth noting that these two conditions 

are likely to precede the onset of symptoms associated with AD. In the current study, the 

administration of chronic LPS to young, intact, female rats resulted in no behavioral 

impairment and approximately half the number of activated microgha, as compared to 

ovariectomized rats receiving the same treatment. These results demonstrate a 

neuroprotective role of gonadal hormones, such as estrogen, and are consistent with 

findings from other laboratories reporting a neuroprotective role of estrogen in both in 

vivo and in vitro preparations against a variety of brain insults (for review, see Wise et 

al., 2001b). 

The interaction between estrogen and brain inflammation appears more complicated 

when estrogen is administered at constant low physiological doses for an extended period 

of time. In the current study, the removal of the ovaries was not sufficient to impair 

performance in the Morris water maze task. However, the introduction of either chronic 
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ERT or chronic brain inflammation was sufficient to impair petfonnance to a similar 

degree in ovariectomized females. Furthermore, the combined occurrence of botli 

conditions, i.e. chronic ERT and long-term brain inflammation in ovariectomized rats, 

significantly worsened cognitive perfomiance beyond that produced by either condition 

alone. These findings are significant because the conditions reproduced in this study are 

analogous to the situation of post-menopausal human females who have existing brain 

inflammation due to a neurodegenerative illness ( Akiyama et al, 2000) or tbliowing head 

trauma (Rasmusson et al, 1995) and then choose to xmdergo chronic ERT. 

Our results suggest that chronic ERT in post-menopausal women may exacerbate the 

memory impairment induced by the presence of chronic neuroinflammation associated 

with the AD. The results of a recent long-term (1 year), placebo-controlled, study 

confirmed this prediction (Mulnai'd et al, 2000) and examined the effects of ERT upon 

cognitive function in a large group of women with mild to moderate AD. The effects of 

ERT were initially beneficial, similar to previous reports using smaller groups of patients 

and for a shorter duration of treatment (Fillit et al., 1986; Honjo et al., 1989; Ohkura et 

al, 1994; Asthana et al, 1999); however, the performance of women receiving chronic 

ERT ultimately declined more on the Clinical Dementia Rating Scale than those 

receiving placebo (Mulnard et al, 2000). Additional recent studies also concluded that 

ERT could not improve the cognitive abilities of women with mild to moderate AD 

(Henderson et al, 2000; Marder and Sano, 2000; Wang et al, 2000). When considered 

together, the results of these clinical trials suggest a pattern of beneficial effects upon 

cognitive function after relatively short-term ERT; however this beneficial effect is 
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attenuated, and possibly reversed, following longer treatment regimens of at least one 

year. The designs of these clinical studies were criticized because tiaey were conducted 

on post-menopausal women with advanced AD who may have been estiogen-deprived 

for decades (Toran-Allerand, 2000). Prolonged estrogen deprivation followed by long-

term continuous estrogen replacement can downregulate the number of estrogen receptors 

(Brown et al, 1996), which may limit tlie effectiveness of the ERT (Clark et al, 1981; 

Crespo et al, 1991). Although a comparison between humans and rodents must be made 

with caution, it is interesting that continuous long-tenn estrogen therapy immediately 

following ovariectomy in the current study parallels the detrimental cognitive effect seen 

in post-menopausal AD women who receive continuous, long-term ERT decades after the 

onset of menopause. Taken together, these findings suggest that estrogen may decrease 

the risk of AD but may not alter the progression of AD if the disease process has already 

begun (for review, see Wise et al., 2001b). 

Cholinergic function decreases in patients with AD (Muir, 1997); a decline in 

forebrain cholinergic function might underlie the impaired performance in tasks that 

require spatial memory ( Wenk, 1997). However, the behavioral impairment observed in 

the present study due to chronic brain inflammation or long-term ERT does not appear to 

be due to impaired cholinergic function. The integrity of basal forebrain cholinergic 

neurons, as determined by the level of cortical Ch AT activity, was unaffected following 

five weeks of chronic ERT. Recent studies have shown that the response of forebrain 

cholinergic neurons to ERT is significantly influenced by the duration of therapy (Gibbs, 

2000a). Short term, i.e. up to two weeks, ERT in ovariectomized female rats increased 
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ChAT activity in tlie cortex and hippocampus (Luine, 1985). Other measures of 

cholinergic neuronal activityj such as high affinity choline uptake (Wenk et al, 1984), 

were also increased by short-term estrogen therapy (O'Malley et al, 1987). In contrast, 

female ovariectomized rats given daily estrogen for at least four weeks did not increase 

ChAT activity in tlie frontal cortex or hippocampus; surprisingly, treatment for even 

longer periods of time were associated with a significant decline in high affinity choline 

uptake within the hippocampus (Gibbs, 2000a). These rodent data might correspond to 

the condition observed in women with AD who did not show improved cognitive abilities 

following long-term ERT despite short-term benefits. In addition, the fluctuations in 

cognitive ability might parallel the time-dependent fluctuations in cholinergic function. 

Once again, the reduced response of the female rats to the long-term ERT may be due to 

a down-regulation of estrogen receptors on these cholinergic neurons (Mufson et al., 

1999). 

The impact of estrus cycle must be considered in studies of estrogen's influence 

upon cognitive abilities and the fixnction of the hippocampus, as estrous cycle-induced 

differences have been reported on a number of spatial memory tasks that depend upon 

hippocampal ftinction, although the effect tends to be variable, task-dependent, and rather 

modest (Frye, 1995; Berry et al, 1997; Stackman et al, 1997; Warren and Juraska, 1997; 

Tropp and Markus, 2001). Despite the alterations in synaptic ftinction and cognition 

across the estrous cycle, the current study found no difference in the performance of 

intact females across the stages of the estrous cycle, regardless whether they received an 

infusion of LPS or CSF. Moreover, there was no correlation between performance on the 



water maze and esttadio] blood levels, as determined by radioimmunoassay (data not 

shown). However, it is interesting to note that although most of the cycling females in 

the current study were in estrus at the beginning of testing, a state that is usually 

associated with the poorest performance in the water maze task (Frye, 1995), these 

animals showed no deficit in performance, whereas ovariectomized animals that received 

chronic estrogen and were in a state of constant estrus demonstrated a deficit in this task 

that could be exacerbated by the presence of chronic neuroinflammation. The increased 

vulnerability of these ovariectomized female rats to the effects of chronic estrogen and 

chronic neuroinflammation, as demonstrated by their impaired performance in the water 

maze task, may be due to the presence of chi'onic, rather than fluctuating, estrogen or due 

to removal of the ovaries. The ovaries release many factors, including activin, inhibin, 

estrogen and progesterone; the combined presence of these ovarian hormones in the intact 

females might underlie their xmimpaired performance in the presence of chronic brain 

inflammation. 

The absence of the ovaries clearly influenced the overall impact of chronic 

inflammation upon the brain and behavior. Intact females given chronic infusion of LPS 

into the 4"' ventricle were not impaired on a water maze task. This finding is in marked 

contrast to male rats that received the same treatment of LPS into the 4* ventricle. 

Earlier studies from our lab indicate that intact males given chronic LPS into the 4'^ 

ventricle are significantly impaired on a spatial learning task (Hauss-Wegrzyniak et al., 

1998a). The decreased vulnerability of intact females to the effects of LPS infusion may 

be due to the differential degree of the inflammatory response by brain microglia as well 
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as the differential pattern of the acti vated microglia. It is interesting that the reduced 

number of activated microglia in intact animals appears to be localized to extra-

hippocampal regions, as there is no difference in the number of activated microglia seen 

in the dentate gyms of the hippocampus between ovariectomized and intact animals 

receiving LPS (see Figure 10). In female rats, activated microglia were more widely 

distributed throughout the brain with the highest density in hippocampus, amygdala, 

lateral hypothalamus, zona incerta, central thalamic nucleus, cingulate gyrus/retrosplenial 

cortex, piriform/entorhinal cortex, and parafascicular cortex. In contrast, the highest 

density of microglia cell activation in male rats was focused within the hippocampus, 

amygdala, cingulate gyrus/retrosplenial cortex and piriform/entorhinal cortex, (Hauss-

Wegrzyniak et al, 1999b; Wenk et al, 2000). Moreover, studies from our lab have 

shown that males infused with LPS averaged over 500 activated microglia within their 

hippocampus (Hauss-Wegrzyniak et al, 1999b) where as the hippocampus of intact LPS-

infused females averaged only about 200 activated microglia (regional data not shown). 

It has been suggested that the number of activated microglia may in fluence the degree of 

memory impairment (Wenk and Hauss-Wegrzyniak, 2001b), a finding that would support 

the differential impairment seen between intact male and female rats. However, our data 

from ovariectomized female rats receiving chronic estrogen and brain inflammation 

indicate that despite a greater impairment in the water maze, these rats showed no more 

activated microglia than do ovariectomized rats receiving chronic neuroinflammation 

alone. Moreover, intact female rats receiving LPS show no behavioral impairment 

despite the presence of activated microglia. These results may suggest that microglia 



100 

may change in ftinction without varying in number, such as through alterations in 

cytokines or expression of cell surface proteins. Tlierefore, the influence of gender upon 

the impact of chronic neuroinflammation remains to be determined. 

The results of this study significantly contribute to our imderstanding of two 

different phenomena concerning the action of ERT upon the female brain. These data 

support the findings of others showing a neuroprotective effect of fluctuating gonadal 

hormones, such as estrogen, hitact cycling females given chronic neuroinflammation had 

normal behavioral performance and a moderate inflammatory response, as demonstrated 

by a reduced number of activated microglia in the presence of LPS. Our results suggest 

that continuous long-term ERT to post-menopausal women with AD, or other diseases 

characterized by the presence of chronic neuroinflammation, may exacerbate their 

cognitive impairment. Our results are consistent with the hypothesis that either the 

presence of the ovaries or fluctuating levels of estrogen may be a critical factor in the 

protection of rats against the eflfects of chronic neuroinflammation. These findings 

suggest that a therapy designed to mimic the natural cycle of gonadal hormone 

tluctuation may provide a more effective therapy to slow the progression of AD in post

menopausal women. 
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CHAPTER 8: BOSE-DEPENDENT EFFECTS OF 

NEUROINFLAMMATION IN FEMALE RATS 

Introduction 

Inflammatory processes play an important role in the etiology, pathogenesis and 

clinical expression of Alzheimer's Disease (for review, see Akiyaraa et al, 2000). Many 

inflammatory markers, including activated microglia capable of producing inflammatory 

products, are highly localized to regions with dramatic AD pathology, yet are absent in 

brain regions that typically do not develop neuritic plaques and NFT, such as the 

cerebellum (Cagnin et al., 2001). The localization and density of inflammatory products 

correlates with the regional vulnerability and progression of the disease. Long-term 

exposure to inflammatory proteins may result in neuronal degeneration and underlie the 

cognitive impairment seen in AD (Banati et al., 1993; McGeer and McGeer, 1998; 

Gonzalez-Scarano and Baltuch, 1999). 

Chronic neuroinflammation can be produced in male rats by infusion of 

lipopolysaccharide (LPS) into tlie fourth ventricle. The resulting neuroinflammation 

reproduces many of the components of AD (for review, see Wenk and Hauss-

Wegrzyniak. 2001b). The neurointlammatory response is time-dependent with activated 

microglia appearing within two days of ti'eatment. Longer infusion times result in a 

concentration of activated microglia in regions of the brain affected most by AD, such as 

the hippocampus, entorhinal and piriform cortices as well as the cingulate gyrus (Hauss-

Wegrzyniak et al, 1998a; Wenk et al, 2000). Other pathological, biochemical and 
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behavioral changes associated with AD induced by neuroinllammation (for review, see 

Wenk and Hauss-Wegrzyniak, 2001a) include elevation of proinflammatory cytokines 

(IL-1, IL-6, and TNF-a), astrogliosis, elevated amyloid precursor protein (APP) 

induction, temporal lobe cell loss and working memory deficits (Hauss-Wegrzyniak et 

al, 1998a; Hauss-Wegrzyniak et al, 1999a; Hauss-Wegrzyniak et al, 1999b; Wenk et al, 

2000). Thus, chronic neurokiflammation in male rats induces alterations in 

neuropathological, biochemical and behavioral measures that reproduces many 

components associated with AD (Wenk and Hauss-Wegrzyniak, 2001a). These 

neuroinflammatory consequences are independent of any sickness behaviors (Hauss-

Wegrzyniak et al, 1998a; Wenk and Hauss-Wegrzyniak, 2001a). A dose response curve 

estabhshed an optimal dose of LPS that produced adequate levels of brain inflammation 

without inducing an overall systemic toxicity (Hauss-Wegrzyniak et al, 1998b). In 

contrast, high LPS doses injected into the periphery can initiate an immunologic 

challenge to produce fever, seizures, sickness behavior and ataxia. 

The same optimal dose determined for male rats has been used in female rats to 

produce chronic neuroinflammation (Marriott et al., 2002). In females, the microglial 

and behavioral consequences of chronic neuroinflammation appear to depend on the 

hormone status of the animal. Specifically, ovariectomized animals with chronic brain 

inflammation demonstrated performance deficits on the Morris water maze and had a 

robust activation of microglia in the thalamus, hippocampus and cortex. Co

administration of chronic estrogen exacerbated the cognitive impairment but did not alter 

the number of activated microglia compared to ovariectomized animals with chronic oil. 
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In contrast to ovariectomized animals with neuroinflammation, intact female rats did not 

demonstrate any cognitive impairments despite showing an intermediate number of 

activated microglia between inflamed and control animals. 

Female rats appeared to be more sensitive to the systemic eftects of LPS, as 

demonstrated by the reduction in feeding behavior and weight loss that returned to 

baseline approximately two weeks after surgery. Despite the greater sensitivity to the 

LPS infusion, female rats showed less microglia activation in the hippocampus than did 

male rats given the same dose. Moreover, females demonstrated a different pattern of 

microgHal activation than male rats, as seen in Figure 12. 

Figure 12: The microglial response differs between genders. Coronal sections throi^h the 
hippocampi of intact female (A) and Intact male (B) rats infused with LPS. Each dot represents 
several OK-6 positive activated microglia (one dot equals three microglia in female rats; five 
microglia in male rats). Notice the differential regional distribution of activated microgla, especially 
in the thalamus and cortex in response to LPS. Male section courtesy of Beatrice Hauss-Wegrayniak. 
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In female rats, activated microglia were widely distributed throughout the brain with 

the highest density in hippocampus, amygdala, lateral hypothalamus, zona incerta, central 

thalamic nucleus, cingulate gyrus/retrosplenial cortex, piriform/entorhinal cortex, and 

parafascicular cortex. In contrast, tlie highest density of microglia cell activation in male 

rats was focused within the hippocampus, amygdala, cingulate gyrus/retrosplenial cortex 

and piriform/entorhinal cortex, (Hauss-Wegrzyniak et al, 1999b; Wenk et al, 2000), 

Thus, male and female rats show a differential response to the consequences of LPS-

induced chronic neuroinflammation. 

The gender differences in the LPS-induced neuroinflammatory response may be due 

to females being smaller in size or some other underlying property that makes females 

more sensitive to the inftision. In the current experiment, a dose-response curve will 

determine the optimal dose of LPS in female rats that can elicit microglial activation and 

behavioral deficits without inducing systemic toxicity. If females respond to LPS in a 

dose-dependent manner, systemic variables such as body weight and temperature, 

behavior, and microglial activation should also vary dose-dependently. In addition, the 

current experi ment will address whether the differential pattern of microglial activation 

seen in female rats is attributable to the LPS dose, as smaller doses may elicit a 

microglial response that mimics the pattern seen in male rats. 
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Methods 

Subjects and Experimental DevSign 

Fifty-three virgin female F-344 rats (Harlao Sprague-Dawley breeders), aged 

three months, were housed in triplicate in a temperature-controlled room (21\1) with 

food and water available ad libitum. Many characterized hormonal regimens deliver 

hormones during the light phase of the cycle (Aiyer and Fink, 1974; Banks and 

Freeman, 1978; Banks et al, 1980; Pfaflf, 2002), therefore, all rats were maintained 

on a 12-hr darkdight cycle with lights on at 9:00 AM. Animals were allowed to 

adjust to their new environment for one week following arrival prior to surgery. The 

health of the rats was monitored regularly and all rats were randomly assigned to one 

of six treatment groups (see below). 

Rats underwent the same surgical procedures employed in the previous 

experiment (Marriott et al, 2002). Briefly, an Alzet osmotic minipump containing 

either CSF or LPS was implanted into the dorsal abdomen and delivered contents by 

connective tubing to a chronic indwelling cannula implanted into the fourth ventricle. 

Animals received either CSF or one of four doses of LPS: 1.0 fig/fil (dose used in 

previous experiment), 0.5 fig/^il, 0.1 |Xg/^l, or 0.05 (ig/pi In addition, female rats 

either remained gonadally intact or were ovariectomized (OVX) and subcutaneously 

implanted with silastic capsules containing 100% cholesterol (oil). Oil was chosen as 

a hormone control, as both constant estrogen and cycling hormones can dramatically 

affect the brain response to LPS (Marriott et al., 2002). These capsules were prepared 
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using the same protocol and dosage employed in the previous experiment and 

replaced after foity days to maintain constant oiJ levels in tlie Wood. The numbers of 

animals in the six experimental groups were as follows: Intact+ CSF (Intact; n=5), 

OVX+CSF (CSF; n=8), OVX+ 0.05 LPS (0.05 LPS; n=10), OVX+0.1 

^ig/Hl LPS (0.1 |ig/^il LPS; n=lO), OVX+0.5 ^g/^il LPS (0.5 ^g/^il LPS; n=10) and 

OVX+1.0 ^g/|il LPS (LO |i,g/nl LPS; n=10). 

Animals received the same post-operative care used in the previous experiment. 

Body weights and rectal body temperatures were monitored daily for the first sixteen 

days following surgery, the time during which weight changes were seen previously 

(Marriott et al, 2002). As animals underwent significant weight loss in the previous 

experiment, nutritional supplements were given daily beginning the day after surgery 

until the animal returned to its pre-surgical weight. All rats received a daily bowl of 

water-softened rat chow (mash) mixed with butter, chocolate and sugar to ease 

chewing and encourage eating until animals gained weight normally. Females 

weighed approximately 146 grams prior to surgery; therefore, animals that were not 

eating mash lost critical weight rapidly. Rats that lost more than seven grams of 

weight the day after surgery and subsequently lost at least 15% of their body weight 

were syringe fed daily with 1.5 cc animal Stat, a nutritional supplement, until able to 

eat mash normally. Animals not eating by syringe were gavaged tor a brief period to 

ensure caloric intake. All body weights were monitored for the duration of the 

experiment. 
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Behavioral Testing 

Tbe experimental procedures and timeline were identical to those used in the 

previous experiment: vaginal smears were taken starting at Day 49 and continued for 

the duration of the experiment to eosure ovariectomy status. Morris water maze 

testing began on Day 56, two weeks after the cessation of the minipwnp to minimize 

drowsiness during behavioral testing (ScMtfelholz and Lancel, 2001). All rats were 

tested in the morning (0800-1200) on the same Morris water maze used previously 

for both male (Hauss-Wegrzyniak et al, 1999a) and female rats (Marriott et al, 

2002). Water temperature, testing paradigm and tracking protocol were the same 

used in the previous experiment. Path length data were subsequently analyzed by 

two-way repeated measures ANOVA. 

Histological Studies 

Four days after behavioral testing, all animals were anesthetized with isoflurane 

and transcardially perfused with ice-cold 0.9% saline containing 51.0 mg/L heparin 

followed by perfusion with filtered 4% paraformaldehyde in 0.1 M sodium phosphate 

buffer, pH 7.3. The brain was removed, post-fixed for one hour in 4% 

paraformaldehyde/0.1 M sodium phosphate buffer before placement in 0.1 M 

phosphate buffered saline (PBS). 

Coronal sections (40 jim) were taken on a vibratome taken beginning at the 

anterior commissure. Sections containing the basal forebrain and hippocampus were 

placed in plastic wells containing 0.1 M phosphate buffered saline (PBS) before being 



transferred to a cryoprotective soiution containing PBS, ethylene glycol and glycerol 

(pH 7.4). The sections were stored in 1.5 ml Eppendorf centri&ge tubes (-40"C) until 

used for immimohivstocheniistiy. The sections were rinsed with PBS and pretreated in 

0.3% hydrogen peroxide solution to block the endogenous peroxidase activity. 

Activated microglia were subsequently visualized using a monoclonal antibody (OX-

6, 1/400 dilution, PharMingen, San Diego, CA) directed against the major 

histocompatibility complex, class II (MHC11, Finsen et al, 1993; Flaris et al, 1993) 

antigens. The location of OX-6 positive cells was examined by light microscopy and 

the degree of microghal activation was plotted throughout the hippocampus by a 

blinded reader according to the atlas of Pellegrino and colleagues (1979). 

Results 

Systemic Physiology 

Ovariectomized animals receiving oil capsules maintained a vaginal cytology 

characteristic of diestrus, when hormone levels are low. Intact animals had normal 

cycle fluctuations. 

Body Weight 

All rats gained weight over the course of the CSF of LPS infosion. The results of 

body weight analysis for all groups immediately before and the sixteen days 

following surgery are shown in Figure 13. A two-way repeated measures ANOVA 

on body weight data revealed an overall main effect for inflammation group, F(5, 
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968)=4.94, p<0.001; an overall main effect for post-surgery day, F(]6, 968)=80.871, 

p<0.001; and a significant Group x Day interaction, F{8{), 968)=4.96, p<0.00]. 

Within Group, the two highest doses of LPS (1.0 (ig/n,l and 0.5 jig/jil) overall 

weighed significantly less than CSF animals. 
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Figure 13: Recovery of body weight after surgery. Baseline and post-surgical body weights of 
animals infused with CSF or one of four doses of LPS, Animals responded dose-dependently to 
the effects of LPS, such that animals receiving 0.5 and ,1.0 ixg/|il LPS weighed significantly less 
than control animals from days S+7 to S+16 (denoted by * and subsequent line). All animals 
gained weight since surgery (p<0.004) except animals receiving 0.5 and 1.0 {Jg/p.1 LPS, who were 
not significantly different from baseline pre-surgical weights. 

Within Day, there were no significant declines in body weight (p>0.05) for any of 

the groups immediately before or within the iBrst five days post-surgery (S+5). On 

the sixth day after surgery (S+6), animals that received 0.5 iig/fil LPS weighed 

significantly less than intact (p<0.05) and ovariectomized animals given CSF 

(p<0.03). The same effect was seen over the next two days and expanded to include 
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1.0 i-ig/jil LPS animals having lower body weiglits than OVX animals given CSF on 

the seventh (p<0.03) and eighth days (p<0.01) and animals receiving 0.5 |,ig/iil LPS 

having lower body weights than 0.05 !Jg/}.il LPS on the eighth day after surgery 

(p<0.03). Between days 9 and 12, animals that received the two highest doses of LPS 

(1.0 |ig/nl and 0.5 |J.g/(J^l) weighed significantly less than all other CSF and LPS 

groups (all p<0.05). On the thirteenth day after surgery, the highest LPS doses 

produced the same effect but the 1.0 |Lig/|il LPS dose was no longer significantly 

different than intact animals or those receiving 0.1 fig/^l LPS. On days S+14 to 

S+16, the body weights of animals in the two highest LPS doses (0.5 and 1.0 fig/fj.1) 

were significantly lower tlian animals in all other ovariectomized groups (all p<0.03); 

however their body weights were no longer significantly different from their pre-

surgical baseline weights. In contrast, animals in all other groups weighed 

significantly more than their pre-surgical weights by the sixteenth day after surgery 

(allp<0.004). 

Body Temperature 

Body temperature data were also analyzed by two-way repeated measures 

ANOVA with results shown in Figure 14. Pre-surgical body temperatures were 

excluded from the analysis as some temperatures were collected from anesthetized 

animals. Body temperatures have been shown to decrease in anesthetized animals. 

Results indicate no main effect for inflammation group (p=.107), although there was a 

significant main effect for post-surgery day, F(15,968)=6.567, pO.OOl, as well as a 

significant Group x Day interaction, F(75, 968)=1.937, p<0.00i. On the morning 
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after surgery (S+l), animals receiving the highest LPS dose (1.0 ^ig/[il) had 

significantly elevated body temperatures as compared to CSF or 0.1 |.ig/iil LPS groups 

(both p<0.04). There were no other significant differences between any of the groups 

except on days S+6 and S+l6, during which transient elevations in body temperature 

could be seen. Specifically, animals in the 0.1 p.g/j,il group were significantly 

elevated compared to animals receiving the 0.5 ng/p.! dose (p<0.05) on the sixth day 

after surgery. Similarly, temperatures of animals in the 0.05 jig/fil LPS group were 

higher than those of intact animals on the sixteenth day after surgery (p<0.04). 
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Figure 14: Body temperature after surgery. Animals were infused with CSF or one of four doses 
of LPS. Baseline surgical temperatures were excluded from the analysis since some temperatures 
were taken when the animal was under anesthesia. There was no main effect for inflammation, 
although there was a significant main effect for post-surgery day (p<0.001). Animals in the 
highest LPS dose (LO p^g/pJ) showed a significant elevation In body temperature on the day after 
surgery compared to CSF animals (*, S+l, p<0J4). There were no other differences between 
groups except transient elevations on Days 6 {+, 0.1 ng/|il elevated compared to 0.5 p-g/p-S, p<0.05) 
and 16 {#, 0.5 pg/pl elevated compared to intact, p<0.04). 
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Behavioral Studies 

The path length to find the hidden platform were analyzed and shown for each 

group in Figui'e 15. All animals learned the task as indicated by an overall main 

effect for testing day, F(3,23)=71.371, p<0.001. However, no significant differences 

were found between groups in the acquisition of the task as determined by a two-way 

repeated measures AN OVA. Overall, the path length of animals was greatest on the 

first day of behavioral testing and became significantly shorter by the second day of 

testing (p<0.001). Path length was further reduced on the third and fourth days of 

testing compared to the second day (p<0.003 and p<0.02, respectively), however path 

length on days three and four were not significantly different from each other. No 

interactions were found between inflammation group and testing day. 
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Figure 15: Performance of young female rats in the Morris water masse task. There were no 
significant differences between groups In the acquisition of the task. 
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Histology 

The density of activated microglia was qualitatively ranked by a blinded reader 

for all groups on a scale of 0-4, with a 4 indicating the gi*eatest degree of activated 

microglia (see Figure 16). 
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Figure 16: Density of microglial activation qualitatively ranked by a blinded reader. Degree of 
overall microglial activation was rated on a scale of 0-4, with four denoting highest levels of 
activated microglia. Infusion of 0.5 and 1.0 Jlg/fll significantly activated microglia compared to 
intact and CSF groups (*p<0,§5). 

Intact and ovariectomized rats infosed with CSF had only a few activated 

microglia that were scattered evenly throughout the brain with low deposition in the 

medial geniculate nucleus (MGN, see Figures 17 and 18). 

Chronic infusion of either 0.05 or 0.1 |,ig/fil LPS did not significantly increase 

activated microglia as determined by a Kruskal-Wallis one-way ANOVA on ranks 

(see Figure 16). In these animals, low amounts of activated microglia were seen in 
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the dentate gyrus (DG) of the hippocampus as well as in some thalamic nuclei such as 

the MGN, posterior thalamic nucleus (Po) and prerubral field (PR.) of these animals 

(see Figures 19 and 20). 

Infusion of 0.5 LPS significantly increased the density of activated 

microglia compared to intact and CSF groups (p<0.05) but not compared to lower 

LPS treatment groups (0.05 and 0.1 ng/^il doses; see Figure 21). Low amounts of 

activated microglia were seen in the rostral cingulate gyrus (CG), dorsal CAS region 

of the hippocampus, entorhinal cortex (EC) as well as in the parafascicular (PF) and 

posterior nuclei of the thalamus. Moderate amounts of activated microglia were seen 

in more caudal aspects of the cingulate gyrus, dentate gyrus and CAS regions of the 

hippocampus, zona incerta (ZI), lateral hypothalamus (LH) as well as in various 

thalamic nuclei such as the central thalamic nucleus (CTN), posterior thalamic 

nucleus and pretectal areas (PT). High amounts of activated microglia were seen in 

the MGN as well as dentate gyrus and CAS regions of the ventral hippocampus. 

Infosion of 1.0 fig/|il LPS to female rats significantly increased the density of 

activated microglia compared to all other groups (p<0.05) except those receiving 0.5 

jig/jxl LPS dose. As seen in Figure 22, these animals have low amounts of activated 

microglia in rostral aspects of the cingulate gyrus, amygdala (A) and auditory cortex 

(Au); moderate amounts of activated microglia were seen in caudal aspects of the 

cingulate gyrus, CAS region of the dorsal hippocampus, entorhinal cortex, lateral 

hypothalamus, central thalamic nucleus, lateral posterior thalamic nucleus (LP), 

dorsal aspect of the zona incerta and olfactory cortex (CxA/Oll). High amounts of 
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activated microglia were distributed tliroughout the dentate gyrus, CA3 region of the 

ventral hippocampus, MGN, posterior thalamic nucleus, pretectal areas and caudal 

aspects of the zona incerta. 
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Figure 17: Microglial activation In the intact female brala Infused with CSF. The rostro-caudal 
density and distribution of microglial activation were plotted in the intact female brain following 
infusion of CSF (ii=5). Mote the low amounts of microglial activation In the medial geniculate 
nucleus (MGN). 
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Figure 18: Microglial activation in the ovariectomiaed rat brain infused with CSF. The rostro-
caudal density and distribution of activated microglia were plotted in the ovariectomized female 
brain following infusion of CSF (n=8). Note the low amounts of microglial activation in the 
medial geniculate nucleus (MGN). 
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Figure 19: Microglial activation In the ovariectoniized rat brain infused with 0.05 pg/|il LPS. 
The rostro-caudal density and distribution of microglial activation were plotted in the 
ovariectomized female brain following infusion of LPS (0.05 {ig/fil; n=10). Note the low amounts 
of microglial activation In the medial geniculate nucleus (MGN). 
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Figure 20: Microglial activation in the ovariectoraized rat brain infused with 0.1 [ig/|il LPS. The 
rostro-caudal density and distribution of microglial activation were plotted in the ovarlectomixed 
female brain following infusion of LPS (0.1 p^/yl; n=10). Note the low amounts of microglial 
activation in the dentate gyrus (DG), prerubral fields (PR), posterior thalamic nucleus (PO) and 
medial geniculate nucleus (MGN). 
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Figure 21: Microglial activation in the ovariectomized rat brain infused with 0.5 LPS. The 
rostro-caudal density and distribution of microglial activation were plotted in the ovariectoraized 
female brain following infusion of LPS (0.5 pg/p,l; n=10). Green, yellow and red denote low, 
moderate and high amounts of activated microglia, respectively. Abbreviations: cingulate gyrus 
(CG), dentate gyrus (DG), CA3 region of the hippocampus (CA3), central thalamic nucleus 
(CTN), zona incerta (Zl), lateral hypothalamus (LH), pretectal field (PT), posterior thalamic 
nucleus (PO), parafascicular thalamic nucleus (PF), entorhlnal cortex (EC), olfactory cortex 
(CsA/Olf) and medial geniculate nucleus (MGN). 
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Figure 22: Microglial activation in the ovariectomized rat brain infused with 1.0 llg/jXl LPS. The 
rostro-caudai density and distribution of microglial activation were plotted in the ovariectomized 
female brain following infusion of LPS {1..0 jJg/|ll; n=10). Green, yellow and red denote low, 
moderate and high amounts of activated microglia, respectively. Abbreviations: cingulate gyrus 
(CG), dentate gyrus (DG), CAS region of the hippocampus (CAS), central amygdala (A), central 
thalamic nucleus (CTN), zona incerta (ZI), lateral hypothalamus (LH), pretectal field (PT), 
posterior thalamic nucleus (PO), lateral posterior thalamic nucleus (LP), parafascicular 
thalamic nucleus (PF), entorhinal cortex (IC), auditory cortex (Au), olfactory cortex (CxA/Olf) 
and medial geniculate nucleus (MGN), 
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Discussion 

The current study found that the differential microglial response between male and 

female rats is not attributable to the dose of LPS, as the microglial pattern was different 

between genders at all doses of LPS examined. Female rats did, however, respond dose-

dependently to the systemic and microghal consequences of chronic neuroinflammation. 

The dose dependent effects of LPS in female rats can be seen in systemic variables, 

such as body weight and temperature. LPS dose-dependently atTected body weight; the 

greatest weight loss occurred in animals receiving the highest dose of LPS, followed by 

successively smaller weight losses with lower LPS doses, respectively. The dose-

dependent weight loss could be seen as soon as the third day after surgery, although 

groups were not significantly different until six days after surgery. Animals infused with 

the two lowest LPS doses (0.05 and 0.1 pg/pl) were not different from control animals; 

however, animals in the two highest doses of LPS (1.0 and 0.5 fig/pl) demonstrated 

significant weight loss that did not return to baseline until Day 13. 

In contrast, LPS did not dose-dependently affect body temperature with the 

exception of on the first day after surgery. Within 24 hours of surgery, animals in the 

highest LPS group (1.0 pg/pl) experienced a transient but significant rise in body 

temperature that corresponded to the time when fever and elevated cytokines are most 

often seen following LPS administration (for review, see Blatteis and Sehic, 1998). 

Despite significant weight loss in animals inftised with the second highest LPS dose (0.5 

pg/jil), no detectable changes in body temperature were seen. It is possible that a change 
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in body temperature may have been missed as body temperature was assessed once in the 

afternoon every 24 hours. Animals may have undergone a more transient rise in body 

temperature that subsided by the time of testing. These temperature elevations are 

interesting as all Tygon tubing connecting the osmotic minipump to the cannula were 

pre-filled with 12 |il of CSF and prevented the LPS solution from reaching the 4th 

ventricle mitil approximately two days after surgery. Body weight changes support the 

delay, as no differences were seen between groups within the first two days of surgery 

when the temperature elevation was seen and proinflammatory cytokines would be 

maximal However, the rapid rise in temperature in the 1.0 pg/pl group the day after 

surgery suggests that either the rise may be an artifact or animals may experience LPS 

sooner than previously thought. If the latter were occurring, the pump priming process 

would be the most likely contributor; residual LPS may be depositing on the exterior of 

the pump during incubation, thereby causing a temperature rise in animals when the 

pump was implanted into the periphery. It is unlikely that the immediate temperature rise 

is due to any rapid infusion of LPS into the fourth ventricle from the tubing. 

LPS can dose-dependently affect the density and pattern of activated microglia in 

female rats. Animals infused with either CSF or the lowest dose of LPS (0.05 pg/pl) had 

very few microglia scattered throughout the brain with small deposition in the medial 

geniculate nucleus. At higher doses, the current study demonstrated a dose-dependent 

increase in microglia activation that was localized to regions involved with energy 

homeostasis and autonomic function. Consistent with our previous findings, the 

cingulate gyrus (CG), central amygdala (A), central thalamic nucleus (CTN), zona incerta 
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(ZI), lateral hypothalamus (LH), pretectal field (PT), posterior thalamic nucleus (PO), 

lateral posterior thalamic nucleus (LP), parafascicular thalamic nucleus (FF), entorhinal 

cortex (EC), dentate gyrus (DG), hippocampal CA3 subfield, auditory cortex (Au), 

olfactory cortex (CxA/Olt) and medial geniculate nucleus (MGN) all showed microglial 

activation in response to chronic neuroinflammation. Many of these regions are involved 

with autonomic fiinction directly or have extensive interconnections with autonomic relay 

centers (for review, see Van de Kar and Blair, 1999). 

The most sensitive brain region to the effects of low doses of LPS appeared to be the 

dentate gyrus, as microglia in this region become activated at doses that had no effect on 

systemic variables. With larger doses of LPS, the density of microglia in the dentate 

increased and became maximal by 0.5 pg/pl. In contrast, the CA3 region did not show 

any activated microglia until larger doses of LPS (0.5 ng/pl) were in&sed; higher doses 

of LPS produced dose-dependent activation of microglia in this region. Consistent with 

our previous reports, the CAl sub field showed no microghal activation in response to any 

dose of LPS (Marriott et al, 2002). Thus, the dentate gyrus and CA3 regions of the 

hippocampus are specific in their activation and may be selectively tuned to respond to 

different amounts of neuroinflammation. For example, the dentate gyrus receives 

innervation from the entorhinal cortex and has numerous recurrent collaterals before 

sending excitatoiy glutamatergic fibers to CAS (Storm-Mathisen et al, 1983). CAS 

pyramidal cells also have many recurrent projections (Ishizuta et al, 1990; Li et al., 

1994) that may serve as an amplification system to increase excitatory input. Infusion of 
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LPS may work in a similar manner to amplify glutamate release to toxic levels, thereby 

inducing microglial activation specifically in these subregions. 

The dorsal and ventral aspects of the hippocampus have been suggested to be 

responsible for separate functions (for review, see Moser and Moser, 1998). For 

example, the dorsal and ventral segments of the hippocampus differ with regard to tlieir 

input and output. In terms of connectivity, the dorsal hippocampus connects with the 

mammillary complex whereas the ventral hippocampus has strong and specific efferent 

connections with the rostral hypothalamus and amygdala (Amaral, 1987; Witter et al, 

1989; Canteras and Swanson, 1992; Risold and Swanson, 1996,1997; Risold et al, 

1997). In terms of functionality, the dorsal hippocampus is thought to underlie aspects of 

spatial memory where as the ventral hippocampus is thought to serve a homeostatic 

Sanction by interacting with autonomic, endocrine and emotional systems (for review, see 

Moser and Moser, 1998). Consistent with this view, the current experiment found more 

microglia in the ventral aspect of the hippocampus. As microglia tend to localize to 

autonomic regions of the female brain, it is not surprising that the aspect of the 

hippocampus involved in homeostatic and autonomic function would show a robust 

increase in microglial activation. However, it is interesting that in contrast to findings in 

our previous experiment (Marriott et al., 2002), the current study found no differences 

between treatment groups in the acquisition of the Morris water maze task. The 

contrasting results may be due to the different pattern or reduced number of activated 

microglia seen in the current experiment. Overall, the pattern of microglia activation 
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strongly corresponds to the regions previously shown to exhibit microglia (Marriott et al, 

2002), although there were some differences between studies (see Figure 23). 
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Figure 23: Differential distribution and density of microglial activation between studies. The lack of 
performance deficit in LPS infused animals may be due to a decrease in microglial activation 
between the current study and that previously reported (Marriott et al., 2002). Comparisons were 
made between animals receiving 1.0 tlg/fJJ LPS and qualitatively determined by a blinded reader. 
Blue indicates regions more activated in the current study and includes posterior thalamic nucleus 
(PO), lateral posterior thalamic nucleus (LP), somatosensory cortex (Ss), auditory cortex (Au). 
Regions in pink showed less activation and included cingulate gyrus (CG), central thalamic nucleus 
(CTN), ventroposterlor thalamic nucleus (VPM), pretectal areas (PT), prerubral field (PR), ventral 
tegmental area (VTA), zona incerta (Zl), lateral hypothalamus (LH) and entorhinal cortex (EC). 
One region that shows the most striking reduction in microglial activation is the dorsal, but not 
ventral CAS region of the hippocampus. Interestingly, the dorsal hippocampus has been implicated 
in spatial nneraory, whereas the ventral hippocampus Is Involved in the adaptation of hypothalamo-
pituitary-adrenocortico activation to environmental Information (Moser & Moser, 1998). 
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In the current study for example, animals in the 1.0 ng/(.il dose had less activated 

microglia in most regions, including the cingulate gyrus, central thalamic nucleus, 

ventroposterior thalamic nucleus, pretectal areas, prerubral fields, ventral tegmental area, 

zona incerta, lateral hypothalamus, dorsal CA3 region of the hippocampus and entorhinal 

cortex. 

If the dorsal hippocampus is involved in spatial memory and the ventral 

hippocampus is involved with homeostasis, the lack of behavioral impairment in the 

current study may be due to a reduction in activated microglia in the dorsal hippocampus. 

Activated microglia can influence the degree of memory impairment (Wenk and Hauss-

Wegrzyniak, 2001b) by releasing inflammatory products that interfere with neuronal 

function (for review, see Wenk and Hauss-Wegrzyniak, 2003). Previous studies have 

shown that maze learning can be disrupted by dorsal, but not ventral, hippocampal 

damage (Hughes, 1965; Sinnamon et al., 1978; Moser et al., 1993; Moser et al., 1995), 

with the deficit on the task being proportional to size of the dorsal hippocampal lesion 

(Moser et al., 1993; Moser et al., 1995). Therefore, the reduction in microglial activation 

in the dorsal but not ventral portion of the hippocampus may underlie the differential 

behavioral effect of LPS between studies. The activated microglia in the dorsal 

hippocampus of LPS-treated animals remained greater than the activation seen in control 

animals from either study. 

Thus, a critical number of activated microglia may be necessary to produce 

behavioral impairments on the spatial working memory task. Activation of microglia at 

sub-threshold densities may be insufficient to affect cognitive performance yet still be 



capable of affecting systemic variables, such as body weiglit. Within the hippocampus, 

for example, the reduced microglial activation in the dorsal CAS region of the 

hippocampus may contribute to the lack of memory impairment found in the present 

experiment. 

It is unclear why the microglial response was blunted in the current study. The 

reduced density of activated microglia may be a product of the proactive approach taken 

in the current study to minimize weight loss and discomfort with nutiitional supplements. 

LPS-induced proinflammatory cytokines signal changes in hypothalamic centers 

regulating feeding and weight loss (Sakurai, 2002; Wong and Pinkney, 2004). It is 

possible that the additional supplement may have increased various nutrients and 

vitamins in the body, such as the antioxidant vitamin E that may have reduced microglial 

activation via a chemical neuroprotective pathway (see Chapter 5). 

In contrast, some regions showed a greater density of activated microglia than 

previously reported (see Figure 23), including the posterior thalamic nucleus, lateral 

posterior thalamic nucleus, somatosensory cortex and auditory cortex. Ongoing 

construction noise occurring in the animal care facility may have contributed to the 

changes seen in the medial geniculate nucleus and auditory cortex, although it is unclear 

what may have contributed to the differential activation densities in other regions. Thus, 

both the number and pattern of microglial activation appear to differ between the two 

studies, which may have contributed to the differential effect of LPS on spatial learning. 

Although efforts were made to ensure extra-maze cues were consistent between studies, 

subtle differences in cue locations may also have contributed to the differential 
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behavioral eftect of LPS. In addition, animals in the current experiment were tested 

during the hght phase of the light:dark cycle, in contrast to dark-phase in which they were 

tested previously. A pilot study found no behavioral difference between animals tested 

during the light versus dark phases of their cycle (data not shown), therefore, it is 

unlikely that the differential light-dark cycle contributed to lack of impairment seen in 1.0 

pg/(il LPS-treated group. 

Overall, the results of the current study suggest that the differential pattern of 

microglial activation between male and female rats is not attributable to the dose of LPS. 

The density and pattern of microglial activation is consistently different in female rats 

even when LPS doses are administered that do not affect systemic variables or produce 

behavioral impairments. Thus, the properties underlying the differential microgUal 

response on gender remain unclear. Taken together, however, these data suggest that the 

functional consequences of chronic neuroinflammation are different between genders and 

the hormonal status of the animal may influence the microglial response in female rats. 
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CHAPTER 9; ARTIFICIAL INDUCTION OF OVARIAN 

HORMONE RHYTHMS BY NOVEL CYCLE 

REPLACEMENT PUMP 

Introduction 

Reproductive function is a dynamic and tightly regulated process that relies on a 

series of precisely timed homonal signals. These signals induce ovarian release of 

peptides and steroidal hormones, such as estrogen and progesterone that are able to 

feedback on the hypothalamus and pituitary to regulate their own release. The positive or 

negative direction of feedback depends on the stage of the reproductive cycle (Silberstein 

and Merriam, 2000), thereby illustrating the importance of hormone rhythms in the 

regulation of reproductive function. Each hormone fluctuates in a fluid manner such that 

their rise and fall may confer more information than their presence or absence alone. 

Each hormonal rhythm underlies an aspect of reproductive function, such that the concert 

of all of these rhythms enables normal reproductive function in healthy young animals. 

Menopause is the dysregulation and subsequent cessation of these properly timed 

hormonal signals. In humans, menopause is accompanied by changes in hormone levels, 

gene expression, cell morphology' as well as physiological symptoms such as hot flushes, 

mood changes and memory loss (for reviews, see Henderson, 1999; Ranee and Abel, 

2001). In contrast to humans, rodents do not experience a menopause characterized by an 

ovarian failure. Therefore, hormonal processes during the menopausal transition are 
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different between species. Ovariectomy of rodents induces a surgically-induced ovarian 

failure, resulting in similar menopausal changes that occur in humans (Ranee and Abel, 

2001). Therefore, ovariectomy of young rodents is often used in place of naturally aged 

rodents to produce an animal model of menopause that produces changes similar to those 

occurring with the human menopause. 

The subsequent decline in hormone levels resulting from menopause has been linked 

to the onset of physiological symptoms and disease states. Hormone replacement 

therapies have been proposed to alleviate these symptoms and may prevent the onset of 

some diseases, such as Alzheimer's Disease (AD). For example, estrogen replacement 

therapy (ERT) was first given to combat hot flushes, the most common complaint of 

post-menopausal women (for review, see O'Bryant et al, 2003). ERT not only alleviated 

the hot flushes but was also found to enhance verbal memory (Kampen and Sherwin, 

1994; Rice et al, 1997; .lacobs et al, 1998), visual memory (Resnick et al, 1997) as well 

as overall psychological fonction (Ditkoff et al, 1991) in postmenopausal women 

without dementia. Moreover, early studies reported that ERT may reduce the risk of 

developing AD by 40-60% (Paganini-Hill and Henderson, 1994) as well as improve other 

measures of cognitive function in postmenopausal women with AD (Honjo et al, 1989; 

Hagion et al, 1993; Fillit, 1994). However, recent interventional clinical trials 

investigating estrogen replacement as a therapy for AD have failed (Mulnard et al, 2000; 

Shumaker et al, 2003). It has been suggested that constant hormone replacement may 

result in receptor downregulation which may limit the effectiveness of the therapy 

(Toran-Allerand, 2000). Although post-menopausal replacement of ovarian hormones 
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can be beneficial for some measures, the constant nature of the hormone replacement 

does not mimic the rhythmic fluctuations seen in normal cycling animals and humans (for 

review, see Marriott and Wenk, in press). 

In fact, constant and fluctuating hormone replacement therapies have been shown to 

differentially affect cognitive performance (Markowska and Savonenko, 2002), 

suggesting that homione regimen may be critically important. Previous findings fi'om 

our lab have found an interesting phenomenon concerning the action of ovarian hor mones 

upon the female brain. Specifically, the manner in which ovarian hormones are 

administered may dramatically affect both cognitive pertbrmance and degree of 

neuroinflammation. Fluctuating gonadal hormones in intact animals result in normal 

behavioral performance and moderate inflammatory response whereas constant 

administration of ERT results in an exacerbation of the LPS-induced behavioral 

impairment and a severe activation of brain microglia (Marriott et al, 2002). It is unclear 

whether the neuroprotective effect seen in intact animals is due to fluctuating estrogen or 

some other critical factor that may have been removed upon ovariectomy, such as 

progesterone, activin or inhibin. Current replacement paradigms tend to replace only one 

or two hormones at a time; therefore, the impact of hormones with other ovarian factors 

is unclear. Together, these studies suggest that fluctuating homione replacement 

therapies that better mimic the young intact physiology may be more effective in the 

treatment of some symptoms and diseases. 

Fluctuating hormone regimens can be produced orally or by daily injections to the 

animal. Oral administration of fluctuating hormones can be given by pill, gavage, or 
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tlirough the food or drinking water. Although most often used to maintain constant 

hormone levels, oral regimens can also be modified to produce fluctuating hormone 

levels. The method is time-consuming and difficult to manage, which can result 

inconsistent hormone levels in both dose and time. Moreover, the regimen is ineffective 

in animals that are not eating properly, such as those given LPS infusions (see Chapter 8). 

Daily injections produce consistent hormone levels in both time and dose, although the 

injections are time-consuming and chronic experiments make long-term daily injections 

uncomfortable for the animal 

The current experiment will minimize the problems associated with daily injections 

by developing and characterizing a novel ovarian cycle replacement pump (CyRep 

pump). Daily injections of specific hormones can reproduce the estrous cycle in an 

ovariectomized animal (see Figure 24). Therefore, these hormones can be programmed 

into the CyRep pump to deliver fluctuating hormones to ovariectomized animals thereby 

mimicking the major players of the rat estrous cycle. Thus, the CyRep pump will provide 

a reUable, time-efficient and accurate method to reproduce cyclic hormones. 
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Day 1 
(DIestrus) 

Day 2 
(Proestrus) 

Day 3 
(Estfus) 

Day 4 
(Metestrus) 

i i i t 
islro,Bsr» |ii Pf?««sl®reme |l>} Ctotestwol (_) 

Dayl Day 2 Day 3 Day 4 

i - E»tradio! 
LH ~ Lutelrifzlfig Horriiona 
FSH - Follicte Stimulating Hormon® 
PG - Progesterone 

Figure 24: Hormone injections necessary to mimic the estrous cycle. The estrous cycle of a rat 
fluctuates across four days (A). The cycle can be reproduced in an ovariectoinized animal with daily 
injections of specific hormones, including estrogen and progesterone (B). 

Theoretical Development of the CvRep Pump 

The rat estrous cycle typically spans four days and can reproduced by discrete 

injections of estrogen and progesterone, such that the injection regimen "E E P would 

represent injections of esti-ogen (E) or progesterone (P) or lack of injection (_, denoting 

no injection) administered across the four days (see Figure 24B). A novel CyRep pump 

system can reproduce the major components of this cycle by infosing discrete bands of 

these specific hormones across many days. 



134 

An Alzet osmotic minipump can be used to drive ttie in&sion of tliese hormones. 

The osmotic minipump will be connected to medical grade polyethylene tubing that has 

been preloaded with a predetermined series of hormones tliat will be infused across 

multiple days. Given that the flow rate of the osmotic minipump and tubing diameter are 

known variables, it is possible to get an accurate estimate of the dose of the desired 

hormone administered per hour across multiple days. Adjusting the concentration of the 

hormone or length of the band, which represents the duration of infusion, can alter the 

dose. To prevent smearing of the lipophilic hormones across days, a saline spacer can 

separate hormone bands. Saline was chosen rather tlian air because it is less likely to be 

compressed by pressure in the system. Saline can also be used to fill the reservoir of the 

osmotic minipump and will displace tubing contents, thereby releasing the hormones into 

the animal at a known rate. The CyRep system can infuse for approximately 33 days, 

thus the entire system, referring to both the osmotic minipump and tubing containing the 

hormone contents, can replaced for longer infusion paradigms. 

To eliminate the space needed for large lengths of tubing within an animal, 

polyethylene tubing will be thermoformed into a Lynch coil. The permanent space-

efficient Lynch coil will prevent kinking of the tubing and enable an even flow of 

hormone contents. Once the Lynch coil has been created, the tubing can be filled using 

two microsyringe pumps containing four syringes (estrogen, progesterone, sesame oil, 

and saline). The known height of the desired bands can be used to calculate the exact 

volume that the pump should infuse into the Lynch coil. A 3-way syringe selector 

enables continuous infusion of hormones or spacers into the tubing, while minimizing 
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entry of air bubbles into the assembly. The hormone contents can be manipulated to 

infiise various paradigms of hormone administration, such as chronic estrogen (EEEE; 

estrogen administered all tour days), cycling estrogen (EE _; two days of estrogen and 

two days of vehicle), chronic progesterone (PPPP; progesterone administered all foui* 

days), cycling progesterone ( P progesterone given on the third day only) or 

cycling estrogen and progesterone (EEP_; estrogen given the first two days, 

progesterone given on the third day and vehicle infiised on the fourth day). Thus, the 

CyRep pump is a compact system that can infuse an accurate, predetermined paradigm of 

cycHc hormones into an animal without the need for daily injections. Multiple hormones, 

doses and patterns can be systematically studied and the CyRep technology can be 

applied to other areas of research, thereby illustrating the dynamic qualities of tliis 

application. 

CvRep Pump Specifications 

Osmotic Minipump 

Osmotic minipxmips operate at a constant rate, but can be adapted to deliver drugs 

or hormones at a time-varying schedule (Lynch et al, 1980; Mick andNicoll, 1985). 

In this application, the osmotic minipump reservoir will filled with saline and 

attached to a length of tubing tliat has been pre-loaded with a predetermined series of 

hormones separated by an inert, spacer substance. The spacer substance will be 

hydrophilic and not miscible with the hydrophobic homones. Therefore, tlie loaded 

tubing produces discrete hormone bands. Upon attachment of the tubing to the 
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osmotic minipump, the constant flow rate of the minipump will push the saline into 

one end of the tubing and displace the hormone bands and inert spacers from the 

efflux end. 

Two models of Alzet osmotic minipumps (Palo Alto, CA) can be employed for 

this chronic application: model 2004 and 2ML4. These models were selected for 

their four week nominal flow duration and differ in both size and flow rate (see Table 

2). The smaller Alzet 2004 minipump has a slower flow rate (0.25 pl/hr) and was 

therefore selected as tlie model used for this application. The Alzet minipump 

reservoirs are compatible with many substances including dextrose, DMSO, ethanol, 

distilled water, propylene glycol, saline as well as certain acids and bases. Sesame 

oil, the vehicle used for estrogen and progesterone solutions, is not compatible with 

the minipump reservoir and was restricted to tubing contents. The pump reservoir 

was filled with 0.9% saline, the flow moderator inserted into place, and the osmotic 

minipump was ready to be primed. Pumps were contained in a beaker filled with 

0.9% saline and placed in a 37°C waterbath for 24 hours. 



Table 2; Specifications of Ateet osmotic minipump models for use with the CyEep system. 

Aket Pump Model 2004 2ML4 

Flow Specifications; 
Nominal Pumping Rate (iJ/hr) 0,25 2.5 

Nominal DuraJioa 4 weeks 4 weeks 
Ncwniaal EesOTdr Volume 200 ul 2000 ul 

Overall Dimensions; 
Length (cm) 3.0 5.1 

Diameter (cm) 0.7 1.4 
Wei^tC^ 1,1 5.1 

Total Displaced ¥ol»me (ml) 1,0 6.5 
FiUittgTube Specifications: 

Length (cm, tube only) 2,2 3.5 
Gauge (tube) 27 25 

O.D. (cm) 0,04 0.05 
ID. (cm) 0.02 0.03 

How Moderator Specifications: 
Length, (cm, tube only) 2,4 4,6 

Gauge (tube) 21 21 
O.D. (cm, tube) 0.08 0.08 
ID, (cm,tube) 0.05 0.05 

Wd^t (J) 0,2 0.9 
Material (flange) StjErme Acrylonitrile Styrme Acrylonitrile 

Material (cap) Polyethylene Polyethylene 
Material (tube) Stanless Steel 304 Stainless Steel 304 

Material (outermembrane) Cell ul OS e E ster B1 end Cellulose Ester Blend 
Materid (drug reservoir) Thermoplastic "Diermoplastic 

Hydrocarbon Hydrocarbon 
Elastomer Elastomer 

Alzet pumps vary slightly in their reservoir volume and release rate between 

manufacturing lots. Therefore, minipumps were used from the same manufacturing 

lot to ensure consistency. The total length of time that a specific minipump will flow 

can be determined by subtracting 5% from the mean reservoir volume and dividing 

that number by the mean release rate; these means can be found on the instruction 

sheet enclosed with the packaging. The resulting number indicates the number of 

hours during which a minipurap will release its contents. 
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CyRep Tubing 

Tubing Specifications 

The CyRep application requires tubing that is sufficiently rigid to withstand 

pressure and kinking yet flexible enough to be molded into a space-efficient coil. A 

clear polyethylene tubing fit these criteria and was selected for the CyRep 

experiment. Intramedic polyethylene tubing does not react with tissue, has a low 

water absorption rate, maintains its form up to approximately 140°C and maintains 

rigidity even when vacuum and pressure are applied. This tubing can be pre-loaded 

with a series of hormones and connected to a primed 2004 model osmotic minipump. 

The knovra pump flow rate and tubing diameter enables the calculation of the 

displacement rate through the tubing, thereby creating an adjustable dosing schedule 

that can be infused into the animal across days. Specifications and models of the 

polyethylene (PE) tubing are listed in Table 3, as well as the maximal length of tubing 

the osmotic minipump is able to support. 

Table 3: Specifications of polyethylene tubing intended for use with the CyRep system 

Polyethylene Tutring PE-50 PE-60 
Specificati ons: 

Inner Diameter 
Outer Diameter 

Needle Gau;^ 

0.58 mm (0.023 in) 
0.99 mm (0.038 in) 

23 

0.72 mm (0.03in) 
1.14 mm (0.048in) 

21 
Ncaunai tubing lengtlj to last entire 
duratico of minipump: 

2004 mimpump (200 pi volume) 
2ML4 minipump (2 ml volume) 

74.7 cm 
7«.5 cm 

43.8 cm 
438 OM 

The PE-60 tubing was chosen for the current application due to its larger internal 

diameter and lower resistance. This tubing (PE-60; ID, 0. 76 x OD, 1.22 mm) is 

available in 100 foot rolls from many laboratory supply houses, including Becton-
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Dickinson (Franklin Lakes, NJ). To determine tlie appropriate length of tubing, the 

following length-volume conversion was used: 1 cm of PE-60 and PE-50 tubing 

contains 4,566 and 2.679 ]il of solution, respectively. The maximal PE-60 tubing 

length an osmotic minipump can support is 43.8 and 438 cm, respectively, for 2004 

and 2ML4 models. Therefore, the specific lengths of tubing needed to supply various 

infusion times are listed in Table 4. The maximal tubing length relates to 

approximately 33 days of infusion. The entire CyRep pump, referring to both the 

osmotic minipump and Lynch coil containing the hormone contents, can replaced 

after 28 days to support longer infusion paradigms and ensure accurate dosing. 

Table 4: Lengths of polyethylene tubing (PE-60) needed to support infusions of various 
durations 

30 m. I h 24 h 7d 28 d 30 d 33 d 
2004 

(0,25 |J/hr; 
43.8 cm) 

0.028 0.055 1.32 9.26 37.03 39.d8 43.65 

2ML4 
(2.5 til/hr, 
43S cm) 

0,276 0.551 13.23 92.58 370.33 396.79 436.46 

Lynch Coil Fabrication 

A permanent, space-efficient coil can be fabricated from polyethylene tubing, 

thereby minimizing the space needed to house 43.8 cm of tubing within an animal. 

According to the methods of Lynch and colleagues (1980), a length of polyethylene 

tubing was wound around cylindrical rod that was 0.7 cm in diameter, tlie same 

diameter as the 2004 osmotic minipump. Submerging the rod and wound tubing in 

boiling water for one minute and then immediately immersing both in cold water can 
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themofomt the tubing into a permanent space-efficient coil that will prevent tubing 

kinking and enable even flow of hormone contents (see Figure 25). 

Wrap coiled tubing 
around rod 

Immerse in boiling water-
for 1 minute 

Remove and suismetge 
in ice-coia wafer until cool 

K « RemovB tubing from rod 

Figure 25: Thermoforming a Lynch coil. Polyethylene tubing is wound around a rod and 
submerged Into hot and cold water to create a space-efficient Lynch coil that can be 
programmed with hormones. 

Tubing can then be wrapped around the outside of the minipump or kept separate 

prior to implantation into the animal (see Figure 26). 

• ^ 1 

Figure 26: Implantable osmotic minipump with Lynch coil. Figure courtesy of Abet 
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Programming the CyRep System 

Microinjection Pump and Syringes 

Once the Lynch coil has been created, the tubing can be loaded using 

microsyringe pumps. Two high-precision CMA/100 microinjection pumps 

(CMA/110, North Chelmsford, MA) were used in parallel. Each microinjection 

pump can support three syringes; thus, up to five hormones and one spacer substance 

can be infused into any one CyRep system. The known height of the desired bands 

can be used to calculate the exact volume that the pump should infuse into the Lynch 

coil. Infusion rates between 1 nl/min to 1 ml/min can be set for each pump to enable 

a pulse-free flow. The current experiment infused hormones at a flow rate of 30 

pl/min. 

Three Hamilton syringes (Reno, NV) held estrogen, oil and 0.9% saline. Each 

500 }Jil high-performance syringe is gastight with a 22 gauge cemented needle. To 

eliminate contamination, each syringe was dedicated to that particular hormone or 

vehicle. 

Syringe Selector 

The microsyringe pumps were connected to a 3-way syringe selector (BAS 

UniSwitch; West Lafayette, IN) by PE-50 tubing (see Table 5). Flanged small bore 

tubing connectors (120 pm ID; BAS; West Lafayette, IN) were used to connect 
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tubing to syringe needles and cannula, thereby eliminating dead space and 

minimizing the entry of air bubbles into the assembly. 

Table 5: Specifications of the 3-way syringe selector used with dual raicrosyringe pumps 
%>ecificahoti3 BASUniSwitch Syringe Select«' 

Canaulae (la^etial) 316 Stainless Sed 
Inlet CaatHila (yi) 2.92 

Outlet Cannula (uJ) 1,58 
Dead Vdume (td) 0; crossover device with no unswept volume 
Action Hand-turned st^«less steel lever 

Positions 3; 1 per syringe 
Dim ensi Otis (xn cm, LKWSH 9,%5.1x8.7 

The PE-60 Lynch coil served as the output tubing, although its diameter was too 

large to fit snugly on the output cannula of tlie syringe selector. Theretbre, a flow 

moderator from an osmotic minipump was sawed off and a tubing connector used to 

merge the two diameters. The PE-60 tubing was then attached to the distal portion of 

the stainless steel flow moderator, enabling continuous infusion of hormones or 

spacers into the tubing. A modified version of the CyRep set-up, including 

progesterone, is seen in Figure 27. 



143 

Microsyringe Punips 

3-Way , 
Syringe Seiector \ 

3-Way 
Manifold 

testfogen (Red) 

Progeaterone (Bte) 

Ctiotesterol (Yellow) 

0.9% Saline 
(Green) 

Figure 27: CyRep system setup for programming hormone bands. Includes dual microsyringe 
pumps, three-way syringe selector and polyethylene tubing that can be thermoformed. 

Hormones and Doses 

Hormone contents can be manipulated to infuse various regimens of hormone 

administration, such as chronic estrogen (EEEE), cycling estrogen (EE ), chronic 

progesterone (PPPP), cycling progesterone ( P _) or cycling estrogen and 

progesterone (EEP_). These hormone profiles can also include variations of other 

ovarian peptides, such as activin and inhibin. Previous studies have reproduced the 

estrous cycle using similar injections of estrogen and progesterone. These injections 

reproduced the LH and FSH surges and increased the pit responsiveness to GnRH 

before and after the gonadotropin surge (Aiyer and Fink, 1974; Banks and Freeman, 

1978; Banks et al, 1980; Ptaff, 2002). The specific dose and duration of these 



144 

hormones can be manipulated by altering the band lengths and their concenti'ations. 

For example, a fluctuating ovarian cycle replacement paradigm (EEP_) would use 

bands of estrogen (10 jig 17-P estradiol dissolved in 100 }il sesame oil; Sigma, St. 

Louis, MO), progesterone (500 jig progesterone dissolved in 100 |.d sesame oil, 

Sigma, St. Louis, MO) and oil (100% sesame oil, Sigma, St. Ixjuis, MO) each 

separated by a 0.9% saline spacer. Overall, the specific duration of hormone bands in 

an ovarian cycle replacement paradigm would be approximately 4 hours (0.22 cm 

tubing length) with a 16-hour saline spacer (1.1 cm tubing length) between hormone 

bands to reduce smearing. The final CyRep system that can be implanted into 

animals is pictured in Figure 28. 

d 
Alzet Minipump 

Mod«l 2004 
Flow Rate 

0.25 ul/hr; 37d 

Figure 28: An implantable CyRep system. An osmotic minipump can drive programmed 
hormone bands through thermoformed polyethylene tubing. The efflux will deliver fluctuating 
hormones to an animal at a known rate. 

Experiment 1; Characterization of Cy Rep Band Lengths 

The ultimate goal of the CyRep system is to artificially reproduce the pattern of 

fluctuating hormones seen in young intact animals. Normal ovarian hormones 

fluctuate across days with each hormone having different rates of rise and fall. For 

example, LH has a sharp surge that contrasts the gradual rise and fall seen with 
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estrogen (see Figure 24a). The cuiTent experiment will manipulate band lengths to 

determine the range and limitations of the system and establish the minimum inflision 

time that can be supported by CyRep system. Moreover, band lengths will be 

assessed across days such that a first pass at its reliability can be assessed. 

Methods 

Two microsyringe pumps (CMA-l 10; CMA Microdialysis) containing three 

Hamilton syringes (500 |,tl Gastight High Performance, 22-gauge cemented needle; 

Hamilton) were connected to a 3-way syringe selector (BAS) tliat enabled continuous 

inflision of estrogen, oil or 0.9% saline spacers into the tubing. The flow rate of the 

microsyringe pumps was maintained at 30 pl/min to simulate the reduced flow rate of 

osmotic minipumps. The syringe selector output cannula was connected to 43.8 cm 

medical grade polyethylene tubing (PE-60; 1D=0.03", OD=0.048"; Becton-

Dickinson, Franldin Lakes, NJ) that had not been thermoformed into a Lynch coil. 

Lipophihc dyes were used to visualize flow of the oil through the tubing. 

Preliminary experiments found two dyes suitable for this application. Oil Red O 

(Allied Chemical, Morristown, New Jersey) is a lipophilic red dye that was mixed 

with the estrogen preparation. Sudan Black B (Eastman, Rochester, New York) is a 

lipophilic blue dye that can be later mixed with the progesterone solution. These two 

lipophilic dyes do not mix with water and, therefore, provide visualization of any 

solution mixing that may occur between hormone and oil bands. A white backdrop 

was placed under the tubings to ease the visualization of colors. Due to the 

carcinogenic nature of estrogen, however, the current experiment uses only oil bands 



146 

that have been tinted with the appropriate hormone dye. The dyed-oil band will later 

contain the estrogen solution, and therefore, will be referred to as estrogen in the 

cuffent experiment. Estrogen will be added to the solution once appropriate band 

lengths have been addressed. 

Various lengths of hormone bands were tested. Short hormone infusions enable 

discrete fluctuations of hormones and the long spacer volumes help reduce band 

smearing. With an Alzet 2004 minipump attatched to PE-60 tubing, 6 pl relates to a 

24-hour infusion period and accounts for approximately 1.32 cm. Therefore, estrogen 

bands that are 0.5 |il represent a two-hour infiision period and can be separated by a 

5.5 pl saline spacer (22 h) between days (see Figure 29a). 

E2 Saline 
A. 

C. 

D. 

0.5 5,5 H! 

E2 Oil 
j 

0,5 0.5 5.0 ix\ 

0,5 0.2 0.5 4.8 pl 

t... ..i, . 
0,5 0.5 0.5 4.6 III 

Figure 29: Experimental band length paradigms. 6 pJ relates to a 24 hour infusion. Contents of 
bands are estrogen (E2; pink), sesame oil (Oil; yellow) and 0.9% saline (Saline; green). The 
length of band determines the duration of infusion. 

Other hormone regimens that were tested included the same 0.5 pl estrogen band 

followed a 0.5 pl oil band that served as a chaser to sweep residual amounts of 
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estrogen that may have accumulated along the tubing wall (see Figure 29b). The 24-

hour window was rounded out with 5 ^1 of saline. In addition, the 0.5 ^1 homione 

and 0.5 pi oil chaser bands were separated with an 0.2 saline spacer. 4.8 pi of 

saline rounded out the 24 h window (see Figure 29c). Lastly, the sanie regimen but 

increasing the saline spacer to 0.5 |.il was assessed (see Figure 29d). 

Resuts 

Overall, the microsyringe pumps and syringe selector were able to program 

specific volumes of hormone, oil and saline into the output tubing. These volumes 

were distinct and usually free from air bubbles. Air bubbles skewed honxione bands, 

therefore if an air bubble was introduced into the tubing, all tubing contents were 

ejected and the tubing was filled again. Preparing longer lengths of tubing (~52 cm) 

and then trimming the excess once the tubing was filled made for more accurate 

tubing lengths and hormone programmings. The efflux side of the tubing was cut at 

an angle to distinguish the influx from efflux ends. The lipophilic dye eased 

visualization of the hormone bands, however, the red estrogen band was found to 

smear across the tubing, which may be a result of the estrogen solution smearing or 

the Oil Red O staining the tubing wall Our tubing was assessed following by 

application of an inert coating on the inside of the CyRep tubing. Sigmacote (Sigma; 

St Louis, MO) is a colorless solution of a chlorinated organopolysiloxane in heptane 

that reacts with surface silanol groups on glass, polycarbonate and high-density 

polyethylene to produce a neutral, hydrophobic, microscopically thin film. 

Sigmacote was administered to the polyethylene tubing by connecting a blunted 25-
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gauge needle to a 1 cc syringe filled with the solution. Sigmacote was pushed 

through the tubing and a separate syringe connected to an air supply then pushed the 

remainder of the Sigmacote through the tubing and dried the inside tubing wall The 

coated tubing was allowed to dry for 24 hours prior to use. This product did not 

improve the smearing effect and further research into the product found its 

incompatibihty with polystyrene, polypropylene and low-density polyethylyene. 

Further inquiry to the tubing manufacturer revealed that the intramedic polyethylene 

tubing used in the current experiment is made of low-density tenite polyethylene 800 

(density 0.918 g/cm^) and swells at room temperature when exposed to organic 

solvents, such as chlorinated, aromatic and ahphatic hydrocarbons. Therefore, the 

tubing used in the current experiment is incompatible with the Sigmacote product and 

its use was halted, despite no observable swelling of the tubing walls. 

The smearing of the red estrogen solution could be reduced, but not eliminated, 

by first passing saline and oil through the tubing prior to loading the honnone and 

vehicle bands. A literature search revealed that Oil Red O is capable of permanently 

staining polyethylene tubing and has been used as a marker for locating polyethylene 

debris in the body following hip replacement surgeries (Hansen et al, 2000). No 

such information for Sudan Black B was found in the literature and its use has 

replaced the Oil Red O as the lipophilic dye for the estrogen solution. Sudan Black B 

is easily distinguishable from the control oil bands and no broad smearing has since 

been found following its use. 
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'Hie band length can be manipulated with the microinfusion pumps capable of 

producing discrete hormone bands as small as 0.2 pi. Tlie 0.2 pi bands were short

lived, however, as these narrow bands quickly merged together as more bands were 

infused and hormone contents moved down the length of tubing. Increasing the band 

length produced more viable results. For example, a 0.5 pi homione band separated 

by a 5.5 pi saline spacer remained relatively intact although the estrogen dye smeared 

to the subsequent oil bands. This problem was minimized by including a 0.5 pi oil 

sweeper after the hormone band. It is thought that the post-hormone oil band will 

pick up any residual estrogen remaining in the tubing prior to the arrival of the next 

day's hormone infusion. Immediate juxtaposition of the estrogen band and oil chaser 

(Figure 29b) is likely to result in the diffusion of estrogen into the neighboring oil 

band, thus creating a longer, weaker infusion that still has the capabihty of smearing 

to the subsequent oil band. Addition of a 0.2 pi saline spacer between these bands 

appeared to be beneficial short-term, as determined by visuahzation of a distinct blue 

hormone band followed by the saline spacer, and then a low level of blue dye in the 

oil chaser but not subsequent oil bands. However, too much pressure in the system 

resulted in band compression and fusion with longer tubing lengths. Compression 

and fusion were eliminated when the volume of the saline spacer was increased to 0.5 

pi. Multiple distinct bands could be programmed and remained intact over the course 

of time and tubing length. Thus, greater band lengths reduced resistance and worked 

better over longer periods of time. The infusion period was approximately six hours; 

a two-hour hormone infusion separated by a two-hour saline spacer and followed by a 
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two-hour oil chaser. It is hnportant to note that the increased band lengtlis refer to 

greater infusion times and make rapid hormone infusions, such as mimicking the LH 

pulse, a virtual impossibility. Fluctuating estrogen and progesterone simulations still 

remain viable option witli tlie current tubing and osmotic minipump. 

Moreover, it was observed that the last oil band appears to be consumed across 

time. This effect appears to be mediated by the long saline band between days, rather 

than the small saline spacer between hormone bands. Replacing saline with sesame 

oil between days prevents band consumption. It is unclear whether this is an effect of 

resistance, flow rate or a combination of both. Fuither, because the minipump 

reservoir is filled with saline and cannot be replaced with sesame oil due to 

incompatibility, it is necessary to create a large band of oil separating hormone 

contents in the tubing and reservoir saline. Backfilling the tubing with twenty p,l of 

oil appears to be sufficient to protect honnone contents from saline consumption. 

However, backfilling reduces the number of days that the minipump can infuse 

hormone rhythms before needing to be replaced. The pump can typically support 

43.8 cm of tubing which equates to approximately 33 days of infusion. Given a one 

centimeter length of PE-60 tubing holds 4.566 jrl, the 20 ^1 oil backfill relates to 

approximately 4.38 cm of tubing, resulting in a total tubing length of 41.4 cm when 

added to the 37.03 cm of tubing needed for twenty-eight days of infusion. Thus, 

providing an oil backfill is both feasible and protective for the CyRep system. 
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Experiment 2: Hormone Stability and Extraction Characterization 

Prior to characterizing the rise and fall of hormone bands in an in vitro or in vivo 

preparation, it is important to characterize both hormone stability and extraction 

procedure. Estrogen is liglit-sensitive and stable at room temperature, however its 

stability once dissolved in sesame oil is unknown. Several conditions that may affect 

its stability will be addressed, including light and heat. The current experiment will 

assess the stability of estrogen after twenty-eight days of exposure to a variety of 

conditions by determining whether 17p-estradiol decays into metabohtes or remains 

intact over time. 

Although the radioimmunoassay is designed to detect blood levels of estradiol 

from serum or plasma samples, little is known regarding its extraction efficiency from 

samples with high oil content. One study using similar extraction methods reported 

success in extracting progesterone from whale blubber (Mansour et al., 2002). The 

current study will determine the extraction efficiency of lipophilic steroid hormones 

from samples with high oil content. As the hormone bands being released from the 

CyRep pump will be collected in plastic eppendorf tubes, it is important to determine 

that the method of extraction from these tubes is both reliable and efficient. 

Therefore, the current experiment will validate the methods used to test the CyRep 

system, thereby providing important information regarding both internal controls and 

band length. 



Methods 

A 100,000 pg/ml estrogen stock solution was prepared for the current experiment. 

The high dose relates to a 50 pg dose per 0.5 (il band (100 pg/ j-il; see Table 6). A 

serial dilution was used to ensure an accurate measurement of estrogen was made. 

The 5000 pg/ml stock solution was first measured and mixed with the appropriate 

volume of sesame oil. A 100 pi aliquot of that stock solution was then mixed with 

900 !i,l sesame oil to produce the 500 pg/ml dose. A 100 |il aliquot of 500 pg/ml 

solution was then further mixed with 900 pi of sesame oil to produce the final 50 

pg/ml dose. 

Table 6: Estrogen doses and factorial increases to achieve desired dose in 0.5 fil bands 

Desired Dose 
(pg/mL) 

In What 
Vcdiuiae 

Milt. 
Factor 

Needled Dose 
(PEtoL) 

Needed Dose 
(a/jttL) 

50 pg/ml 0,5 ul (0.0005 
ml) 

2000 100,000 pg/ml O.OOCWOOl 
g/ml 

300 pg/ffll 0,5 ul (0.0035 
ml) 

20000 1,000,000 pg/ml 0,000001 
g/ml 

5000 pg/ml 0.5 ul (0.0005 
ml) 

200000 10,000,000 pg/ml 0.00001 g/ml 

A baseline sample of 200 pi was immediately aliquoted into an eppendorf tube 

and stored at -70X for later analysis. Three other 200 pi aliquots were transferred to 

glass vials that were exposed to one of three predetermined conditions for the 

duration of the experiment. One vial was set on a bench and exposed to light (room 

temperature - light), one was covered with aluminum foil and sat on the same bench 

(room temperature - dark) aid the third was placed in a STT water bath covered with 

aluminum foil (37°C water bath). After 28 days, a 50 pi sample was aliquoted and 
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stored at -70°C until assayed for estrogen levels. An ultra-sensitive double antibody 

radioimmunoassay kit was chosen due to its high detection specificity for estrogen, 

but not its metabolites or precursors (DSL-4800; Diagnostic Systems Laboratories, 

TX); it has a detection range from 2.2-750 pg/ml. Due to tlie upper range of tlie 

assay, samples vi^ere thawed and 5 pi aliquots were used for the experiment. 

Tile efficiency of extracting estradiol from glass vials, polystyrene, and eppendorf 

tubes was determined, A 1,000,000 pg/'ml estrogen preparation was prepared as it 

related to a dose of 500 pg/ 0.5 pi Ten pi aliquots were transferred to borosilicate 

glass vials, polystyrene conical tubes or eppendorf tubes on the day of testing. 

Samples were selected for extraction by either diethyl ether or RIA buffer. All 

samples that were to undergo the ether extraction received one niL of diethylether and 

were capped and vortexed vigorously for 30 seconds. The aqueous layer was allowed to 

freeze in a dry ice/ethanol bath and an 800 pi sample was aspirated from the top layer, 

transferred to labeled glass RIA tube and allowed to evaporate to dryness ovemight. 

Tlie residue was then reconstituted with 200 pi of zero standard, vortexed and assayed 

for estrogen content according to package instructions. Samples undergoing an RIA 

buffer extraction received 200 pi of assay buffer prior to being vortexed and transferred 

to RIA tubes. 

Results 

As seen in Figure 30, a 5 pi aliquot of 100,000 pg/m] dose represented an 

estrogen dose of approximately 250 pg/ml. Estrogen stability was maximal in 

samples stored in the dark for 28 days at room temperature and roughly equivalent to 
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baseline levels. Samples stored in the dark of a 37°C wa ter bath or exposed to light 

have lower estrogen levels, although it is unclear whether these differences were 

significant due to small sample size. Expected values were 500 pg/ml (100 pg/ }il x 5 

|i[), although error in estrogen measurement or pipetting could have accounted for the 

dijBference between expected and actual values. 

300 -I 
i 

Baseline Room Room Waterbath 
(-70 deg C) Temperature Temperafitre (37 deg C) 

(Light) (Dark) 

Experimental Condition 
(After 28 Day Exposure) 

Figure 30: Estrogen stability under different conditions. Estrogen was stable in sesame oil when 
exposed to light, dark or heat for 28 days. 

The efficiency of extraction estrogen from glass vials and eppendorf tubes can be 

seen in Figure 31. Addition of ether to polystyrene tubes resulted in an immediate 

negative reaction with the plastic; thus its extraction efficiency was not pursued. A 

10 ^1 aUquot from a 1,000,000 pg/fil dose can be extracted with ether resulting in a 

mean maximal dose of 1411.5 pg/ml. Although the ether extraction produced 
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maximal extraction efficiency with little internal variability, use of lai-ge amounts of 

ether was toxic and time-consuming. Further, the temperature of the ether fumes 

impacted the volume that could be aliquoted at a time. For example, cold ether 

induced a rise of ether into the pipet tip prior to applied suction whereas warm ether 

resulted in the ejection of bubbles from a static pipet tip. Thus, the ether aliquot had a 

tendency to be inaccurate in volume with the temperature of the ether dictating the 

direction of the error. The low variability in the ether extraction group, however, 

suggests that the volume of ether may not be as important as its presence. Buffer 

extraction from eppendorf tubes was significantly less than that collected with the 

ether extraction, t(18)=9.199; p<0.001; although the mean difference between the two 

was only 84.3 }j,l, less tlian 6% of the total estrogen recovered. 

1600 

*p<0.001 

1400 -1 
g I 
^ I 

1200 
0 4^ 

Ether Extraction Buffer Extraction 
fronn Glass Via fa from Native 

Kppandorf tubes 

Method of Extraction 

Figure 31; Extraction efficiency of estrogen. Estrogen was extracted from sesame oil using ether 
or buffer. Ether extraction recovered significantly more estrogen than the buffer extraction 
method ('^p<0.001). 
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Estrogen extraction with assay buffer was reliable with low variability between 

samples and provided a safer and more rapid alternative to the ether extraction. The 

buffer extraction method can be used when samples contain high amounts of estrogen 

or are contained in a material that is not compatible with ether, such as polystyrene. 

It is unclear whether lower doses of estrogen would have the same extraction 

dynamics or if the procedure would render sample concentrations below the 

radioimmunoassay detection threshold. The expected dose in the current preparation 

was 8000 pg/ml, well above the threshold for the current assay. Therefore, the 

extraction efficiencies of both of these methods may be the result of a ceiling effect. 

Experiment 3: CyRep Band Characterization Across Days 

Experiment 1 has detemined the band lengths of hormone and saline spacers that 

would survive programmed infusion and remain intact after movement through the 

length of the tubing. Further, estrogen is stable and can be extracted from eppendorf 

tubes using either buffer or ether extraction methods. Therefore, the current 

experiment will address the stability and accuracy of these hormone bands across 

multiple days when being pushed by the pressure and flow rate of an osmotic 

minipump. 

Methods 

Two microsyringe pumps (CMA-l 10; CMA Microdialysis) containing three 

Hamilton syiinges (500 nl Gastight High Performance, 22-gauge cemented needle; 
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Hamilton) were connected to a 3-way syringe selector (BAS). I'he flow rate of the 

microsyringe pumps were maintained at 30 nl/min to simulate the reduced flow rate 

occurring with the osmotic minipumps. The syringe selector output cannula was 

connected to 52 cm medical grade polyethylene tubing (PE~60; ID=0.03", 

OD=0.048"; Becton-Dickinson, Franklin Liikes, NJ) tliat had been previously 

thermoformed into a Lynch coil. 

Doses 

Three estrogen doses (50, 500 and 5000 pg/ml) were used in the current 

experiment to determine how the estrogen bands disperse over time. Given that the 

0.5 jil bands were supposed to produce estrogen doses of 50, 500 and 5000 pg/ml, tiie 

actual concentrations these hormone solutions was actually much higher, as seen in 

Table 6. The lowest estrogen level is the same physiological dose that will be used in 

our later experiments. As the 50 pg/ml dose is closest to the detection threshold of 

the radioimmunoassay (2.2-750 pg/ml; Diagnostic Systems Laboratories, TX), this 

dose confers information about the physiological relevance of estrogen smearing to 

adjacent oil bands. The middle dose amplifies the band dispersion and provides an 

estimate of smearing to oil bands located both immediately adjacent as well as those 

farther away. The highest estrogen dose would be off-scale in the early peaks, but 

would be capable of showing any detectable peaks later in the tubing that would 

otherwise fall below the detection threshold. Sudan Black B (Eastman, Rochester, 

New York) used to tint all estrogen solutions blue for easier visualization. Each 

estrogen concentration was stored at room temperature in glass vials covered in 
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alum mum foil, as described in Experiment 2. Syringes and txibing used for each dose 

were isolated from each other to minimize contamination and all tubings were 

programmed with lowest doses of estrogen first. 

Proea-amming the Hormone Bands 

Nine portions of PE-60 tubing (52 cm) were thermoformed into Lynch coils and 

excess water was pushed ttirough the tubing with, a syringe connected to an air 

supply. The tubing was primed with saline (2 |j.l) and oil (I nl) prior to hormone 

programming to reduce smearing. All hormone, oil and saline band lengths were 0.5 

pi, as determined in Experiment 1. Each estrogen concentration (50, 500 and 5000 

pg/ml) was tested in tiiplicate using its own CyRep system. In each preparation, an 

oil band was infused prior to the estrogen band to serve as a baseline and four 

subsequent oil bands were programmed after the estrogen infusion to allow 

visualization of estrogen smearing. Thus, the hormone profile was an oil band, 

estrogen band and four oil bands each separated by seven saline spacers, all 0.5 pi in 

volume (see Figure 32). Periods between days were filled with oil, rather than saline, 

to minimize band consumption as noted in Experiment 1. 

S O S E S O S O S Q i W j S  

^ Each band is 0.5 jil J Next 
0.5 Hi X 12 bands = 6 gl (2411) 1 day 

Direction of Flow 

Figure 32: Experiments! hormone Ijand paradigm to address smearing. 6 pJ relates to a 24 hour 
Infusion. Contents of S)ands are estrogen (E; blue), sesame oil (O; yellow) and 0.9% saline (S; 
green). Each band is 0.5 pJ, conferring an infusion time of 2 hours for each of the 12 bands. 
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Three days of hormones were programmed across the 28-day cycle, such that 

homones would be effluxed on Days 1, 14 and 28. The first day assessed the effects 

of switch trom the microsyiinge pump programming rate (30 |il/min) to the rate of the 

osmotic minipmiip (0.25 jxl/hr). The fourteenth day accounted for the reliability of 

contents being pushed by the pump as well as botli the stability and accuracy of the 

hormone bands. Lastly, the twenty-eighth day was chosen to determine whether the 

osmotic minipumps were still effective at longer time intervals and if homone bands 

could persist at these longer time-points. After the last band on Day 28, 20 jil of 

sesame oil were backfilled to protect the bands from the pump reservoir saline as 

described in Experiment 1. The tubing was then examined tor air bubbles and seven 

intact saline spacer bands. If air bubbles or alterations in the number of bands were 

found, the tubing contents were flushed and the entire contents programmed again. 

Excess tubing was then cut with a scalpel as dictated by both tubing length and onset 

of Day 1 bands. An angle was cut at the distal end of the tubing to distinguish inflixx 

from efflux ends of the tubing. 

Collection and Visualization of the Hormone Bands 

Nine osmotic minipumps (2004; 0.25 pl/lir; Abet) were primed for 24 hours in 

three beakers (three pumps/beaker) filled with 0.9% saline and contained in a 37°C 

water bath. After 24 hours, the filled Lynch coils were attached to the osmotic 

minipumps and a smaller beaker was inserted to weigh down the minipumps and 

ensure all remained submerged for the duration of the study. As there were three 

CyRep systems for each estrogen dose, each beaker held pumps supplying a single 
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CyRep dose. The efflux side of each tubing was draped over the wall of the beaker to 

stay dry and was connected to an eppendorf tube that was modified to snap securely 

in place. The efflux contents could be easily accessed and remained uncontaminated 

by water vapor or other tubing ends. Thus, the minipump but not the output end of 

the tubing was submerged in a water bath that mimicked the temperature of an 

experimental animal. Labeled eppendorf tubes were connected to the efflux end and 

exchanged at four-hour intervals for the first 24 hours according to the infusion 

profile detailed in Figure 33. Three additional samples were collected at 48 hours, 

120 hours and 168 hours. Samples were exchanged for fresh eppendorf tubes during 

the saline spacer period between bands and stored at -70° C until quantification of 

estradiol concentrations by radioimmunoassay (Diagnostic Systems Laboratories, 

Webster, TX). The blue estrogen band and the seven saline bands were easily 

distinguishable fi^om oil bands and it was possible to assess the hypothetical vs. actual 

flow rates of hormone bands. 

Day 1 I Days 2-13 I Day 141 Days 1S-27 I Day 281 

risniofi 
(6 (ilWay X12 days = 72 (ilj 

{72 nl - 0,6 (J saline 8paoet= 71.5 fil) 
77.5 (ilOil 

|.t/dayx13dayB-78til) 
(78 Ml - 0.5 saline spacer = 77.5 MD 

O.S }jWir X12 bands 6 fi) {?.4h) 

s 0 s e s 0 s 0 s 0 s 0 s 

A(2et2004 
0.25 nl/hr 

All samplas collscteM within 24 h 
(Each sample eontainsd >th of sfBux) 

4811 6 [lay 7 day 
(24(1) (T2h) (48h) 

Figure 33: Experimental protocol to assess band accuracy and reliability. Nine samples were 
taken on each of three days: Bay 1,14 and 28. The sharpness of tlie estrogen peak and the 
stability of the bands will be examined. Contents of bands are estrogen (E; blue), sesame oil (O; 
yellow) and 0.9% saline (S; green). Each band is 0.5 jil, conferring an infusion time of 2 hours. 
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Results 

All hormone bands and seven saline spacers were intact for all nine CyRep 

systems across the three days following initial programming and upon attachment of 

the osmotic minipump. Bands could be easily visualized and eppendorf tubes were 

changed approximately every four hours during periods of saline infusion. Caution 

was taken when changing tubes not to bump the system as air bubbles could be 

introduced to the efflux end of the tubing, thereby disrupting the flow of hormones. 

Although all bands were discrete and intact, the flow rate appeared to differ between 

pumps and bands were efQuxed at different rates. Approximately 5 pumps flowed 

properly, 2 pumps flowed at a slower rate and one pump did not flow at all. Due to 

the irregular flow rate, band visualization allowed removal and exchange of the 

eppendorf tubes restricted to times when saline was being effluxed. Therefore, 

eppendorf tubes were connected to the CyRep system for various durations, but 

remained attached for a minimum of 4 hours. Samples were collected for the first 24 

hours, after which samples were collected at 48 hours (2 days), 120 hours (5 days) 

and 168 hours (7 days) after the estrogen band. These samples contained 24 hours, 

72 hours (3 days) and 96 hours (five days) worth of efflux, respectively. 

As seen in Figure 34, infusion of a 50 pg/ml estrogen band resulted in a large 

peak in the first sample that was approximately 23 pg/ml This peak leveled to 

approximately 5 pg/ml with some fluctuations within the first 24 hours and on the 

fifth day after estrogen infusion. The large estrogen peak prior to the scheduled 
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inftision period resulted from hormone contents being pushed through the tubing 

when th e osmotic minipump was attached to the input end of the tubing. 

Figure 34; Efflux profile from a 50 pg/ml input band on Day 1. The red square indicates the 
proposed efflux time of estrogen. The estrogen peak was missed due to attachment of the pump 
prematurely pushing hormone contents through the tubing. 

A similar hormone profile was seen with a 500 pg/ml hormone band (see Figure 

35). As predicted, the dose served to amplify the results seen with the 50 pg/ml dose. 

Specifically, a large peak of approximately 100 pg/ml was seen during the scheduled 

infusion time that returned to baseline within two oil samples. It is interesting that the 

oil band immediately after the estrogen band had an Intermediate estrogen level and 

served as a sweeper to collect remaining estrogen that may have stuck to the tubing 

wall. Again, there were fluctuations within the first 24 hours and on Days 5 and 7, 

when samples contained at least 72 hours worth of tubing efflux. It is possible that 

0 • 

2 I 3 4 0 6 48h 5d 7d 

24 hr (4 hr each) 24 hr 72 hr « 

Input Dose of 50 pg/ml 

24 hr 72 hr 48 hr 
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switching to oil between days may have resulted in larger estrogen concentrations in 

intervening days than would have been otherwise expected with lipophobic saline. 

Future experiments can address whether the estrogen levels in samples collected on 

later days contain low, stable levels of estrogen or have levels that are elevated for the 

duration of the oil infusion. 
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Figure 35: Efflux profile from a 500 pg/ra! input band on Day 1. The red square indicates the 
proposed efflux time of estrogen. There was smearing of estrogen in subsequent samples. 

Infusion of a 5000 pg/ml estrogen band produced a similar peak and diffiision 

profile seen with smaller estrogen doses, in contrast to expected findings of the early 

estrogen peak being too large for detection, infusion of a 5000 pg/ml band produced 

peak estrogen levels of approximately 520 pg/ml that gradually returned to baseline 

within 24 hours (see Figure 36). Estrogen levels rose again when oil was 
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continuously infused on subsequent days, as evident by the increased estrogen 

concentrations seen in the 48h, 5d and 7d samples. 
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Figure 36: Efflux profile from a 5000 pg/ml input band on Day 1. The red square indicates the 
proposed efflux time of estrogen. There was excessive smearing of estrogen across samples in 
subsequent days. 

One week into the experiment, however, it was noted that many of the bands on 

Days 14 and 28 had fused. The merging and migration is most likely due to increased 

pressure in the system. By Day 14, flow rates were wildly variable between osmotic 

minipumps and bands were indistinguishable from each other. In most cases, four to 

five bands of varying length could be seen rather than the seven intact bands; 

therefore, the experiment was ceased after one week. 
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Discussion 

Overall, the CyRep system worked, as determined by programmable infusion of 

multiple bands, hormones and doses into the tubing that can be later effluxed. Much 

work needs to be done, however, to address the problems encountered in the current 

experiment. Cycling hormone replacement methods have been previously used by Lynch 

and colleagues (1980) to administer melatonin rhythms for shorter periods of time. The 

use of moderate melatonin bands separated by saline created an application with a very 

low viscosity. The current application is longer in overall duration, used smaller band 

lengths as well as dififerent lipophilic hormones and vehicles. All of these factors 

contributed to the increased resistance and viscosity in the current experiment. Other 

problems included immediate displacement of tubing contents in the 50 pg/ml dose after 

osmotic minipump attachment. In future experiments, excess tubing will not be trimmed 

until after the minipump has been attached. In addition, tubing coils could be stretched 

and did not quickly spring back to shape after being thermoformed, even when shaped 

around the osmotic minipump. This distortion may cause problems within a chronically 

implanted animal. Therefore, attaching neighboring tubing coils without disrupting the 

polyethylene tubing or its contents was assessed. Both medical grade silastic adhesive 

and superglue were viable solutions for adhering coils. Transparent superglue was the 

easiest, fastest drying and most permanent adhesive. In contrast, silastic medical 

adhesive (Dow Corning) was translucent, more cumbersome and took longer to dry. 

Further, the silastic medical adhesive could be pulled from the tubing and was a more 

temporary, but implantable, adhesive. 
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Many of the osmotic minipumps had different flow rates or were not working 

properly despite being filled and primed in the same waterbath. The manufacturer 

suggested two reasons why tlie pumps may not have worked properly. Fii-st, some 

minipumps cease flowing when they become clogged with compound precipitates. Many 

of these clogged pumps swell in shape as the minipump walls absorb water. One of our 

pumps appeared to be clogged, as evident by the swelling of the minipump and no 

contents being effluxed from the tubing. The rest of the minipumps were of normal 

shape but irregular flow. Secondly, it was advised by the manufacturer that priming of 

the osmotic minipumps be increased in time to at least forty-eight hours rather than 24 

used in the current experiment. The manufacturer cites close to a zero percent failure rate 

with proper priming. 

The irregularities in flow rate may have contributed to the merging of hormone 

bands on Days 14 and 28. For example, the irregular flow rate may have created 

stop/start pulses rather than a gradual continued flow, thereby adding extra pressure to the 

system. In future experiments, all tubing band lengths will be first assessed using 

microsyringe pumps. Tubings will be programmed with hormones as previously 

described and then attached to a Hamilton syringe held by the microsyringe pump. Up to 

three syringes can be used at a time per microsyringe pump, thus six replications can be 

perfonned at any given time. The flow rate of the microsyringe pump can be reduced to 

0.25 fil/hr (4.16 nl/min), thereby mimicking the proposed flow rate of the osmotic 

minipump without the temperature requirements or pump variability. The bands can be 

visualized as they are pushed tlirough the tubing and variations in band length can be 
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tested using neighboring syringes pushed by the same microsyringe pump. In addition, 

the running time and volume can be monitored on the control panel of the microsyringe 

pump, thereby facilitating accurate measurements and eppendorf tube exchanges. 

Variations in band length, hormones, doses, and input/output curves can aJ! be addressed 

using microsyringe pumps. Osmotic minipumps would then be used to validate band 

lengths and infusion times prior to implantation of the hormone profile into an animal. In 

short, this modified method would minimize variability, provide internal controls in each 

experiment and be cost-effective due to limited use of osmotic minipumps. 

It is likely that larger bands will minimize band migration and merging seen on Day 

14. Alzet recommended increasing the band lengths to 1 cm (4.566 pi) to produce the 

best results with their pmnps, although the large bands would be accompanied by 

undesirably long infusion times. It may also be beneficial to use propylene glycol in the 

osmotic minipump reservoir. Propylene glycol may ease flow through the tubing and be 

compatible with both oil and saline contents, thus minimizing band consumption and 

reducing pressure in the system. As reservoir contents are restricted to tlie tubing, 

propylene glycol would not be released into the animal. Again, microsyringe pumps that 

hold syringes tilled with propylene glycol will allow analysis of its compatibility with 

tubing and hormone contents before being tested in osmotic minipumps or animals. 

Once appropriate band lengths have been addressed, it is imperative to characterize 

the accuracy and reliability of the CyRep system prior to its use in experimental animals. 

Other means to test the accuracy of the bands and validity of the pump include use of 

radiolabeled honnonc solutions, such as ^H-estrogen and '"^C-progesterone. Samples of 
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tubing efflux can be collected and measured for the amount of and ''*C in each sample. 

Further, because and can be differentially detected, hormone bands labeled with a 

particular isotope should be pure and contain only that isotope. After the flow and 

accuracy have been monitored in vitro, the CyRep systems will be characterized in vivo. 

CyRep systems will be implanted into young, ovariectomized F-344 rats. The tolerability 

of the CyRep system by tlie animal will be assessed. Several tests monitoring the 

resultant hormone levels within the animal will be performed. For example, the jugular 

vein of rats will be cannulated (Braintree Scientific, Braintree, MA) and serially bled (for 

review, see Waynforth and Flecknell, 1992). Samples can be taken across the estrous 

cycle or at varying time points during infusion of a known hormone band. Blood levels 

in the serial samples will then be determined by radioimmunoassay (Diagnostic Systems 

Laboratories, Webster, Texas). Daily vaginal smears will determine the cycle stage of 

the animals, validate the ovariectomy procedure and determine the effectiveness of 

hormone replacement to the ovariectomized animals. In addition, uterine weights will be 

recorded upon animal sacrifice and will provide an independent marker of blood hormone 

levels. Therefore, three independent methods can be employed to test the effectiveness 

of this ovarian cycle replacement pump in vivo. 

Unfortunately, technical difficulties temporarily prevent further research into these 

questions. Specifically, the outlet cannula of the syringe selector came apart from, the 

setup. According to BAS quality control, it was the first time such an event has been 

recorded. The syringe selector was relumed to the manufacturer to be epoxied under 

warranty. When the syringe selector was returned, it worked properly for approximately 
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one week. After which, bubbles were observed in the lines when switching between 

solutions. To determine whether the bubbles in the line were composed of liquid or air, 

as no saline appeared to be going through the tubing, potassium ferricyanide was added 

to the saline solution. Potassium ferricyanide is a hydrophilic bright yellow dye that 

could help address whether saHne was responsible for the bubbles. It was observed that 

the bubbles were a result of both saline and oil, as the bubbles were composed of the last 

compound in&sed before a switch was made. For example, switching from oil to tlie 

yellow saline solution produced oil bubbles in the saline just as switching from saline to 

oil produced yellow bubbles in the oil band. Further, the input cannula began to leak and 

again the syringe selector was fixed under warranty. The manufacturer advised that the 

apphcation for which the syringe selector was being used was too stressful and would 

likely break again if used for the same purpose. The manufacturer suggested that 

disassembling the syringe selector and running a small drill bit through the parts ahgning 

the central cannula would reduce pressure to the system by allowing more flow through 

cannula. However, performing such a manipulation would void the warranty and the 

modification was not guaranteed to work. Investigation into other products revealed no 

other syringe switchers capable of alternating between three hormone solutions with a 

zero dead volume between solutions. Thus, further experiments to test the accuracy and 

reliability of the pump were halted due to technical restrictions in the programming of 

tubing contents. 

Overall, the current experiment introduced a novel method that attempted to deliver 

accurate and reliable paradigms of cycling hormones without the need for daily 
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mjections. Fluctuating homional paradigms have been suggested to differentially 

modulate the consequences of some disease processes, such as chronic 

neuroinflammation. Therefore, the current application is timely and holds promise to be 

a reliable, accurate, and time-efficient method for reproducing the major ovarian 

hormone fluctuations in an ovariectomized animal through a compact, implantable 

system. As a technology, the CyRep system could be easily modified to suit other 

experimental protocols. The halting of the CyRep system is unfortunate, as the 

technology may have served as an important stepping stone for studies desiring to look at 

models of hormone and drag fluctuations over long periods of time. 
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CHAPTER 10: INDUCTION OF FLUCTUATING 

ESTROGEN RHYTHMS USING AN INJECTION 

PARADIGM. 

Introduction 

Estrogen has complex actions on the brain that can be beneficial or detrimental 

depending on the timing and duration of estrogen exposure. Animal models investigating 

fluctuating hormones have shovt'n beneficial effects on brain plasticity, cell survival, and 

cognition (for review, see Brinton, 2001). However, current research suggests that 

continuous esti-ogen administration for long durations may have deleterious effects on 

endocrine and immune function (Marriott and Wenk, in press). Interestingly, most 

estrogen replacement therapies to post-menopausal women use a chronic replacement 

paradigm (Ansbacher, 2001) that may be ineffective or deleterious when given to post

menopausal women with AD or other diseases characterized by the presence of chronic 

neuroinflammation (Marriott et al., 2002). It is unclear whether fluctuating estrogen can 

differentially affect the consequences of neuroinflammation. 

The rat estrous cycle spans four to five days and is characterized by cyclic 

fluctuations in numerous hormones and peptides, such as estrogen, progesterone, 

luteinizing hormone and follicle stimulating homone. In the rat, estrogen undergoes a 

gradual rise over sixty hours that culminates in a twelve hour proestrus peak (Waynforth 

and Flecknell, 1992). Injections can be used to deliver fluctuating estrogen to 
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experimental animals and mimic the proestrus peak of the cycle, when estrogen levels are 

at their highest. The current experiment will assess kinetics of a fluctuating estrogen 

paradigm , as measured by the rise and fall of estrogen levels following an estrogen 

injection that delivers proestrus levels of estrogen by injection once every four days. 

Circulating estrogen levels can be determined by collecting trunk blood at the time of 

sacrifice and analyzing estrogen content by radioimmunoassay. However, the kinetics 

and metabolism of the estrogen injection across time cannot be assessed without 

analyzing serial blood samples taken over the course of the injection. Therefore, the 

current experiment will implant jugular catheters into ovariectomized rats to monitor the 

kinetics of estrogen when administered by chronic and fluctuating replacement regimens. 

Methods 

Surgery 

Eleven virgin female F-344 rats (Harlan Sprague-Dawley breeders), aged three 

months, were housed in a temperature-controlled room (21°C) with food and water 

available ad libitum. All rats were maintained on a 12-hr darkdight cycle with lights 

on at 9:00 AM to mimic the hormonal regimens characterized in the light phase of the 

cycle (Aiyer and Fink, 1974; Banks and Freeman, 1978; Banks et al, 1980; Pfaff, 

2002). Animals were allowed to adjust to their new environment for one week prior 

to surgery. 
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Jugular Vein Catheterization 

Rats were anesthetized with an isoflurane gas system (Medical DislTibiiting 

Company; Phoenix, AZ) that mixed isoflurane (2.5% by volume) with compressed 

oxygen (2 liters/minute). When an appropriate depth of anesthesia was reached as 

determined by lack of response following a toe pinch and respirations that were 

relaxed and regular, the animal was laid on its back with the head towai'd the surgeon. 

A nosecone attachment provided continuous gas anesthesia for the duration of the 

surgery. The right side of the ventral neck was shaven and betadine was applied. A 2 

mm incision was made in the right ventral neck. Fat and connective tissue 

surrounding the jugular vein were cleared by blunt dissection with care not to disturb 

the vein. A pair of forceps was passed under the vein with two pieces of thread 

passed underneath. The anterior thread was tied tightly to occlude the vein whereas 

the posterior thread was loosely placed. The vein was placed under light tension by 

raising the posterior ligature vertically. Using fine scissors, the vein was hemisected 

between the two ligatures and a heparinized saline-filled catheter (Braintree 

Scientific; Braintree MA; 20 units heparin/ml) was inserted into the vein with the aid 

of a sterile disposable catheter introducer. The catheter was advanced to the heart 

until it the end reached the enti-ance of the right atrium. The posterior ligature was 

then tied securely around the vein and catheter. Catheter position was verified by 

attaching a saline-filled syiinge to determine if blood could be withdrawn easily. If 

satisfactory, the blood was then flushed back into circulation and the catheter was 

filled with heparinized saline (20 units heparin/ml) in order to provide a "heparin 
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lock." A third ligature was tied between the first and second ligatures to secure the 

catheter to the vein. To exteriorize the catheter, the dorsal neck was shaven and 

cleaned with betadine. A 1 cm incision was made in the dorsal neck and a pair of 

straight tbrceps created a subcutaneous pocket from the dorsal incision to the entry 

point of the jugular vein catheter. A 180-degree loop of catheter was fashioned and 

tied to the fascia to form a "stress loop" that provided slack and accommodated the 

animal's normal movements. The end of tlie catheter was gi*asped with forceps and 

pulled subcutaneously until the catheter exited the incision. The extruding catheter 

was cut to 25 mm and capped with a stainless steel pin (0.027" diameter). All skin 

incisions were sutured and cleaned. 

Ovariectomy and Silastic Capsule Implantation 

During the same surgical procedure, the animal was bilaterally shaven above the 

honch and placed on its side on a warmed isotherm pad. A nosecone delivered 

anesthesia throughout the ovariectomy procedure. Betadine was applied to the 

shaven area on one side. A half-inch superior to the honch, a parallel incision was cut 

successively through the outer dermal layer, muscle, and inner dermal layers. Gauze 

was applied to the skin around the incised area and the fat pad, containing the ovary 

and uterine horn, was dissected. A ligature was tied around the uterine horn to 

minimize blood flow to the ovary. A cut was made between the ovary and suture and 

the ovary was excised. Blood flow was monitored and stopped prior to closing the 

wound. The fat pad was then tucked back into the cavity and sutures were applied to 

the inner dermal, muscle and outer dennal layers. The animal was then turned to the 
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other side and the same surgical procedures were used. Following ovariectomy, the 

surrounding skin was cleaned and betadine was applied. Animals were then 

randomly assigned to either fluctuating or constant estrogen treatment groups. 

Ovariectomized animals assigned to tlie constant estrogen group (n=4) were 

subcutaneously implanted with 5 mm silastic capsules (0.058 in [0.147 cm] i.d., 0.077 

in. [0.195 cm] o.d.; Dow Corning, Midland, MI) into die dorsal back at the time of 

surgery. Capsules contained 25% 17p-estradiol and 75 % cholesterol (Sigma) that 

have been previously described to produce physiological blood levels of 30 pg/ml 

(Marriott et al., 2002). Silastic capsules can maintain constant levels of estrogen for 

at least two months (Gibbs, 2000b). The replacement of estrogen in a chronic, rather 

than cyclical, manner mimics the method of ERT commonly given to post

menopausal women (Ansbacher, 2001). Jugular catheterization of animals receiving 

constant estrogen allows visualization of estrogen levels across time, thereby ensuring 

stable and continuous estrogen release. 

Following surgery, animals were subcutaneously injected with 3 cc of sterile 

saline to minimize dehydration and placed in a warmed incubator until awake and 

active. Animals were housed individually in cages to minimize disruption to the 

catheter. Removing the heparin solution every other day minimized clotting within 

the catheter. Blood was returned to circulation and the catheter was flushed with 0.1-

0.2 mi sterile saline. The catheter was then refilled with fresh heparinized saline. 

General health of the animals was monitored and supplemental food was provided, as 

necessary. 
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Estrogen Injections 

Rats assigned to the fluctuating (pulsed) estrogen replacement regimen (n=7) 

received one estrogen injection (E2:10 ng 17|3-estradiol dissolved in 100 |j.l sesame 

oil; Sigma, St. Louis, MO) eveiy fourth day beginning the day after surgery followed 

by three days of no injections. The dose of estrogen chosen in this study was shown 

to be effective in inducing hippocarapal plasticity in young female rats (Woolley and 

McEwen, 1992). Injections were given in the morning between 10:00 and 12:00 AM 

to maintain consistency between animals. Previous reports indicate blood levels can 

be detected at 50 pg/ml within five hours of injection, which then decay to baseline 

within 24 hours (Gibbs, 1996, 1997,1998). Over the course of the six days, animals 

received two injections: one the day after surgery and the other four days later on Day 

5,24 hours prior to sacrifice on Day 6. 

Blood Sampling Procedures 

Five days after surgery, animals underwent 24 hours of serial blood sampling. A 

female rat has a blood volume of approximately 65 ml/kg (approximately 9.75 ml for 

a 150 g rat). A total of 8 samples were collected: one 30 minutes before the estrogen 

injection and then 5 min, 30 min, 1 hr, 2 hr, 4 hr, 8 hr, and 24 hr after the injection. 

Each sample removed 300 fil of blood that was replaced with the equivalent volume 

sterile saline (3.07 % blood volume per sample). Tlieretbre, a total of 2400 pi of 

blood was taken in a 24-hour period (24.6% of total blood volume in 24 hours). 
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Following the last blood sample, animals were anesthetized with isoflurane, sacrificed 

by decapitation and trunk blood was collected. 

Estradiol Radioimmunoassay 

Blood collected from trunk and serial samples was allowed to clot for thirty 

minutes before centriftigation at 3500xg for 20 minutes at 4°C. Serum was then 

aliquoted to a new microcentrifuge tube and stored at -70°C until analyzed for 

estradiol levels by radioimmunoassay (Diagnostic Systems Laboratories, Webster, 

TX). The radioimmunoassay kit can analyze samples between 50 and 200 p,l in 

volume. Because of the low volume of blood samples, 50 jil of serum was diluted in 

150 ^1 of RIA buffer and analyzed. All samples were assayed in duplicate and then 

output values were multiplied by four to account for the lower volumes, according to 

instructions provided by the manufacturer. Estradiol levels were then analyzed by a 

one-way repeated measures ANOVA. 

Results 

All rats gained weight normally after surgery and were in good physical health. 

Jugular catheters remained intact, although two catheters were chewed by animals and 

needed to be trimmed, replaced with a fresh heparin solution and capped with a new 

stainless steel pin. The heparinized-saline within the catheter was exchanged every other 

day for fresh solution for all animals to minimize coagulation within the tubing. 

Animals receiving the constant estrogen treatment had stable, low physiological 

levels of circulating estrogen that were not statistically different between timepoints, as 
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determmed by a one-way repeated measures ANOVA, F(3,20) = 1.999, p=0J51 (see 

Figure 37). Overall, animals receiving a constant estrogen treatment had mean estradiol 

levels of 56,12 pg/ml 
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Figure 37: Kinetics of chronic and fluctuating estrogen r^iraens across a 24-hour period. Jugular 
vein catheterization enabled serial sampling of blood from ovariectoraized animals that had been 
either implanted with a subcutaneous silastic capsule or injected with 10 fig of 17p-estradiol. Silastic 
capsules produced constant estrogen levels of 56 pg/ml. Capsules have been reported to last at least 2 
months (Gibbs, 2000). Injection with estradiol produced an elevation of circulating estradiol within 
one hour that returned to baseline within 24 hours. 

Animals given a fluctuating estrogen treatment had a mean baseline level estradiol 

level of 14.77 pg/ml, indicating that estrogen levels had declined to baseline after 

ovariectomy and from the previous injection given the day after surgery. There was a 

rapid, but non-significant rise of estradiol levels within five minutes of the injection. 

Estrogen levels peaked at 483.23 pg/ml within one hour of the injection that returned to 
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baseline within 24 hours. Although no significa3it differences in estradiol levels between 

timepoints were found, there was a non~signijficant trend for estradiol levels to increase 

after the injection, F(6,29)=2.455, p=0.065. 

Discussion 

Circulating estradiol levels can be manipulated to produce constant and fluctuating 

estrogen levels. In the current experiment, implantation of silastic capsules containing 

25% 17P~estradiol maintained constant, physiological levels of circulating estrogen, as 

measured by serial blood sampling collected across a 24 hour period. These capsules 

have been previously reported to maintain constant levels for at least two months (Gibbs, 

2000b). 

In contrast, estradiol injections given once every four days were capable of 

producing transient elevations in circulating estradiol levels that peaked within an hour of 

the injection and returned to baseline within 24 hours. Controversy exists in the literature 

regarding an injection profile that best mimics the proestrus phase of the cycle. In the rat, 

the proestrus phase is characterized by a slow rise followed by a high estrogen peak. 

Injection paradigms that attempt to mimic the proestrus phase have varied from weekly 

injections (Gibbs, 2000b) to injections for three consecutive days followed by one day off 

(Markowska and Savonenko, 2002). Further, the latter study superimposes the three day 

injection schedule on top of a constant estrogen replacement regimen. In the current 

study, estrogen levels were greater than expected proestrus levels (> 200 pg/ml, Wilson et 

al, 1998), although levels did decline to 83 pg/ml within 8 hours. It is interesting that the 
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dose used in the current study (10 jig 17p-estradiol/100 jil sesame oil) was the same dose 

used by other laboratories to mimic the proestrus phase with different injection schedules 

(Gibbs, 2000b; Markowska and Savorenko, 2002). Thus, there is currently little 

consistency between experimental studies using fluctuating estrogen paradigms. 

Mimicking the proestrus phase of the rat estrous cycle is most desirable because it 

recreates the natural rise and fall of estrogen levels; however, the slow rise and high peak 

make simple injection paradigms virtually impossible. Injections over multiple days that 

are supposed to mimic the slow rise of the proestrus phase instead create bursts that 

decline to baseline between injections that are timed 24 hours apart. The bursting can be 

minimized by using an estrogen that is metabolized more slowly, such as estradiol 

benzoate, although studies using chronic estrogen replacement regimens should be 

cautious as estrogen levels can build up over time (personal communication, C.S. 

Woolley). Early studies investigating estrogen-induced hippocampal plasticity used 

estradiol benzoate (Woolley and McEwen, 1992, 1993), although more recent studies 

have predominantly used the more potent and quickly-metabolized estrogen, 17|3-

estradiol (Gibbs, 2000b; Korol and Kolo, 2002; Markowska and Savonenko. 2002; 

Marriott et al, 2002). 

In the current study, estrogen levels that approximated the proestrus peak but 

declined within 24 hours were accomplished. There was no accumulation of estrogen 

levels over time and multiple bursts of estrogen induced by successive daily injections 

were eliminated. Thus, the current injection profile can be used to produce fluctuating 

estrogen levels that reproduce components of the proestrus peak. 



CHAPTER 11: SHORT- AND LONG-TERM REGIMENS 

OF CONSTANT AND FLUCTUATING ESTROGEN 

DIFFERENTIALLY AFFECT THE CONSEQUENCES OF 

CHRONIC BRAIN INFLAMMATION. 

Introduction 

The menopausal state results in numerous physiological consequences including 

cognitive dysfiinction, loss of attention, mood disorders, hot flushes and increased risk of 

some diseases, including Alzheimer's disease (AD). Post-menopausal women 

demonstrate an increased incidence of AD compared to men (Aronson et al, 1990), even 

after adjusting for the for the greater longevity of women (Jung et al., 1994). It has been 

suggested that the post-menopausal decline in estrogen levels may contribute to the 

increased risk of the disease. In fact, serum estrogen levels are lower in women with AD 

than age-matched controls (Honjo et al, 1989). Estrogen replacement therapy (ERT) was 

first given to post-menopausal women to ease the discomfort of hot flushes and other 

undesirable side effects associated with the menopausal transition. In the course of these 

therapies, epidemiological studies noted that post-menopausal women taking ERT had a 

reduced risk of the developing AD (for review, see Henderson, 1997). In addition, these 

wom en demonstrated a delayed onset of AD and had a milder disease progression (for 

review, see Hogervorst et al., 2000). Animal studies supported the positive effects of 

estrogen replacement. Measures of cognition, neurotransmitter function, brain plasticity, 
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blood flow and cell survival against a variety of toxic insults (neuroprotection) were 

enhanced by estrogen (for review, see Norbury et al., 2003). 

Early human interventional studies investigating ERT as a treatment for AD in small 

subsets of patients were beneficial (for review, see Hogervorst et al, 2000), However, 

three larger randomized double-blind placebo-controlled interventional studies 

demonstrated less encouraging results regarding the effects of estrogen on the brain 

(Henderson et al, 2000; JVlulnard et al, 2000; Wang et al, 2000). In the largest of these 

studies, the effects of ERT were initially beneficial, similar to previous reports using 

smaller gi*oups of patients and shorter treatment durations; however, the performance of 

women receiving chronic ERT ultimately declined significantly more on the Clinical 

Dementia Rating Scale than those receiving placebo (Mulnard et al, 2000). All three 

interventional studies concluded that ERT alone (Henderson et al, 2000; Mulnard et al, 

2000; Wang et al, 2000), or when paired with progesterone (Shumaker et al, 2003), 

could not improve the cognitive abilities of women with mild to moderate AD. Thus, 

results of these clinical trials suggest a pattern of beneficial effects upon cognitive 

fiinction after relatively short-term ERT, which arc attenuated, and possibly reversed, 

following much longer treatment regimens. 

The effects of estrogen may depend on the timing of estrogen exposure. Prolonged 

estrogen deprivation occurring with menopause results in irreversible changes in the 

structure and function of target neurons (Crespo et al, 1991; Simpkins et al, 1997a), as 

well as an overall decline in estrogen sensitivity (Clark et al, 1981), Estrogen is capable 

of regulating the level of its own receptor (Brown et al, 1996), therefore constant 
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estrogen administration may result in significantly lower levels of esti'ogen receptor 

binding that could underlie the reduced effecti veness of chronic estrogen replacement as 

a treatment for AD (Toran-Allerand, 2000). Cholinergic function also varies with 

duration of estrogen exposure. Specifically, estrogen appears to enhance markers of 

cholinergic function after short-term (seven to ten days) but not following long-term 

estrogen replacement (greater than tliirty days). In the medial septum, choline 

acetyltransferase (ChAT) immunoreactivity and expression increase following one week, 

but not four weeks, of continuous estrogen administration (Gibbs and Pfaff, 1992; Gibbs, 

1997). Significant increases in ChAT activity can be seen in the horizontal limb of the 

diagonal band of Broca, frontal cortex and CAl region of the hippocampus following 

three to ten days of treatment (Luine and McEwen, 1983; Luine, 1985), but not thirty 

days of continuous estrogen replacement (Luine, personal communication to Gibbs cited 

in Gibbs, 2000a). Therefore, the regimen of estrogen replacement may affect the 

outcome of biochemical measures, such as cholinergic and estrogen receptor fiinction. 

The regimen of estrogen replacement has also been shown to affect aspects of 

cognition. Animal experiments have shown that working memory deficits are not present 

immediately following ovariectomy but develop after longer durations of estrogen 

withdrawal (Maikowska and Grinnell, 1999; Markowska and Savonenko, 2002). 

Administration of chronic estrogen to these animals does not improve cognition if deficits 

are already detected at the initiation of estrogen administration (Markowska and 

Savonenko, 2002), These results parallel those seen in the humans; i.e. an absence of 

cognitive benefits associated with ERT in post-menopausal women who already have 
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cognitive deficits resulting liom AD. However, pairing estrogen injections that induce 

estrogen fluctuations in addition to the chronic estrogen dramatically improved working 

memory in previously impaired ovariectomized animals (Markowska and Savonenko, 

2002). Thus, the efficacy of estrogen in affecting cognition depends on the hormone 

status of the animal and whether deficits in cognition are already present. 

Gonadal hormones may modulate aspects of neuroimmune function. A recent 

animal study found an interaction between gonadal hormones and the consequences of 

chronic brain inflammation (Marriott et al, 2002), conditions analogous to those existing 

in post-menopausal women with AD. Specifically, the behavioral and pathological 

consequences of chronic neuroinflammation appear to depend on the hormone status of 

the animal. Inflammation induced behavioral impairments in ovariectomized animals 

that became exacerbated by chronic estrogen, similar to the deleterious results seen in 

post-menopausal women with AD who take continuous long-term ERT. Animals 

receiving estrogen had an equally robust activation of microglia, an immune cell in the 

brain capable of producing proinflammatory cytokines. In contrast, ovary-intact animals 

showed no behavioral deficits and approximately half the number of activated microglia 

compared to ovariectomized animals, supporting the notion that fluctuating gonadal 

hormones can be neuroprotective and beneficial on aspects of cognition. It is unclear 

whether the consequences of neuroinflammation can be mitigated following regimens of 

long-term fluctuating estrogen given to ovariectomized animals. 

Therefore, the current study will address whether a fluctuating, rather than 

continuous estrogen replacement regimen can differentially affect the consequences of 
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chionic neuroinflammation. Continuous estrogen has been shown to be beneficial after 

short-term but not following longer treatment durations; therefore, the effects of 

continuous and fluctuating estrogen regimens given for a short period of time will also be 

assessed. Lastly, the current study will address whether declines in cholinergic function 

and estrogen receptor downregulation underlie the synergistic detrimental effects of 

chronic estrogen and neuroinflammation and if these biochemical consequences can be 

differentially affected by fluctuating estrogen administration or shorter treatment 

durations. 

Methods 

Subjects 

One hundred ninety two virgin female F-344 rats (Harlan Sprague-Dawley 

breeders), aged three months, were housed in triplicate in a temperature-controlled 

room (21°C) with food and water available ad libitum. All rats were maintained on a 

12-hr darkrlight cycle with lights on at 7:00 a.m. and allowed to adjust to their new 

environment for one week following arrival. The health of the rats was monitored 

regularly and all rats were randomly assigned to one of two studies ( short-term, ST, 

or long-term, LT), each with ten treatment groups (see below). 

Surgery 

Each rat was anesthetized using an isoflurane gas system (Medical Distributing 

Co., Phoenix, AZ) that mixed isoflurane (2.5% by volume) with compressed oxygen 
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(2 liters/min). Rats were placed in a plexiglas chamber with controlled isoflurane 

delivery. After five minutes, rats were weighed, shaven tor surgery and assessed for 

vaginal cytology. Rats were returned to the isoflurane chamber and allowed at least 

five additional minutes until an appropriate level of anesthesia was reached, as 

determined by lack of response following a toe pinch and respirations that were 

relaxed and regular. Anesthetized rats were then placed in a stereotaxic instrument 

with the incisor bar set at 3.0 mm below the earbars. A strereotaxic nosecone (Kopf 

Instruments; Tujunga, CA) provided anesthesia for the duration of the study. 

Animals rested on a warmed isotherm pad (Braintree Scientific, Braintree, MA) to 

maintain normal body temperature during surgery. Animals were swabbed with 

alcohol and betadine prior to incision. An osmotic minipump (0.25 fil/hr, Model 

2004; Alzet, Palo Alto, CA) containing either artificial cerebrospinal fluid (CSF; 140 

mM NaCl; 3.0 mM KCl; 2.5 mM CaCb; 1.0 mM MgCla; 1.2 mM Na2HP04; pH 7.4) 

or LPS (Sigma; E. coli, serotype 055:B5, TCA extraction; 1.0 pg/pl, dissolved in 

CSF) was implanted into the dorsal abdomen and attached with Tygon tubing (0.02" 

I.D.x 0.06"O.D.) to a chronic indwelling cannula (28 gauge, Model 3280P; Plastics 

One, Roanoke, VA). The cannula was stereotaxically positioned -2.5 mm from 

Lambda on the midline, so that the cannula tip extended 7.0 mm ventral from dura 

and into the 4* ventricle. The dose of LPS has been previously shown by our 

laboratory to produce adequate levels of brain inflammation and induce a behavioral 

impairment in female rats (Marriott et al, 2002). Rats in the control group were 

infused with CSF. The slow infusion rate (0.25 jil/hr) did not alter the volume of the 
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CSF space, as the infusion contributed approximately 0.4% of the CSF volume 

produced by the rat each hour and was only 0.25% of the rat's total CSF volume. Tlie 

Tygon tubing was pre-filled with CSF for all rats and had a total volume of 12 p,l; 

therefore, the LPS solution did not reach the 4'^ ventricle until approximately two 

days after surgery. This delay was introduced in order to prevent the development of 

the inflammatory reaction within the brain before the availability of estrogen from the 

silastic capsules or injections (see below). A recent study suggested that the 

neuroprotective effects of estrogen are absent if the inflammatory reaction is already 

ongoing (Vegeto et al, 2001). 

After implantation of the cannula, each rat was either bilaterally ovariectomized 

(OVX) or remained intact. Ovariectomized animals were subcutaneously implanted 

with silastic capsules containing estrogen or oil (see below). 

For post-operative care, all rats were injected subcutaneously with 3 ml of 0.9% 

(wt/vol) sterile isotonic saline to prevent dehydration during recovery and betadine 

was applied to all incisions to minimize the risk of infection. The rats were 

monitored closely during recovery and kept in a warmed incubator until folly awake 

and active. All of the surgical procedures described above were performed during the 

same surgical episode. 

Estrogen Regimens 

All ovariectomized rats were assigned to either a fluctuating or constant 

replacement regimen. In the fluctuating (pulsed) replacement regimen, 
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ovariectomized rats received one injection of estrogen (E2: 10 jig 17P-estradiol 

dissolved in 100 {jil sesame oil; Sigma, St. Louis, MO) or oil (Oil, 100 sesame oil) 

every four days beginning the day after surgery for the duration of the experiment. 

The injection every four days mimicked the proestrus peak as previously described 

(see Chapter 10). All injections were given in the morning between 10:00 and 12:00. 

Animals receiving the constant replacement regimen were implanted subcutaneously 

(s.c.) with 5 mm silastic capsules (0.058" ID, 0.077" OD; Dow Coming, Midland, 

Ml) containing estrogen (25% 17P-estradiol and 75% cholesterol, Sigma, St. Louis, 

MO), or control capsules (Oil, containing 100% cholesterol) at the time of surgery. 

Silastic capsules can maintain constant levels of estrogen for at least two months 

(Gibbs, 2000b). The replacement of estrogen in a chronic, rather than cyclical, 

maimer mimics the method of ERT commonly given to post-menopausal women 

(Ansbacher, 2001). 

Experimental Design 

Animals were exposed to experimental conditions for either six days (short-term) 

or eight weeks (long-term). The six day timepoint was selected because continuous 

estrogen has shown to be beneficial between three and ten days of treatment (Luine 

and McEwen, 1983; Luine, 1985; Gibbs and Pfaff, 1992; Gibbs, 1997). Six days 

allowed for two injections separated by four days, one the day after surgery and one 

24 hours prior to the time of sacrifice; thus staying witliin the three to ten day 
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window. Eight weeks of iTeatoent has previously been shown to produce an 

interaction between gonadal hormones and neuroinflammation (Marriott et ai, 2002), 

Therefore, the ten treatment groups are as follows and caji also be seen in Table 7 

(minipump contents + homonal status): CSF+OVX/Constant Oil (ST, n=9; LT; 

n=8), CSF+OVX/ Constant E2 (ST, n=10; LT: n=8), LPS+OVX/ Constant Oil (ST, 

n=9; LT: n=9), LPS+OVX/Constant E2 (ST, n=9; LT: n=12), CSF+OVX/JPulsed Oil 

(ST, n=10; LT: n=8), CSF+OVX/ Pulsed E2 (ST, n=9; LT: n=9), LPS+OVX/ Pulsed 

Oil (ST, n=9; LT: n=l 1), LPS+OVX/Pulsed E2 (ST, n=9; LT: n=14), CSF+Intact 

(ST, n=l I; LT: n=9), and LPS+Intact (ST, n=9; LT: n=10). 

Table 7: Experimental groups and numbers 

Hormnne Gnup 
Ovarie ctomiz e d (0¥ X) 

Time InfMiwrnatinii Intact Chronic 
Estfogen 

Chronic 
Oil 

Fluctuating 
(Pidse(|li 
Estrogen 

Fluctuatitig 
(Pulsed) Oil 

Short-Teim CSF 11 10 9 9 10 
(6 Da^s) LPS 9 9 9 9 9 

Loog-Tetm CSF 9 8 8 9 8 
C8 Weeks) LPS 10 12 9 14 11 



Rats were housed in triplicate with other rats undergoing the same treatment in 

order to reduce the impact of bousing on cycling in rats receiving different treatments 

(Stem «& McClintock, 1998). Due to space constraints, rats were housed in two 

colony rooms for the duration of ttie experiment with all animals fi'om the same study 

(ST or LT) housed in tlie same room. Body weights were monitored and nutritional 

supplements were provided as necessary during the infasion period. 

Only animals whose body weights fell below 120 g, 23 grams below the mean 

baseline weight assessed at the time of surgery, were syringe fed with 1.5 cc animal 

Stat. The restriction was made to minimize the chance of preventional feeding 

reducing the number of activated microglia (see Chapter 8). All animals received a 

daily bowl of water-softened rat chow (mash) mixed witli butter, chocolate and sugar 

to ease chewing and encourage eating until animals gained weight normally. 

After six days, animals in the short-term (ST) group were weighed, assessed for 

vaginal cytology, anesthetized with isofluorane and sacrificed by decapitation. Trunk 

blood was collected upon decapitation and the brain quickly removed for dissection 

and immediately placed on an iced metal plate. An ice-cold brain matrix was used to 

section the brain at the optic chiasm and isolate the NBM, hypothalamus and caudate 

according to the atlas ofPellegrino and colleagues (1979). The thalamus, cingulate 

cortex and bilateral anterior and posterior cortices and hippocampi were isolated and 

collected. All sections were placed in labeled microcentri;fuge tubes and immediately 

placed on dry ice until storage at -70"C. Uteri were dissected and placed on ice until 

wet weight was quantified prior to storage at -7()°C. Trunk blood was allowed to clot 



for twenty minutes until centrifuged at 3500xg for 20 minutes at 4"C. Blood serum 

was collected and stored at -70*^C until analysis. After 8 weeks, long-term (LT) 

animals were sacrificed using the same procedures described above. All sacrifices 

occurred 24 hours after the last injection to allow for estrogen levels to return to 

baseline (see Chapter 10). 

Brain Biochemistry 

Microglia Quantification by PKlII95 Receptor Binding 

Two main classes of benzodiazepine receptors exist in mammals; a high affinity 

receptor that is a component of the GABA receptor complex found in the brain and a 

peripheral receptor site that resides on the outer mitochondrial membrane 

(Stephenson et al, 1995) known as the peripheral-type benzodiazepine receptor (Rao 

et al, 2001). The peripheral-type benzodiazepine receptor is a hetero-oligomeric 

complex of three proteins; their major function may be the translocation of 

cholesterol across the mitochondrial membranes for processing into neurosteroids 

(Rao et al, 2001). The isoquinoline carboxamide compound, PKl 1195, selectively 

binds to the peripheral receptor site and has no affinity for the central receptor. 

Within the brain, PKl 1195 binds predominantly to activated microglia at this 

peripheral receptor site (Stephenson et al, 1995; Cagnin et al, 2001; Rao et al, 

2001). 

According to the protocol of Rao and colleagues (2001), samples of the thalamus 

were dissected from frozen brains and assayed for ["^HjPKl 1195 filtration binding 
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(Rao et al, 2001), The thalamus was chosen for its robust activation of microglia in 

female rats (see Chapters 7 and 8) and positive congelation between thalamic activated 

microglia and behavioral impairments on a Morris water maze task (see Chapter 7). 

Thalami were homogenized in 20 vol of ice-cold 50 mmol/L Tris-HCl (pH 7.4) 

buflfer. Membranes were prepared for the binding assay by repeated centrifugation 

(40,000 X g tor 20 min at 4"C), repeated freeze-thawing and resuspension in 10 vol of 

buffer. Protein content of the final suspension was determined according to the 

method of Lowry and colleagues (1951). The binding assay was performed at 4%"! for 

2 hours in a final volume of 500 pL containing 1 T|M [^H]PK1 1195 (specific activity, 

85.5 Ci/mmol). The assay was terminated by addition of 4 ml of ice-cold buffer 

followed by vacuum filtration through Whatman GF/B glass microfiber filters 

(presoaked in 0.3% polyethylenimine for at least 30 min). The filters were washed 

twice with ice-cold buffer, air-dried by vacuum and the radioactivity on the filters 

was determined by liquid scintillation spectrometry. All assays were performed in 

tripUcate; specific binding was defined by addition of 20 pmol/L diazepam to the 

incubation solution. The results were analyzed by two-way ANOVA. 

ChAT Activity 

Choline acetyltransferase (ChAT) activity was analyzed in samples of left anterior 

cortex by the formation of ['''C]-acetyicholine from [^''Cl-acetyl-coenzyme-A (New 

England Nuclear, Boston, MA) and choline according to the method of Fonnum 

(1969). The ChAT enzyme is specific for cholinergic cells; its decline in the cortex is 

used as a standard measure of cholinergic integrity within tlie basal forebrain region 
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(Wenk et al, 1994). Protein content was determined for each sample (Lowry et al, 

1951). All assays were performed in triplicate; results were analyzed by two-way 

ANOVA. 

Estrogen Receptor Quantification 

Hippocampal estrogen receptors were quantified using radioligand binding 

according to the protocol of Rainbow and colleagues (1982). The hippocampus was 

selected for its involvement in spatial learning and memory; the entire right 

hippocampus was used because the density and estrogen receptor isoform varies 

between dorsal and ventral aspects of the hippocampus (Shughme et al, 1997; 

Shughrae and Merchenthaler, 2000). Tissue was homogenized at a moderate speed 

for 10 strokes in 10 ml/g TEGD buffer (10 mM Tris-HCl, 1.5 mM disodium EDTA, 

10% v/v glycerol with IniM dithiothreitol added on the day of use, pH 7.4 at 4®C). 

Homogenates were centrifuged at 105,000 g for 20 minutes at 4°C and cytosols were 

aliquoted into labeled microcentrifuge tubes and frozen at -70°C to ensure all samples 

were exposed to the same conditions prior to the assay. 3% NaOH was added to the 

remaining pellet and stored at 4°C until protein content was analyzed for each sample 

(Lowry et al, 1951). Seven }il of thawed cytosol was diluted in 68 jil TEGD buffer to 

minimize backgi ound signaling, according to the recommendations of Rainbow and 

colleagues (1982). In triplicate, total binding was assessed using 25 ^il of [2,4, 6, 7-

*^H(N)] np-estradiol (1 nM; Perkin Elmer, Boston, MA; specific activity 95 

Ci/mmol), 25 )i.l TEGD buffer and 75 ^1 cytosol-buffer. Non-specific binding was 

assessed by the addition of 25 |il DBS (1 liM, dissolved in TEGD; Sigma). Blank 
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activity v^^as determined by 25 |j.1 [^HJestradiol and 100 |.il TEGD buffer. Samples 

were vortexed and incubated on ice at 4°C for 4 hours in plastic microcentriflige 

tubes. Bound [^HJestradiol was separated from free using filter paper (25 mm 

cellulose ester membranes, pore size 0.45 |.im; Millipore) and vacuum, adapted from 

the protocol of Matthews and Zachai-ewski (2000). Filter papers were pre-soaked for 

at least an hour prior to use in cold 03% polyethylenimine solution. A 100 fj.1 aliquot 

of the sample was applied to the filter paper under suction and rinsed four times each 

with four milliliters of TEG buffer (TEGD buffer without dithiotihreitol, pH 7.4 at 

4°C). After drying, filter papers were placed in vials with 5 ml of liquid scintillation 

cocktail and counted for five minutes in a scintillation counter to determine bound 

estradiol. Results were analyzed by two-way ANOVA. 

Nitrotyrosine levels 

A solid-phase enzyme-linked immunoabsorbant assay (ELISA) was used to 

determine levels of nitrotyrosine in samples of posterior cortex. Nitrotyrosine is a 

marker of inflammation that is produced in the presence of nitric oxide. Samples of 

right posterior cortex (25-100 mg) were homogenized in 1 mL extraction solution (20 

nM Tris-HCl, 200 pM phenylmethanesulfonyl fluoride, 100 pM EDTA, 5 mL protein 

inhibitor cocktail (Sigma) brought up to 500 mL with ddH20, pH 7.4). Homogenized 

samples were centrifuged at 1000 xg for fifteen minutes at 4°C and stored at -70°C 

until assayed for nitrotyrosine levels according to package instructions (Cell Sciences, 

Canton, MA). Results were analyzed by two-way ANOVA. 
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Blood Chemistry 

Circulating estradiol, progesterone and corticosterone levels were assessed by 

radioimmunoaSvSay (RIA) on serum collected from trunk blood at the time of 

sacrifice. All kits were supplied by Diagnostic Systems Laboratories (Webster, TX) 

and did not require extraction prior to use. Estradiol was detected in duplicate 200 nl 

samples by a double-antibody ultra-sensitive RJA with a range of 2.2-750 pg/ml. An 

Active Progesterone RJA kit assessed duplicate 25 p,l samples with a range of 0.3-60 

ng/ml. An Active Corticosterone RIA kit quantified duplicate 25 pi samples with a 

range of 0-2000 ng/ml. All three assays were performed on the same aliquots of 

serum and radioactivity was detected and counted for one minute by gamma counter 

(Packard Instruments). 

Results 

Physiological Effects 

Body Weight 

Infusion of LPS induced a weight loss in animals that could be seen within 6 days. 

Short-tem animals infused with LPS had significantly lower body weights than 

animals infused with CSF, as determined by two-way ANOVA, F(1,93)=218.894, 

p<0.001 (see Figure 38a). Animals infiised with LPS for 8 weeks also had lower 

body weights than animals receiving CSF, F(l,97)=35.957, p<0.001 (see Figure 38b). 
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Figure 38: Body weight at time of sacrifice. Animals were treated for six days (A) or eight weeks 
(B). A: Animals infused with LPS had significantly lower body weights by six days after surgery 
(p<0.001). B: Animals treated for eight weeks also had lower body weights when infused with 
LPS (p<0.001), although animals gained weight over time. 

The difference in weight loss was maximal on days S+8 through S+14, when 

weights of LPS-inflised animals were at their nadirs (all p<0.05; see Figure 39). By 

the eight-week timepoint, all CSF animals weighed significantly more than their 

baseline surgical weights (all p<O.OOI). LPS animals gained weight compared to 

their nadirs; LPS animals infused with constant oil and fluctuating estrogen weighed 

significantly more at the time of sacrifice compared to baseline surgical weights (both 

p<0.001), while the other LPS groups showed no significant difference between 

starting and terminal weights. 
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Figure 39: The rate of weight gain in animals treated for eight weeks. The difference between 
CSF- and LPS-infused rats was maximal between days S+8 through S+14 (* with line, all 
p<0.05). At the time of sacrifice, all CSF rats weighed more than their baseline taken at surgery 
as did LPS animals given fluctuating estrogen or constant oil. All other LPS-infused animals 
showed no difference from baseline weights. 

Uterine Weight 

Ovariectomized animals receiving oil injections or silastics had low uterine 

weights after either six days or eight weeks of treatment (see Figures 40a and b, 

respectively). After six days of treatment, there was a main effect for hormone 

(F(4,93)=66.546, p<0.001). Administration of fluctuating estrogen to ovariectomized 

animals increased uterine weight compared to both intact and oil controls (both 

p<0.001). Constant estrogen administration fmther increased uterine weight 

compared to all other groups (p<0.001). There was also a main effect for 

inflammation (F(l,93)=10.693, p=0.002) and interaction between hormone and 
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inflammation (F(4,93)=5,84, p<0,001), such that the LPS infusion was synergistic 

with constant estrogen treatment in increasing uterine weight (p<0.001). 
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Figure 40: Uterine weights and vaginal smears of animais treated for six days or eight weeks. 
The size of the uterus fluctuates across the estrous cycle (see inset In A). A: After six days of 
treatment, Usere was a mala effect for inflammation (|»=0.002), hormone (p<0.001) and an 
interaction between hormone and inflammation (p<0.001). Pulsed estrogen was different from 
intact, oil and chronic estrogen groups (all p<0.001). Uterine weights within constant estrogen 
were significantly greater in LPS than CSF (*; p<0.001). B: After eight weeks, uteri of oil 
contro!s<puIsed estrogen< constant estrogen (all p<0.001). No difference in uterine weights were 
found between pulsed estrogen and intact animals (p=:0.363), although LPS+Intact uteri weighed 
significantly less than intact+CSF (••'; p<0 JOI) and LPS animals receiving pulsed estrogen 
(p=0.002). Vaginal smears collected at sacrifice after six days (C) or eight weeks (D) of treatment 
supported the change In uterine weight. Short-term and long-term ovariectomiated animals given 
oil were all in diestrus at the time of sacrifice. Constant estrogen animals were all In estrus. 
Fluctuating estrogen animals were predominantly in estrus, although other stages were also 
represented. All short-term animals received surgery during diestrus and were sacrificed sis 
days later; most were cycling together and in diestrus. Intact long-term animals given CSF had 
vaginal smears containing all cell types. In contrast, long term intact animals given LPS were 
mainly in diestrus consistent with the low uterine weights seen in these animals. 



199 

Following eight weeks of treatment, the main eilects for inflammation 

(F(l,97)=4.478, p=0.037) and hormone (F(4,97)=46.106, p<0.001) persisted as well 

as the interaction between the two conditions (F(4,97)=3.004, p=0.023). Oil controls 

had low uterine weights that were increased by fluctuating estrogen (p<0.001). 

Constant estrogen further increased uterine weights over all other groups (p<0.001), 

although there was no difference in uterine weights between CSF- and LPS-inlused 

animals receiving constant estrogen. In contrast, intact animals receiving LPS had 

significantly lower uterine weights than intact animals receiving CSF (p<0.001). 

LPS-infused intact animals had uterine weights similar to oil controls whereas intact 

animals receiving CSF had uterine weights comparable to ovariectomized animals 

receiving fluctuating estrogen. 

Firrthermore, there was an interaction between experimental condition and 

duration of experiment, F(9,191)=4.125, p<0.001. Intact and constant estrogen 

animals infused with CSF had larger uterine weights after eight weeks compared to 

six days of treatment (p<0.001). In contrast, uterine weights decreased for LPS-

infiised animals receiving constant estrogen between the two timepoints (p<0.001). 

Vaginal Smears 

All ovariectomized rats receiving oil remained in diestrus for the duration of the 

short- and long-term studies (see Figure 40c and d). Ovariectomized animals 

receiving constant estrogen treatment were in estrus for tlie duration of the two 

studies. In contrast, ovariectomized animals receiving fluctuating estrogen had a 
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variable vaginal cytology although the majority of animals were in estrus at the time 

of sacrifice. Intact animals in the short-term treatment group underwent surgery at 

the same stage of their cycle and tended to cycle together, as dem onstrated by the 

majority of animals in diestrus at tlie time of sacrifice. Long-term intact animals 

receiving CSF demonstrated a more diverse vaginal cytology as many different stages 

of the cycle were represented. In contrast, intact animals receiving LPS were 

predominantly in diestrus, suggesting a suppressive effect of inflammation on vaginal 

cytology and mirroring the effects seen with uterine weight. 

Brain Chemistry 

Microglial Quantification by PK11195 Receptor Binding 

Thalamic microglia, as measured by [^H]PK11195 binding, was increased in LPS-

infused animals at both short (F(l,75)=15.552, p<0.001) and long (F(l,97)=7.155, 

p=0.009) timepoints compared to animals infused with CSF (see Figure 41). 

A two-way ANOVA revealed a main effect for treatment duration, such that 

microglia activation was reduced at the eight-week timepoint, F(l,173)=27.416, 

p<0.001). There was an overall significant negative correlation between body weight 

and activation of thalamic microglia after six days (r = -0.409, p<0.003) but not eight 

weeks (r = -0.063, p=0.537) of treatment (see Figure 42), 
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Figure 41: Quantification of activated microglia in the thalamus. Animals were treated for six 
days (A) or eight weeks (B), A: Animals infused with LPS had significantly more microglia than 
CSF animals (p<0.001). B: Animals treated for eight weeks also had significant activation of 
microglia when infused with LPS (p<0.009), although microglial activation decreased over time 
(gray line, p<0.001), LPS was infused for the first four weeks, followed by 4 weeks off. 
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Figure 42: Negative correlation between body weight and activated microglia in the thalamus. 
Animals treated for six days (A) but not eight weete (B) showed a negative correlation between 
body weight at the time of sacrifice and the number of activated microglia in the thalamus. 
Within group, the only long-term LPS-inf«sed animals receiving fluctuating estrogen showed a 
significant correlation (r=0.678, p<§.008, n=1.4). 
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ChAT Activity 

There were no significant differences ia cortical CbAT activity between any of 

the experimental conditions at either time point (see Figure 43). 
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Figure 43: Choline acetyltransferase (ChAT) activity after six days and eight weeks of 
treatment There were no changes in ChAT activity between any groups or timepoints. 

Estrogen Receptor Quantification 

There were no significant differences in the number of estrogen receptors in the 

hippocampus between any of the experimental conditions at either time point (see 

Figure 44). 
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Figure 44: Number of estrogen receptors in the hippocampus. There was no change in the 
number of estrogen receptors in the hippocampus between any treatments or timepoints. 

Nitrotyrosine 

The posterior cortex showed low levels of nitrotyrosine after six days and eight 

weeks of treatment that was not significantly different between groups at either 

timepoint (see Figure 45). However, there was a small but significant positive 

correlation between cortical nitrotyrosine levels and activation of thalamic microglia 

after eight weeks, but not six days of treatment (r = 0.388, p<0.13; see Figure 46). 
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Figure 45: Nitrotyrosine levels In the posterior cortex following treatment. The posterior cortex 
showed low amounts of nitrotyrosine, an inflammatory marlter, after six days (A) and eight 
weeks (B). There were no changes in nitrotyrosine levels between any treatments or timepoints. 
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Figure 46; Correlation between nitrotyrosine and thalamic microglia. There was a small but 
significant correlation between nitrotyrosine levels in the posterior cortex and activated 
microglia in the thalamus after eight weeks (B) but not sis days (A) of treatment. There were no 
correlations between these two markers within groups at either timepoint. 
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Blood Chemistry 

Estradiol, progesterone and corticosterone levels were measured in blood serum 

collected at the time of sacrifice. Sacrifice was performed 24 hours after the last 

injection to allow estradiol levels to return to baseline (see Chapter 10). 

Estradiol 

After 6 days of treatment, a two-way ANOVA revealed main effects for both 

inflammation (F(l,85)=10.475, p=0.002) and hormone (F(4,85)=37.349, p<0.001). 

Intact animals and oil controls had basal estradiol levels (see Figure 47a). 
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Figure 47: Estradiol levels in animals treated for six days or eight weeks. A: Siiort-term intact 
and oil control animals had low estrogen levels, consistent with uterine weight results. 
Administration of constant estrogen significantly increased estradiol levels (red line, p<#.001). 
Fluctuating estrogen to LPS, bwt not CSF, animals increased estradiol levels (*p<0J5). Overall, 
LPS-infused animals had higher estradiol levels. B: Constant estrogen animals had higher 
estradiol levels than fluctMating estrogen animals (red line, p<0.tt2). Within fluctuating estrogen, 
CSF animals had higher estradiol levels (*p<0.02). There was a main effect for treatment 
duration such that estradiol levels decreased by the eight week timepoiot (gray line, p<0.001). 
LPS has been reported to decrease the cytochrome p450 system (Nicholson & Renton, 2001), the 
enxyme system that degrades estradiol into metabolites. This may partially explain the 
differential effect of fluctuating estrogen between CSF- and LPS-infused animals. 
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Constant estrogen administration significantly increased circulating estradiol 

levels more than any other gi'oup (p<0.()01). Estradiol levels in animals injected with 

fluctuating estrogen varied with LPS infasion. Specifically, CSF-infiised animals had 

basal estrogen levels equal to oil controls. In conliast, flucluating administration to 

LPS-infiised animals significantly increased circulating estradiol levels compared to 

intact and oil controls (p<0.05). Overall, LPS-infiised animals had higher estradiol 

levels than those receiving CSF after six days of treatment (p=0.002). 

Following eight weeks of treatment, the main effect for hormone persisted 

(F(4,94)=3.754, p=0.007) and an interaction developed between inflammation and 

hormone (F(4,94)=2.606, p<0.05; see Figure 47b). Within hormone, constant 

estrogen treatment produced larger estradiol levels than fluctuating estrogen (p<0.02) 

and constant oil (p<0.02) with an additional nonsignificant trend to be greater than 

those found in intact animals (p=0.051). Within animals treated with fluctuating 

estrogen, those infused with CSF had higher circulating estradiol levels than animals 

infiised with LPS (p=0.015). Overall, there were no differences between groups 

infused with CSF; in contrast LPS-infused animals given constant estrogen had 

higher estrogen levels compared to fluctuating oil (p=0.005), constant oil (p<0.05), 

and fluctuating estrogen animals (p<0.02). 

In addition, there was a main effect tor treatment duration (F( ] ,180)=10.692, 

p=0.001) and an interaction between experimental condition and treatment duration 

(F(9,180)=7.601, p<0.001), such that estodiol levels decreased with the longer 

treatment duration. Animals receiving LPS and fluctuating estrogen as well as 
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constant estrogen animals in&sed with either CSF or LPS had the greatest decreases 

in circulating estradiol levels (all p<0,00r). In contrast, estradiol levels increased for 

CSF-infused animals receiving fluctuating estrogen between the two timepoints 

(p<O.OB). 

There was an overall significant positive correlation between estradiol levels and 

uterine weights after six days (r= 0.714, p< 1.25x10"^'^) and eight weeks of treatment 

(r= 0.233, p<0.03) when animals were pooled within their respective timepoints (see 

Figure 48). Within group, only short-term intact animals infused with LPS showed a 

significant correlation between these two markers (r = 0.722, p<0.03; data not 

shown). 
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Figure 48: Estradiol levels correlate with uterine weight Overall, there was a positive 
correlation between estradiol levels and uterine weight after short-term (A) and long-term (B) 
treatments. Within group, only short-term intact animals infused with LPS showed a signijRIcant 
correlation between these two markers (data not shown; .722; p<0.03, n=9). 
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Progesterone 

After six days of treatmexit, a two-way ANOVA revealed an overall main efiect 

for hormone treatment (F(4,93)=2.985, p<0.03) and inflammation (F(l,93)=10.979, 

p=0.00l). Overall, LPS-infixsed animals had higher progesterone levels than CSF-

treated animals (p<0.001; see Figure 49a). Within hormone, intact animals had 

higher progesterone levels than ovariectomized animals receiving fluctuating estrogen 

(p<0.03). 
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Figure 49: Progesterone levels differ between intact and ovariectomized animals. Circulating 
progesterone levels in animals after six days (A) and eight weeks (B) of treatment. A: LPS-
infused animals have higher levels of progesterone than CSF animals {p=0.001). Intact animals 
have higher levels of progesterone levels than ovariectomized animals (gray line, p<0.03). B: 
After eight weeks, intact animals have more circulating progesterone than ovariectomized 
animals feray line, p<0.001) and the levels of progesterone in ovariectomized animals decreased 
and were no longer significant. 

With eight weeks of treatment, there was a main effect for hormone 

(F(4,96)=12.168, p<0.001) such that intact animals had greater circulating 

progesterone levels than ovariectomized animals in all other groups (p<0.001; see 
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Figure 49b). Moreover, there was a main effect for treatment duration such that 

progesterone levels decreased between six days and eight weeks of treatm ent, 

F(l, 190)=11.299, p<0.001). LPS-infused animals receiving constant oil, fluctuating 

estrogen and constant estrogen showed decreased progesterone levels between the 

timepoints for (all p<0.04). 

Overall, there was a significant interaction between treatment duration and 

experimental condition (F(9,190)=2.38, p<0.02). CSF-infused intact animals had 

higher progesterone levels than all other treatment groups (all p<0.03) except LPS-

infused animals that were intact or received constant oil. LPS-infused intact animals 

had higher progesterone than CSF-infused animals receiving constant oil, fluctuating 

estrogen or constant estrogen (all p<0.05). 

Corticosterone 

Corticosterone levels were increased in the presence of LPS after six days, 

F(l,93)=4.124, p<0.05), but not following eight weeks of treatment (see Figure 50). 

Overall, there was a main effect for treatment duration, such that corticosterone levels 

decreased by the eight week timepoint, F(l,190)=7.175, p<0.01. There were no 

significant differences between groups. 
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Figure 50: Corticosterone levels in animals treated for six days or eight weeks. A; 
Corticosterone levels were higher in LPS-infused animals compared to CSF controls (p<O.OS). 
B: By eight weeks, corticosterone levels significantly decreased such that there were no longer 
any significant differences between groups ̂ ray line, p<0.05). 

Interestingly, there were significant correlations between progesterone and 

corticosterone levels for both short-term (r=0.741, p=1.27xl0''^) and long-term 

(r=0.418, p= 1.99x10""') treatments (see Figure 51). With six days of treatment, all 

treatment groups showed positive correlations between progesterone and 

corticosterone except CSF+intact animals (r=.485, p=0.131; see Figure 51a). After 

eight weeks of treatment, animals still showed a strong positive correlation between 

progesterone and corticosterone levels although the association was greater and with 

a steeper slope in animals that were ovariectomized (r=0.767, p=3xlO"'^') than intact 

(1=0.51, p=0.03; see Figure 51b). 
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Figure 51: The association between progesterone and corticosterone depends on hormone status. 
There was a strong correlation between circulating progesterone and corticosterone levels in 
animals after six days (A) and eight weeks (B) of treatment. A: All animals show a strong 
positive correlation between variables independent of hormone status. B: With longer durations 
of inflammation, the association between progesterone and corticosterone levels varied 
depending on the hormone status of the animal Ovariectomijsed animals had a stronger 
correlation with steeper slope between the two variables than do intact animals. 

Discussion 

The current study demonstrates an interaction between neuroinflammation and 

ovarian function that occurs within the brain to affect both central and peripheral tissues. 

Uterine weight was one marker affected by both inflammation and ovarian function. 

After six days of treatment, ovariectomized animals had very low uterine weights that 

were characterized by diestrus vaginal smears at the time of sacrifice. Administration of 

fluctuating estrogen increased uterine weight and induced vaginal cytologies 

predominantly in estrus. Constant estrogen caused the greatest increase in uterine weight 

and all animals were in estrus at the time of sacrifice. Co-administration of LPS and 

constant estrogen synergistically increased uterine weight. However, the synergy was not 
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seen in LPS-infused animals given a fluctuating estrogen therapy, suggesting a 

differential effect of constant and fluctuating estrogen regimens after six days of 

treatment. All short-term animals underwent surgery during the same phase of the 

estrous cycle to ensure consistency between animals and minimize cycle effects at the 

onset of treatment. Consistent with this internal control, intact animals had low uterine 

weights and vaginal cytologies predominantly in diestrus, indicating that most animals 

tended to be cycling together at the time of sacrifice. 

After eight weeks of treatment, similar effects were seen on uterine weights and 

vaginal cytology. Ovariectomized animals had low uterine weights that were increased 

with fluctuating estrogen administration; vaginal smears for both groups were consistent 

to those described for short-term animals. Constant estrogen administration fiirther 

increased uterine weights and animals were in estrus at the time of sacrifice; howe ver, 

LPS infiision and constant estrogen were no longer synergistic after eight weeks of 

treatment. However, LPS differentially affected uterine weights and vaginal smears of 

intact animals. Specifically, CSF-infused animals had uterine weiglits comparable to 

fluctuating estrogen animals with vaginal smears containing all phases of the estrus cycle. 

These results suggest animals were cycling at the time of sacrifice. In contrast, infiision 

of LPS to intact animals reduced uterine weights and resulted in predominantly diestrus 

vaginal cytologies, similar to ovariectomized animals. Many studies have reported 

reproductive function to be suppressed following stress or LPS administration (Karsch et 

al., 2002), which may explain the suppressive effect of LPS on intact animals in the 

current study. 
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The synergistic effect of neiiroinflatBmation and constant estrogen on uterine weight 

may be expected to result from elevated estrogen levels in these animals. Uterine weight 

has been shown to be a reliable marker of estrogen action (Clark and Peck, 1979). 

Within six hours of estrogen administration, alterations in uterine weight confer changes 

in vascular permeability and water retention; however, uterine weights measured 24 

hours after an injection reflect changes in gene expression and cell proliferation (Clark 

and Peck, 1979; Murphy and Granary, 1990; Reel et al., 1996; Altucci et al., 1997; 

Barton et al., 1998). In the current study, estradiol levels were positively correlated with 

uterine weights after short- and long-term treatments. However, the positive correlation 

between these two markers did not explain the synergistic increase in uterine weight, as 

esfradiol levels were equal between animals infused with either CSF or LPS and given 

constant estrogen freatment. 

However, there was a differential effect of LPS on esfradiol levels in animals 

receiving fluctuating esfrogen for six days or eight weeks. Esfradiol levels decrease to 

baseline within 24 hours of the estrogen injection, as determined by serial blood sampling 

from a jugular vein catheter (see Chapter 10). A similar decline was seen in CSF-infused 

animals after six days of freatment. In contrast, LPS-infused animals had significantly 

elevated estradiol levels following the same estrogen injection that was given 24 hours 

prior to sacrifice. Recent evidence suggests that LPS impairs the cytochrome p450 

enzyme system, which regulates synthesis, activation and degradation of steroids, 

including estrogen (Tesfaigzi et al, 2001). Numerous cytochrome p450 isoforms are 

impaired by LPS (Sewer et al, 1996; Morgan et al, 2002), including both the CYP1A2 



(Nicholson and Reiiton, 2001) and CYP2C11 (Wright and Morgan, 1990) isoforms that 

degrade estradiol (Ryan et al, 1984). Down-regulation of CYPl A activity can be seen in 

both the brain and liver twenty-four hours after neuroinflammation (Nicholson and 

Renton, 2001). Ilie impaired enzymatic degradation may partially explain the elevated 

esti'adiol levels seen in LPS-infused animals after six days of treatment. However, the 

reverse was seen following eight weeks of txeatment. Specifically, LPS-infused animals 

had low estradiol levels whereas CSF-infused animals showed elevated estradiol levels 

24 hours after the last estrogen injection. Infusion of LPS occurred only for the first 28 

days; therefore, a compensatory upregulation in cytochrome p450 enzymatic activity may 

have reduced estradiol levels in LPS-infused animals seen at eight weeks. 

Neuroinflammation induced microghal activation at both six day and eight-week 

timepoints, although microglial activation was reduced by eight weeks. The long-term 

reduction in microglia may be a product of the novel method of quantifying microglia, as 

the density of peripheral benzodiazepine receptors (PBRs) is affected by both hormones 

and duration of stress (Gavish et al., 1992). Specifically, PBRs up-regulate after acute 

stress whereas repeated stress results in a down-regulation of these receptors (Gavish et 

al., 1992). The PKl 1195 compound can bind to PBR on resting microglia at low levels 

(Gavish et a!., 1999), thereby explaining the high degree of binding seen in control 

animals that do not typically exhibit microglial activation. Previous results have shown 

LPS-induced microglial activation persists after eight weeks and is affected by ovarian 

status (Marriott et al, 2002). The lack of hormonal effects in the current study is likely a 

result of this novel method or due to assaying the entire thalamus, rather than the 
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thalamic subregions th at have previously shown the greatest degree of microglial 

activation (see Chapters 7 and 8). The long-term reduction of microglia positively 

correlated with cortical nitrotyrosine levels, a marker of inflammation and oxidative 

stress. Together, these results suggest a subtle process of neuroinflammation may be 

ongoing after eight weeks of treatment. 

Cholinergic function decreases in patients with AD (Muir, 1997); the decline in 

forebrain cholinergic function might underlie tlie impaired performance in tasks that 

require spatial memory (Wenk, 1997). The integrity of basal forebrain cholinergic 

neurons, as determined by the level of cortical ChAT activity, was unaffected following 

six days or eight weeks of chronic or fluctuating ERT in the current study. Previous 

experiments have shown that the response of forebrain cholinergic neurons to ERT is 

significantly influenced by the duration of therapy (Gibbs, 2000a). Short-term ERT 

(between three and ten days) has been shown to enhance cholinergic function in some 

studies (Luine, 1985; O'Malley et al, 1987) but not others (McMillan et al, 1996). In 

contrast, ChAT activity in the frontal cortex or hippocampus does not increase in female 

ovariectomized rats given daily estrogen for at least four weeks. In fact, treatment for 

even longer periods of time were associated with a significant decline in high affinity 

choline uptake within the hippocampus (Gibbs, 2000a). Estrogen administration to post

menopausal women with AD resulted in no changes in cognitive abilities following long-

term ERT despite short-term benefits (Mulnard et al, 2000). It has been suggested that 

fluctuations in cognitive ability might parallel the time-dependent fluctuations in 

cholinergic function, perhaps due to a down-regulation of estrogen receptors on these 
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cholinergic neurons (Mufson et al, 1999). However, consistent with our previous results 

investigating neuroinflammation and long-temi ERT on spatial memoiy, no changes in 

cholinergic function were found in the current study. Thus, the integrity of the 

cholinergic system, as detemiined by ChAT activity, is intact following exposure to 

estrogen or neuroinflammation. Therefore, these results do not support the hypothesis 

that cholinergic function is impaired by constant ERT in post-menopausal women witli 

neuroinflammation, such as AD. 

Chronic ERT to post-menopausal women has been suggested to have a limited 

effectiveness due to downregulation of estrogen receptors (Toran Allermid, 2000). In the 

current experiment, no differences were found in the number of estrogen receptors in the 

hippocampus following any treatment at either timepoint. Previous studies have shown 

estrogen receptor downregulation in the hypothalamus following four or eight days of 

continuous estrogen treatment (Brown et al., 1996), similar to results showing 

hypothalamic down-regulation of ERa mRNA (Lauber et al, 1990; Simerly and Young, 

1991; Miller et al., 1994; Simerly et al, 1996; Funabashi et al, 2000) and protein (Yuri 

and Kawata, 1991; Meredith et al, 1994; Greco et al, 2001) with estrogen. However, 

other studies investigating the same hypothalamic regions have found that estrogen 

treatment to ovariectomized animals does not affect the number of ERa-immunoreactive 

cells (Chakraborty et al, 2003) and that declines in estrogen's effectiveness can be seen 

without altering the amount of estrogen receptor (Clark et al, 1981). In fact, estrogen 

regulation of receptors appears to vary depending on the brain region (Paech et al, 1997; 

Gundlah et al, 2000; Osterlund et al, 2000; Schreihofer et al, 2000; Tena-Sempere et al., 
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2001; Prange-Kiel et al, 2003). The hippocampus was chosen in the current study for its 

involvement in spatial learning, which is impaired in AD (Nadel, 2000). Most studies 

examining estrogen receptor regulation in the hippocampus have focused on receptor 

expression (Su et al, 2001; Prange-Kiel et al, 2003; Lu et al, 2004), which may differ 

from actual protein levels (Chakraborty et al, 2003). 

The lack of change in the number of estrogen receptors may be for several reasons. 

First, there may have been a differential regulation of estrogen receptor isoforms, such 

that one isoform increased where the other decreased, resulting in a net change of zero. 

This has previously been seen in hippocampal neurons following treatment with an 

aromatase inhibitor that reduced ERa binding while increasing binding to ER|3 (Prange-

Kiel et al, 2003). The hippocampus possesses both a and p isoforms whose respective 

functions are not clearly understood (Nilsson and Gustafsson, 2002; Shupnik, 2002). The 

same 'net effect of zero' could have resulted from differential regulation of estrogen 

receptors on neurons and glia, both of which have been shown to express estrogen 

receptors throughout the brain, including the hippocampus (Azcoitia et al, 1999; Mor et 

al, 1999; Garcia-Segura and McCarthy, 2004). In addition, differences between dorsal 

and ventral regions of the hippocampus (Shughrue et al, 1997), a heterogeneous structure 

capable of regulating both spatial memory and stress responses, respectively (for review, 

see Moser and Moser, 1998), may have dii&rentially contributed to the overall lack of 

change seen in estrogen receptor number. Secondly, the lack of change may be due to the 

uncoupling of internal machinery from the estrogen receptor, resulting in the same 

number of receptors that are capable of binding estrogen but ineffecti ve. Estrogen has 
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been shown to rapidly uncouple (i-opioid and GABAB receptors from their associated G-

protein-coupled intracellular signaling cascades in the hypothalamus (Kelly and Wagner, 

1999; Kelly and Levin, 2001). Lastly, the number of estrogen receptors in the 

hippocampus may not fluctuate with estrogen treatment nor contribute to the limited 

effectiveness of chronic estrogen replacement therapy as a treatment for AD. 

Neuroinflammation can affect levels of circulating hormones, such as progesterone 

and corticosterone. Specifically, progesterone is produced by the adrenal gland along the 

biosynthetic pathway to corticosterone (for reviev*^, see Orth and Kovacs, 1998). In times 

of stress, the hypothalamic-pituitary-adrenal (HPA) axis is activated and adrenal 

progesterone and corticosterone increase (see Figure 52). 
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Figure 52: The hypothalamic-pituitary-adrenal (HPA) axis may explain the association between 
progesterone and corticosterone levels. Progesterone is a precursor along the biosynthetic pathway 
to corticosterone. Ovariectomized animals devoid of ovarian-produced progesterone, may show 
increased progesterone from adrenal sources in times of stress. 

After six days of treatment, LPS administration to ovariectomized animals 

significantly increased circulating progesterone and corticosterone; these LFS-induced 
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changes declined to baseline by eight weeks of treatment. Overall, intact animals had 

higher progesterone levels than ovariectomized animals after both six days and eight 

weeks of treatment, although intact animals did not show LPS-induced elevations in 

circulating progesterone or corticosterone similar to ovariectomized animals given LPS. 

This may be due to intact animals having both ovarian and adrenal sources of 

progesterone, whereas adrenal sources account for most of the circulating progesterone in 

ovariectomized animals. It is unclear whether normal ovarian fonction in intact animals 

prevented the LPS-induced rise in progesterone, whether LPS was simply restoring 

normal progesterone levels to ovariectomized animals or if progesterone levels 

experienced a ceiling effect in intact animals. There was a strong positive correlation 

between progesterone and corticosterone levels, likely stemming from activation the 

HPA axis that was differentially affected by duration of inflammation. Specifically, the 

association between the two markers varied depending on the hormone status of the 

animal. At eight weeks, ovariectomized animals showed a stronger correlation with a 

steeper slope than intact animals. In contrast, all groups showed correlations of similar 

slopes after six days of treatment. The inflammation-induced elevations in circulating 

progesterone levels did not underlie the synergistic increase in uterine weight, however, 

as no correlations were found between the two markers at either timepoint (data not 

shown). Therefore, it remains unclear what induced the synergistic increase in uterine 

weight seen in short-term animals receiving both constant estrogen and 

neuroinflammation. 
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Overall, these results suggest that the existence of ongoing processes within the brain 

that involve endocrine and stress pathways. These pathways can interact within the brain 

to have consequences on both central and peripheral tissues. AdminislTation of 

exogenous estrogen had little effect on this interaction, with tlie exception of on uterine 

weight where constant and fluctuating estrogen differentially affected the consequences 

of neuroinflammation. It is unclear whether fluctuating estrogen could differentially 

affect other consequences of neuroinflammation, such as behavior and distribution of 

microglia. The current study found no change in the effectiveness of constant estrogen at 

either short or long timepoints, suggesting that constant ERT to postmenopausal women 

with AD may be ineffective or detrimental, depending on the marker. Hippocampal 

estrogen receptors and cholinergic fimction were unaltered by estrogen treatment, 

suggesting other processes are likely to be underlying the limited effectiveness of ERT as 

a therapy for AD. Together, our current and previous results suggest that an ongoing 

interaction within the brain is likely to occur between endocrine and stress pathways that 

can exacerbate inflammatory conditions characteristic of AD. 
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CHAPTER 12: STRESS AND AUTONOMIC PATHWAYS 

ACTIVATED BY NEUROINFLAMMATION 

The results contained in the aforementioned chapters have detailed a robust 

activation of microglia in response to in&vsion of LPS. The microglial response is 

specific to certain regions in the female brain, particularly within the thalamus. 

Moreover, the regional distribution of activated microgha witliin the female brain is 

highly reproducible. Therefore, these regions are likely to have qualities that make them 

vulnerable to the consequences of chronic neuroinflammation. This chapter will address 

how LPS can activate the HPA axis and autonomic nei-vous system. It will focus on a 

systematic analysis of the anatomy of each of these systems and their interconnection 

with brain regions that exhibit the greatest degree of activated microglia in the female 

brain. The significance of these regions and the ftmctional consequences of chronic 

activation, such as immunomodulation will be discussed. Together, these pathways will 

highlight a role for modulation by gonadal hormones, such as estrogen. 

Stress-induced Activation of the Hvpothalamic-Pituitary Adrenal Axis 

The hypothalamic-pituitary-adrenal (HPA) axis mediates an animal's response to 

stressful challenges. The HPA axis is not an alarni system in response to stress, but 

functions as a constant monitor to enable normal function and maintain homeostasis. 

Activation of the HPA axis initiates a signaling cascade to induce anatomical, behavioral 

and physiological changes that enable an organism to respond to internal or external 

challenges (for review, see Tsigos and Chrousos, 2002). 
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The hypothalamus is tiie initiator of the stress response (for review, see Carrasco and 

Van de Kar, 2003). Specifically, neurons in the paraventricular nucleus of the 

hypothalamus contain corticotropin-releasing hormone (CRH). CRH neurons project to 

the median eminence where they release CRH onto the blood vessels of the portal system 

that descends to the anterior pituitary in a pulsatile manner. Pituitary corticotropes 

express G-protein coupled receptors (GPCRs) that synthesize and release 

adrenenocorticoh'opic hormone ( ACTH) into the systemic circulation to act on receptors 

in the periphery. The adrenal gland responds to elevations in circulating ACTH by 

inducing the synthesis of mineralocorticoids and glucocorticoids, such as corticosterone 

that are rapidly secreted into the bloodstream. Other actions of ACTH elevations include 

stimulation of norepinephrine and epinephrine to modulate the sympathetic nervous 

system. In short, stress induces a dramatic increase in the activities of the HP A axis and 

sympathetic nervous system (for review, see Tsigos and Chrousos, 2002). In contrast, 

jfunctions related to the parasympathetic nervous system are actively inhibited by stress, 

such as inhibition of anaboHc activities, including the pituitary release of several growth 

and gonadal-stimulating hormones. 

Numerous physical, emotional, and chemical factors can initiate elevations in ACTH 

and corticosterone secretion (for review, see Carrasco and Van de Kar, 2003). Examples 

include pain, trauma, hypoxia, extreme changes in blood glucose, depression, anxiety, 

stress, infection, adrenergic agonists and LPS administration. Following exposure to one 

of these factors, the stress response is initiated by neuronal feedback to the 

paraventricular nucleus from five different areas: brainstem pathways (conveying 
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sympathetic activity), midbrain and pons cell groups (somatic and sensory information), 

limbic system (emotional information), circumventricular organs (chemosensory 

information), as well as other hypothalamic nuclei (motivational state, for review, see 

Carrasco and Van de Kar, 2003). Many of these regions also influence the autonomic 

nervous system and are discussed below. Together, these regions provide a constant 

monitor of internal and external information to enable normal function. 

Although acute stress is beneficial for homeostasis, the constant presence of stress 

can be extremely damaging to body and brain (Tsigos and Chrousosj 2002; Carrasco and 

Van de Kar, 2003). Chronic stress can have detrimental effects on metabolic activity 

(muscle breakdown), cardiovascular activity (hypertension and heart disease), 

gastrointestinal function (ulcers and gastrointestinal problems), reproduction, growth, 

immune fonction (immunosuppression), as well as changes in hippocampal morphology 

and fiinctioning (detriments to learning and memory). Therefore, the HP A axis is tightly 

regulated (for review, see Carrasco and Van de Kar, 2003). For example, glucocorticoids 

mediate negative feedback on the hypothalamus and pituitary by inhibiting gene 

transcription of CRH and POMC, a precursor of ACTH. In addition, ACTH can 

modulate its own release by negative feedback onto CRH neurons in the hypothalamus. 

Lastly, many of the receptors participating in the stress response are GPCRs and become 

desensitized and downregulated following exposure to chronic stress or glucocorticoids. 

Thus, the HPA axis and stress regulation are extremely important to maintain normal 

functioni ng. Improper induction, regulation, and termination of these responses can lead 

to disease states. 
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Brain Regions and Pathways affecting Autonomic Function 

Activation of the HPA axis by LPS results in the release of corticosterone, 

norepinephrine and epinephrine that can activate the autonomic nervous system. The 

autonomic nervous system receives information from and sends commands to the heart, 

intestines, liver ajid other organs without the conscious supervision of tlie animal (tbr 

review, see Kalat, 1995). The autonomic nervous system is composed of two parts, the 

sympathetic and parasympathetic nervous system, which act in opposition to each other 

to increase and decrease the rate of activity, respectively. Other major differences 

between the sympathetic and parasympathetic nervous systems include the location of the 

ganglia (near the CNS or closer to the organs they innervate, respectively), the 

neurotransmitter used by their post-ganglionic neurons (norepinephrine and 

acetylcholine, respectively) as well as the areas of the brain that regulate autonomic 

function. Together, the sympathetic and parasympathetic nervous systems maintain 

homeostasis of the animal. 

Sympathetic outflow in the brain is controlled by five main regions, including the 

paraventricular hypothalamic nucleus, A5 noradrenergic group, caudal raphe region, 

rostral ventrolateral medulla and ventromedial medulla (for review, see Loewy 1991). In 

contrast, parasympathetic outflow is mediated through the vagus nerve located in the 

rostral medulla. Both sympathetic and parasympathetic aspects of the autonomic nervous 

system receive descending connections from forebrain and brainstem structures that 

influence autonomic output. In turn, the major autonomic centers in the brainstem and 

spinal cord send ascending connections to forebrain regions. The interconnections 
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between these regions convey information regarding tlie internal state of the animal to be 

integrated and relayed to higher centers. 

Autonomic Innervation of the Ovary 

Autonomic regulation of most peripheral organs occurs through both sympathetic 

and parasympathetic pathways, discussed above. Organs can be influenced by brain 

regions that interconnect with sympathetic and parasympathetic centers. The ovary 

provides an example of autonomic regulation by both sympathetic and 

parasympathetic systems as well as feedback control to brainstem and forebrain 

structures; therefore, it will be used in this chapter to illustrate the interconnections of 

the autonomic nervous system. These interconnections are important because many 

of the forebrain structures that influence autonomic function in the ovary showed the 

greatest degree of microglial activation in female rats (see Chapters 7 and 8), 

suggesting an interesting interaction between endocrine and autonomic fimction. 

The ovary is innervated by autonomic nerves composed of both sympathetic and 

parasympathetic efferent fibers, with preganglionic neurons stemming from the 

intermediolateral cell column and vagus nerve, respectively (for review, see Gerendai 

et al, 2002). These incoming fibers control not only vasomotor tone, but are also 

capable of influencing the secretory activity of the ovary through various incoming 

classical neurotransmitters and neuropeptides. The ovary has receptors for many of 

these factors; thus, it can be influenced by both autocrine fonction (Tsafriri and 

Adashi, 1994) as well as the hypothalamic-pituitary ovarian axis (Fink, 2000). 



The paraventricular nucleus of the hypothalamus is the main output to brain stem 

centers to influence autonomic fonction. The paraventricular nucleus projects 

directly to tlie spinal cord (Saper et al, 1976) as well as ventromedial medulla, 

nucleus of the solitaiy tract, locus coeruleus and periaqueductal gray (Swanson and 

Sawchenko, 1983). Viral transneuronal tracing of tlie descending connections to the 

ovary indicates the paraventricular nucleus of the hypothalamus projects throu^ the 

periaqueductal gray, locus coeraleus/noradrenergic A5 cell group and caudal raphe 

nuclei to reach the intermediolateral cell group (Gerendai et al., 2002); these 

descending connections are summarized in Figure 53. 

The paraventricular nucleus projects to the intermediolateral cell column both 

directly as well as through projections to each of the regions described in the 

aforementioned pathway. In addition, the paraventricular nucleus projects to the 

vagal nuclei directly and indirectly, the latter through periaqueductal gray and locus 

coeruleus (Gerendai et al., 2002). 
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Figure 53: Autonomic innervation of the ovary. Descending connections from forebrain and 
brainstem structures provide parasympathetic and sympathetic innervation. Figure adapted 
from Gerendai et al. (2002). 

Forebrain Regions that Influence Autonomic Centers 

While the paraventricular nucleus is the main output to brainstem centers, other 

forebrain regions are also capable of influencing autonomic function through direct 

projections to the paraventricular nucleus or spinal cord. For example, the central 

am ygdala, bed nucleus of the stria terminalis, arcuate nucleus, perifornical region, 

anterior hypothalamus and zona incerta all have inputs into the paraventricular 

nucleus and are capable of influencing its output (Swanson and Sawchenko, 1983; 
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Palkovits, 1999). Moreover, the lateral hypothalamus directly projects to 

intermediolateral cell column of the spinal cord (Svt^anson, 1987; Gerendai et al ., 

2002) and can influence sympathetic output to the ovaiy and otlier peripheral organs. 

Interestingly, many of these autonomic-influencing regions, including the lateral 

hypothalamus, central amygdala and zona incerta showed the greatest degree of 

microglial activation tbllowing LPS-induced neuroinflammation (see Chapters 7, 8 

and 11). 

Lateral Hypothalamus 

The lateral hypothalamic area is involved in a variety of different functions, 

including feeding, insulin release and cardiovascular control (for review, vsee Loewy, 

1991). It projects extensively to the forebrain, brainstem and spinal cord areas 

involved in autonomic control. For example, axons from the lateral hypothalamic 

area terminate in the paraventricular nucleus of the hypothalamus, bed nucleus of the 

stria terminahs, central gray matter, cingulate cortex, parabrachial nucleus, nucleus of 

the solitary tract, lateral tegmental field, ventral medulla, intermediate zone and 

intermediolateral cell column (for review, see Loewy, 1990; Pajolla et al., 2001). In 

addition, the lateral hypothalamus receives input from many of these same areas as 

well (for review, see Loewy, 1990; Pajolla et al., 2001). 

The lateral hypothalamus synthesizes orexins/hypocretins and melanin-

concentrating hormone (MCH) that contribute to sleep regulation, feeding behavior, 

regulation of body weight and energy homeostasis (Sakurai, 2002; Pissios and 

Maratos-Flier, 2003; Siegel, 2004). Many orexin-immunoreactivc fibers are co-
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localized with dopamine~P-hydroxylase (Dorepinephrine) imiminopositive fibers, 

suggesting that sympathetic activation can modulate arousal and energy homeostasis 

in areas such as the lateral hypotlialamus (Baldo et al, 2003). Thus, the lateral 

hypothalamus integrates autonomic reflexes and mediates behavioral and endocrine 

responses stemming from cortical, limbic and hypothalamic areas (Palkovits, 1999). 

Thalamus and Zona Incerta 

Information stemming fl om the autonomic nervous system typically relays in the 

thalamus before continuing to higher cortical and subcortical structures. Therefore, 

most brainstem nuclei involved in autonomic fimction have rich projections to several 

thalamic nuclei. Most of these brainstem projections terminate in dorsal thalamic 

(particularly the intralaminar and midline groups) and ventral (reticular nucleus and 

zona incerta) nuclei (Van der Werf et al, 2002). 

The dorsal thalamus has been described as the 'gateway to the neocortex,' as it 

then projects to widespread areas of the cortex from various dorsal thalamic nuclei, 

including paratascicular, central-lateral, paraventricular and rhomboid nuclei (Jones, 

1985; Guillery, 1995; Sherman and Guillery, 1996; Steriade et al., 1997; Reardon and 

Mitrofanis, 2000). The dorsal thalamus is composed of higher order and intralaminar 

nuclei; higher order nuclei include posterior thalamic, lateral posterior, lateral dorsal, 

and pulvinar nuclei whereas intralaminar nuclei denote parafascicular and central-

lateral aspects of the thalamus. Classically, the intralaminar nuclei have been thought 

to receive most of the brainstem input and serve as the major relay to the cortex 

(Groenewegen and Berendse, 1994). 
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However, recent evidence has implicated the zona incerta of the ventral thalam us 

as an autonomic relay station that rivals the importance of the intralaminar nuclei of 

the dorsal thalamus. Brainstem axons terminate in both the zona incerta and dorsal 

thalamus, however, only the zona incerta projects back to brainstem nuclei (Kolmac 

and Mitrofanis, 1997; Kolmac et al, 1998) as well as to the cerebral cortex (Lin et al, 

1990; Lin et al, 1997) and dorsal tlialamus (Romanowski et al, 1985). Witiiin the 

dorsal thalamus, the zona incerta innervates the higher order and intralaminar nuclei 

(Power et al, 1999; Power and Mitrofanis, 2001), Thus, the zona incerta is the major 

zone in the ventral thalamus where brainstem axons teminate and is the principal 

thalamic source of axons projecting back to the brainstem (Kolmac et al, 1998). The 

zona incerta has been suggested to mediate states of arousal and attention, 

nociception, feeding and drinking, sociosexual behavior and locomotion (Steriade et 

al, 1997; Kolmac et al, 1998; Power et al, 1999; Power and Mitrofanis, 1999a, b; 

Power et al, 2001; Power and Mitrofanis, 2001, 2002) in addition to its role in 

autonomic function. Overall, both zona incerta and intralaminar nuclei are involved 

with thalamic processing of brainstem information and serve as relays to higher brain 

centers. 

Female rats show dense activation of microglia in the zona incerta, intralaminar 

and higher order dorsal thalamic nuclei in response to chronic neurointlammation 

(see Chapters 7, 8 and 10). Activation of these regions suggests that 

neuroinflammation affects autonomic function in female rats, as both major 

autonomic relay centers are engulfed in microglia following chronic infusion of LPS. 



Central Nucleus of the Amygdala 

Many autonomic responses are influenced by the amygdala, a heterogenous 

collection of nuclei that differ in function and connectivity (Pitkanen et al., 1997). 

The central nucleus of the amygdala is the major output and has extensive projections 

to various hypothalamic, midbrain and lower brainstem regions involved in the 

modulation of visceral lunctions. 

Output from the amygdala is sent through the stria terminalis and ventral 

amygdalofugal pathways, which form the two principal pathways from the central 

nucleus of the amygdala. The stria terminalis is a long, curved fiber pathway 

traveling along the wall of the lateral ventricle connecting the amygdala with the 

hypothalamus. These fibers contain several neurotransmitters and neuropeptides, 

including acetylcholine, GABA, glutaraate, orexin, substance P, cholecystokinin and 

galanin (Prewitt and Herman, 1998; Csaki et al, 2000; Gastard et al,, 2002; Polston 

and Simerly, 2003). The ventral amygdalofiigal pathway is a loosely organized group 

of fibers passing under the lenticular nucleus that send efferents to the ventral 

striatum, thalamus, hypothalamus and brainstem. In addition, this pathway also 

consists of reciprocal connections from the thalamus and hypothalamus traveling to 

the amygdala (Nolte and Angevine, 1995). The neurotransmitters and neuropeptides 

of the ventral amygdalofiigal pathway vary depending on the region, although 

serotonin and norepinephrine are most predominant in descending connections to the 

brainstem (for review, see Van de Kar and Blair, 1999). Through these pathways, the 

central nucleus of the amygdala sends fibers to the lateral hypothalamus, where they 
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continue to the substantia nigra and midbrain tegmentai fields. The central nucleus 

also innervates dorsomedial and ventrolateral parts of tlie periaqueductal gray, the 

parabrachiaJ nucleus, dorsal nucleus of the vagus, nucleus of the solitary tract and 

ventrolateral medulla as the fibers run caudally through the pontine and medullary 

reticular formation (for reviev^f, see Price, 2003). 

There are strong interconnections between the central nucleus of the amygdala 

and brainstem nuclei (Hopkins, 1975; Krettek and Price, 1978; Ottersen, 1981; Davis, 

1992; Fallon and Ciofi, 1992; Jia et al, 1992). Input to the central nucleus comes 

mainly from intra-amygdalar sources, such as lateral, basal and accessory basal nuclei 

(Pitkanen et al, 1997). These other amygdalar nuclei receive inputs from 

hypothalamic, cortical and hippocampal fields that then converge on the central 

nucleus for synthesis and output. From extra-amygdala sources, the central nucleus 

receives input from many thalamic and hypothalamic nuclei. For example, the 

thalamic paraventricular nucleus (Moga et al, 1995; Paredes et al., 2000), 

intralaminar thalamic nuclei, medial geniculate nucleus, and zona incerta all provide 

input to the central nucleus (Paredes et al., 2000). In addition, regions of the 

hypothalamus such as the medial preoptic nucleus, anterior, posterior, dorsomedial, 

ventromedial and lateral hypothalamus also project to the central nucleus of the 

amygdala, with the ventromedial and lateral hypothalamic areas providing the densest 

projections. 

Tlie interconnections of the central nucleus of the amygdala with hypothalamic, 

thalamic and brainstem structures involved in autonomic function suggest that this 
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region may serve as a major integrator of sensory input. Indeed, the central nucleus 

of the amygdala modulates the output of the paraventricular nucleus through 

inhibitory and excitatory inputs (Van de Kar and Blair, 1999; Herman et al, 2003b). 

These inputs can be modulated by sympathetic activation from autonomic pathways 

that enhance norepinephrine release, thereby regulating GABA synthesis in central 

Hmbic stress circuits and affecting the output from these regions (Herman et al, 

2003a). Furthermore, the reciprocal connections with hypothalamic nuclei suggest 

the central nucleus of the amygdala may also be able to influence endocrine function, 

which may further affect autonomic output. 

Similar to the brain regions discussed above, the central nucleus of the amygdala 

became activated with microglia following neuroinflammation in female rats (see 

Chapters 7 and 8), Thus, an elegant map of microglia is emerging of areas involved 

in the regulation of autonomic function following stimulation of the HPA axis by 

chronic neuroinflammation. 

Cerebral Cortex 

The cerebral cortex is a higher order structure qualitatively divided into sensory, 

motor and association areas. The cortex is heterogeneous, usually with six laminae 

and a columnar organization that varies depending on the region (for review, see 

Kalat, 1995). The cortex can influence sympathetic function through connections 

with multiple autonomic relay centers (for review, see Loewy, 1991), although the 

relative contributions of specific cortical ai-eas and laminae are not well understood. 
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As the medial prefrontal cortex and insula have been most studied, this section will 

focus on these two regions and their connections with autonomic relays centers. 

The medial prefrontal cortex (MPFC) modulates autonomic fijnction through 

interconnections between autonomic relay centers and limbic areas of the brain, 

including entorhinal cortex, hippocampus and amygdala. The medial prefrontal 

cortex is composed of frontal, cingulate, and infralimbic cortical areas (Paxinos and 

Watson, 1986). Overall, the MPFC is connected to several cortical and subcortical 

structures, including the insuto cortex, lateral hypothalamus, amygdala, nucleus of 

the solitary tract, periaqueductal gray and rostral ventrolateral medulla (Verbeme and 

Owens, 1998). Tlie cingulate cortex also receives projections from the dorsal 

thalamus and zona incerta (Rose and Woolsey, 1948; Pajolla et al., 2001) with a 

strong reciprocal connection between the cingulate cortex and lateral hypothalamus 

(Pajolla et al, 2001). Similar to dorsal thalamus, zona incerta and lateral 

hypothalamus, the cingulate gyrus and retrosplenial cortex show distinct activation of 

microglia following neuroinflammation in female rats (sec Chapters 7 and 8). 

Like the MPFC, the insular cortex also receives inputs from the 

ventroposteromedial nucleus of the thalamus, lateral hypothalamus and parabrachial 

nuclcus and projects to four autonomic regions, including the central nucleus of the 

amygdala, lateral hypothalamic area, parabrachial nucleus and nucleus of the solitary 

tract (for review, see Cechetto and Saper, 1990). Electrical or chemical stimulation of 

either the MPFC or insular cortex results in hypotension (Saleh and Connell, 1998; 

Pajolla et al., 2001). Thus, cortical connections with thalamic, hypothalamic and 



brainstem centers illustrate an expansive network of interconnecting circuits that can 

integrate and influence autonomic function. 

Microglia Accumulate in Regions Involved in Autonomic Function 

The section above has highlighted regions that directly connect and influence 

autonomic function. These regions include brainstem centers, thalamic relays, 

hypothalamic and hippocampal networks as well as higher cortical centers. 

Interestingly, these regions involved in autonomic function are also the regions that 

showed the most dramatic activation of microglia following infiision of LPS (see 

Figure 54), The activation of microglia was lower in intact animals than 

ovariectomized animals, suggesting autonomic function may also be influenced by 

the ovarian status of the animal. These results suggest an interaction between stress, 

autonomic and endocrine pathways that can affect central and peripheral tissues. The 

consequences of these interactions on immunomodulation and endocrine function are 

discussed below. 
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Figure 54: Microglial activation localizes to regions involved with autonomic function. Regions 
showing activated microglia are highlighted in yellow and have extensive interconnections with 
brainstem and subcortical structures. Ascending and descending connections between brainstem 
(orange and green), hypothalatnus (purple), thalamus (red) and central amygdala (blue) are depicted 
with arrows. These areas project to higher cortical centers to modulate autonomic function and 
homeostasis. Autonomic centers can influence the secretion of hormones by Innervating organs, such 
as the adrenal gland and ovary. Together, these systems can affect endocrine regulation. Immune 
function, stress management, aging and autonomic activity. 
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Immunomodulation bv the Autonomic Nervous System 

The immune system allows an animal to protect itself from foreign objects, or 

pathogens. Aspects of the immune system can be affected by stress and autonomic 

activation; which will be discussed below. First, a general overview of the immune 

system and the major players will be addressed. These major players encompass some 

aspects of the immune system that can be modulated by stress and the autonomic nervous 

system. 

Immunity is divided into the innate and adaptive immune systems (for review, see 

Benjamini et al, 2000). Imate immunity refers to the body's ability to recognize and 

destroy foreign agents using elements that are always present and available, such as skin, 

mucous membranes, cough retlex and certain cell types including natural killer (NK) 

cells and polymorphonuclear leukocytes, also known as granulocytes. Granulocytes are a 

class of cells that contain enzymes to facilitate destruction of microorganisms; types of 

granulocytes include peripheral macrophages, neutrophils, basophils, Kupffiier cells in 

the Uver and microglia within the central nervous system. In contrast, adaptive immunity 

is a more specialized defense system that supplements the innate immune system. 

Following exposure to pathogens or vaccinations, the adaptive immune system activates 

lymphocytes that can recognize Ifeatures of tlie foreign agent (antigen). With re-exposure, 

lymphocytes react specifically to that antigen to provide life-long immunity (for review, 

see Benjamini et al, 2000). 
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The autonomic oervous system can modulate aspects of the immune system. 

Granulocytes (innate immunity) and lymphocytes (adaptive immunity) express botti 

adrenergic and cholinergic receptors (Suzuki et al, 1997; Toyabe et al, 1997). However, 

granulocytes bear a higher density of adrenergic receptors whereas choHnergic receptors 

are more prevalent on lymphocytes (Abo and Kawamura, 2002). The consequences of 

receptor distribution can be seen following sympathetic or parasympathetic nerve 

stimulation and the resultant increase in the type of immune cell. Specifically, 

sympathetic nerve activation increases the number of granulocytes (granulocytosis) 

whereas lymphocytes become activated (lymphocytosis) following parasympathetic 

nerve activation (for review, see Abo and Kawamura, 2002). Thus, the autonomic 

nervous system can modulate aspects of the immune system by shifting the ratio of 

granulocytes and lymphocytes involved in immune flmction. Granulocytes typically 

release proinflammatory cytokines whereas the cytokines released by lymphocytes can be 

pro-or anti-inflammatory, depending on the cell type (discussed below). Thus, the 

prevalence of granulocytes and lymphocytes determines the cytokine profile, which 

determines what types of cells become activated as well as the progression of some 

disease states, such as AD. 

The cytokine profile is determined by Ismiphocytes, a large cell class that can be 

divided into B cells (that produce antibodies, produced in 'B'one marrow) and T cells 

(differentiate in the 'T'hymus). T lymphocytes can be either CD8+ cytotoxic cells or 

CD4+ cells; the latter can be tiirther subdivided into ThI and Th2 cells that differ in the 

cytokines released. The TrI or Th2 phenotype is important and has downstream 
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consequences on autonomic and endocrine fiinction. ThI and Th2 phetiotypes differ in 

their activation and eflector functions (for review, see Benjamini et al, 2000). 

Specifically, THI cytokines support cell-mediated immunity through CD8+ cytotoxic T 

cells, macrophages and NK cells whereas the TH2 phenotype triggers B cells to produce 

antibodies. Thus, THI cytokines are typically referred to as proinflammatoiy whereas 

Th2 cytokines tend to be anti-inflammatory. 

Like most peripheral organs, the immune organs are innervated by sympathetic 

nerves (for review, see Mignini et al, 2003). Thus, activation of the autonomic nervous 

system can affect the activity of these organs, such as bone marrow, thymus and lymph 

nodes. Norepinephrine (NE) released from sympathetic nerves in times of stress can 

induce splenic atrophy and dose-dependently decrease total T cells. Interestingly, the 

stress-induced NE appears to selectively suppress CD4+ T cells and shift the cytokine 

profile from a THI to TH2 phenotype (Mignini et al, 2003). It is unclear whether the 

duration of stress can differentially affect the phenotype of CD4+ T cells. The 

modulation ofT cells and cytokine phenotype is thought to be mediated by NE-induced 

activation of P-adrenergic receptors found on progenitor T cells and B cells (Kohm and 

Sanders, 2001). Only naive CD4+ T cells and THI cells, but not TH2 cells, express p-

adrenergic receptors (Kohm and Sanders, 2001). The presence of P-adrenergic receptors 

on these cells is important, as it suggests a direct role for stress and autonomic activity to 

affect immune function by regulating the number and phenotype of immune cells. 

Moreover, it also suggests an interesting implication for chronic stress, as continuous 
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stimulation can desensitize or down-regulate P-adrenergic receptors from the cell sttrface 

(Kohm and Sanders, 2001). 

For example, NSAIDs and glucocorticoids ai-e used to antagonize inflammation and 

stress pathways, respectively. However, chronic administration of NSAIDs can indiice 

symptoms consistent with sympathetic nerve activation, including weight loss and 

hypertension. Chronic NSAIDs increase granulocytes and NK cells in both number and 

function due to prostaglandin inhibition (Yamamura et al., 1996; Yamagiwa et al, 2001). 

Prostaglandins typically inhibit catecholamine production and enhance parasympathetic 

activity; therefore, their inhibition with continuous NSAID use enhances sympathethetic 

nervous system function. The constant use of NSAIDS not only induces granulocytosis 

and resulting proinflammatory cytokines, but also enhances tissue damage when used 

inappropriately for long periods of time (Abo and Kawamura, 2002). Similarly, use of 

glucocorticoids for long periods of time or at high doses also induces elevations in 

granulocytes as well as extrathymic T cells, an effect not seen with short-term treatment 

(Abo and Kawamura, 2002). 

Over the course of the lifespan, the ratio of granulocytes to lymphocytes change (see 

Figure 55), which alters the cytokine profile within an animal. After an initial spike in 

granulocytosis at birth resulting from respiration-induced activation of sympathetic 

nerves (Kawamura et al, 1997), the level of granulocytes decrease and lymphocytosis 

occurs until the age of 15-20, after which lymphocytes steadily decrease witli. age (Linton 

and Thoman, 2001). In contrast, numbers of granulocytes increase with aging and 

granulocytosis is commonly found in the elderly (Miyaji et al., 1997). Consistent with 
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this findiBg, both ovariectomy aiid the menopausaJ transition result in a switch from 

increased parasympathetic tone to dominant sympathetic activation (Liu et al, 2003; 

Mercuro et al., 2004). Granulocytes typically release proinflammatory cytokines, thus 

aging is accompanied by the onset of a chronic inflammatory state associated witli 

increased levels of proinflammatory cytokines, including TNFa, lL-1 and LL-6 

(Bruunsgaard et al, 2001). This is interesting, however, because aging has sometimes 

been associated with a shift from THI (IL-2, IFNy) to TH2 phenotype (IL-4, LL-6, IL-10) 

produced by lymphocytes (for review, see Gardner and Murasko, 2002). Thus, perhaps 

the increase in granulocytes and pro-inflammatory cytokines over-compensates for the 

overall decline in lymphocytes and shift to Th2 cytokine profile associated with aging. 

Figure 55: Numbers of granulocytes and lymphocytes fluctuate across the lifespan. Neonatal 
granulocytosis is followed by lymphocytosis until the age of 15-20 years. After which, lymphocytes 
steadily decline and granulocytosis become prominent Figure taken from Abo and Kawamura 
(2002). 

Therefore, the differential induction of granulocytes and lymphocytes by stress 

together with the control of p-adrenergic receptors and phenotypic regulation of 

Granulocytes 

Lymphocytes 

Birth 16-20 yrs 100 yrs 
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lymphocytes provides several mechanisms by which autoBomic activation can affect 

immune function. These interactions have direct consequences on the aging process as 

well as the underlying processes of autoimmune diseases such as multiple sclerosis and 

rheumatoid arthritis (Frohman et al, 2001; Kohm and Sanders, 2001; Abo and 

Kawamura, 2002). 

Effects of Estrogen on Autonomic Fimction 

The anatomy and circuitry of the autonomic system detailed above, together with the 

distribution of activated microglia in female rats suggests that ovarian honnones may 

influence autonomic function. The effects of estrogen and ovarian hormones on 

autonomic function have been studied mostly with respect to heart rate and 

cardiovascular activity. 

Premenopausal women have dominant parasympathetic and subordinate sympathetic 

tone (Kuo et al, 1999). However, with the onset of menopause or following ovariectomy 

of premenopausal women, there is a switch in the activities of the parasympathetic and 

sympathetic nervous systems, such that sympathetic tone becomes dominant (Liu et al, 

2003; Mercuro et al, 2004). Moreover, the regulation of sympathetic/parasympathetic 

activity fluctuates across the estrous cycle with parasympathetic activity being greatest 

during the follicular phase, suggesting that ovarian hormones are capable of regulating 

autonomic function (Saeki et al, 1997). Moreover, these findings also suggest that the 

cytokine profile induced by stress and autonomic system activation can be affected by 

circulating hormones, menopause and ERT; these conditions have direct implications for 
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post-menopausal women with AD deciding whether to take FiRT, as tlie cytokine proiile 

can be altered by all of these conditions. 

In fact, administration of exogenous estrogen to menopausal or ovariectomized 

women can restore parasympathetic tone (Mercuro et ai, 2004). Estrogen injections 

directly into the central amygdala, lateral hypothalamus or insular cortex increase 

parasympathetic tone following tlie ovariectomy-induced decreases (Saleh and Connell, 

2003). The lateral hypothalamus, a region involved in modulation of autonomic and 

neuroendocrine responses relative to feeding and reproductive behavior, has been 

suggested to be the region of origin in modulating the estrogen-induced changes in 

autonomic function (Saleh and Connell, 2003). Thus, ovarian steroids are capable of 

influencing autonomic activity within the brain, just as the autonomic system can affect 

the neurosecretory activity of tlie ovary in a pituitary-independent manner (Gerendai et 

al, 2002). Moreover, the regions capable of modulating the estrogen-induced restoration 

of parasympathetic tone are the same regions that showed the most dramatic activation of 

microglia following neuroinflammation in female rats (see Chapters 7 and 8). 

The interaction between endocrine and autonomic function can have direct 

consequences on immune fimction. Many autoimmune diseases with inflammatory 

components occur with a higher incidence in females, such as systemic lupus 

erythematosus (SLE), rheumatoid arthritis and multiple sclerosis (Eskandari and 

Sternberg, 2002). Cjonadal hormones modulate the onset, severity and progression of the 

diseases (for review, see Wilder, 1998). Moreover, regulation of the immune system by 

gonadal hormones is of key importance during pregnancy, when balance between 
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glucocorticoids and estrogen suppress the maternal imtJiune system to prevent rejection 

of the fetus (for review, see Jansson and Holmdahl, 1998). The hormonal milieu 

undergoes several shifts during the lifetime of an animal, such as during development, 

puberty, the premenopausal state, pregnancy, the post-partum period and menopause; all 

of which are conveyed by the horm one status of the animal. 

Autoimmune diseases such as rheumatoid arthritis and multiple sclerosis most often 

develop aroimd menopause. Pregnancy tends to improve symptoms, which flare or 

develop during the post-partum period when hormone levels are low. In contrast, SLE 

typically develops in the reproductive years, worsens during pregnancy, improves in the 

post-partum period and declines markedly around menopause (for review, see Wilder, 

1998). The differential regulation of autoimmune diseases by hormones depends on the 

mechanisms of the disease and cytokine balance. For example, rheumatoid arthritis and 

multiple sclerosis are cell-mediated immune diseases that attack targets with 

macrophages and THI proinflammatory cytokines. In contrast, SLE is an antibody-

mediated disease process, using lymphocytes and an anti-inflammatory TH2 cytokine 

profile. Similar to that seen with norepinephrine and stress, gonadal hormones and 

pregnancy shift the cytokine profile from a Th2 phenotype. Thus, autoimmime diseases 

that are THI-mediated (rheumatoid arthritis and multiple sclerosis) improve during 

pregnancy because TH2 cytokines become dominant. In contrast, diseases that are TH2-

mediated, such as SLE become exacerbated with increased TH2 stimulation. After 

pregnancy, the cytokine profile swings to a THI phenotype during the post-partum period 

before balancing between the two across the estrous cycle. With the onset of menopause, 
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the cytokine balance is thought to revert to a Th2 phenotype, which is inconsistent with 

the amelioration of SLE symptoms (Th2-mediated) and exacerbation of MS and RA 

(Till-mediated) disease states. However, these symptoms are consistent with the 

reduction of lymphocytes and increased granulocytes reported to occur with aging 

(Miyaji et al., 1997), Tlius, I hypothesize that the elevation in granulocytes and 

proinflammatory cytokines occurring with aging may over-compensate for the decrease 

in lymphocytes and menopause-related shift in cytokine profile to a Th2 phenotype. 

Consistent with this hypotiiesis, levels of prostaglandins are elevated with aging 

(Rosenstein and Strausser, 1980); prostaglandins inhibit the lymphocytic response to 

mitogens, thereby decreasing cellular and antibody-mediated immune responses 

(Goodwin, 1982). The prostaglandin-mediated inhibition is important because it suggests 

a mechanism by which aging or stress could actively suppress lymphocyte function. 

Prostaglandins suppress IL-2 production and lL-2 receptor expression, a cytokine 

critically important for development of T cells and expression of their TH1/TH2 

phenotype (Vercammen and Ceuppens, 1987). Therefore, despite the aging-related shift 

in lymphocytes to a TH2 cytokine profile, the effect is overshadowed by the 

predominance of granulocytes, proinflammatory cytokines and prostaglandins, which 

produce a proinflammatory state seen in the aging population. 

Thus, internal and external signals relating endocrine, autonomic and immune 

information are integrated to produce appropriate responses that regulate the homeostasis 

of the animal. Neurons in the hypothalamus and thalamus aj-e innervated by multiple 

converging inputs from autonomic centers, suggesting a means for sympathetic and 



246 

parasympathetic signals to aftect hypothalamic-piaiitary axes (for review, see Palkovits, 

1999). In addition, the extensive intercommunication between these regions suggests that 

the hormonal milieu can have direct and indirect consequences on autonomic fiinction as 

well as the overall internal state of the animal, including feeding behaviors, sleep-wake 

cycles, stress management, immune function, aging and endocrine regulation. 
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CHAPTER 13: CONCLUSION 

Overall, the results contained in this dissertation suggest a strong interaction between 

neuroendocrine and autonomic function in the female brain in response to 

neuroinflammation. In the presence of chronic neurointlammation, the female brain 

differentially responds depending on the hormone status of the animal One of these 

responses is microglial activation, the pattern of which is unique to the female brain and 

highlights an interesting distribution not seen in male rats. Specifically, an elegant map 

of activated microglia emerges of areas involved in autonomic control, stress regulation 

and energy homeostasis. The regions showing the densest distribution of activated 

microglia are important autonomic relay stations that interconnect various brain regions 

conveying internal state information. Moreover, these regions have extensive bi

directional communication with both endocrine and immune systems, suggesting an 

extensive interaction occurring in the female brain capable of influencing multiple 

systems, including hormone secretion, sympathetic output, immune function and 

behavioral processes. Together, the interactions between these systems have important 

consequences for post-menopausal women with AD and are likely to underlie the varying 

effects seen with ERT. 

Effects of Endocrine Dvsregulation 

The endocrine system is tightly regulated and requires a series of precisely timed 

hormonal signals. These signals are typically initiated in the hypothalamus and pituitary 

to affect different organs. In healthy young animals, these pulsatile signals initiate the 
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synthesis and release of ovarian hormones. With aging, however, there is a dysregulation 

in the hormonal signals of the hypothalamic-pituitary-ovarian axis that results in 

reproductive senescence. Aging rodents experience a delayed onset and attenuation of 

LH pulses as well as a chronic elevation of circulating estrogen that ultimately signals 

acyclicity and reproductive senescence of the animal (for review, see Tsai and Legan, 

2001). 

Continuous long-term estrogen administration to young ovariectomized rats 

suppresses the incidence and amplitude of the LH pulses, similar to that seen with normal 

aging (Tsai and Legan, 2001). For a limited period of time, progesterone administration 

can restore the LH pulses in acyclic estrogen-primed rats (Tsai et al, 1996). Estrogen 

priming results in an upregulation of aia-adrenergic receptors in the hypothalamus and 

preoptic area (for review, see Etgen, 2003). Subsequent administration of progesterone 

to estrogen-primed rats reconfigures the hypothalamic ai-adrenergic signaling pathway to 

become functionally linked with the nitric oxide/cGMP pathway, thereby facihtating 

lordosis behavior and LH release upon stimulation with NE (for review, see Etgen, 2003). 

Dysregulation of LH pulses induce downstream alterations in hypothalamic and 

pituitary gene expression. It has been suggested that reproductive aging in the rat is 

influenced more by the timing and duration of estrogen exposure than by true 

chronological age (Hung et al., 2003). Thus, reproductive senescence in animals depends 

on a critical pattern of chronic estrogen exposure that is unopposed by progesterone, 

thereby mimicking the naturally occurring period of acyclicity (Desjardins et al, 1995) 

and resulting in downstream neural and immune consequences. 
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The arcuate nucleus of the hypothaJamiiis contains both astrocytes and microglia that 

release inflammatory cytokines (for review, see Hung et al., 2003), Exposure to stressors 

can disrupt the ovarian cycle of mammals through elevation of proinflammatory 

cytokines (Kai sch et al, 2002). These cytokines increase levels of prostaglandin and 

corticosterone, key players of the autonomic nei-vous system and HP A axis, which disrupt 

hypothalamic LHRH pulses and pituitary responsiveness to LHRH, leading to LH pulse 

suppression and prevention of ovulation. The persistent dysregulation of endocrine 

fiinction by stress and autonomic pathways is likely to affect the hormonal milieu of tlie 

animal, resulting in changes to sympathetic activity and immune fiinction, such as 

granulocytosis, elevation of proinflammatory cytokines and an aging-related shift to a 

TH2 cytokine profile. 

Estrogen given to post-menopausal women can increase levels of lymphocytes by 

restoring parasympathetic tone. Although it is not clear how estrogen affects the cytokine 

profile with aging, administration of estrogen can influence both prostaglandins and lL-2. 

Specifically, estrogen has been shown in some preparations to stimulate PGE2 production 

(Whittle et al, 2000) as well as suppress IL-2 production and IL-2 receptor expression 

(McMurray et a)., 2001). Thus, despite the estrogen induction of lymphocytes, the 

resultant fiinction of T cells may be suppressed and lead to anergy or deletion. The effect 

of estrogen is interesting since the sensitivity of lymphocytes to PGE2 inhibition 

significantly increases over the age of 70 (Goodwin, 1982). These results suggest that 

lymphocytes can be regulated by estrogen with the magnitude of the response depending 

on the age of the animal These findings have direct and important implications for post-
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menopausal women with AD, as the age at which estrogen is given may determine the 

lymphocytic response and may increase cellular dysfunction by elevating levels of 

prostaglandins (see Chapter 2). 

Implications for Menopausal Women with AD 

The dysregulation of neuroendocrine signals is likely to affect neural and immune 

function. Continuous administration of hormones may mimic a component of the 

reproductive aging process by inducing inappropriate alterations in hypothalamic and 

pituitary function, such as suppression of LHRH and LH pulsatile release. 

It has been proposed that a bi-directional communication exists between the 

endocrine and immune systems and may underHe aspects of the aging process. These 

systems may work together in a positive feedback cycle to exacerbate dysfunctions in 

both systems occurring with aging (for review, see Straub et al, 2000). Therefore, 

continuous long-term administration of hormones, such as estrogen alone (Mulnard et al, 

2000) or in combination with constant progestin (Shumaker et al., 2003), are likely to 

have downstream negative consequences that may impair aspects of cognition and 

exacerbate existing disease states characterized by neuroinflammation, such as AD. 

These effects may parallel the consequences of continuous NSAID and glucocorticoid 

use, in which the beneficial effects are reversed and activation of the sympathetic nervous 

system induces granulocytosis, proinflammatory cytokines and tissue damage, an effect 

not seen with short-term treatment (Abo and Kawamura, 2002). 
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Epidemiological and interventional studies of chronic estrogen therapy have 

produced conflicting results. The main issue concerns estrogen's ability to have 

deleterious effects when administered chronically to post-menopausal women; yet seem 

to be beneficial in epidemiological studies using the same chronic ERT regimen. The 

answer may lie in a close examination of the timing of the initiation of estrogen therapy. 

Chronic estrogen cannot improve memory if cognitive deficits already exist (Markowska 

and Savonenko, 2002). Given that ovariectomy does not impair working memory until 

longer durations of estrogen deprivation, past epidemiological studies may have included 

women who took ERT immediately following menopause, when no cognitive deficits 

were present. In addition, ERT users tend to be better educated and healthier, even 

before menopause, thereby potentially skewing epidemiological results by examining 

women who are taking ERT for non-cognitive reasons (Hogervorst et al, 2000). Third, 

epidemiological studies are likely to include women who took ERT earUer and at times 

when a disease process had not yet begun. 

In conclusion to this dissertation, 1 propose a role for estrogen in the modulation of 

autonomic activity and immune function that become dysregulated with AD. 

Specifically, I hypothesize that AD is a THI-mediated disease process characterized by 

increases in granulocytes and proinflammatory cytokines. The aging-associated increase 

in sympathetic tone, granulocytosis and elevation of proinflammatoiy cytokines can 

facilitate disease progression. Although fluctuating gonadal hormones regulate levels of 

immune cells and autonomic activity in healthy young women, the dysregulation of 

endocrine function occuixing witli aging may induce a signaling cascade that affects 
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autonomic and immune ftuiction. A proposed mechanism for this alteration will be 

discussed in the text below and is illustrated in Figure 56. Specifically, ERT can restore 

parasympathetic tone in post-menopausal women that may inappropriately signal 

anabolic processes, such as an elevation of lymphocytes. However, the induction of 

lymphocytes is accompanied by an increase in prostaglandins, which inhibit lymphocytic 

function. In healthy younger post-menopausal women, the administration of ERT may be 

without consequence, as levels of granulocytes after menopause are still low. With 

longer durations after menopause, the aging-induced granulocytosis progresses which 

may have consequences on disease processes that are Tul-mediated. In fact, estrogen has 

been suggested to decrease the risk of AD but not alter the progression of AD if the 

disease process has already begun (Wise et al, 2001a). Post-menopausal women with 

AD already have elevations in granulocytes and proinflammatory cytokines stemming 

from the disease. Activated microglia can produce prostaglandins that elevate levels of 

glutamate and lead to cellular dysfunction (see Chapter 2). Therefore, the administration 

of ERT may increase prostaglandins, resuhing in cellular dysfunction and inhibition of 

lymphocytes. After the age of 70, when lymphocytes are most sensitive to prostaglandin-

inhibition, the consequences of ERT are likely to be detrimental by allowing the 

progression of granulocytes and proinilammatory cytokines while suppressing T cell 

fiinction. Interestingly, most interventional studies examining ERT as a treatment for AD 

use subjects over the age of 70, as symptoms of dementia do not typically develop until 

the age of 65 (Hogervorst et al, 2000). 
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I would not predict estrogen to alter the numbers of granulocytes, given that estrogen 

did not affect the number of microglia in either control or inilammatoiy conditions; 

however, 1 would predict that estrogen is capable of changing the ftinction of these cells, 

perhaps through elevation of cytokines, prostaglandins or altering the cell surface 

molecules to change the signaling pathways following exposure. Consistent with this 

notion, estrogen impairs cognitive performance when given alone and exacerbates 

neuroinflammation-induced cognitive impairments without altering the number of 

microglia in either case. Thus, ERT is likely to exacerbate cognitive deficits associated 

with THI-mediated disease processes, such as AD. As endocrine function can directly 

interact with stress pathways, autonomic activation and immune function, it is likely that 

the timing of hormones can directly affect disease processes. 

Therefore, estrogen has complex actions on the brain that may be beneficial or 

detrimental, depending on the timing of exposure. Current research suggests that 

continuous estrogen administration for long durations may have deleterious effects on 

endocrine, autonomic and immune function and can be exacerbated by stressors, as seen 

in post-menopausal women with AD taking chronic ERT. Exogenous administration of 

fluctuating hormones may not improve these consequences unless LH pulses can be 

restored, which may induce appropriate changes in hypothalamic signaling pathways and 

signal the restoration of proper hormonal timing. If the endocrine and immune systems 

function together in a positive feedback cycle to exacerbate dyslimctions occurring in 

both systems with aging and disease states (tor review, see Straub et al., 2000), the 



induction of proper endocrine signaling may mitigate the inflammatory consequences 

induced by stressors and autonomic activation. 
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Figure 56: Numbers of granulocytes and lymphocytes can be regulated by stress, autonomic activity 
and aging. The cytokine environment can also shift, depending on the number and function of these 
cells. Specifically, granulocytes (solid black) produce proinflammatory cytokines (orai^e) whereas 
lymphocytes (dotted black line) produce cytokines that are T|jl (proinflammatory; red line) or T|,2 
(anti-inflammatory; blue line) In phenotype. The ratio of T^l/ T^l cytokines determines the 
downstream activation of macrophages and B cells, respectively. 

With aging, granulocytes and proinflammatory cytokines increase, as do levels of 
prostaglandins. Prostaglandins (purple) inhibit the mitogenic activation of lymphocytes, therefore, 
their increase with aging supports the agii^-related decline seen in the lymphocytic population. In 
addition, lymphocytes become more sensitive to the prostaglandin-mediated inhibition over the age 
of 70. Therefore, despite the aging-related shift to a T^I phenotype, the elevation in granulocytes, 
proinflammatory cytokines and prostaglandins may over-compensate for the decline in lymphocytes 
and result in an overall proinflammatory state. 

Fluctuating gonadal hormones, pregnancy and menopause can affect the ratio of THI/ T|,2 
cytokines. Exogenous estrogen to menopausal women can increase lymphocytes; however, it also 
induces prostaglandins and IL-2, potent inhibitors of T cell function (designated by the vertical 
purple bars). The consequences may include cellular dysfunction by enhancing release of 
inflammatory products (dotted orange and purple lines) or altered expression of cell surface 
molecules. In young menopausal women, these results may be without consequence as granulocyt'es 
and their inflammatory products are still low. However, in women with AD who already have 
elevations in granulocytes and inflammatory products resulting from the disease (green), the 
administration of ERT may enhance release of inflammatory products (dotted orange and purple 
lines) and lead to cellular dysfunction. The mechanism by which estrogen induces these changes may 
be related to the age-related sensitivity to prostaglandin Inhibition (designated by the vertical purple 
bars). Research in this dissertation suggest that estrogen can induce cognitive impairments tliat are 
exacerbated by chronic neurolnflammation; however, the effect Is not mediated by an increase in 
activated microglia, suggesting that levels of granulocytes may not change with ERT. Figure adapted 
from Abo and Kawamura (2002). 
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