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1. ABSTRACT 
 

In this review we examine the evidence for ovarian 
hormone neuroprotection in chronic neurological diseases, 
including stroke.  We propose that neuroprotection may 
involve the ability of estrogens to modulate apolipoprotein E 
(apoE) and its receptor, the low density lipoprotein receptor 
related protein (LRP).  Results from numerous studies have 
demonstrated that (1) nerve regeneration is severely delayed in 
apoE-gene knockout (KO) mice as compared to wild-type 
(WT) littermates; (2) 17beta estradiol replacement in 

ovariectomized mice resulted in a significant increase in levels 
of apoE and LRP, in the olfactory bulb (OB) and other brain 
areas; (3) estradiol treatment increased both apoE and neurite 
outgrowth in cortical and olfactory neuronal cultures; and (4) 
estradiol treatment had no effect on neurite outgrowth in 
cultures deprived of apoE or in the presence of apoE4. In 
essence these studies suggest that apoE is a critical 
intermediary for the beneficial effects of 17beta estradiol on 
nerve repair, which can lead to functional reorganization 
(plasticity). Future studies of HT should evaluate the effects of 
apoE genotype and production estradiol on neuroprotection. 
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2. INTRODUCTION 
 
  For years hormone replacement therapy (HRT-
shortened to HT) and currently occasionally referred to as 
menopausal hormone replacement (mHT), was touted as a 
neuroprotective agent.  Numerous epidemiology studies 
reported neuroprotective effects showing a decreased 
prevalence of numerous chronic neurological diseases.  
However, as discussed below, findings from the Women’s 
Health Initiative (WHI), a prospective study, did not find 
any evidence of neuroprotection (1).  In fact, the risks for 
medical problems appeared to be greater in the treatment 
groups than the placebo-treated groups.  These findings, 
disseminated by popular press, resulted in a precipitous 
decline in the use of HT.  The pendulum of common 
knowledge had clearly swung to a position contraindicating 
HT other than for a few selected menopausal symptoms.  
Five years later, we are finding that the results of the WHI, 
although statistically correct as reported, may have been 
entirely too negative.  Studies now being published are 
suggesting a window of opportunity for neuroprotection by 
HT.  Furthermore, studies suggest that a common protein, 
apolipoprotein E (apoE), may be an integral modulator of 
HT neuroprotection.  Appropriate hormone replacement 
schedules and attention to apoE genotype may vastly 
improve the efficacy of neuroprotection by HT while 
avoiding some of the contraindications. 
 
3. THE CURRENT STATUS OF HORMONE 
REPLACEMENT THERAPY (HT) AND 
NEUROPROTECTON  
 

Previous epidemiological/observational studies of 
hormone therapy (HT) reported neuroprotective effects on 
numerous chronic neurological diseases (discussed below).  
These observations were prospectively addressed in the 
design and execution of the Women’s Health Initiative 
(WHI) trial that evaluated a mixture of equine estrogens 
Premarin (Prem) and medroxyprogesterone (Pro) on 
women’s health.  Results from the WHI clearly identified 
contraindications of continuous PremPro (1).  This study 
found increased incidence of deep vein thrombosis and 
breast cancer over five years.  To our knowledge, no 
reports of increased incidence of these complications were 
reported in the Premarin-only group and several studies 
suggested that the medroxyprogesterone may be a negative 
factor in, at least, breast cancer (2,3).  Similar untoward 
findings were made in the Wisdom Study (4).  
Consequently, the current approved indications for HT use 
are to relieve symptoms of the menopause (vasomotor 
symptoms and vaginal atrophy) and to prevent 
postmenopausal osteoporosis.  In light of lay press reports 
of the WHI data, use of HT has declined by approximately 
50% (5,6).   

 
  If HT is neuroprotective, then decline in use 
presents a demographic time bomb for our aging 
population.  US Census estimates predict that 
approximately 46 million women will be over the age of 65 
in 2050.  About 7 million of these women will be demented 
based on 15% overall prevalence rates.   Hence, if only 
30% of women started HT at menopause and HT decreased 

risk by 30%, we could likely decrease the number of 
demented women by over 600,000.  Clearly, we need to 
determine the reason for the discrepancy between 
epidemiological and prospective studies.  Our goal in this 
review is to identify some critical features of HT in 
neuroprotection that might have been overlooked in 
previous studies.  In particular, we emphasize the 
possibility that modulation of apoE may be a core 
mechanism of HT neuroprotection. 
 
4. DEFINITION OF NEUROPROTECTION 
 

Defining clinical neuroprotection is key in 
identifying possible mechanisms.  Neuroprotection can 
occur when the disease process is present but clinical 
evidence of progression is delayed.  This is most evident in 
Alzheimer’s disease (AD) which is associated with 
advanced age.  Recent studies, and our personal 
experiences with neuropathology samples, strongly suggest 
that individuals may be cognitively intact at the time of 
death while harboring substantial Alzheimer-like pathology 
(7).  In the absence of clinical information, we may have 
incorrectly concluded that these patients had clinical 
dementia.  

 
We propose that neuroprotection can act in two 

basic modes; 1) directly affecting the disease mechanism, 
and 2) affecting the clinical progression.  These two modes 
are not identical.  Direct effects on the disease etiology are 
usually inferred when neuroprotective effects of a 
compound are identified and are usually the goal of 
“neuroprotection” trials.  However, slowing of clinical 
disease progression, in the absence of directly affecting the 
disease process, may be just as important for decreasing the 
prevalence of a disease. 

 
We hypothesize that clinical expression of a 

progressive neurological disease occurs when a threshold 
of tissue damage is reached.  We propose that many 
treatments that affect clinical expression do so by slowing 
the progression to that threshold. Particularly, repair of 
disease-caused damage could delay the progression of 
clinical expression of the disease.  

 
Delay of clinical expression can occur by 

numerous mechanisms including protection of cells from 
lethal injuries, perhaps production of new cells from 
pluripotent stem cells, or repair and reorganization of 
remaining cells and connections (plasticity).  Protection 
could physically reduce the amount of compromised tissue, 
hence reducing the total damage.  Repair may generate new 
connections to replace functions previously performed by 
the irreversibly damaged tissue.  Hence, repair could 
compensate for neuron death and synaptic loss by forming 
new synapses and this repair will delay clinical expression 
(e.g., dementia). 

 
Importantly, the neuroprotective intervention 

may have relatively minor effects on the basic mechanisms 
underlying the etiology of the disease.  For example, 
relapsing-remitting multiple sclerosis is generally thought 
to represent damage by an immune cell-mediated 
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mechanism interspersed with periods of repair.  If the 
magnitude of recovery is augmented during the remission 
phase, then disability progression is slower, independent of 
the primary cause.  A drug that could improve recovery 
would delay the course of disease although have little or no 
effect on the mechanism (s) underlying demyelination.  We 
propose that understanding the full range of 
neuroprotection by HT involves modulation of the disease 
course. 

 
Why natural selection would assign estrogens 

(and perhaps progesterone) a neuroprotective role probably 
relates to maternal physiology during pregnancy.  During 
pregnancy the mother is at risk for stroke, exhibits 
peripheral resistance to insulin, and shows changes in 
osmoregulation, increased cardiac output, and alteration of 
vascular resistance.  Circulating estrogens increase during 
pregnancy, increase uterine blood flow and are key 
regulators of progesterone synthesis (8).  A role for 
estrogen in neuroprotection may be an evolutionary 
strategy to protect the mother to insure the success of her 
offspring.  Hence, to us, it is not surprising that estrogen 
would have a generalized neuroprotective effect on the 
brain.  The obvious question is then, what is the mechanism 
underlying the neuroprotective role of estrogens? 

 
5. THE MENSTRUAL CYCLE and MENOPAUSE 
 
5.1. Menstrual cycle  

Possible mechanisms of neuroprotection of HT 
need to be understood in the context of the normal 
menstrual cycle (or estrus cycle in rodents and other 
species) and menopause, when menstrual cycles become 
more irregular and subsequently cease.  During the 
normal menstrual cycle of about 28 days, the ovarian 
hormones, 17beta estradiol and progesterone, show 
striking cyclic variation.  Circulating levels of estradiol 
vary from 20 to 600 pg/mL during the menstrual cycle, 
with highest levels just prior to the pituitary 
gonadotropin surge and ovulation.  Circulating 
progesterone varies from approximately 0.1 ng/mL to 
19.4 ng/mL with peak levels occurring about 1 week 
after ovulation.  Levels of both hormones are lowest 
during menstruation. (9,10).   

 
The estrus cycle in the rodent compresses into 

4-5 days the endocrine and ovarian events that occur 
over the typical 28-day human menstrual cycle.  Growth 
of small antral ovarian follicles occurs during diestrus and 
proestrus with concomitant increase in circulating 17β 
estradiol that is produced by these growing follicles.  Peak 
circulating levels of estradiol occur by mid-proestrus and 
decline after the preovulatory gonadotropin surge.  
Preovulatory LH and FSH peak late on proestrus and 
ovulation occurs in the early hours of estrus.  LH levels 
rapidly decline after the preovulatory surge.  FSH declines 
then exhibits a secondary rise that peaks during the early 
morning of estrus.  Progesterone begins to rise after the 
preovulatory gonadotropin surge (11). Hence, the female 
brain, during the reproductive years, is exposed to 
continuously varying levels of ovarian hormones and 
pituitary gonadotropins. 

5.2. Menopause 
Menopause is characterized by the cessation of 

menstrual cyclicity, decline in ovarian hormone 
secretion and rise in circulating FSH.  Ovarian changes 
that precipitate the decline in ovarian hormone 
production occur several years prior to the cessation of 
menstruation.  As a woman ages the number of ovarian 
follicles decreases and by the onset of menopause few, 
if any, follicles remain.  During the years just prior to 
menopause, the perimenopause transition, gonadal 
inhibin production decreases.  In response to the 
declining levels of inhibin, FSH rises.  Menstrual cycles 
become irregular in response to the alterations in 
gonadal and hypophyseal hormones and menstruation 
eventually ceases.  Menopause is clinically defined as 
elevated FSH (> 23-40 IU/L) and the absence of 
menstrual periods for 12 months.  The permanent 
cessation of menstruation is caused by failure of ovarian 
follicular development and estradiol production in the 
presence of elevated gonadotrophin levels (8-11).   

 
5.3. HT types 

Current prescribing indications for HT are for the 
relief of menopausal symptoms including hot flashes, mood 
swings, vaginal atrophy and osteoporosis.  It is not 
currently indicated for neuroprotection.  The most 
advertised type of HT is the combination of Premarin 
(estrogens derived from pregnant mare’s serum) combined 
with medroxyprogesterone (Pro) having the trade name 
PremPro.  This is the combination used in many trials 
including the HERS study and the Woman’s Health 
Initiative (WHI).  This drug is taken orally on a daily 
regimen.  In women without a uterus, only Premarin 
is given in a daily dose.  These approaches to HT 
result in relatively constant levels of estrogens and 
progestins in contrast to normal fluctuation in serum 
levels and, as noted below, may be suboptimal for 
neuroprotection. 

 
Another orally supplied regimen is typically 

composed of 21 days of estrogens followed by several 
days of a progesterone analogue.  The addition of a 
progesterone analogue in both of the orally available 
protocols is included because previous studies show that 
estradiol-replacement alone can result in an increased 
risk for endometrial cancer.  Hence the carcinogenic 
effect is opposed with a progesterone analogue. 

 
  Several alternative methods utilize a depot 
approach either administered subcutaneously or by a 
patch applied to the skin.  The important point to be 
made about these regimens is that the alternating 
estradiol-progesterone and the depot approach are 
significantly different than the PremPro daily dosing 
in that they do not result in unchanging levels of 
ovarian hormone in the system.  The depot approach 
probably results in higher levels immediately after 
application than at the end of the pharmaceutical life 
of the depot; often about 30 days.  Levels again rise 
at replacement.  Hence levels of estradiol would 
fluctuate which we suspect is critical in 
neuroprotective effects (see below). 
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Table 1.   Estrogen replacement studies 
Subjects 1 Study Type 2 Intervention 3  Dependent Variable 4 Outcomes5 References6 
Normal Retrospective Mixed Repeated testing on 

MMSE  
HT associated with less cognitive decline 
when not having apoE4 

74 

Normal Prospective Mixed Short Term Memory 
Performance  

HT improved 75 

Normal  Prospective 
(WHI) 

PremPro Cognitive tests  Greater decline in the treated than placebo 
group 

24, 25 

Normal Retrospective Mixed Clinical Data No Protective Effects 14 
Normal 
 

Retrospective Mixed  Chart Review, Death 
Certificate  

Decreased Risk for developing dementia 13 

Decreased risk for developing dementia 12, 15-17 Normal 
 

Prospective Mixed  Clinical Data 

Decreased risk for those starting early 18 
Demented  
 

Prospective PremPro Multiple Cognitive Tests No improvement in cognitive function 20-23 

Demented 
 

Prospective Estradiol Patch Multiple cognitive Tests  Short term improvement 24 

Parkinson Disease Retrospective Mixed Clinical Evaluation Less severe progression or later onset  32,33  
Stroke 
 

Retrospective Mixed Questionnaire, death 
certificates 

Decreased Likelihood  27,29 

Decreased Symptoms 35,38,39 Multiple Sclerosis (MS)  Retrospective Mixed Questionnaire 
 No effects 36 

MS-relapsing remitting Retrospective Estriol  Laboratory Testing Decreased Size and number of lesions 37 
This table summarizes the results of multiple studies with various estrogen replacement strategies. 1) Subjects:  Putative 
condition at the start of the study. Normal-Normal cognitive performance; Demented-Evidence of cognitive decline.  Prospective 
studies applied clinical evaluations; Parkinson Disease-defined clinically; Stroke-by chart review, death records or questionnaire; 
Multiple Sclerosis-by clinical diagnosis.  2) STUDY TYPE: Prospective-patients were followed after an initial evaluation for 
varying time periods.  Retrospective-patient’s condition and HT intervention was determined by chart review.   3) 
INTERVENTION: Mixed- The type of estrogens used was not or could not be specified and may have included opposed 
estrogens.  Estrogens-estrogens only but the mixture was not reported; Prempro-a combination of Premarin and a progesterone 
(medroxyprogesterone); Estradiol-presumably 17 beta estradiol.  4) DEPENDENT VARIABLE: Conclusions based on this 
variable 5 OUTCOMES: Outcome description.  REFERENCE: Citation number. 
 
6. HT AND NEUROPROTECTION 
 
6.1. HT and dementia 

 A review of the literature (Table 1) shows that a 
history of HT decreased the risk for dementia by about 30% 
(12-18).  We can assume that most of these cases were 
probably Alzheimer disease, although most studies were 
unable to thoroughly evaluate the cause of the dementia 
(see Table 1).  A history of early oophorectomy has been 
associated with an increased risk for dementia (19).    A 
logical extension of these observations is the intervention 
with HT in women with AD.  However, these studies have, 
by and large, not been successful.  

 
Intervention studies with HT in demented women 

have not generally shown positive results (20-24).  To our 
knowledge only one study has shown an improvement with 
HT and this intervention used high doses with a 
transdermal patch (24).  Intervention studies in cognitive 
intact women have also shown rather negative results.  The 
mental health aspect of the Women’s Health Initiative 
Mental Status study (WHIMS) found no protective effects 
of PremPro on cognitive function, and, in fact, a slight 
decline (25,26).  These discrepancies are important to 
address.  Non hormonal explanations for contrast between 
the results of the WHIMS and previous observational 
studies can lie in publication bias (negative findings are 
unlikely to be published) or biases of sample selection 
(women who use HT might be better educated or live a 
healthier life-style).  Nonetheless, failure of 
neuroprotection in the WHIMS and in interventions in 
women with dementia contrasts with epidemiology studies 

of HT and with neuroprotective effects of estradiol 
replacement reported in animal studies.  As discussed 
below, we suspect that apolipoprotein might be a critical 
factor in these differences.   

 
6.2. HT and other chronic diseases  

Possible neuroprotection by HT is not unique to 
dementia (Table 1).  A history of using HT has been 
associated with protection against both stroke and 
hypertensive brain damage (27-30), and silent strokes have 
been suggested to be a factor in the clinical expression of 
dementia in the presence of AD pathology (31).  A history 
of HT also decreased the risk for Parkinson disease 
dementia (32-33.) and early oophorectomy was associated 
with an increased risk for PD (34).  HT was also associated 
with less severe multiple sclerosis (35-38) and MS 
symptoms may become less severe during pregnancy when 
ovarian hormone levels are elevated (39).   In sum multiple 
studies suggested an effect of ovarian hormone replacement 
on disease progression.  An Occam’s razor approach to 
explaining neuroprotection by HT suggests that, rather than 
affecting disease-specific processes, HT may result in 
generalized neuroprotection.  Neuroprotection by estradiol 
appears likely, but the mechanism (s) require clarification 
for optimal application. 

 
7. APOLIPOPROTEIN E ISOFORMS AND 
NEUROLOGICAL DISEASE 
 
7.1. ApoE isoforms and receptors 

ApoE is a 35kD lipid associated protein (40,41).  
In brief, the C-terminus of apoE binds to the lipoprotein 



Apolipoprotein E and hormone therapy 

5391 

complex while the N-terminus extends from the complex to 
bind with receptors.  In humans, three major isoforms of 
apoE are found and referred to as apoE2, apoE3 and apoE4, 
and coded by three alleles, ε2, ε3 and ε4 (42-45).  These 
three isoforms vary by one amino acid at two sites.  This 
variability is proposed to modify the tertiary structure of 
apoE to modify its ability to bind to both intracellular and 
extracellular receptors (44).   

 
The apoE receptors comprise a family of 

receptors that range in weight from 130 to 600 kD and 
include the very low density lipoprotein receptors 
(VLDLr), the low density lipoprotein receptor (LDLr), the 
apoE receptor (apoE2r), the lipoprotein receptor related 
protein (LRP), megalin and GP330.  Most of these are 
found in the brain.  Of particular importance is the c-
terminus of some of these receptors, including the LRP, has 
an NPxY motif that modulates numerous intracellular 
processes in addition to lipid internalization.  More 
information about these receptors can be found in excellent 
reviews (46-48).   

 
However, a key observation in these studies 

for relating HT to apoE is that estradiol replacement can 
increase protein levels of both apoE  (49-52)  and its 
receptor, LRP, while not affecting levels of the LDLr 
(53).   Hence, HT could increase apoE and LRP and 
thereby underlay HT effects.  Effects of these proteins 
on cell function are complex and are briefly discussed 
below.  

 
7.2. ApoE and chronic neurological diseases 

ApoE isoform clearly has a critical role in 
developing dementia.  Epidemiology studies revealed that 
the apoE4 allele showed a dose-response effect on 
developing the dementia associated with Alzheimer 
disease.  In fact, those homozygous for apoE4 had roughly 
a 90% risk for dementia by the age of 90 while those 
homozygous for apoE3 had roughly a 30% risk (54).  Some 
studies suggested that apoE2 may be neuroprotective and 
lessen the risk.  However, the low frequency of this isoform 
made epidemiological risk estimates unreliable.  Of note is 
that the risk for dementia was also modified by 
polymorphisms of LDL-r family members including 
LDLr (55) and LRP (56).  ApoE binds strongly to the 
putative cause of Alzheimer disease, beta amyloid.  This 
observation has led to a general hypothesis that apoE 
affects the course of dementia by modulating the 
transport of beta amyloid (57,58)  

 
What is less appreciated is that having the 

apoE4 isoform of the gene also increases the risk or 
progression rate for multiple other chronic neurological 
diseases. The apoE alleles ε2 and ε4 increased the 
likelihood of developing Parkinson disease (59,60) and 
this effect was greater in women than in men (61). The 
severity of pathology appeared to be exacerbated by 
having apoE4 (62).  In addition, the risk for dementia in 
PD appeared greater in the presence of apoE4 (63), 
although this clinical presentation could have been co-
occurrence of AD pathology and Parkinson pathology 
referred to, generically, as diffuse Lewy body disease.  

Other chronic conditions were also affected by 
apoE isoform. ApoE genotype was associated, in a complex 
manner, with the clinical progression of fronto-temporal 
dementia (64).  The apoE ε4 genotype was a major risk 
factor for dementia following brain trauma (65,66) and the 
progression of relapsing-remitting multiple sclerosis 
appeared to be exacerbated by the presence of the ε4 allele, 
although the risk was not increased (67,68).  The 
progression of amyotrophic lateral sclerosis (ALS) 
appeared to be more rapid when apoE4 was present 
(69,70).  Finally, the progression of TLE epilepsy (71), a 
refractory response to anti-epileptic drugs (72) and the 
likelihood of post-traumatic seizures (73) were increased 
by having an apoE4 allele.  

 
As with HT, the range of diseases affected by the 

risk factor of apoE isoform suggests that a disease-specific 
mechanism is not likely to underlay disease progression.  
We hypothesize that a relevant interpretation of the role of 
apoE is facilitation of protection and repair.  Specifically, 
disease progression is more rapid (and it becomes clinically 
evident earlier) in individuals with the apoE4 gene because, 
in general, damage may be increased and repair attempts by 
the brain are less effective. 
 
7.3. Interaction between apoE isoforms and HT 

Only a few studies have evaluated the interaction 
between HT and apoE.  To our knowledge, two 
epidemiology studies have examined the role of HT and 
apoE isoform on dementia and cognitive function.  Women 
treated with HT who had the apoE4 allele did not show the 
same degree of neuroprotection by HT from cognitive 
decline as those with other genotypes (74).  HT appeared to 
improve cognitive function only in post-menopausal 
women not having the ε4 allele (75).  Estradiol may not be 
neuroprotective in patients that have a history of stroke and 
apoE4 (76).  An estrogen receptor (ER) alpha 
polymorphism interacted with apoE4 genotype to increase 
the risk for developing of the Alzheimer type dementia 
greater than that of apoE4 alone (77).   

 
What becomes clear in these studies is that both 

HT and apoE modify the course of chronic neurological 
diseases but may not necessarily modify the underlying 
etiology of the disease.  Studies in experimental animals 
show that HT, principally 17beta estradiol, can be 
neuroprotective.  The presence of apoE is generally 
neuroprotective when compared to the absence of apoE.  
However, an interaction between hormone replacement and 
apoE expression has not been systematically studied.  A 
review of animal studies follows. 

 
8. ANIMAL STUDIES OF NEUROPROTECTION BY 
ESTRADIOL REPLACEMENT 
 
8.1. Stroke studies 

Estradiol replacement after ovariectomy has 
shown mixed effects on neuroprotection in animal models 
of ischemia (stroke).  We suspect that the mixed effects 
largely reflect the variability in the interval between 
estradiol treatment and induction of the stroke.  Effective 
post-stroke estradiol replacement had to occur within hours 
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after the stroke (30,78-80).  If estradiol replacement in 
ovariectomized (OVX) animals was started about one week 
or less prior to stroke, about 85% of published studies show 
a protective effect (81-103).  Conversely, two weeks or 
more of estradiol treatment prior to stroke induced a 
protective effect in only about 25% of the studies (104-
113).  Of note is that neuroprotection from stroke by 
estradiol did not occur in the absence of apoE (114) 
bringing the focus to apoE   

 
We found that continuous estradiol following 

OVX increased apoE and LRP, but only for about a week 
after replacement (52).  Acute replacement of estradiol 
could increase apoE which could, in turn, limit stroke 
damage by upregulating lipid availability.  Modulating LRP 
could also modulate Ca2+ entrance into neurons through the 
n-methyl d-aspartate (NMDA) receptor slowing an 
apoptotic cascade (115).  LRP also modulates tissue 
plasminogen activator that is involved in tissue destruction 
and phagocytosis (116-118).  Identifying mechanisms of 
protection from the acute effects of strokes requires more 
study. 

 
8.2. Synaptogenesis 

Synaptogenesis associated with the estrous cycle 
and estradiol replacement following OVX is a widely 
known animal model.  Numerous studies in rats showed 
that post-synaptic dendritic structures (spines) varied with 
the estrous cycle in female rats with a peak on proestrus in 
intact rats.  Six days following OVX, two days of estradiol 
replacement increased spine and synaptic density by 30% 
in hippocampal CA1 pyramidal neurons peaking at 2-3 
days (119,120).  Progesterone replacement facilitated the 
decline in spine number following OVX.  A general 
conclusion of these studies was that the mechanism of 
spine production involved increased activation of the 
NMDA receptor caused by inhibition of the gamma amino 
butyric acid (GABA) receptor.  Evaluation of 
synaptophysin, an integral membrane protein of synaptic 
vesicles (see 121), showed a similar response to estradiol 
replacement (122,123).  

 
8.3. Cholinergic neurotransmission 

Enzymes associated with acetylcholine 
transmission are modulated by estradiol. The highest levels 
of mRNA for the rate limiting enzyme for acetylcholine, 
choline acetyltransferase (ChAT), were found on diestrus 
day 1 in the medial septum (which projects to 
hippocampus) and on diestrus day 2 in striatum and in 
nucleus basalis of Meynert which projects to neocortex 
(124,125).  Estradiol replacement increased ChAT in multiple 
brain regions (124,126,127).  However, continuous exposure 
to estradiol for two weeks or more had variable effects on 
ChAT; some brain regions increased, some decreased and 
some did not change (128-132).  Moreover, studies disclosed 
“a window of opportunity” for estradiol replacement following 
OVX (131,132).  If estradiol replacement occurred after this 
window, no effects were observed.   

 
8.4. Regeneration and repair 

In vivo studies of estradiol-facilitated growth and 
repair are relatively rare.  However, they generally showed 

that estradiol replacement facilitated axonal regeneration.  
Islamov (133) reported that estradiol replacement could 
improve sciatic nerve regeneration.  Studies also showed 
that sprouting of axons in denervated hippocampus was 
more rapid in the presence of estradiol (123,134,135). 
Finally, estradiol could modulate genesis and survival of 
neuronal precursor cells (136-138).   

 
Studies of neuronal cultures have shown that 

including estradiol in a culture media increased the rate of 
neurite growth.  An early study (139) used explanted 
cultures of hypothalamic tissue.  Other studies, using cell 
culture methods of dissociated embryonic tissue also found 
facilitation of process growth (140-142).   

 
9. ANIMAL MODELS OF NEUROPROTECTION BY 
APOLIPOPROTEIN E 
 

The precise mode (s) by which apoE is 
neuroprotective is not clear.  Decreased densities of 
hippocampal and neocortical synaptophysin (a marker for 
presynaptic terminals) and microtubule-associated protein 2 
(a dendritic marker) were reported in old apoE deficient 
mice (143).  However, another study did not observe frank 
neuropathological changes in either young (approximately 
6 months) or old (more than 20 months) apoE deficient 
mice (144).  A clear explanation for these differences 
requires study of possible founder effects of KO mice.  

 
9.1. Stroke studies 

ApoE clearly affects the severity of damage from 
experimental strokes.  The severity of damage subsequent 
to ischemia was substantially increased in mice lacking the 
apoE gene (apoE knockouts or KO) compared to WT mice 
(145).  Adding the apoE3 gene in apoE KO mice appeared 
to decrease the damage while the apoE4 gene appeared to 
increase damage (146,147).  Key studies to understanding 
how apoE might work reported delayed damage following 
stroke in the presence of apoE4 (148) and faster clearance 
of debris in mice with the apoE gene compared to KO mice 
(149,150). Hence, the total damage from an acute event 
(stroke) might be modulated by repair processes, the rate of 
which are modulated by apoE.  Slow clearance of debris 
may result in a prolonged period of glial activation and 
increased damage from glial-produced toxins. 

 
9.2. Repair in apoE KO mice 

ApoE may facilitate sprouting by recycling 
cholesterol and other lipids via lipoprotein receptors on 
target cells (40,151-154).  These lipoprotein particles have 
been proposed to scavenge cholesterol from the 
degenerating myelin and provide it to growth cones of 
sprouting axons via low-density lipoprotein receptor-
mediated endocytosis (40,155,156). 

 
ApoE protein increased by 250- to 350-fold 3-

weeks following injury of peripheral nerve in rats (41,157).  
These data suggested that apoE was important for 
peripheral nerve regeneration, however, regenerating 
nerves in both apoE deficient and control mice were 
morphologically indistinguishable at two and four weeks 
following sciatic nerve crush (155,158).  We speculate that 
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other apolipoproteins in the PNS may have been capable of 
functionally substituting for apoE. 

 
Following a brain injury, apoE mRNA expression 

in the hippocampal dentate gyrus increased six days 
following injury, and several days after reactive gliosis is 
identified (156,159).  Olfactory nerve lesion resulted in a 
two fold increase in whole olfactory bulb apoE and a 
roughly 10 fold increase in both astroglia and microglia 
containing detectable apoE (160).  Anderson et al, (144) 
reported little difference between the apoE deficient mice 
and wild-type controls on plasticity and repair in contrast to 
another that reported poorer repair when apoE4 was 
expressed by neurons (161).  The presence of apoE4, rather 
than apoE3, may have delayed repair processes.  Delayed 
repair may prolong reactive astrogliosis.  Prolonged 
reactive gliosis may have inhibited axonal growth (162) 
and apoE4 may have been deficient in facilitating axonal 
re-growth resulting in a more prolonged period of reactive 
gliosis.  Some critical function in neuroplasticity and 
axonal process growth was suggested by studies that 
showed impaired long-term potentiation in hippocampus of 
apoE deficient mice (163,164). 

 
Of note for regulation of apoE was that cortical 

spreading depression, which was associated with oxidative 
stress, increased apoE message (165) and reactive gliosis 
(166).  In this paradigm, KCl bathed the cortex causing the 
neurons to initially depolarize and then become quiescent.  
Hence, in response to declining neuronal activity, apoE 
might be upregulated.  Regulation of apoE following 
damage or stress in the CNS may indicate an important role 
in brain protection and repair. 

 
9.3. Olfactory nerve repair in apoE KO mice 

The rodent olfactory bulb may present an ideal 
model for understanding the role of apoE in regeneration 
and repair.  In the normal mouse and human, we showed 
weak but consistent immunoreactivity for apoE 
surrounding the terminal field of olfactory receptor 
neurons, the glomerulus (167).  In brief, weak but 
detectible immunoreactivity for apoE surrounded the 
glomeruli, and was present in the olfactory nerve. 
Subsequent studies showed that apoE occurred in 
sustentacular cells in the olfactory receptor nerve layer, in 
the glia surrounding the olfactory nerve and in the olfactory 
bulb proper (168).  Hence, apoE was present along the 
whole length of the olfactory nerve and could function to 
support neurite growth for the length of the olfactory nerve.  
These observations suggested to us that apoE was 
associated with the continuous olfactory receptor axonal 
extension that occurs in the olfactory bulb.  Therefore, we 
have focused on the olfactory nerve and bulb as a valuable 
model of regeneration and repair. 

 
The major source of axonal input to the olfactory 

bulb is the olfactory nerve.  The olfactory nerve can be 
reversibly injured by irrigating the olfactory epithelium, 
where the cell bodies reside, with zinc sulfate or Triton 
X100.  This procedure does not directly injure the olfactory 
bulb.  Hence, this model provides a simplified system for 
studying the role of apoE in olfactory nerve regeneration 

and repair in the absence of direct damage to the measured 
structure. 

 
Following irrigation of the olfactory epithelium 

with Triton X-100, receptor neurons that project into the 
olfactory bulb died, but the remaining precursor (basal) 
cells were able to reconstitute the olfactory epithelium and 
after several weeks re-innervated the olfactory bulb (169).  
Hence we could perform a peripheral lesion of the olfactory 
nerve and monitor recovery in the olfactory bulb which is 
part of the central nervous system. 

 
Three days following olfactory epithelium 

irrigation, apoE increased two-fold by semi-quantitative 
Western blotting of whole olfactory bulb.  
Immunocytochemical localization showed intense apoE 
immunoreactivity covered the degenerating olfactory nerve 
and surrounded the glomeruli (160).  Both astroglia and 
microglia cell bodies contained clearly visible 
apolipoprotein E throughout the bulb, but neurons 
contained no detectable apoE immunoreactivity.  In both 
normal and apoE-KO mice, Western blot levels of olfactory 
marker protein (OMP-which is restricted to adult olfactory 
nerves) and area measurements of the terminal fields of 
olfactory nerves (glomeruli) showed a rapid decline after 
olfactory epithelium irrigation that reach a nadir within 
seven days.  By 14 days levels of OMP and area were 
increasing in normal mice.  ApoE was still significantly 
elevated two weeks following nasal irrigation, well into 
the period of olfactory nerve regeneration.  Statistically 
normal levels of OMP were reached by 21 days, 
although further increase of OMP was observed at 42 
days post lesion.   

 
Markedly delayed regeneration of the olfactory 

nerve occurred in apoE-KO mice (169).  We found no 
significant recovery at 14 or 21 days post-lesion with 
either OMP or areal measures of glomeruli.  Levels of 
OMP started to increase at 42 days but only reached 
statistical comparability with the WT mice at 52 days 
post lesion.  Of note was that the end point of 
regeneration was not different in the two genotypes 
suggesting that apoE affected the rate, but not the 
endpoint, of recovery.  The clear implication from these 
studies was that apoE was intimately involved in both 
degeneration and regeneration.   

 
We hypothesize that the delay in olfactory 

nerve regeneration in KO mice in the absence of apoE 
represents inefficient lipid utilization.  During 
degeneration and regeneration apoE was upregulated 
and glia internalized free lipids from degenerating 
processes.  During regeneration these lipids were 
available to support membrane synthesis by regenerating 
axons.  In the absence of this exogenous supply of lipid 
derived from degenerated processes carried by apoE, 
regeneration required either de novo lipid synthesis by 
neurons and transport to the growth cone, lipid supply 
by less efficient methods, and/or possibly excessive 
glial activation that could cause excessive damage.  We 
suspect that a primary role of apoE in neuroplasticity is 
to process and supply lipids to neurons for regeneration. 
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9.4. Culture models of apolipoprotein E and 
neuroplasticity 

Several studies showed that apoE3, but not 
apoE4, combined with cholesterol, increased neurite growth 
in vitro.  When combined with a source of lipid, apoE3 
stimulated neurite extension from dorsal root ganglion 
neurons, whereas apoE4 inhibited it (170,171).  Other studies 
using adult culture techniques have replicated this finding (see 
172).  Importantly, the effects of apoE on facilitating neurite 
outgrowth appear to be locally mediated (173).  In a 
compartmented cell culture model, in which the media 
surrounding the cell body is mechanically isolated from the 
media surrounding the axon, apoE supplied to the growing 
axon facilitates axonal growth.  If added to the cell body 
media, apoE has no significant effect on axonal growth.  This 
suggests that apoE may act locally on a growing axon, perhaps 
to supply lipids for the extending cell membrane.   

 
An enduring question, that has major clinical 

importance, is whether apoE4 is merely ineffective in 
supporting neurite growth or is actually neurotoxic and inhibits 
neurite growth.  Disruption of the neuronal cytoskeleton by 
apoE4 was suggested as a possible etiology of growth delay in 
culture (171). In fact, we have performed studies of apoE 
growth facilitation finding in one study that apoE4 was 
ineffective, but in another, with “identical” conditions, that 
apoE4 inhibited growth compared to no apoE (174,175).  
Identifying causes for this discrepancy is important from a 
clinical point of view in that interventions that increase apoE 
production in individuals that are heterozygous for the apoE4 
isoform could be injurious. 

 
9.5. Microglial activation, estradiol and apoE 

Another consideration for a role in apoE in 
neuroprotection is a role in suppressing microglial 
activation and inflammation and concomitant neuronal 
injury. ApoE replacement decreased microglial activation 
and secretion of proinflammatory factors including TNFα, 
IL-6, IL-1β and NO (176-189).  In general, apoE4 was less 
effective than apoE3 in inhibiting microglial activation and 
NO production.  Of note is a recent paper (190) that 
indicates that in an experimental model of MS, EAE, 
estrogen receptor (ER) alpha  ligands delay disease onset 
and suppress inflammation.  Conversely, ERbeta ligands 
improve the recovery during the chronic phase of the 
disease.  Hence a biphasic effect of estrogens may be 
indicated, with an ERalpha mediated response protecting 
from damage and ERbeta aiding regeneration and repair. 

 
9.6. Neurogenesis and ApoE 

It is not clear if apoE modulates neurogenesis 
from stem cells although a suggestion of that possibility is 
present (191-193).  The possible role of apoE and neuronal 
precursor cell function requires examination. 

 
10. INTERACTION BETWEEN ESTRADIOL AND 
APOE ON AXONAL REGENERATION 
 
10.1. In vivo studies of interactions between estradiol 
and apoE 

In a key in vivo study, estradiol was found to 
increase the rate of hippocampal regeneration, but only in 

the presence of apoE (123).  Mice that did not produce 
apoE did not show facilitation of regeneration.  
Experimentally induced stroke studies have shown the 
neuroprotective effect of estradiol replacement is not seen 
in the absence of apoE (114).  Culture studies (discussed 
below) have shown the same dependency of estradiol on 
apoE. 

 
10.2. In vitro studies of interactions between estradiol 
and apoE 

We performed an in vitro study to examine the 
combined effects of estradiol replacement and apoE 
isoforms (175).  Our cultures were derived from adult mice 
and contained both neurons and glia.  During preparation, 
the cells were stripped of processes.  We found a dose 
response curve for estradiol increasing apoE in the medium 
that matched the dose-response curve for neurite growth, 
leading to the logical conclusion that increasing apoE 
increased neurite growth.  This study also examined the 
role of estradiol combined with apoE isoforms.  In the 
absence of apoE or combined with apoE4, physiological 
doses of estradiol had no effect on neurite growth.  In 
contrast, apoE2 or apoE3 both increased neurite growth.  
Combined with estradiol, growth was significantly greater 
than apoE alone emphasizing the synergistic relationship.  
The same effects were seen in mice that were transgenic for 
either apoE3 or apoE4.  This study showed that estradiol 
could increase process growth in cultured neurons but that 
the effect required the presence of apoE2 or apoE3.  ApoE 
isoform apparently had a permissive effect on neurite 
growth stimulated by estradiol replacement.  Of interest 
was that lipid transport into neurons by apoE3 was better 
than that by apoE4 which, in turn, was better than that of no 
apoE.  Therefore, lipid transport alone did not account for 
the effects of estradiol on process growth.  

 
This leads to the likelihood that estradiol 

probably had other effects on neuronal growth besides 
apoE increase.  In vivo studies have shown that estradiol is 
able to increase neuronal activity.  Estradiol may do this 
through modulation of the NMDA receptor (194).  Our 
recent data, discussed below, show that estradiol can also 
modulate the expression of a multifunctional receptor, LRP 
(53).  Studies have suggested that ligand binding by LRP 
may modulate the Ca2+ permeability of NMDA receptors 
(115).  Hence, this system presents a simple model 
whereby estradiol could increase both the supply of lipids 
to neurons (by upregulating apoE) and simultaneously 
change the excitability of neurons by indirectly modulating 
the NMDA receptor and calcium influx.  Moreover, apoE 
and the LRP could be neuroprotective by suppressing Ca2+ 
influx.  This possibility of complex interactions between 
apoE, other ligands and LRP requires further study. 

 
11. OVARIAN HOMONE CONTROL OF APOE and 
LRP 
 
11.1. Normal variation in apoE expression in the brain 

An obvious question this review raises is how 
does estradiol modulate apoE production?   Previous 
studies suggested that estradiol acted through an ERalpha-
like receptor (50,195).  However, our data suggest that 
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estradiol likely controls apoE in an indirect manner.  ApoE 
levels showed regionally-specific variation with the estrous 
cycle in females (51).  ApoE protein in males tended to be 
slightly less than peak levels in females.  The highest brain 
levels of apoE protein in females occurred on diestrus and 
proestrus in hippocampus, cingulate and frontal cortex with 
lowest levels on estrus (51).  Hippocampal levels tended to 
correspond to apoE mRNA levels which peaked on diestrus 
in CA3 and proestrus in CA1 of hippocampus (196).  
Comparison of the mRNA data and our protein data 
suggest even more regional variation within the 
hippocampus that was masked in homogenate studies.  In 
striking contrast to cortex was that highest levels of apoE in 
the olfactory bulb and cerebellum were on estrus with 
lower levels on di- and proestrus (51).  Clearly a major 
difference between brain regions exists.   

 
11.2. Short and long-term effects of estradiol 
replacement 

We found that physiological doses of estradiol 
increased apoE in adult cell culture media four hours after 
addition.  ApoE remained elevated for four days in these 
mixed neuron-glial cultures from adult mice (175).  
However, the in vivo response to estradiol replacement was 
more complex than a simple receptor mediated process 
would suggest. 
 Estradiol increased whole brain apoE mRNA and 
protein at five days after replacement in rodents  (49-52).  
In two studies we found that five days of estradiol pellet 
replacement had a small effect on increasing neocortical 
apoE (ca. 20%), a stronger effect in hippocampus (ca. 40%) 
and a substantial effect in olfactory bulb and cerebellum 
(100%) (51,52).  This magnitude of hippocampal change 
corresponds to a more recent report (195). 
 

In subsequent studies we examined the effects of 
continuous estradiol replacement for up to 49 days (52).  
We used estradiol pellet replacement at the time of OVX 
and followed apoE, glial fibrillary acidic protein (GFAP-an 
indicator of reactive astrocytes), synaptophysin (a 
presynaptic protein), LDLr and LRP.  This study presented 
three interesting results.  The first was that apoE and 
synaptophysin increased seven days after estradiol 
replacement in the four brain regions examined (olfactory 
bulb, cerebellum, somatosensory cortex, and hippocampus) 
compared to the OVX-non-replaced mice.  The second 
observation was that at 14 days after continuous estradiol, 
levels of apoE and synaptophysin declined to levels 
comparable to the vehicle-treated mice in all regions and 
stayed low over the 49 days.  We found no changes in the 
LDLr in any area or at any time following estradiol 
replacement.  LRP increased in hippocampus, 
somatosensory cortex and olfactory bulb at seven days but 
did not increase in the cerebellum (53).  The third 
observation involved GFAP.  GFAP, in the estradiol-
replaced mice, was not different from the non-replaced 
mice at seven or 14 days.  However, GFAP in the non-
replaced mice began to increase and was significantly 
higher than the estradiol replaced group by 49 days.  Long-
term estradiol replacement appeared to suppress glial 
activation, a conclusion made in previous studies (197).   

 

The explanation for this pattern of results is not 
obvious at this point, but these data raise interesting 
questions about protocols commonly used for HT.  We 
found that acute increases of apoE, LRP and synaptophysin 
by estradiol replacement occurred in the mouse brain.  
However, levels of these proteins declined to OVX levels 
during continuous estrogen replacement.  Hence, in the 
mouse, neuroprotective effects of estradiol may decline 
with continuous exposure longer than seven days.  This 
decline may explain the general failure of more than two 
weeks of continuous estradiol to be neuroprotective in 
stroke studies in rodents as discussed above.  In the clinical 
arena, continuous PremPro or Premarin replacement may 
lose neuroprotective effects.  Perhaps intervals of 
interruption of HT are necessary to maximize its 
neuroprotective effect. 

 
11.3. Estrogen receptors in the mouse brain 

We also evaluated the distribution of estrogen 
receptors (ER) in these brain areas with 
immunocytochemical techniques.  In the cortical areas we 
identified both ERalpha and ERbeta-like immunoreactivity 
(51,198).  We found weak ERalpha-like nuclear 
immunoreactivity in lamina II of, primarily, 
somatosensory-parietal cortex neurons. ERbeta-like 
immunoreactivity (with a Zymed antisera) was present in 
some neurons in deeper layers of the neocortex and in small 
processes and cells that were probably glia (198).  In the 
olfactory bulb we found ERbeta in olfactory bulb glia in the 
glomerular layer and ERbeta exclusively in Bergmann glia 
in the cerebellum (51).  In contrast, we found little or no 
ERalpha-like immunoreactivity which replicates previously 
published studies (199,200).  Although negative results 
with immunocytochemistry must always be considered 
with suspicion, the absence of ERalpha in glia, the primary 
source of apoE (201,202) suggest more complex control of 
apoE by estrogens.  Of note, in two searches of independent 
genome data bases we found only a three base pair 
consensus sequence for an estrogen response element in the 
promoter region of mouse apoE.  This suggests that apoE is 
not regulated by estradiol acting through a classical 
estrogen receptor.  The precise mode of estradiol control of 
apoE expression is not clear. 

 
11.4. Acute responses to estradiol replacement 

In unpublished studies we used acute (2-24 
hours) estradiol replacement after OVX to address 
questions of aging, vs. duration of OVX raised by the 
previous study.  Mice were OVX at two ages, 16 or 23 
weeks and received a single subcutaneous dose of estradiol, 
which was expected to increase serum estradiol to proestrus 
levels.  A third group of mice was OVX at 16 weeks but 
not replaced until 23 weeks.  This design permitted 
comparison of aging and delay of replacement.  We found 
that a single dose of estradiol in the immediate (five days) 
replacement groups did not increase apoE within 24 hours.  
However, estradiol replacement seven weeks following 
OVX increased apoE protein levels within twelve hours in 
all brain regions.  In no condition was synaptophysin 
increased at these short intervals of estrogen replacement as 
would have been expected from previous studies (119,120).   
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LRP showed a more complex response to 
estradiol replacement compared to that of apoE.  In the 
hippocampus of 16wk mice, replacing estradiol suppressed 
the levels of LRP protein two hours after administration. A 
comparable, but less robust suppression was observed in 
the somatosensory cortex.  In contrast to the young (16wk) 
mice, estradiol replacement had no effect on the mice that 
were OVX at 23 weeks and replaced five days later.  
Elevation of LRP at twelve hours in hippocampus occurred 
in the long-term OVX mice.  These mice expressed the 
lowest baseline levels of LRP.  LDLr showed no effects of 
estradiol replacement.  Our data suggest that levels of LRP 
are not directly modulated by apoE levels (115).  This 
study also showed that OVX and estradiol replacement had 
an age-specific effect on LRP and that studies of “long-
term” OVX effects are age-sensitive.  Specifically, a 16 
week old mouse showed a very different response to OVX 
and immediate estradiol replacement than a 23 week old 
mouse. 

 
Clearly we are dealing with a moving target in 

interpreting the “effects” of hormone replacement on apoE.  
A “unique” response to estradiol replacement does not 
exist.  Effects of five to seven days of estradiol replacement 
are not identical to an acute response.  Both apoE and 
GFAP are strongly entrained to the estrus cycle, (51,198).  
But the effects of acute estradiol replacement on both apoE 
and indicators of glial activation are complex.  Estradiol 
must be interacting with other ovarian steroids or 
neurosteroids to modulate apoE expression.  For example, 
it is possible that high levels of progesterone that occur on 
estrus and metestrus prime glia to respond to slight 
increases in estradiol that occur late in diestrus.  In 
addition, reproductive history (i.e., perhaps the number of 
estrous cycles), duration between ovariectomy and estrogen 
replacement, and duration of treatment all act to change the 
response to estradiol replacement.  The outcome of these 
studies raises multiple questions about aging and the timing 
of estradiol replacement that may have profound 
implications in the clinical application of HT. 

 
12. INTERACTION BETWEEN ASTROGLIA AND 
NEURONS ON APOE PRODUCTION 
 

We propose that to properly interpret the results 
of estradiol replacement on apoE, LRP and probably other 
proteins, we must consider the inter-relationship between 
neurons and glia.  A complex neuron-glia interaction has 
been emphasized in several reviews (203-206).  Estradiol 
stimulation of apoE production probably requires, in a 
broadly defined sense, glial activation as shown by 
temporally GFAP preceding apoE production (156).  The 
rat promoter region for GFAP has a functional estrogen 
response element and estrogen has been shown to increase 
GFAP mRNA message in pure glial cultures.  However, 
inclusion of neurons in a culture eliminates this response 
(205).  

 
Neuronal activity/inactivity may modulate the 

glial response to a specific stimulus.  Conversely, glia may 
modulate a neuronal response to stimuli.  Astroglia produce 
lactic acid that may be a primary energy source for neurons 

(207,208).  Glia also serve as a sink for glutamate released 
by neurons.  Glutamate is processed to glutamine, which is 
transferred back to neurons (209-211).  Glial derived 
protein (s) have been indicated as critical for the formation 
of neuronal synapses (212-214).  Glutamate and other 
neurotransmitters can increase glial intracellular Ca2+ 
which may, in turn, act to favor depolymerized GFAP 
(215,216).  Depolymerization of GFAP could result in 
retraction of astroglial processes permitting expansion of 
neuronal processes and new synaptogenesis.  Conversely, 
neuronal inhibition by γ-amino butyric acid (GABA) 
agonists increased polymerized GFAP (217,218).  We have 
shown that estradiol replacement increased LRP, which has 
been proposed to suppress NMDA channel mediated Ca+2 
influx (115).  Hence what happens in glia affects neurons, 
and vice versa.  Although this statement appears fatuous, it 
should be remembered for interpretation of experimental 
interventions in a monotypic cell culture. 

 
Given the glia-neuron interaction, the net effect 

of in vivo estradiol replacement, identified by some 
dependent variable (e.g., apoE), represents the combined 
response of these two cell types.  This process could easily 
occur over hours or days.  Several reports suggest that 
estradiol replacement can directly activate neurons (219-
223).  Stimulation could directly affect neuron-neuron 
activation via an NMDA receptor as has been proposed for 
estradiol effects on synaptogenesis (223).  Initially, 
neuronal stimulation by estradiol may suppress glial 
activity and function.  However, neuronal stimulation may 
be self limiting resulting in a release from neuronal 
inhibition of glial.  Release from inhibition may result in 
supply of energy (lactic acid) to neurons and the release of 
apoE.  ApoE would then be able to supply lipids for repair 
or remodeling of the neuronal membrane.  Of note is that 
spreading cortical depression, which eventually results in 
quiescent neurons, is associated with upregulation of apoE 
message (165).  Hence, the ultimate “outcome” of estradiol 
replacement may represent a constellation of sequential 
cellular responses. 

 
13. PERSPECTIVE 
 

A close inter-relationship between estradiol 
replacement and apoE is strongly suggested by a review of 
the diseases affected by both.  Both apoE and estradiol 
appear to decrease the severity of stroke and facilitate 
neuronal repair.  Figure 1 presents a possible model for 
multifaceted neuroprotective effects of estradiol 
mediated by apoE.  We suspect that apoE may be able 
both to limit the acute damage done from an injurious event 
and improve repair and plasticity.  Hence, estrogen 
replacement may be able to delay the progression of 
numerous chronic neurological diseases.  Moreover, 
estradiol can improve neurogenesis from neuronal 
precursor cells and neurogenesis may further slow 
disease progression.  However, no data, to our knowledge, 
indicates a possible role of apoE in neurogenesis from 
progenitor cells, but the effect may have been overlooked.  
If apoE is able to improve neuronal protection and repair, 
then one obvious goal is to find approaches to increase 
brain levels of apoE following injury.
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Figure 1.  Possible interactions between estradiol and apoE. This figure presents our hypotheses about possible interactions 
between estradiol and apoE.  Addition of estradiol has direct effects on neurons (A) including increasing levels of the LRP, a 
multifunctional apoE receptor46-48,53.  Simultaneously to the neuronal effect, or within a brief time period, estradiol also 
stimulates astroglia (and perhaps microglia) to release or increase apoE49-52. Increased apoE, concurrent with injury (B), may 
have two neuroprotective actions in this acute phase.  ApoE may sequester and transport lipids for uptake by injured neurons to 
replace oxidized membrane lipids and limit damage. ApoE may also suppress microglial activation and the release of cytotoxic 
agents177-181.  Binding with LRP by apoE, and perhaps by other ligands, can modify numerous cellular processes that may also be 
neuroprotective116.  During the Post-Injury phase, (C) apoE supplies lipids to neurons to facilitate process extension and 
synaptogenesis124,170 allowing more rapid recovery following injury.  In the absence of apoE or in the presence of apoE4 (D) 
neither of these protective actions occurs.  Extra lipids are not available and continued upregulation of cytokines and NO from 
activated microglia induce extensive cell damage to neurons. Moreover, in the absence of apoE, (E) regeneration may be slowed 
due to lack of available lipids and microglial activation persists, exacerbating their toxicity at the injury site.   

 
Judiciously applied estradiol replacement may be 

one approach to increase neuroprotection.  Patient history 
and menopausal status are important considerations in 
selecting the most appropriate intervention.  As 
demonstrated by the WHI study, HT initiated decades 
after the menopause may not be neuroprotective 
(25,26) and perhaps injurious.  In all likelihood, HT 
should be initiated during the perimenopausal 
interval (18).  HT may not be indicated if apoE4 does 
not promote repair or is actually injurious and the 
patient carries one or two apoE ε4 genes.  
Interventions that increase apoE4 might result in 
more rapid deterioration. For example, approximately 
40-60% of demented women carry at least one apoE4 
allele. This overabundance of the apoE4 isoform 
might explain the apparent more rapid rate of decline 
in one study of PremPro replacement than the placebo 
controls in women with dementia (20), as well as the 
general failure of HT studies in demented patients. 

 
Confirmation of a critical interaction between 

estrogen and apoE might lead to more rational approaches 
to pharmacological interventions.  Intervention could be 
tailored for direct stimulation of apoE by selective estrogen 

response modulators while avoiding the negative effects of 
stimulation of all estrogen receptors.  For example, if apoE 
is primarily produced by stimulation of an ERbeta like 
receptor, then selective ERbeta agonists might be more 
efficacious than estradiol alone.  Finally, the role of 
progesterone has not been explored, and as our data on the 
estrous cycle suggest, estradiol may strongly interact with 
other hormones.  The likelihood that apoE is a critical 
variable in the neuroprotective effects of HT requires 
focusing on possible approaches to increase the appropriate 
isoform of apoE in a timely and functional manner. 
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