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ACTH : adrenocorticotropic hormone ; BDNF : brain-derived neurotrophic factor ; BSA :
bovine serum albumin ; CEE : conjugated equine estrogens ; ChAT : choline
acetyltransferase ; CNS : central nervous system ; CBP : CREB Binding Protein ; CSF :
cerebrospinal fluid ; DHEA : dehydroepiandrosterone ; DHEAS : dehydroepiandrosterone
sulfate ; ER : estrogen receptor (isoforms : ERa and ERP) ; GABA : y-aminobutyric acid ;
GC/MS : gas chromatography/mass spectrometry ; GFAP : glial fibrillary acidic protein ;
GnRH : gonadotropin-releasing hormone ; HAT : histone acetyltransferase ; HBD : diagonal
band of Broca ; hCG : human chorionic gonadotropin ; HERS : Heart and
Estrogen/progestin Replacement Study ; HRT : hormone replacement therapy ; 38-HSD : 3[3-
hydroxysteroid dehydrogenase ; LH : luteinizing hormone ; MAPK : mitogen-activated
protein kinase ; MCAO : middle cerebral artery occlusion ; MDN : mediodorsal thalamic
nucleus ; MPA : medroxyprogesterone acetate ; mPR : membrane progesterone receptor ;
hu-mPRo : human mmembrane progesterone receptor o ; NBM : nucleus basalis
magnocellularis ; NMDA : N-methyl-D-aspartate ; PAIRBP1 : plasminogen activator
inhibitor RNA binding protein-1 ; PBR : peripheral benzodiazepine receptor ; PEPI :
Postmenopausal Estrogen/Progestin Interventions trial ; PGRMCI1 : progesterone membrane
receptor component 1 (formerly : 25-Dx) ; PNS : peripheral nervous system ; PR :
progesterone receptor (isoforms : PR-A and PR-B) ; PREG : pregnenolone ; PREGS :
pregnenolone sulfate ; RIA : radioimmunoassay ; ROS : reactive oxygen species ; SCN :
suprachiasmatic nucleus ; SERM : Selective estrogen receptor modulator ; SPRM : Selective
progesterone receptor modulator ; SRC : steroid receptor coactivator ; StAR : steroidogenic
acute regulatory protein ; TBI : traumatic brain injury ; TSPO : translocator protein (18 kDa)
(formerly : PBR) ; WEST : Women's Estrogen for Stroke Trial ; WHI : Women's Health
Initiative ; WHIMS : Women's Health Initiative Memory Study.
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Abstract

The utility and safety of postmenopausal hormone replacement therapy (HRT) has
recently been put into question by large clinical trials. Their outcome has been extensively
commented upon, but discussions have mainly been limited to the effects of estrogens. In fact,
progestagens are generally only considered with respect to their usefulness in preventing
estrogen stimulation of uterine hyperplasia and malignancy. In addition, various risks have
been attributed to progestagens, and their omission from HRT has been considered, but this
may be to underestimate their potential benefits and therapeutic promises. A major reason for
the controversial reputation of progestagens is that they are generally considered as a single
class. Moreover, the term progesterone is often used as a generic one for the different types of
both natural and synthetic progestagens. This is not appropriate, as natural progesterone has
properties very distinct from the synthetic progestins. Within the nervous system, the
neuroprotective and promyelinating effects of progesterone are promising not only for
preventing, but also for reversing, age-dependent changes and dysfunctions. There is indeed
strong evidence that the aging nervous system remains at least to some extent sensitive to
these beneficial effects of progesterone. The actions of progesterone in peripheral target
tissues including breast, blood vessels and bones are less well understood, but there is
evidence for its beneficial effects. The variety of signaling mechanisms of progesterone offers
exciting possibilities for the development of more selective, efficient and safe progestagens.
The recognition that progesterone is synthesized by neurons and glial cells requires a re-

evaluation of hormonal aging.
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I. Introduction

A widely used therapeutic approach for relieving the symptoms, preventing the risks
and reversing some of the pathological changes related to the menopause is to compensate
ovarian hormone deficiency by the administration of estrogens, alone or in combination with
progestagens. Experimental research and observational clinical data have indeed provided
evidence for beneficial effects of postmenopausal HRT on the aging nervous, vascular and
skeletal systems. However, more recently, the utility and safety of chronic hormone use in
postmenopausal women has been seriously put into question by three large trials, which
showed no benefit and even potential hazards of postmenopausal HRT : the "Heart and
Estrogen/Progestin Replacement Study" (HERS), the "Women's Estrogen for Stroke Trial"
(WEST) and the "Women's Health Initiative" (WHI) (section II).

Their outcome has been extensively commented upon in the recent literature, and has
brought many fundamental issues of hormone therapies to light, but discussions were mainly
limited to the effects of estrogens (1-5). In fact, progestagens are generally only considered
with respect to their usefulness in preventing uterine hyperplasia and malignancy in response
to estrogens. Thus, in a recent review on the clinical effects of progestagens, it was stated that
"the only indication for the addition of progestins to estrogen-replacement therapy is
endometrial protection" (6). There is even a debate about the real usefulness of progestagens
in protecting the endometrium, and the possibility of omitting them from HRT has been
considered (7). However, this may be to underestimate the potential therapeutic promises of
progestagens, and in particular those of natural progesterone. These have been particularly
well documented for the nervous system, where progesterone itself and its metabolites
regulate vital neuronal and glial functions and, like estrogens, exert neuroprotective and
neurotrophic effects (8-12). On the contrary, the effects of the natural hormone and its
metabolites on peripheral tissues, including blood vessels, bone and even classical targets
such as the mammary glands, are still a matter of controversy and need to be studied further.

There are many excellent recent reviews on the effects of estrogens on the brain and
on cognitive functions and their potential usefulness in HRT, but the effects of progestagens
are surprisingly underrepresented in the literature. Two recent papers had the merit of at least
calling attention to the potential usefulness of progestagens for HRT and of reminding readers
that menopause is characterized by the concomitant loss of estradiol and progesterone (13,

14). The major aim of the present review is to discuss the pleiotropic effects of progesterone
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and its metabolites in the nervous system and their implications for preventing or treating age-
dependent changes and dysfunctions of the brain and peripheral nerves.

Before discussing the neurotrophic, neuroprotective and promyelinating actions of
progesterone, a succinct description will be provided of the major recent HRT trials, which
have stimulated so much debate and also created some confusion. The commonly used
nomenclature for progestagens will then be clarified, stressing the differences between natural
progesterone and its synthetic analogs. Promising neural targets of progesterone within the
aging nervous system will be examined in detail, including neurons, glial cells and the myelin
sheaths, and the question of whether the aging nervous system remains sensitive to its actions
will be discussed, as will the question of whether it is meaningful to attempt the treatment of
age-related changes with progestagens. As a matter of fact, when addressing such an
important and fundamental problem, it is necessary to also refer to the work on estrogens (15-
23). Indeed, progesterone and estradiol often act in a concerted manner within target cells and
both steroids frequently exhibit similar properties. However, there are also opposing effects :
whereas estrogens increase the excitability of neurons, progesterone and its reduced
metabolites in general reduce their activity, an effect which may significantly contribute to
their neuroprotective actions (24). The effects of progesterone in peripheral tissues will be
examined before drawing attention to novel perspectives for the use of progestagens in HRT,
resulting from the recent discoveries of their multiple signaling mechanisms and of their local

synthesis by neurons and glial cells.

II. The recent HRT trials

Three major prospective clinical trials, which have led to the questioning of the
usefulness of HRT are the HERS, the WEST and the WHI. The HERS trial compared the
effects of conjugated equine estrogens (CEE) plus medroxyprogesterone acetate (MPA)
treatment with placebo on cardiovascular functions in 2,763 women with prior coronary
disease. Results showed an increase in coronary heart disease during the first year of hormone
treatment, and no overall cardiovascular benefit with longer follow-up (25). The WEST trial
was a randomized, double-blind, placebo-controlled trial of estradiol therapy (1 mg per day)
in 664 postmenopausal women (mean age, 71 years), who already had an ischemic stroke or
transient ischemic attack. This large trial found no benefit of estrogen treatment on cerebral

stroke incidence, but an increased risk of fatal stroke (26).
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The WHI trial comprised two very large placebo-controlled arms : combined estrogen
plus progestin and estrogen-only. The combined estrogen plus progestin WHI trial involved
more than 16,000 women with an intact uterus, who received either placebo or CEE (0.625
mg/day) plus MPA (2.5 mg/day) (mean age, 63 years). This arm of the WHI, designed to
continue until 2005, was already terminated in 2002 because the overall risks from use of
combined HRT outweighed the benefits : there was a slight increase in the risks of breast
cancer and of cardiovascular complications, a significant increase in the levels of
inflammatory biomarkers and an increased risk of ischemic stroke (27-30). Within this arm of
the WHI trial, the effects of the combined HRT on cognitive functions were examined in a
subgroup of 4,532 women aged 65 years or older. This so-called “Women's Health Initiative
Memory Study” (WHIMS) found no improvement of cognitive functions and no protection
against mild cognitive impairment. Instead, the study revealed a very small increase in the
risk of cognitive decline and dementia, including Alzheimer's disease (women with dementia :
placebo = 22 ; CEE + MPA = 45 per 10,000 person-years) (31, 32). The explanation for the
small increase in dementia is unknown, but may result from vascular events (33).

The estrogen alone arm of the WHI trial compared the effects of CEE alone (0.625
mg/day) versus placebo in 10,739 postmenopausal women with prior hysterectomy. The use
of CEE in the absence of MPA had no incidence on breast cancer or on coronary heart
disease, but again an increased risk of cerebral stroke was observed (34). Thus, in all the
trials, HRT was found to be associated with an increased risk of cerebral accidents. A recent
retrospective analysis of 28 trials, involving a total number of 39,769 women, was consistent
with this conclusion and revealed that among women who had a stroke, those taking HRT had
a worse outcome (35). As with CEE+MPA, estrogen alone was also found to have adverse
effects on cognition in a smaller recent study involving 2,808 women aged 65 years or older
(36).

Subsequent to these trials, many medical organizations have recommended that HRT
should not be used for the prevention of age-related diseases and, when used for treating acute
climacteric symptoms, only at the lowest dose and for the shortest time. These
recommendations have recently been renewed by the French Agency for Health Product
Safety (AFSSAPS). Accordingly, estrogen alone or combined estrogen-progestagen HRT has
been relegated to strictly short-term treatment of symptoms such as hot flushes at the

beginning of the menopause (37-41).
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III. Progesterone, progestagens and progestins

Before discussing the activities of progestagens in the nervous system, it is important
to clarify the terminology, and to call attention to the fact that not all progestagens behave the
same. They do indeed exhibit profound differences according to their structure, and it is
certainly not correct to consider them as equivalent compounds, as unfortunately continues to
be done. Thus, following the WHI trials, concern has been directed towards progestagens as a
single class. Worse, the term progesterone has even been used as a generic one for the
different types of natural and synthetic progestagens in recent papers. "Progesterone" should
in fact only be used to designate the natural hormone, produced in the corpus luteum of the
ovary after ovulation, in the placenta during pregnancy, in the adrenal glands and, as shall be
discussed later, also in the central and peripheral nervous systems (CNS and PNS). The term
“progestagen” (also sometimes wrongly spelled “progestogen’”) corresponds to a functional
definition and refers to natural or synthetic steroids which, like progesterone, possess
progestational activity : preparing and maintaining the uterus for pregnancy. This generally
accepted definition may be too restrictive in the light of the pleitropic actions of progesterone,
and in particular of its close metabolites, which do not bind to the intracellular progesterone
receptors (PR), but exert important biological activities. This is the case of allopregnanolone
(3a,5a-tetrahydroprogesterone), which is a potent positive modulator of y-aminobutyric acid
type A (GABA,) receptors and has been qualified as "neuroactif" (42). The multiple functions
of allopregnanolone and its interactions with GABA, receptors will be discussed in detail
later.

Progesterone is indeed unidirectionally converted by steroid So-reductases to Sa-
dihydroprogesterone, which also activates gene transcription via the intracellular PR (Figure
1). These NADPH-dependent enzymes convert a number of A4-3-ketosteroids, including
progestagens, glucocorticoids, mineralocorticoids and androgens, into their So-reduced
metabolites. Two Sa-reductase isozymes are encoded by distinct genes. The type 1 isoform is
expressed throughout the rat brain at all stages of development, whereas the type 2 isoform
shows a more restricted distribution : it is expressed in the brain almost exclusively around
birth, and it is present in the adult spinal cord mainly within grey matter (43, 44).

The bidirectional metabolism of Sa-dihydroprogesterone is catalyzed by two types of
enzymes : the cytosolic NADP-dependent aldo-keto reductases (ARKSs) and a subgroup of the
membrane-bound NAD-dependent short-chain dehydrogenases/reductases (SDRs), the so-
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called retinol/sterol dehydrogenase (RODH)-like group of SDRs (45, 46) (Figure 1). The four
ARKICI - ARKI1C4 isoforms are frequently designated as hydroxysteroid dehydrogenases
(HSDs), but also as hydroxysteroid oxidoreductases (HSORs) to insist on the supposedly
bidirectional character of the enzyme reactions. However, although bidirectional in vitro, the
ARKs may only function in the reductive direction in living cells, and they may thus be
mainly responsible for the reduction of 3-ketosteroids to 3o-hydroxysteroids, and more
specifically of Sa-dihydroprogesterone to allopregnanolone (47). On the other hand, the
oxidation of 3a-hydroxysteroids to 3-ketosteroids, and more specifically of allopregnanolone
to Sa-dihydroprogesterone is thought to be catalyzed by the RODH-like SDRs (46). In
humans, the RODH-like SDRs comprise 4 enzymes with 3a-HSD activity. Interestingly, two
of them also exhibit 3a—3p-hydrosteroid epimerase (3a—3p-HSE) activity, as shown both in
vitro and in living cells, and they may thus play a crucial role in the control of the local
concentrations of biologically active allopregnanolone (48, 49). Indeed, as described in detail
in section X.B., some of the neuromodulatory and protective effects of progesterone are
mediated by allopregnanolone, a very potent modulator of GABA, receptor activity. On the
contrary, the 3B-epimer of allopregnanolone, iso-allopregnanolone (3,50~
tetrahydroprogesterone), is not only inactive at GABA 4 receptors, but is known to antagonize
the effects of allopregnanolone (50-52).

The term "progestin" is not used in a consistent manner. It designates both natural and
synthetic progestational molecules, including natural progesterone, or exclusively synthetic
ones. In the present review, the term progestin will only be used to designate synthetically
produced progestagens, including both CI19 testosterone derivatives (19-nortestosterone
derivatives) and progesterone derivatives (17o-hydroxyprogesterone derivatives and 19-

norprogesterone derivatives) (Figure 2 and Table 1). The pleonasms "natural progesterone"

and "synthetic progestins" will be sometimes used to insist on the difference. The 19-
norprogesterone derivatives, such as 19-norprogesterone, promegestone (R5020) and
nomegestrol acetate, are among the most selective agonists of the PR, and they are sometimes
referred to as "pure" progestagens, as they do not in principle possess androgenic, estrogenic
or glucocorticoid activities (53-55). However, the other progestins bind to several steroid
receptors and sometimes exhibit a wide range of non-progestogenic biological effects. Thus,
the 17a-hydroxyprogesterone derivative MPA, the most commonly prescribed replacement
progestin in the US and the one used in the recent large HRT trials, has also androgenic and

glucocorticoid properties (56). The synthetic 19-nortestosterone-derived progestins, such as
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norethisterone acetate, a commonly used progestin in Europe, retain varying degrees of
androgenic activity in spite of the removal of the 19 carbon (57, 58).

In contrast to progesterone, progestins are not converted to the GABA 4 receptor-
active metabolite allopregnanolone, whose importance in mediating some of the biological
effects of progesterone will be discussed later. Nevertheless, progestins are also extensively
metabolized in various tissues, but their metabolites are not well characterized. Some of the
19-nor progestins may have the potential to be converted to neuroactive metabolites. Thus,
19-nortestosterone-derived progestins including norethisterone, levonogestrel and gestodene,
are extensively converted to Sa-, 3a,50- and 33,5a-reduced metabolites (59, 60). Interestingly,
whereas the 5a-reduction significantly increases the androgenic potency of testosterone, the
Sa-reduction of norethisterone results in a significant diminution of androgenicity (61). The
3B,5a-reduced metabolites of norethisterone, levonogestrel and gestodene bind to ERa,
although with a lower affinity than estradiol, and activate gene transcription via this receptor
(60, 62, 63).

Whether A-ring reduced metabolites of progestins act on GABA 4 receptors need to be
clarified. Norethisterone acetate and MPA were shown to produce some anxiolytic-like
effects when rats were tested in the "elevated plus maze" and the "shock-probe burying test".
In contrast, the nor-progesterone derivative trimegestone only had little effects (64). However,
these behavioral effects of the progestin metabolites do not necessarily result from the direct
modulation of GABA 4 receptors. Indeed, some observations suggest that the administration
of progestins affects the concentrations of endogenous allopregnanolone in the brain and
influences the activity of enzymes involved in the metabolism of progestagens (65, 66). For
example, MPA (Provera®), which does not directly act on GABA 4 receptors, enhances
GABA 4 receptor-mediated inhibitory neurotransmission in the rat hippocampus by inhibiting
the metabolism of allopregnanolone (67). Another recent study has shown that 2-week oral
treatment with MPA increases allopregnanolone levels within the hippocampus, cerebral
cortex and hypothalamus of ovariectomized female rats (68). The effect of MPA on the
endogenous levels of brain allopregnanolone may explain why the progestin is therapeutically
beneficial for catamenial epilepsy (69) and sometimes improves anxiety and mood in
postmenopausal women (70, 71).

Only few progestins have been tested for their effects on the nervous system, but
concerns are particularly serious about the negative effects of MPA. Thus, MPA has been
shown to antagonize the neuroprotective and promnesic effects of estrogen. Whereas

progesterone and 19-norprogesterone, alone or in combination with estradiol, protected
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cultured hippocampal neurons against glutamate toxicity, MPA not only failed to be effective,
but attenuated the estrogen-induced neuroprotection. At the molecular levels, MPA blocked
estrogen-induced expression of the anti-apoptotic protein Bcl-2 and antagonized estradiol-
induced attenuation of the glutamate-induced rise in intracellular calcium (72, 73). Thus, one
of the most prescribed progestins for HRT and contraception opposes some of the beneficial
effects of estradiol in the brain, and may even exacerbate the excitotoxic death of neurons
(74). In vivo, MPA has recently been reported to diminish the ability of CEE to reduce stroke
damage in subcortical regions of the rat brain (75). In female monkeys, treatment with MPA
reduced the increase in sexual initiation induced by estradiol treatment, and increased
aggressive behavior, which may represent a serious behavioral side effect (76). MPA has also
been shown to directly inhibit the activity of steroidogenic enzymes, in particular of the
human type II 3B-hydroxysteroid dehydrogenase (3B-HSD), an enzyme which converts
pregnenolone (PREG) to progesterone, and the progestin thus interferes with steroid
biosynthetic pathways (77).

It is important to draw attention to differences in HRT regimens between countries. In
the US, the most commonly used progestin is MPA, generally combined with CEE, an
association of more than 10 different estrogens. Most of them are sulfated and distinct from
the predominant endogenous estrogens in women, that is, estradiol before and estrone after
menopause (78). Nevertheless, estrogen components of CEE have recently been shown to
have potent antioxidant and neuroprotective effects and also to reduce the cortical infarction
volume in a rodent model of stroke (75, 79-81). In the UK, the progestins mainly used are 19-
nortestosterone derivatives (norethisterone acetate, norgestrel and levonorgestrel). In central
and southern Europe, both 19-nortestosterone derivatives and a range of progesterone-
derivatives are used. In France, micronized progesterone and 19-norprogesterone derivatives
are commonly prescribed in combination with oral or transdermal estradiol (82-84). It would
certainly be worthwile to attempt retrospective comparisons of the different HRT
formulations.

Oral micronized progesterone has been widely used in Europe, and in particular in
France, since 1980. Micronized progesterone is natural progesterone, whose average particle
size has been reduced, leading to decreased destruction in the gastrointestinal tract, a longer
half-life and enhanced bioavailability. Before, the discovery of the micronization process,
progesterone could not be taken orally as it is poorly absorbed and rapidly metabolized. The
use of micronized progesterone is well tolerated, with mild and transient sedation as a side-

effect, which can be minimized by taking the hormone at bedtime (85). Moreover, the
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elevation of circulating levels of progesterone by oral administration of the micronized
hormone has been shown to be as effective as the administration of progestins for the control
of endometrial growth (86, 87). Earlier studies have also reported that micronized
progesterone may improve mood in patients with premenstrual mood disturbances and in
postmenopausal women (88, 89). When compared with the MPA-containing regimen,
micronized progesterone was found to significantly improve vasomotor symptoms, somatic
complaints, axiety and depressive symptoms in postmenopausal women (90). However, work
by Béckstrom and collaborators has shown that treament with progesterone can also result in
adverse mood changes (tension, irritability, depression), and that the metabolite
allopregnanolone may be the mediator of these effects. Thus, in two studies of
postmenopausal women with climacteric symptoms, negative mood effects during treatment
with vaginal progesterone implants were related to the blood concentrations of
allopregnanolone. During the progesterone treatment period, women had increased negative
mood symptoms when compared to the estradiol-only period, but only when serum
concentrations of allopregnanolone were increased to those seen during the mid-luteal phase
of the menstrual cycle, not when they were either higher or lower (91, 92). These observations
suggest a bimodal association between allopregnanolone and adverse mood, and they point to

the importance of a well-dosed HRT.

IV. Trophic and protective effects of progesterone in the nervous system

A. Neuroprotective effects

Neuroprotective effects of progesterone have been demonstrated in different lesion
models, notably in populations of neurons which are particularly sensitive to excitotoxic and
ischemic damage. Such vulnerable neurons, which are generally characterized by high
metabolic activity and abundant excitatory afferents, include the pyramidal neurons of
hippocampus and cerebral cortex, dopaminergic neurons of the midbrain, Purkinje cells of the
cerebellum, as well as neurons of the dorsal striatum and the caudate nucleus (93, 94). Thus,
the administration of progesterone reduced the loss of neurons in the CA1 and CA2 subfields
of the dorsal hippocampus and within the caudate nucleus after experimentally induced
ischemia in cats (93, 95). In rats, progesterone given prior to middle cerebral artery occlusion
(MCAOQ), decreased the infarct size and neurological deficits (96, 97). A recent study on
functional outcomes after MCAO in male mice showed a beneficial effect of progesterone on

survival rate, weight recovery and motor ability evaluated by the grid and rotarod tests.
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Noteworthy, the spatial memory performance of the mice evaluated in the Morris water maze
was also preserved by the progesterone treatment (98).

Beneficial effects of progesterone have also been demonstrated in experimental
models of traumatic brain injury (TBI). A much studied system corresponds to bilateral
contusion lesion of the rat medial prefrontal cortex, which produces cognitive deficits
typically observed after human frontal lobe injury (99, 100). The medial prefrontal cortex
receives glutamatergic and cholinergic afferents, respectively from the mediodorsal thalamic
nucleus (MDN) and from the nucleus basalis magnocellularis (NBM). TBI leads to edema, to
secondary excitotoxic neuronal death in the vicinity of the lesion, and subsequently to
retrograde neuronal degeneration in both MDN and NBM (101). Edema is a very important
negative factor for the outcome of TBI. Therefore, the observation that progesterone treatment
reduced both edema and secondary neuronal losses, and improved behavioral recovery after
TBI in male rats was particularly encouraging. Females are protected by their high
endogenous levels of progesterone, and their brains have much less water content after TBI
when compared to males (102, 103). Following these important observations, a phase II,
randomized, double-blind, placebo-controlled trial, named "ProTECT", has been conducted in
Atlanta to test the usefulness of progesterone as treatment for moderate to severe TBI. In this
study, which included 100 trauma patients, stable progesterone levels were rapidly achieved
following TBI by its intravenous infusion (104). The very promising outcome of the trial has
now been published. Progesterone-treated patients had a lower 30-day mortality rate than
controls, and survivors of moderate TBI who received progesterone had better outcomes.
However, the administration of progesterone had no effect on the disability of severe TBI
survivors. It is important to note that no adverse events could be attributed to progesterone in
this trial (105).

What makes progesterone a particularly attractive neuroprotective agent for the
treament of brain lesions is its surprisingly large therapeutic window. Even when
administered as late as 2 hours after the onset of MCAO, progesterone still provided
therapeutic benefit (106), and the steroid was effective in reducing edema and in protecting
neurons after TBI when treatment was delayed as much as 24 h after injury (107). Pretreating
ovariectomized female rats with low physiological concentrations of progesterone also
allowed hippocampal neuron loss in response to TBI to be reduced (108). With respect to the
duration of the progesterone treatment and its mode of administration, available experimental
data show that both prolonged and continuous administration of the hormone leads to more

complete behavioral recovery after TBI (109, 110).
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An important finding was that administration of the enantiomer of progesterone (ent-
progesterone) also decreased cerebral edema, neuron death, inflammatory cytokines and
reactive gliosis (111). Enantiomers of steroids indeed have a therapeutic potential for treating
lesions and age-dependent dysfunctions of the nervous system (112, 113). An enantiomer is a
mirror-symmetric, non-superimposable image of a molecule, with identical physical
properties, except for the different rotation of polarized light, but with different biological
actions (114). The protective effects of ent-progesterone were not mediated by the
intracellular PR, as the compound did not activate PR-mediated gene transcription, and its
mechanisms of action, which may involve membrane receptors, need to be clarified. A
previous study had shown that ent-progesterone is a potent competitive inhibitor of human
enzymes involved in steroid metabolism, namely, the cytochromes P450c17 and P450c21
(115).

Neuroprotective effects of progesterone have also been demonstrated for midbrain
dopaminergic neurons. Both progesterone and estradiol were found to protect dopaminergic
neurons against degeneration induced by 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine
(MPTP), a finding consistent with a possible role of these hormones in the deterioration of
dopaminergic functions with age and in the development of Parkinson’s disease (116). There
is indeed a higher incidence of Parkinson’s disease in men when compared to women, and the
risk of its occurrence is increased in women with an early onset of menopause (117).

In the spinal cord of male rats, chronic treatment with progesterone for 5 days reduced
the size of the lesion and prevented secondary neuronal loss after contusion injury (118).
Progesterone is indeed an important neuroprotective factor for spinal motoneurons, as has
been shown after spinal cord lesion and in a genetic model of motoneuron disease, the
Wobbler mouse (11, 119, 120). After spinal cord transection, progesterone treatment
preserved the Nissl bodies of the ventral horn motoneurons, restored choline acetyltranferase
(ChAT) levels, normalized the expression of the Na,K-ATPase and increased GAP-43 and
brain-derived neurotrophic factor (BDNF) message and protein (121, 122).

The Wobbler mouse is a particularly useful model for the study of motoneuron
diseases, including amyotropic lateral sclerosis (ALS). The Wobbler phenotype is due to a
missense mutation in the gene encoding the vacuolar-vesicular protein sorting factor Vps54
(123). The first manifestations of the disease are already observed at 2-3 weeks of age (124,
125). When 2-month-old, symptomatic Wobbler mice presenting tremor, ambulatory
difficulty and diminished muscle strength received subcutaneous implants of progesterone

which produced constant high physiological levels of the hormone for only 2 weeks, the
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neuropathological changes of spinal motoneurons were less severe, motoneuron vacuaolation
was reduced and there was better preservation of the endoplasmic reticulum and of the
mitochondria. Most importantly, progesterone treatment had also beneficial effects on muscle
strength of the animals (126-128). The link between the mutant Vps54 and the severe
impairment of Wobbler motoneurons needs to be explored, but it is likely that the mutation
results in altered axonal transport. It was thus a significant finding that retrograde axonal
transport is indeed impaired in Wobbler motoneurons, as shown by the injection of fluorogold
into the limb muscles and its retrograde tracing, and that it can be restored by treating the
animals for 8 weeks with progesterone (119).

Only a few experimental studies have reported an absence of effect or negative actions
of progesterone in the injured nervous system (attention has already been drawn in a previous
section to the disruptive effects of progestins such as MPA). Thus, one study did not find a
beneficial effect of progesterone after ischemic insult in senescent female rats (129), and two
dose-response studies have raised concerns about the possibility that high doses of
progesterone (30 — 60 mg/day) may exacerbate the outcome of MCAO in ovariectomized
female rats or of TBI in male rats (130, 131). The influence of sex hormones may also be
dependent on the type and the severity of a brain lesion. Thus, sex differences in the outcome
of TBI favoring female rats have been consistently observed after diffuse weight-drop-
induced TBI, but these results could not be confirmed after more severe focal impact injury,
qualified as “focal TBI” and characterized by a very fast evolution of neurodegeneration (132,
133). One study has reported that progesterone inhibited the neuroprotective effects of
estradiol in the rat hippocampus observed after systemic kainate administration, which
induces excitotoxic neuron death (134). Although very sparse, these negative results indicate
that one should remain cautious and demonstrate the need for more research on the modes of
action of progesterone and of its metabolites in the nervous system.

The mechanisms by which progesterone promotes morphological and functional
recovery after brain injury are indeed not well understood, and they seem to involve multiple
actions, some of which may be particularly relevant to the potential role of progesterone in the
aging nervous system. In this regard, the above mentioned observation that progesterone may
improve impaired axonal transport is particularly interesting. There is indeed strong evidence
that the slowing of axonal transport may be a key event in the aging process of the brain and
of peripheral nerves (135-138). Reduced axonal transport has also been proposed to play an
early and causative role in the development of Alzheimer's disease. That is, deficits in axonal

transport are characteristic of the early stages of the disease in mouse models and in patients,
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and they may lead to abberant amyloid-f peptide formation and subsequently to
neurodegeneration (139).

Another important consequence of progesterone treatment is the reduction of lipid
peroxidation, but the underlying mechanisms still need to be specified (140). The
peroxidation of lipids is indeed a complex phenomenon, involving distinct enzymatic
pathways as well as non-enzymatic mechanisms, such as free radical mediated peroxidation,
and it is reduced by the actions of different antioxidant enzymes (141). During aging, there is
an increase in the concentration of lipid peroxidation products, and the oxidative damage of
lipids may play an important role in mediating or even initiating specific aspects of age-
dependent changes (142). In addition, the oxidation of neuronal lipids resulting from an
oxidative imbalance has been proposed to play a significant role in Alzheimer pathogenesis,
and consequently may represent an interesting therapeutic target at early stages of the disease
(143). The increased exposure of aging tissues to oxidative stress partly results from
decreased activity of antioxidant enzymes such as the superoxide dismutases (SOD). The
prolonged treatment of middle-aged and old acyclic female rats (12, 18 and 24 months of age)
with low doses of progesterone, estradiol or a combination of both steroids increased SOD
activity and reduced lipid peroxidation (144, 145).

The age-dependent accumulation of oxidative damage is also a consequence of a
decline in mitochondrial function, another major component of the normal aging process and
of neurodegeneration (146-150). Many of the reactive oxygen species (ROS) involved in
oxidative stress are indeed a toxic by-product of the mitochondrial energy production
pathway, and they not only damage lipids, but also proteins and nucleic acids. Over the past
years, attention has indeed focused on the role of the mitochondria in brain aging and
neurodegeneration (151-153), and this cellular organelle is another important target for the
actions of progesterone. One of the prevalent neuropathological changes found in spinal
motoneurons of Wobbler mice are damaged mitochondria with severe vacuolation, and
treatment with progesterone allowed the restoration of a normal appearance of the
mitochondria (120). Progesterone can protect neurons against apoptotic cell death by
increasing the expression of anti-apoptotic proteins residing in the outer mitochondrial
membrane, such as Bcl-2, and by down-regulating pro-aptotic gene expression (bax and bad)
and the caspase-3 enzyme (73, 154, 155). The expression of Bcl-2-family proteins is regulated
by nuclear steroid actions, and the newly synthesized proteins are translocated to the outer

mitochondrial membrane (156).



(Manuscript ER-06-0050, version 2) page 17

Some studies have suggested direct actions of steroids on mitochondria. Thus,
estrogen and glucocorticoid receptors have been detected in mitochondria, and the
mitochondrial genome contains nucleotide sequences with high similarity to known steroid-
responsive elements (157-160). It has also been proposed that estradiol may protect against
the formation of mitochondrial ROS by directly acting on mitochondrial estrogen receptors
(ER) (161). Whether progesterone may also exert direct effects on mitochondria remains to be
explored. In the low physiological range, progesterone has been shown to completely reverse
postinjury alterations in mitochondrial respiration (108). The mitochondria is also a target for
other steroids, such as dehydroepiandrosterone (DHEA), and it is the site where the first step
in steroid hormone biosynthesis takes place, the conversion of cholesterol to PREG by the
cytochrome P450scc, as shall be discussed later. There obviously exist complex relationships
between steroids, mitochondrial activity, oxidative stress, the aging of brain cells and
neurodegenerative events. Unfortunately, the available data are still much too fragmentary for
an intergrated picture.

Progesterone exerts many other actions, which can be related to its neuroprotective
effects and may also have implications for the aging brain. Thus, progesterone regulates the
expression of aquaporin 4 (AQP4) in the injured brain, a membrane-channel protein involved
in water homeostasis, which is largely distributed throughout the brain and may play a
significant role during edema formation (162). It is puzzling that some of the actions of
progesterone resemble those of the estrogens. For example, like estradiol, progesterone
upregulates the expression of anti-apoptotic proteins such as Bcl-2 (163-165), reduces
inflammation by repressing the activation of microglial cells and by inhibiting the production
of pro-inflammatory cytokines (101, 166-168), upregulates the expression of neurotrophins
such as BDNF (122, 169, 170) and protects neurons against glucose deprivation and the
toxicity of glutamate, FeSO, and B-amyloid peptides (72, 171, 172).

B. Promyelinating effects

Progesterone is also known to have a role in myelination and remyelination. By
preserving or restoring the integrity of myelin sheaths, which insulate the large axons and are
required for the efficient and rapid conduction of electrical impulses along nerve fibers,
progesterone may not only play an important role in the efficient communication between
neurons, but also promote their viability. In fact, myelin has neuroprotective functions, and

myelin-associated proteins influence the caliber of axons (173). Moreover, after injury,
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secondary demyelination of spared axons contributes to neuronal degeneration, the extension
of the lesion and functional deterioration (174).

A role of progesterone in myelination was first demonstrated in the regenerating
mouse sciatic nerve after lesion as well as in explant cultures of rat dorsal root ganglia (DRG)
composed of sensory neurons and Schwann cells, which are the myelinating glial cells of the
PNS (175). Progesterone also enhanced the rate of myelin formation in dissociated cocultures
of neurons and Schwann cells (176). Whether progesterone promotes myelination of
peripheral nerves by directly acting on Schwann cells, or indirectly, by acting on neurons,
needs to be clarified as there are contradictory reports. Whole cell radioligand binding assays
suggested the presence of specific and saturable progesterone binding sites in Schwann cells
(177). The PR has also been detected in Schwann cells either grown in culture or within the
rat sciatic nerve by immunocytochemistry (178). On the contrary, in cocultures of DRG
neurons and Schwann cells, the presence of PR mRNA and protein was only detected in the
neurons, not in the Schwann cells (179). Also, in a recent study, purified rat Schwann cells
and various Schwann cell lines were found to only express extremely low amounts of PR
mRNA (180). In the mouse Schwann cell line MSC80, progesterone did not activate the
transcription of a progesterone-sensitive reporter gene. Demonstration that the PR was the
limiting factor was provided by the positive transcriptional responses obtained when
exogenous receptors were transiently expressed (180). Whether present in neurons or glial
cells, the PR in the peripheral nervous system is a potential pharmacological target for the
therapy of inherited and acquired peripheral neuropathies. In a transgenic rat model of
Charcot-Marie-Tooth disease (CMT-1A) overexpressing the peripheral myelin protein
PMP22, the culprit of the disease, treatment with a progesterone antagonist reduced PMP22
expression and had a beneficial influence on the evolution of the disease (181). In a model of
diabetic neuropathy, induced in rats by an injection of sterptozotocin, prolonged treatment
with progesterone or its reduced metabolites had beneficial effects on peripheral nerves at the
neurophysiological, functional and neuropathological levels (182).

In the CNS, brain and spinal cord, axons are myelinated by oligodendrocytes (183,
184). That progesterone also promotes myelination by oligodendrocytes has been
demonstrated in explant cultures of cerebellar slices taken from 7-day-old rats and mice (185).
These organotypic cultures closely reproduce developmental events and provide a unique
model for examining neuronal survival and maturation, as well as the myelination of axons
(186, 187). In these explants, myelination is very intense during the second postnatal week,

exactly at a time when endogenous levels of progesterone are elevated in the cerebellum (188,
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189). A stimulatory effect of progesterone on myelination was observed in cerebellar slices of
both sexes and involved the classical PR : 1) it could be mimicked by the selective progestin
promegestone ; 2) it was completely abolished by the PR antagonist mifepristone (RU486) ;
3) it was not observed in cerebellar slice cultures from 7-day-old PR knockout mice (185). In
these slices, progesterone was shown to stimulate the proliferation and maturation of
oligodendrocyte progenitor cells (190). An earlier study had already shown that adding
progesterone to cultures of glial cells isolated from neonatal rat brains increased the number
of oligodendrocytes (191). More recently, the addition of progesterone to the medium of
cultured oligodendrocytes has been shown to increase their branching, whereas estradiol
stimulated myelin membrane formation (192). Progesterone also promotes remyelination by
oligodendrocytes in vivo. After toxin-induced demyelination, the systematic administration of
progesterone promoted the slow endogenous remyelination of axons within the cerebellar
peduncle of aging male rats (193). In the lesioned rat spinal cord, treatment with progesterone
was found to increase the density of NG2' oligodendrocyte progenitor cells and the
expression of myelin basic protein (MBP) (194).

The promyelinating effects of progesterone are particularly relevant when discussing
the significance of the hormone in the aging nervous system. Indeed, it is less well
appreciated that overall loss of myelin and altered integrity of myelin sheaths are among the
most reliable markers of the aging nervous system, correlating with chronological age and
cognitive decline (195, 196). Age-dependent changes in brain myelin, which have been
extensively studied in rhesus monkeys, include alterations in oligodendrocytes, abnormalities
and breakdown of the myelin sheaths and loss of white matter (195, 197-199). Based on these
observations, it has been proposed that myelin changes may significantly contribute to age-
related cognitive decline by altering conduction velocities along axons (196). A post-mortem
study has provided evidence that aging in humans is also accompanied by the loss of
myelinated fibers (200). By using the method of diffusion tensor magnetic resonance imaging
(DT-MRI), it has been shown that myelin disruption occurs in men even during normal aging.
Most importantly, alterations of cortical myelin correlated with declined cognitive ability
(201). In parallel with these morphological and functional studies, only a few reports have
dealt with biochemical changes in myelin during aging. Increase in water and decrease in
cholesterol within white matter have been described (202), and decreased expression of the
major peripheral myelin proteins has also been reported in peripheral nerves of aged rodents

and humans (203-206).
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Importantly, remyelination continues to take place in the brains of aged monkeys, but
the newly formed myelin sheaths are thin and have short internodes (207). Age is indeed a
negative factor for the capacity to regenerate myelin sheaths, as has been demonstrated in the
rodent CNS after demyelination induced by a gliotoxin : in old rats, the process of
remyelination takes much longer than in young animals (208-210). The reasons for the age-
associated slowing down of myelin repair are not well understood, but impaired recruitement
of progenitor cells and their delayed differentiation into myelinating oligodendrocytes, as well
as delayed expression of growth factors may be responsible (211, 212). In humans,
differences in the speed of remyelination could explain the much slower functional recovery
in older patients after demyelinating diseases such as optic neuritis (213). In addition, a
reduced capacity for myelin repair with age is consistent with the observation that the
prognosis of multiple sclerosis is mainly age-dependent (214).

In conclusion, a substantial number of animal studies have documented
neuroprotective effects of progesterone or its reduced metabolites in the lesioned or diseased
nervous system of young adult rodents. Particularly promising for the treatment of traumatic
lesions is the large therapeutic window of progesterone. Progesterone may exert
neuroprotective effects and promote neuroregeneration by a dual action : by directly acting on
neurons and increasing their survival, and by accelerating the formation of new myelin
sheaths. Progesterone and its metabolites may exert similar beneficial effects in the aging
brain and peripheral nerves. The significance of progesterone in aging will be further explored
when discussing the question of whether the aging nervous system remains sensitive to the

beneficial effects of steroids.

V. Neurons and glial cells in the aging nervous system

A. Aging neurons

Early studies describing massive loss of neurons during nonpathological aging of the
brain have been largely refuted by the use of more accurate stereological techniques for the
precise counting of cells in histological sections (215). There is indeed no extensive loss of
neurons during aging, as previously thought, even within vulnerable brain regions such as the
cerebral cortex and the hippocampus (216). Stereological studies have also shown that there is
no significant loss of neurons within the hypothalamic nuclei involved in the control of
reproductive functions in older women, but rather a substantial remodeling of neuronal ciruits

and changes in neuropeptide expression (217, 218). Consequently, normal age-associated
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neuronal impairment is more likely to be mediated by synaptic alterations, which may be
reversible, making the treatment of age-related dysfunctions of the brain a therapeutic
possibility (219). Even in old rats with impaired spatial learning, no significant neuron loss
was observed within the hippocampus (220). Also in patients with Alzheimer's disease, the
loss of forebrain cholinergic neurons may not be as important as previously thought. Indeed,
within the NBM, only a small subset of the neurons was found to die, but the large cholinergic
neurons underwent atrophy and lost their markers (221). Neuronal death is indeed a relatively
late stage event in Alzheimer's disease associated with dementia, and alterations of synapses
is one of the early pathogenic processes (222-224).

However, brain structures may differ in the involvement of neuron loss and some
populations of neurons may be more affected by the aging process than others. For example,
within subregions of the rat hippocampal formation, the number of neurons may significantly
decrease at advanced ages, in particular within the subiculum and the hilus of the dentate
gyrus (225). Among the most vulnerable cells of the nervous system are the cerebellar
Purkinje cells, and there is consistent evidence for their significant loss during normal aging
in rodents and humans. The age-dependent loss of Purkinje cells correlates with decreased
eye-blink conditioning, a reflex pathway mediated by these neurons, and elderly people with
very slow eye-blink conditioning may have an increased risk of becoming demented (226,

227).

B. Aging glial cells

Neurons have long been the main focus of studies on brain aging, and glial changes
have been largely neglected. As already point out, there are significant deteriorations of the
myelin sheaths with age, which may reflect age-dependent changes in the myelinating glial
cells, oligodendrocytes in the CNS and Schwann cells in the PNS. However, the formation
and maintenance of myelin sheaths are also dependent on neuronal signals, and there are
complex reciprocal interactions between axons and myelinating glial cells in both
compartments of the nervous system (228-231). Consequently, any age-dependent alterations
of myelin sheaths may result from impaired neuronal functions, from changes in the
myelinating glial cells themselves or from both events.

Another type of glial cells also plays an essential role in brain aging. The general
assumption was that the increased number of astrocytes (astrogliosis) during aging may be a
consequence of neuron degeneration. However, there is now strong experimental evidence

provided by Finch and collaborators that changes in astrocytes are in fact a very early event in
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the aging process, and that increased glial fibrillary acidic protein (GFAP) expression by
astrocytes may contribute to decreased synaptic functioning and plasticity in the aged brain
(232). Indeed, in cocultures of neurons and old astrocytes, diminishing GFAP levels by RNA
interference restored neurite outgrowth, whereas overexpression of GFAP in young astrocytes
modeled the effects of aging by reducing neurite outgrowth (233). Consistent with these in
vitro findings is the observation that inactivation of the GFAP gene in mice improves both
neuronal survival and neurite growth (234, 235).

Important for the present discussion is the observation that astrocytes can mediate
some of the effects of progesterone and estradiol on neuronal plasticity, and that steroids are a
critical component of the cross-talk between neurons and glial cells (236, 237). Thus,
enhanced neuronal sprouting after lesion in response to estradiol is mediated in part by the
repression of GFAP expression in astrocytes (238). Astrocytes are also a target for the actions
of progesterone : following a penetrating brain injury, treatment with progesterone decreased
astrocyte accumulation in both female and male rats (239, 240). Progesterone was also shown
to reduce astrocytic hypertrophy after TBI close to the lesion site (154). However, in two
other models, progesterone was not found to modify astrocyte accumulation in rats, either

after spinal cord transection or after medial frontal cortex contusion (241, 242).

VI. Gender differences and sensitivity to progesterone

When studying the effects of progesterone on the nervous system, it is important to be
vigilant with the possible contribution of structural and biochemical sex differences (243,
244). There is indeed increasing recognition that gender differences may influence the
incidence and development of diseases and the responses to therapies (245). Accordingly, the
effects of steroids may also differ between females and males, and data obtained for one
gender may not necessarily apply to the other. Since the pioneering studies of Raisman and
Field (246), important differences in brain structure between males and females have been
widely recognized. In rodents, they arise in part through the permanent "organizational
effects" of androgens secreted by the testis during sensitive periods in early life (247-249).
Sex differences affecting brain structures and functions, including its assymetry and
functional lateralization, are also observed in humans (250-253). In addition, MRI analysis
has revealed that age-specific changes within the human brain are also sexually differentiated
(254). The sexual phenotype of brain cells is not exclusively determined by the exposure to

steroid hormones during early development, but also by their genetic sex, as some sex
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differences are already established before the maturation of the embryonic gonads (255, 256).
More recently, the development of transgenic mouse models has allowed it to be shown that
XX and XY brain cells are not equivalent, even when they have developed in a similar
hormonal environment (257, 258).

Only few studies have investigated the possible influence of gender on the response of
the adult nervous system to the trophic and protective effects of ovarian steroids, and there are
surprisingly few observations of sex differences. A recent study has revealed that the effects
of progesterone and its Sa-reduced metabolites on the expression of peripheral myelin protein
genes differs between males and females. This was shown by using sex-specific cultures of
Schwann cells prepared from neonatal rats (259). On the other hand, the differential
sensitivity of the male and female rodent brain to injury appears to be largely determined by
the presence of different levels of progesterone. Thus, the more favorable outcome following
cerebral stroke or TBI in female rats when compared to males, mainly results from the
presence of high endogenous levels of progesterone in the females. Similarly, treatement with
progesterone provides similar neuroprotection in males and in females after TBI (102, 260).

It is worth mentioning here that a few studies have reported that some brain responses
to estrogen are sexually dimorphic. In one study, estradiol was found to improve neurological
outcome following TBI in male rats, but to exacerbate brain injury in females (261). In
another study, although estrogen therapy protected both male and female brains against
ischemic insult, the responses differed between sexes : acute exposure to estrogen was
sufficient to ameliorate ischemic brain injury in males, whereas females required longer-term
replacement (262). As will be discussed later, the response of aged hippocampal synapses to
estrogen is also sexually dimorphic (263).

Only very few studies have addressed the question of the effects of gender on the
outcome of injury in the human nervous system, and in TBI patients, the role of gender is still
controversial. One clinical study has reported that female TBI patients have a better outcome
than male patients (264). More recently, another group has shown that female patients have
lower levels of cerebrospinal fluid (CSF) lipid peroxidation and oxidative damage products,
consistent with the already discussed antioxidant properties of ovarian hormones (265, 266).
However, other studies have not shown a beneficial effect of female gender on TBI outcome
(267, 268).

Gender is also an influential factor in the incidence and progression of multiple
sclerosis, a demyelinating disease which selectively affects the brain and spinal cord (214,

269-271). The questions of why more women have multiple sclerosis than men, and why it
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affects women differently from men, have been mainly addressed experimentally by
examining hormonal influences on autoimmune responses (269, 272, 273). However, the
recent observation showing that myelin is sexually dimorphic casts a new light on the role of
gender and hormones in the maintenance, alterations and diseases of myelin (274). In this
study, gender differences in myelin components of white matter tracts of young and aged
rodents were found to be so dramatic that it was possible to determine the sex of an animal
from blind sections immunostained for oligodendrocyte-specific markers. Gonad-derived
steroids appeared to be a major contributor to these sex differences, as castration of adult
males produced a female phenotype (274). Consistent with clinical observations showing that
the course of multiple sclerosis is mainly age-dependent, and that women reach disability
milestones at older ages than males (214, 275), the extent of oligodendrocyte remyelination
after a demyelinating lesion was found to be significantly reduced in aging rats, and middle-
aged males and females (12 months-of-age) differed in their capacity to remyelinate axons.
This sex differences was not influenced by castration, suggesting a more stable sex difference

(210).

VII. The sensitivity of the aging nervous system to progesterone and estradiol

Two fundamental questions need to be addressed when discussing the usefulness of
HRT : 1) Does the aging nervous system remain sensitive to the actions of ovarian hormones
?7;2) Do these hormones continue to exert beneficial effects on the aging nervous system ?
Indeed, the majority of studies documenting beneficial effects of ovarian steroids have been
carried out in young adult animals or in cultured cells isolated from embryonic or neonatal
tissues. Data on aged animals or cells are rare, and only a few laboratories have examined the
question as to whether responses of target tissues to steroids are preserved during the aging
process. There is as yet no conclusive answer to this question, and the extent to which
mechanisms of neuroprotection are similar in young adults and reproductively senescent
animals remains to be clarified. There is however some experimental evidence that the aging
nervous system remains, at least to some extent, sensitive to ovarian steroids, and that their
administration may even allow reversal of some of the age-dependent structural abnormalities
and dysfunctions. On the other hand, there are also indications that some responses of neural
cells to hormones may change, even during the normal aging process. Such changes in
hormone effects appear to be dependent on the steroid, brain region and nervous function

examined. The reader will notice that in this section explicit reference will also be made to the
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effects of estradiol. Indeed, a large number of the studies concerning steroid sensitivity of the
aged nervous system has tested the effects of estradiol, and some of them are quoted here to

exemplify the problem.

A. Maintained sensitivity to ovarian steroids

Progesterone

Beneficial effects of progesterone on the aging nervous system have been particularly
well demonstrated for myelinated nerve fibers. As described above, progesterone plays an
important role in peripheral nerve myelination, and recent studies have shown that treatment
with progesterone or its Sa-reduced metabolites allows reversal of age-related myelin
abnormalities. Thus, in the sciatic nerves of aged male rats, a significant decrease in myelin-
associated activity of the Sa-reductase, the enzyme which converts progesterone to Sa-
dihydroprogesterone (or testosterone to So-dihydrotestosterone), is associated with a
reduction in myelin gene expression. Treatment of the aged rats for 1 month with
progesterone, Sa-dihydroprogesterone or allopregnanolone allowed reversal of the age-
dependent decline in peripheral myelin protein expression, whereas repeated injections of
androgens were without effect (204, 205). The administration of progesterone not only
counteracted the drop in myelin protein expression, it also allowed reversal of age-related
structural abnormalities of the peripheral myelin sheaths. Indeed, the prolonged treatment of
old male rats (22-24 months) with progesterone or its So-reduced metabolites significantly
decreased the percentage of fibers with myelin abnormalities as well as the number of fibers
with irregular shapes, and it increased the number of small myelinated fibers. Again, as
previously observed for the normalization of myelin gene expression, the effects were specific
for progesterone and its metabolites as the administration of androgens was inefficient (276).

As already mentioned, the capacity to repair myelin in the brain decreases with age :
spontaneous remyelination after gliotoxin-induced demyelination is very rapid in the brain of
young rats, but is very much delayed in middle-aged rats. Whereas no beneficial effect of
progesterone on central myelin repair could be observed in young males (10 weeks old),
because spontaneous remyelination was too rapid, the implantation of subcutaneous
progesterone pellets stimulated a slow remyelination of axons in middle-aged animals (9
months old) (193, 277).

It has been proposed that the disappearance of the protection against ischemic brain

injury in females after reproductive senescence may be a consequence of ovarian hormone
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deficiency. However, aging female rats remain responsive to the protective actions of ovarian
hormones, at least until a certain age. Thus, in middle-aged female rats (16 months), the
administration of either progesterone or estradiol alleviated cerebral stroke (278).

Animal models also support the axiolytic effects of progesterone, which are mediated
by its conversion allopregnanolone, a potent positive modulator of GABA4 receptors (section
X.B) (279-281). In fact, the anxiolytic actions of progesterone do not require the intracellular
PR, as they are still observed in PR knockout mice, which even exhibit a greater anxiolytic
response than their wild-type littermates (282). However, progesterone does not enhance
anxiolytic behavior in mice deficient of the type Soa-reductase (283). Most importantly,
middle-aged (between 9 and 12 months of age) and old (between 18 and 24 months of age)
wild-type and PR knockout mice continue to respond to the anxiety-reducing effects of
progesterone (284). That the brain of senescent mice continues to be responsive to
progesterone and its metabolites was also demonstrated by the results of another study
showing that middle-aged and old female mice primed with estradiol show lordosis behavior
after the intraventricular injection of progesterone or allopregnanolone (285). Lordosis is a
stereotypic posture adopted by a sexually receptive female rodent in response to a mount by a
male.

Another consequence of ovarian hormone deficiency is a decline in cognitive
performance. Data concerning the effects of steroids on cognition, and in particular on
memory, need to be interpreted cautiously because they are not always consistent. This may
reflect the fact that complex behaviors are under the influence of multiple factors, and that
behavioral testing procedures differ between laboratories. In particular the behavioral effects
of progestagens can be difficult to interpret, because progesterone and it metabolites can
influence cognitive processes by multiple mechanisms. Thus, the rapid neuromodulatory
effects of progesterone and allopregnanolone are expected to transiently impair memory
performance : 1) progesterone behaves as an antagonist of ol receptors and inhibits the
promesic effects of 1 agonists (286) ; 2) allopregnanolone is a positive modulator of GABA4
receptors, involved in the inhibition of memory processes within the hippocampus and at the
level of cholinergic forebrain neurons (287-291) (section X.B). However, under stressful
conditions, the effects of allopregnanolone may be beneficial for memory tasks because of its
anxiolytic properties (292, 293). Moreover, although the immediate effect of progestagens
may be a diminution of memory functions, because of the rapid modulation of
neurotransmitter receptors, in the long run, they may have beneficial effects on cognitive

performances because of their trophic and protective actions (294). Two studies have reported



(Manuscript ER-06-0050, version 2) page 27

an influence of progesterone on cognition in aged female rats. In females ovariectomized at
the age of 13 months, the prolonged weekly administration of estradiol and progesterone was
found to be slightly more efficient in enhancing acquisition of a spatial memory task than
treatment with estradiol alone (295). However, two other studies have reported negative

effects of progesterone on cognition and working memory in aged female rats (296, 297).

Estradiol

As already mentioned, the administration of either progesterone or estradiol improved
the outcome of cerebral stroke in middle-aged female rats (278). In both young (3-4 months)
and middle-aged (9-12 months) female rats, replacement with physiological doses of estradiol
decreased the extent of ischemic injury in the cerebral cortex (165, 298). It is important to
note that these protective effects of the ovarian steroids were not mediated by changes in
cerebral blood flow. In another study, the pre-treatment of reproductively senescent, female
rats (14 - 18 months) with estradiol alone or combined estradiol plus progesterone also
reduced cortical infarct volume after MCAO (129).

Memory performance can also be restored in senescent female rats by estradiol if
administered in an appropriate manner, even at an advanced age and after long-term hormone
deficiency (299). Consistent with these behavioral findings, cholinergic pathways involved in
memory processes can still be activated by estrogen in the brain of aged female rats (24
months) (300). In middle-aged nonhuman primates, multiple cognitive functions also remain
sensitive to estrogen (301). Thus, in perimenopausal rhesus monkeys, around 22 years of age,
that is at a time when cognitive functions start to decline, estrogen treatment improved
memory (302). Even after many years - up to 16 - of estrogen deprivation, estradiol was still
able to enhace some aspects of working memory in aged female rhesus monkeys (21-24

years) (303, 304).

B. Modified sensitivity to ovarian steroids

Progesterone
In comparison with the estrogens, examples of age-related changes in the sensitivity to
progestagens are sparse. This does not necessarily mean that the aging brain remains more
sensitive to progesterone than to estradiol, although this a possibility, but it may simply reflect
the fact that fewer studies have been devoted to the effects of progestagens. Among the few

studies which have reported a loss in the sensitivity of the aging brain to progesterone, two
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have shown that acute administration of progesterone either before or after MCAO reduced
cortical infarct in young, but not in reproductively senescent female rats (14-18 months old)
(129, 305). It has been proposed that changes in the tissue metabolism of progesterone may be

one means by which the effectiveness of progesterone decreases during aging (306).

The hypothalamic-pituitary-ovarian axis

An age-dependent reduction in the sensitivity to ovarian steroids has been well
documented for hypothalamic nuclei involved in reproductive functions. The hypothalamic-
pituitary-ovarian axis does indeed become less responsive to the positive feedback effects of
ovarian hormones in middle-aged females, but the underlying mechanisms are only partly
understood (307, 308). One possibility is that the hypothalamus does not respond to steroids
in the same way in young and old females because of changes in the expression or
functionality of steroid receptors, but discrepancies between studies make a general
conclusion difficult. At least, there appears to be no global and marked decline in brain PR
and ER with age (309-313). A recent stereological analysis has even reported an increase in
ERo-immunoreactive neurons within specific hypothalamic nuclei of aged females (between
12 and 24 months of age) (314).

Within the hypothalamus, PR involved in the regulation of reproductive functions are
induced by estradiol (315, 316). Again, the ability of estradiol to induce hypothalamic PR
seems not to be attenuated with age (309, 317). In a recent study, the induction of PR mRNA
by estradiol within distinct nuclei of the hypothalamus was found to be at least as strong in
15-month-old as in young 3-month-old female rats (310). Obviously, decreased hypothalamic
ER and PR expression does not provide a satisfactory explanation for reduced steroid
sensitivity of the hypothalamus and reproductive senescence in female rats. However, binding
and expression studies do not reveal very much about the functionality of steroid receptors.
As will be discussed later (section X.A), work over the past 10 years has revealed that the
transcriptional efficiency of liganded steroid receptors is determined by nuclear coregulator
proteins (318, 319). There is so far only little information concerning the effects of aging on
the recruitment of coregulators by steroid receptors, and this is certainly a line of research
worth exploring. One study has reported that expression of two coactivators, namely, Steroid
Receptor Coactivator-1 (SRC-1) and CREB Binding Protein (CBP) are dereased in androgen-
sensitive spinal motoneurons of aged rats (320). Another study has shown that low levels of
SRC-1 within the olfactory bulb and forebrain of reproductively senescent female rats

correlated with the reduced sensitivity of neurotrophins and their receptors to estrogens (321).
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Other explanations than reduced steroid receptor expression have been proposed for
the decreased ability of estradiol to generate a luteinizing hormone (LH) surge in aged
females, such as alterations in circadian rhythmicity of the suprachiasmatic nucleus (SCN)
(308, 322). The age-dependent loss of astrocyte plasticity in the rostral preoptic area, where a
subgroup of GnRH neurons resides, may also have an impact on the ability of estrogens to
activate GnRH neurons, as dynamic changes in the coverage of neurons by astrocytes play a

key role in synaptic plasticity and efficacy (323, 324).

Estradiol

There is a series of studies which document that the response to estradiol of brain
regions others than the hypothalamus is modified during the aging process. Within the medial
septum and NBM, levels of ChAT and of nerve growth factor receptor TrkA mRNA were
substantially reduced in old long-term ovariectomized female rats (ovariectomy at the age of
13 months, histological analysis of the brains around 30 months of age). These changes could
not be reversed by estradiol plus progesterone replacement, in spite the fact that the
cholinergic neurons were still present, and that their number and size were apparently not
affected (325). Other studies have provided evidence that the ability of estradiol to enhance
cholinergic and cognitive functions declines with age in rats (299, 326). Thus, estrogen
replacement can reduce memory deficits induced by the muscarinic receptor antagonist
scopolamine in young and in middle-aged female rats with irregular cyclicity (12-13 months
of age), but not at a more advanced age characterized by consistent estrous (20 months of age)
(326). It has also been reported that estradiol replacement is not effective in improving
working memory performance in female rats after long-term hormone deprivation by
ovariectomy. However, when initiated immediately after ovariectomy, estradiol replacement
significantly improved memory, even at 17 months of age (327). Based on these experimental
findings, the existence of a "window of opportunity" after the loss of ovarian function has
been proposed, during which hormone treatments may be most efficient for preventing a
decline in cognitive functions (295). This hypothesis will be more closely addressed in section
VIIL

In the rodent hippocampus, estradiol regulates multiple aspects of synaptic plasticity
involved in memory processes, such as an increase in the number of dendritic spines bearing
excitatory N-methyl-D-aspartate (NMDA) synapses (328, 329). With age, there is a loss of
CAL1 synapses, which is not reversible by estrogen replacement : in contrast to young female

rats (3-4 months old), estradiol failed to increase the number of dendritic spines in old females
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(23-24 months old) (330). However, although estradiol did not increase the number of
dendritic spines in the hippocampus of aged female rats, it increased the number of NMDA
receptors per synapse, which may be understood as a compensatory response (331, 332). It
would be interesting to examine whether there is a relation between the increase in synaptic
NMDA receptors and the well-known increase in vulnerability of the aged hippocampus to
excitotoxicity (333). In female rhesus monkeys, the number of dendritic spines on CAl
pyramidal neurons is also highly responsive to estrogen, but unlike aged female rats,
hippocampal neurons of aged female rhesus monkeys (19-23 years old) retain their capacity
for spine induction in response to estrogen (334). Estradiol treatment also increased the
density of dendritic spines of pyramidal neurons within the dorsolateral prefrontal cortex
(PFC) of both young and aged female rhesus monkeys, thus demonstrating a maintained
responsiveness to estradiol and capacity for plasticity (5, 335).

Interestingly, the effects of steroids on the plasticity of aged synapses can differ
between sexes, as has been reported for granule neurons of the dentate gyrus. Male and
female rats were gonadectomized at 2 months of age. When examined at 16-20 months of age,
the old females had a paucity of dendritic spines on granule neurons, but males showed no
decrease in dendritic spines with age. A short-term treatment with estradiol allowed the
density of dendritic spines in the old females to be increased, but on the contrary, decreased
spine density in males (263).

Another example of reduced sensitivity of the aging nervous system to estrogens is the
decrease in their ability to attenuate neuronal damage in response to unilateral entorhinal
cortex lesion (336). After this type of lesion, which is used as a model of Alzheimer disease-
like deafferentation of the dentate gyrus, estradiol stimulated compensatory synaptic sprouting
in young (3 months old), but not in middle-aged (18 months old) female rats (337). In the
same study, it was shown that increased GFAP expression by hippocampal astrocytes in
response to the lesion was reduced by estradiol in the young, but not in the middle-aged
females. As already discussed, elevated GFAP expression in astrocytes contributes to the
reduction in the neuronal sprouting response during aging (233). The increased expression of
GFAP in astrocytes, which is progressive and begins before midlife, may thus play an
important role in neuron atrophy and impaired synaptic plasticity (233).

Age-dependent impairment has also been documented for the regulation of
neurotrophin signaling by estrogen. Estradiol increased the expression of BDNF and of the
neurotrophin receptors TrkA and TrkB within distinct brain regions in young adult, but not in

reproductively senescent female rats (321). However, another study has reported a
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comparable increase in TrkA mRNA expression by estrogen in the NBM of young (3 months
old) and old (24 months old) rats, suggesting that the sensitivity of neurotrophin signaling to
estradiol may be preserved in the aged brain (300).

C. Antagonistic pleiotropy

Some nervous functions may not only lose their sensitivity to steroids with
progressing age, but may even become negatively affected by them. According to the
"antagonistic pleiotropy" theory of senecence formulated by Williams in 1957, some genes
with positive effects upon fitness early in life may become deleterious late in life.
Antagonistic pleiotropic effects have been documented for various classes of genes, including
those encoding growth factors, hormones, heat shock proteins and apoptosis regulator proteins
(338, 339).

With respect to steroid effects on the nervous system, this concept has only received
support from a limited number of experimental and observational studies on estrogens (2),
and there is no example of adverse effects of progestagens on the aging nervous system.
Whether this situation is due to the smaller number of studies with progesterone, or whether it
reflects a better toleration of progesterone by the aged brain, needs to be clarified. Indeed, as
documented above, the nervous system of even very old rodents remains surprisingly
responsive to the beneficial effects of progesterone.

In contrast to young female rats, the treatment of reproductively senescent females
with estradiol exacerbated neural injury and worsened the inflammatory response within
forebrain circuits following an excitotoxic lesion (340). Estradiol, known to attenuate
cytokine responses, was also shown to increase inflammatory cytokine expression by immune
cells in acyclic rats (341). Similarly, effects of estradiol on neurotrophin expression can be
opposite in young and aged females. Thus, estradiol increased BDNF expression in young
female rats, but decreased it in reproductively senescent females (321). The same group has
also recently shown that the effects of estradiol on the blood-brain barrier are also dependent
on age. Estrogen replacement to surgically castrated young female rodents reduced the
permeability of the blood-brain barrier, but conversely made it more permissive in senescent
females (342). Together, these findings point to the risk estrogen replacement in the elderly.
Within this line of thinking, an extreme view proposes that decreased estrogen levels may
even become beneficial for some populations of neurons in the aged brain (221).

Concerning the cardiovascular system, ovarian steroids may become dangerous by

inducing inflammatory responses and by having prothrombotic effects once atheromas and
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narrowing of blood vessels are established. This view is supported by mouse models of
atherosclerosis, which have revealed that estradiol has an atheroprotective effect by acting on
healthy endothelium, but induces inflammatory-immune responses once atheromatous plaques
are formed (343). In monkeys, estradiol has been shown to inhibit atherosclerotic plaque
formation when given directly after ovariectomy, but not 2 years later (344).

In conclusion, the results of animal studies are rather encouraging, as they show that
some structures and functions of the aging nervous system remain sensitive to the beneficial
actions of ovarian steroids, and in particular to those of progesterone, providing an
experimental ground for the usefulness of HRT. Neuronal networks appear to remain in place
during the aging process, and age-dependent structural changes and dysfunctions can be
improved by the administration of ovarian steroids. However, there is also evidence that some
responses to steroids are substantially modified with progressing age, and that aging and long-
term deprivation of ovarian steroids may result in the insensitivity of specific brain functions
to either progesterone or estradiol. Moreover, there is some concern about possible deleterious

effects of estradiol on the brain and blood vessels in aged animals.

VIIL The timing of HRT : a therapeutic window ?

There may be therapeutic windows during which HRT may be particularly efficient,
and during which the beneficial effects of hormones may prevail (345). Arguments in favor of
this hypothesis have mainly been provided by the outcomes of estrogen only or combined
estrogen-progestin therapies. As in rodents, brain regions involved in the regulation of ovarian
activity may also become less sensitive to estradiol during aging in women. Thus, data from
the Women's Health Across the Nation (SWAN) study, a survey of women going through the
menopause transition, suggest that secretion patterns of estradiol and LH in middle-aged
women may reflect an increasing insensitivity to estradiol (346). In premenopausal women,
estrogen levels are equivalent or higher than those observed in younger women, but
conversely, LH pulse frequency is decreased, consistent with an altered positive estrogen
feedback in the brain (347-349).

In particular, at very advanced ages or after very long hormone deprivation, the steroid
responsiveness of specific neuronal circuits and cognitive functions may be altered in women.
For them, the time when HRT starts relative to the onset of reproductive senescence may be a

crucial factor. An accumulating body of evidence indeed suggests that the immediate



(Manuscript ER-06-0050, version 2) page 33

postmenopausal period may constitute a window of opportunity for HRT to protect against
cognitive decline and to reduce the risk of Alzheimer's disease (350, 351). In fact, a major
difference between studies that found a protective effect of estrogens on cognitive functions
and those which reported negative results was the time when the treatment started. This would
be consistent with results of a series of animal studies suggesting that estrogens may be more
efficient in preserving memory functions if treatment is started soon after the deprivation of
ovarian steroids (304, 352, 353).

A large prospective trial conducted in the State of Utah, named the Cache County
Study, has examined the incidence of dementia among 1,889 women (mean age, 74 years) and
1,357 men (mean age, 73 years). Results for women showed that when HRT was initiated at
the beginning of the menopause and lasted for at least 10 years, the incidence of Alzheimer's
disease was significantly decreased, and the age-dependent increase in the risk of Alzheimer's
disease was abolished. On the contrary, in women who began HRT ten years or later after the
onset of menopause, there was a tendency for an increased risk in developing Alzheimer's
disease (354). The latter observation is thus consistent with the findings of the WHIM study
showing that HRT, initiated as late as 10 to 20 years after the onset of menopause, increased
the incidence of dementia and Alzheimer's disease (32, 355). Results of another recent study,
involving a small number of postmenopausal women, confirm that women with few years
since the onset of menopause benefit more from HRT with respect to cognitive functions than
women starting later (356). The follow-up of another cohort of 343 women has shown that
short-term HRT in the early phase of the menopause and lasting for only 2-3 years, may
provide long-term protection against cognitive impairment, still observable 15 years later
(357). All these data are consistent with the view that initiation of HRT early in menopause
may have cognitive benefits and reduce the risk of dementia, whereas hormone therapy
initiated decades after the onset of hormone deficiency may be without benefit, and may even
become unsafe.

It is noteworthy that a similar conclusion has been reached by examining steroid
effects on the cardiovascular system. The time when HRT is started relative to the onset of
menopause seems indeed to be crucial for its effectiveness on the vascular system (358, 359),
and the effects of estrogens and progestagens on the vasculature may also depend on the stage
of existing atherosclerosis (360). Moreover, longer exposure to endogenous ovarian hormones
as a result of delayed onset of menopause may be protective : for each year's delay in the
onset of menopause, the cardiovascular mortality risk was shown to decrease by 2% (358,

359). Thus, duration may also be a critical factor for HRT. In the "Rancho Bernardo" cohort,
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women who had used HRT for at least 10 years had significantly less plaque burden than
shorter term users (361). The analysis of data of the "Nurses Health Study", which has
followed 120,000 female nurses between 1976 and 2000, also suggested starting HRT earlier
may indeed make the difference : women who began HRT near menopause had a significantly
reduced risk of coronary heart disease. On the contrary, no significant relation was found
between HRT and coronary heart disease among women who initiated therapy at least 10
years after menopause (362). A recent cohort study has shown that women who receive 2-3
years of HRT after menopause do not have increased all-cause mortality, but have prolonged
cardivascular benefits (363). Windows of opportunity for the therapeutic benefits of HRT
could explain the increased risk of dementia and of cerebro-and cardiovascular events
observed in the HERS, WEST and WHI trials, involving women with a mean age over 65
years. That is, once atheromas and luminal narrowing of blood vessels are established,
adverse effects of HRT may prevail, including vascular inflammation and prothrombotic
effects (364, 365).

The importance of starting HRT early after the onset of menopause may also provide
an explanation for some discrepancies between previous observational studies, most of which
have reported beneficial effects of HRT on the nervous and cardiovascular systems, and the
more recent prospective studies. In fact, in most observational studies, women started HRT
early, during the perimenopause or at the beginning of the postmenopause period, for the
relief of climacteric symptoms, whereas in the recent large trials, women had started HRT as
late as 10 to 20 years or even longer after the onset of menopause.

However, although appearing convincing, the hypothesis proposing a "window of
opportunity for HRT" is still awaiting definitive proof. In fact, not all beneficial effects of
hormones may be limited to a given time window. There are indeed experimental and clinical
observations suggesting that even a delayed initiation of hormone treatment may still have
beneficial effects on particular brain functions (366). This view is consistent with the animal
studies described above, providing evidence that the nervous system of old animals remains at
least to some extent sensitive to the beneficial effects of ovarian steroids, in particular of
progesterone, and receives further support from recent imaging studies investigating the
effects of HRT on the human brain. Data obtained by high-resolution magnetic resonance
imaging (MRI) indeed show that even in elderly postmenopausal women (range of ages : 57-
79), HRT attenuates the shrinkage of both grey and white matter within brain regions known
for their sensitivity to age-related decline, such as the prefrontal, parietal and temporal cortex

and the hippocampus (367). Most importantly, HRT had