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NEUROSTEROIDS AS MARKERS FOR ALZHEIMER'S DISEASE

Cross Reference to Related Application

This application claims priority from U.S. Provisional Application Serial No.

60/178,698, filed January 28, 2000 in the name of the same inventors.

Field of Invention

The present invention concemns diagnostic methods for detecting
neuropathologies, and particularly Alzheimer's disease, by testing for increased levels
of central nervo;ls system dehydroepiandrosterone (DHEA). In particular, the present
inventors have found that DHEA in the brains of patients with neuropathologic
disease is formed by an ﬁltemative metabolic pathway than that used for the s&uthesis
of peripheral DHEA, and that a concomitant decrease in a steroid precursor i.nvolvéd
in this alternative pathway may also serve as an indicator of neuropathology. .
Understanding the mechanisms by which neuroactive steroids are synthesized within
the human brain and the roles of neurosteroids in normal and pathological brain
function will also enable the design of better targeted drug treatments for

neuropathologic disorders.

Background of the Invention

Dehydroepiandrosterone (DHEA) is a major adrenal steroid in humans (1).
Peripheral levels peak early in adulthood aﬁd gradually decline with aging (1, 2). Its
role in the periphery is not well established, but it is thought to serve mainly as a

precursor for androgens (3). It has been demonstrated that levels of DHEA in the
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brain exceed those seen in the periphery, and these levels are maintained after the
removal of periﬁheral steroidogenic organs (4, 5). DHEA and its sulfated form are
considered neuroactive in that they have effects on the GABAA receptor complex and
NMDA-mediated glutamate transmission via sigma receptors (6, 7). Furthermore,
DHEA and DHEA sulfate (DHEA-S) are thought to be involved in modulating
learning and memory (8, 9).

The role of DHEA as a neurosteroid is well established ('10). However, the
mechanism by which DHEA is produced in the brain has been the source of some
debate. Evidence for the existence of active cytochrome P450 17a-hydroxylase
(P450cl7), the peripheral steroidogenic enzyme that converts pregnenolone to DHEA,
has been contradictory. There is some evidence for the expression of mRNA for
P450c17 early in development (11), but the same group that reported this finding was
not able to detect mRNA in the adult rodent (12). One report has indicated expression
in the adult rodent (13), but evidence for eithter protein or enzymatic activity has not
been forthcoming (14, 5).

Neurosteroids have been implicated in a number of different clinical
conditions including memory (9, 26, 85), depression (84), and pre-menstrual
syndrome (67). They have also been proposed to be potential drugs for the treatment
of anxiety (36, 37, 40, 46) and epilepsy (35, 41, 47) via their ability to potentiate
GABA inhibition (65). Although several studies have looked at the regional '
distribution of neurosteroids in the human brain (30, 31, 38), there is no evidence as to
where these steroids were synthesized. In addition, there have been no published
studies examining the mechanisms of regulation of neurosteroid biosynthesis in either

rodent or human brain, assuming it occurs.
.2-
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Despite the lack of information regarding the role of neurosteroids in the brain
and the mechanisms of brain cell-derived neurosteroid synthesis, there has been much
speculation on the role of DHEA, or the declining levels thereof, in the aging process
(1, 2). Because peripheral DHEA decreases with age in the human, it has been
assumed that DHEA also decreases with aging in the brain. - However, there are no
valid studies available to back up this hypothesis. A number of studies have tried to
correlate peripheral levels of DHEA and DHEA-S with cognitive function (23-25) or
with future development of dementia or Alzheimer’s disease (26). In fact, one
internet website currently advertising a DHEA supplement reports that DHEA-S
levels are significantly lower in patients with early or late Alzheimer’s disease
compared to normal controls. Although there have been many proclamations in
relation to DHEA supplements regarding potential advantages for improving memory
and cognitive functions, scientific studies have been unable to demonstrate
conclusively a connection between peripheral DHEA levels and cognitive ability, or to
use peripheral DHEA levels as a predictor of future neuropathology.

It would be advantageous to further the understanding of neurosteroid
synthesis and regulation in the brain for the purpose of developing a better
understanding of brain diseases and the aging process, and for the potential this

knowledge would create for the design of new drugs and diagnostic assays.

Summary of the Invention

In contrast to what has been reported in the literature, the present inventors
have surprisingly found that central nervous system (CNS) DHEA is increased in

patients having Alzheimer's disease. This finding contradicts previous reports that
_3-
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allege that DHEA levels in Alzheimer's patients, including those in the brain, are
abnormally low, and has significant relevance given the fact that many companies are
currently advocating DHEA supplements as a means to prevent the development of
Alzheimer's disease. Moreover, the present inventors have also found that, contrary to
the focus of prior studies, DHEA is synthesized in the brain via an alternative
metabolic pathway than that used in the periphery. These findings underlie the'
methods and kits of the present invention, the aim of which is to diagnose or detect
neuropathologic diseases, and in particular, Alzheimer’s disease.

The methods of the invention involve measuring the amounts of neurosteroids
in the central nen;ous system and serum of patients. In particular, the methods
involve screening for increased levels of DHEA, or for decreased levels of newly
identified precursor for DHEA, as indicators of the early onset of neurodegenerative
disease. Méthods of making or increasing the synthesis of DHEA by exposing cells to
B-amyloid protein are also included, given the finding reported herein that B-amyloid
protein and other agents or conditions inducive of oxidative stress may have a
regulatory role in the alternative pathway for DHEA synthesis. Understanding
mechanisms of neurosteroid biosynthesis and regulation thefeof in the brain, and
decipimri.ng the nature of the alternative metabolic pathway for brain DHEA and the
role of increased DHEA production in neuropathologic disease, will permit the design
of proactive treatments geared toward preventing or treating disease progression in

patients identified by the disclosed screening methods.

Brief Description of the Drawings

Figure 1: Neurosteroid Levels in Alzheimer’s Disease (AD) and Control Brain
_4-
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Endogenous neurosteroid levels in human brain were measured by specific
radioimmunoassay after HPLC purification. There is no significant difference in
pregnenolone levels between AD and control patients. However, all three regions

examined show a significantly higher level of DHEA in AD patients. Data presented

" is means =SEM for duplicate measurements from 3-10 samples. NS - not significant,

** p <001

Figure 2: mRNA Expression of P450c17 in AD and Control Brain

'RT-PCR amplification of P450cl7 followed by DNA blot indicates that
P450cl7 is expressed in the cortex of both control and AD patients, although
expression is only seen in one of the available AD patient safnples. There is no
detectable expression of P450cl7 in the hippocampus, indicating that DHEA in this
area is not made via the peripheral enzyme-mediated pathway. Lanes are labeled by

patient number to allow for within patient comparisons.

Figure 3: AP Immunoreactivity in AD and Control Brain

Brain homogenates were separated by SDS-PAGE and blotted with 4G8, a
monoclonal mﬁbody to amino acids 17-24 of the B-amyloid (AP) peptide. A) The
majority of AB-immunoreactivity in the hypothalamus of AD patients is of a lower
molecular weight species than in control paﬁeﬁts. There is detectable Af in the
control sample as well. B) AB-immunoreactivity is undetectable in the hippocampus
of control patients, but is pr&seﬁt in the hippocampus of AD patients. C) AB-
immunoreactivity is present in frontal cortex from all AD patients with a similar

pattern of molecular weight species. The majority of the AD frontal cortex Ap-
-5-
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immunoreactivity is about 30 kDa. There is some AB-immunoreactivity in control
patients, particularly in patient C5, but this immunoreactivity is at a higher molecular
weight, about 50 kDa, then in AD patients. Lanes are labeled by patient number to

allow for within patient comparisons.

Figure 4: DHEA and A Levels in Cerebrospinal Fluid (CSF) from AD and Control
Patients '

A) DHEA was purified from CSF extracts by HPLC and measured by specific
radioimmunoassay. DHEA levels are much higher in AD subjects then in control. B)
Both AD and control patients have immunoreactive AP in the CSF. Control patients
have only a 98 kDa species, while AD patients have AP-immunoreactivity occurring

at a wide range of molecular weights from 46-98 kDa.

Figure 5: Serum Response to FeSO4 in AD and Control Patients

‘When serum from AD patients (A) is treated with 10 mM FeSQy, there is no
increase in DHEA levels. However, when serum from control patients (B) is lreat;d
with 10 mM FeSQO,, there is a large induction in DHEA levels, indicating the presence
of a DHEA precursor that can be acted upon by oxidizing agents. AD patients do not

have this precursor present, potentially because it has already been converted in the

brain before reaching the periphery.

Figure 6: Human brain cells have an alternative pathway for D synthesis.

Cells were treated with increasing concentrations of FeSO4 (mM), with and

without 5 mM SU 10603. After two hours, cells and media were processed as extracted
-6-
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with ether:ethyl acetate, samples were run on reverse-phase C18 TLC plates, fractions
were extracted with diethyl ether and quantities of D were determined by RIA. D levels
(pg/mg protein) were analyzed by one-way ANOVA. (A)KG-1-C; F=1.948, p =0.0979
(B) MGM-1; F = 5.004, p < 0.001 (C) MGM-3; F = 0.5902, p = 0.7366 (D) NHA; F =
4.131, p <0.01 and (E) ANT-PF; F =0.6552, p = 0.6886. Data is shown as means SEM
(n=4-15). All experiment were perfomed in the absence of exogenous P except for the

hNT-PF cells, which were incubated with 5 mM P in addition to FeSOy4. Labels on X
axis indicate mM dose of FeSO4; SU, SU/3 and SU/10 indicate the addition of 5 mM SU

10603 along with the corresponding mM dose of FeSO4.

Figure 7: FeSO4 increases levels of ROS in MGM-1 and NHA cells.

FeSO4 treatment causes a significant increase in MGM-1 and NHA cellular ROS
levels at all doses tested (=, MGM-1: F = 59.883, p <0.0001; @, NHA: F=25419,p <
0.0001). NHA cells are more sensitive to Fe2* in terms of ROS production then MGM-1

human glioma cells.’

Figure 8: B-Amyloid increases cellular ROS and D synthesis.

MGM:-1 cells were treated with -amyloid (AB) alone or with AB and Vitamin E
for at least 24 hours. Cellular ROS and D levels were measured. AB caused a significant
increase in ROS above control levels (** p < 0.01) and this could be partially blocked by
co-treatment with Vitamin E (p = 0.054 versus Ab) but was still significantly above
control levels (** p < 0.01). Similarly, Ab significantly increased D levels above control

(** p<0.01), and this effect was t_zlocked by Vitamin E (* p < 0.05 versus Ab). Data is

-7-

11-
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shown as mean increase above control SEM (n =12).

Detailed Description of the Invention

The present inventors have found that patients in the early stages of oxidative
stress-related neuropathological diseases can be identified by virtue of increased levels
of DHEA in the brain, and that the DHEA in these patients is synthesized in the brain by

an alternative metabolic pathway (16). This pathway may be regulated by intracellular

free radicals and reactive oxygen species through a novel precursor, as the absence or

decrease of this precursor parallels the observed increase in DHEA in the CNS of these
patients. Although the precise identity of the precursor is not yet k:npwn, its presence can
be measured by the addition of FeSO; and other reducing agents which presumedly cause
a classical Fenton reaction and formation of DHEA if the precursor is present (15).

The generation of oxygen-free radicals by the addition of Fe?* to cells has been
previously described (88, 89). Generation of oxygen free radicals has been implicated
in neurodegeneration (44), and evidence of oxidative stress has been shown in
Alzheimer’s disease. brain (20, 21, 29), where oxidative stress contributes to the
formation of amyloid plaques and neurofibrillary tangles (45, 83). B-amyloid is a
component of Alzheimer’s disease plaques (18) and can cause increases in reactive
oxygen species (ROS) via several mechanisms (55, 58, 59).

Considering the effect of FeSO4 on DHEA formation and the effects of Fe** and
B-amyloid on ROS, and given the discovery reported herein that DHEA levels are
increased in the brains of Alzheimer’s patients, the present inventors hypothesized that
the alternative metabolic pathway for DHEA synthesis might be stimulated by B-amyloid.

Consequently, when oligodendrocytes were exposed to B-amyloid, these cells exhibited
_8-
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increased DHEA synthesis. The effects of f-amyloid were in turn blocked by vitamin E,
which is known to be a powerful anti-oxidant (52). The observation that DHEA levels
are elevated in the brains of Alzheimer’s and the observed role of B-amyloid on DHEA
synthesis by oligodendrocytes together suggest that elevated DHEA levels may be
employed as an early indication of neuropathological processes.

Accordingly, the present invention includes a method of detecting oxidative
stress-mediated Dehydroepiandrosterone (DHEA) formation, i.e., formation of DHEA
by the alternative metabolic pathway, in a test sample of blood, body fluid or tissue by
screening for the absence of or a decrease in the normal levels of precursor. Although the
identity of the precursor is still unknown, its presence can be determined by treating cells
with an agent that causes the formation of ROS and screening for the subsequent
formatiqn of DHEA. Moreover, although this phenomenon had been reported prior to
the prescm invention, the fact that this precursor would be absent or decreased in any
particular tissue as to justify a comparative screening assay was not revealed until the
present invention.

Thus, one diagnostic method according to the present invention includes a
method of detecting oxidative stress-mediated DHEA. formation in a test sample of blood,
body fluid or tissue comprising:

(a) treating said test fluid or tissue with an agent that produces

oxidative metabolites in a control fluid or tissue,

(b) treating a control fluid or tissue with said agent, and

(c) determining whether the quantities of DHEA in the test sample and

in the control sample rise in response to said treatment,

whereby a lack of response in the test sample relative to the control sample indicates that
-9-
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oxidative stress-mediated DHEA formation occurred previously in said test sample of
body fluid.

“Oxidative stess—me;diaied DHEA formation™ refers particularly to DHEA
formed by an alternative metabolic pathway, which differs from the classical synthesis
pathway used in the periphery that purportedly relies on cytochrome P450 17e-
hydroxylase (P450c17) to convert pregnenolone to DHEA (11). Although the present
inventors do not wish to be held to any specific theory, the alternative pathway may
involve hydroperoxide intermediates, and particularly a C-17 or C-20 oxygenated steroid
(28). Preliminary data using CSF from schizophrenic patients, a disease independent of
oxidative stress, shows DHEA levels similar to control patients, further supporting the
validity of the hypothesis that the alternative metabolic pathway may be particularly
relevant to neuropatholigies involving the formation of reactive oxygen species (ROS).
The fact that the elevated levels of DHEA seen in neuropathologies involving oxidative
stress specifically parallel decreases in an ROS-regulated precursor is a significant
showing, given that, prior to the present invention, there was no information available
about the synthesis and regulation of neurosteroids in the brain.

After examining the ability of various types of brain cells to synthesize DHEA via
the alternative pathway, the present inventors have found that oligodendrocytes and -
astrocytes can make DHEA via this pathway, but neurons do not. Thus, a patient in the
beginning stages of a brain disorder might be diagnosed by showing decreased levels of
precursor in a sample of oligodendrocytes or astrocytes according to the method
described above.

: Oﬁgodmdﬁcyte cells and astrocytes can be identified by the presence of markers

specific to that cell type. For instance, both MBP (myelin baisc protein) and 2',3'cyclic
-10-

14-




WO 01/55692 PCT/US01/02476

10 °

15

20

nucleotide-3'-phosphodiesterase are oligodendrocyte-specific markers, whereas glial
fibrillary acidic protein (GFAP) is an astrocyte-specific marker. Other markers specific
for these cell types are known in the art, and could be readily used by one of skill in the
art to verify the identity of cells employed in the present assay, for instance using RT-
PCR or other screening tcchniquels.

Various cell lines have been characterized herein by virtue of their ability to
synthesize DHEA via the alternative metabolic pathway, and these cell lines might be
used as a convenient source of control cells for the assay. For instance, FeSO; has a
significant effect on DHEA formation by NHA cells, an astrocyte cell line. Thus, this cell
line could be used as a positive control, according to the methods described herein.
MGM-1, derived from a glioblastoma multiforme tumor (70), also responds to FeSO4
treatment, as well as to treatment with B-amyloid, by increased ROS formation and

DHEA synthesis. In contrast, neither MGM-3 cells (70) nor KG-1-C cells (69) respond

" toFeSO, treatment, and might be employed as negative controls.

The inventors have further found that FeSQ, treatment resulls in a significant

"increase in DHEA in the hippocampus and cortex of control patients, indicating the

presence of an alternative precursor in these patients. There was no effect observed in
the hypothalamus of control patients. In contrast, Alzheimer’s patients showed a
significant increase in DHEA levels in response to FeSQ, treatment only in the frontal
cortex, but not in the hippocampus or hypothalamus. Given the presence of higher levels
of DHEA in the Alzheimer’s patient brain before FeSO, and the difference in increase
in DHEA levels in the hippocampus in Alzheimer’s patients versus controls patients
following FeSO, treatment, this suggests that the precursor in the hippocampus of

Alzheimer’s patients has already been converted to DHEA. Thus, a patient in the
-11- )

-15-
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beginning stages of a brain disorder might be diagnosed by showing decreased levels of
precursor in a sample of hippocampus tissue according to the method described above.

The diagnostic method disclosed above might be most readily performed,
however, with cerebrospinal fluid (CSF) or serum. Both of these bodily fluids exhibit
decreased formation of DHEA in response to FeSO, treatment when taken from
Alzheimer’s patients versus control patients. The fact that CSF fluid may be used as .a
diagnostic tool in the assays of the invention is perhaps logical given the inventors® other
findings about oxidative stress-induced DHEA formation in the Alzheimer’s disease
brain. The finding that serum, however, can be used in the above method as a tool for
diagnosing oxidative stress-induced formation of DHEA in the brain was somewhat
surprising in this context. For instance, the DHEA levels in the serum of Alzheimer’s
disease patients are not significantly greater than the serum levels in control patients.
Therefore, the fact that the precursor levels in the serum of Alzheimer’s patients are
nevertheless decreased suggests that the precursor that is normally found in serum has
already been metabolized in the brains of these patients. Thus, the first diagnostic
method introduced above may be performed with a variety of body fluids and tissue
samples, wherein said samples are selected from the group consisting of cerebrospinal
fluid, serum, hippocampus tissue, oligodendrocytes and astrocytes.

As reported above, the present inventors have also discovered that f-amyloid
peptide and other reagents that induce the formation of ROS may be used to test for the
presence of precursor in a body fluid or tissue sample. Thus, thé present methods are
amenable to the use of not only FeSQq, but other reducing agents and/or oxidizing ageuts
as well, particularly other classical Fenton reactants also exemplified by FeCl; and H;0,.

Although there are several conceivable methods for accurately measuring
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quantities of DHEA that are formed by the method of the invention, DHEA quantities are
preferably measured by (i) extracting the samples with an organic solvent, (ii) subjecting
the extracted material to HPLC chromatography, and (iii) detecting the DHEA using
radioimmunoassay. A preferred organic solvent 1s ether:ethylacetate (v/v), but any
solvent may be used and many are known in the art. Radioimmunoassay kits for
measuring DHEA and its sulfated derivative, DHEA-S, are commercially available (see
for example Diagnostic Systems Laboratories, 445 Medical Centre Blvd., Webster, Texas
77598). Antibodies specific for DHEA are also available from ICN Pharmaceuticals
(Costa Mesa, CA). Altematively, quantitie; of DHEA may be measured by gas
chromatography coupled to mass spectrometry. Other studies have optically measured
steroid levels in initial extracts, without any further purification steps. The present
inventors have found, however, that attempting to measure DHEA and other
neurosteroids without previous purification procedures may not provide accurate
measurements.

Given the known characteristics of the alternative metabolic pathway for DHEA,
the methods of the invention may be supplemented with further assays to verify the
validity of the results. For instance, the samples may also be tested for an jncrease in
radical oxygen species after treatment with the regulating agent, e.g., by using 2,7 DCF
fluorescence. The correlation between the treatment and the effect may also be verified
by determining whether the effect is blocked by vitamin E. The samples may also be
tested directly for the presence of the metabolic precursor for DHEA once it has been
identified.

The diagnostic method described above may also include steps whereby the cells

are treated with compounds that optimize the synthesis of DHEA using the alternative
S13-
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pathway. For instance, SU 10603 is a known inhibitor of P450c17 (64). P450c17 is the
enzyme responsible for the classical conversion of pregnenolone to DHEA (the non-
oxidative stress-induced pathway). Thus, if a test sample of cells employed tzor the
present methods has the ability to synthesis DHEA via both pathways, treating with SU
10603 would clarify resuits by inhibiting synthesis via the classical pathway such that
only the potential for the alternative pathway is measured.

Trilostane (Stegram Pharmaceuticals, Sussex, U.K.), a specific inhibitor of 3f-
HSD, also inhibits the metabolism of pregnenolone by inhibiting its conversion into
progesterone. By treating a cell sample with both trilostane and SU 10603, it is possible
to maximize pregnenolone production. By treating with mevastatin, a 3-hydroxy-3-
methylglutaryl CoA reductase inhibitor, i.e., an inhibitor of cholesterol synthesis, it may
be possible to modulate the levels of the unknown substrate.

As described above, the present inventors have surprisingly discovered that
DHEA levels are significantly higher in the brains of Alzheimer’s patients than in the
brains of control patients, and that concomitant to this increase is a decrease in the
precursor for the oxidative stress-induced metabolic pathyvay for DHEA. Oxidative stress
contributes to a variety of neurological disorders, and it is likely that elevated DHEA
levels may be used as an indicator for a variety of such neuropathologies, including
dementias in generél, Alzheimer's disease, Parkinson's disease, ALS (Amylotropic Lateral
Sclerosis), amyloidosis, Ataxia Telangiectasia, Binswanger’s disease, brain cancer ‘
(which, in some cases, may lead to increased reactive oxygen species), Hatlervoden-Spatz
disease, Huntington's disease, Krabbe disease, Leigh's disease, mitochondrial disorders,
Multi-Inﬁ"act dementia, Pelizacus-Merzbacher disease, Pick’s disease, stroke, and

traumatic brain injury. In fact, diagnosing traumatic brain injury may particularly benefit
-14-
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from the disclosed diagnostic assays due to the dramatic acute increase of oxidative stress
due to the injury. Spinal cord injury and other peripheral nervous system injuries may
also be diagnostic targets given the ability of the spinal cor& Swann cells to make
neurosteroids and the increased oxidative stress due to the injury.

Thus, the present invention generally includes a method of diagnosing the
existence of a neuropathologic disorder in a patient comprising vmea.suring the quantity
of a neurosteroid in the CNS of said patient. Depending on whether one measures DHEA
levels or levels of the precursor, either an increased quantity or a decreased quantity of
neurosteroid relative to a control will indicate the development of a neuropathologic
disorder.

The present invention also includes kits for practicing the disclosed diagnostic
methods. Such kits for detecting oxidative stress-mediated Dehydroepiandrosterone
(DHEA) formation in a test sample of blood, body fluid or tissue may comprise a reagent
that produces oxidative metabolites when contacted with said blood, body fluid or tissue.

For instance, the kits of the invention can be designed with a vial containing an agent
such as FeSQ, for convenient collection of and mixture with serum or CSF.

The kits might also include at least one minicolumn or set of minicolumns to
facilitate purification of DHEA. For instance, Silica C18 mversé phase columns might
be incorporated (i.e., Merck, Beckman, etc.), which are like miniaturized versions of an
HPLC column. A kit of the present invention may further, or alternatively, comprise a
DHEA-specific antibody, depending on whether the kit is designed for measuring levels
of DHEA directly, or levels of precursor via the capability of the sample to produce
DHEA via the oxidative stress-mediated metabolic pathway. At the present, the DHEA

antibodies available are not very specific. Therefore, purification is required for accurate
-15-
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radioimmunassay results. However, as more specific antibodies become available, the
level of purification required for the assay will decrease, and the kits of the invention may
be modified accordingly.

It has long been speculated that DHEA may be important in the aging process,
pﬂculu]y in modulating memeory formation via its actions on NMDA receptors in the
hippocampus. We have demonstrated that, contrary to current theories, levels of DHEA
are much higher in the Alzheimer’s disease brain than in the normal brain. The question
remains, however, as to whether DHEA synthesis plays a protective role in
neuropathology, or is acting to potentiate the disease process.

For instance, it has been shown that DHEA and its sulfated derivative are
neuroprotective against excitaory amino acid-induced toxicity in the hippocampus (32).

However, little research has been done on the neuroprotective effects of DHEA on glia.

It could be that the observed increase in DHEA formation by glia in response to
oxidative stress may serve a protective role. Alternatively, given the observation that f-
amyloid peptide has the potential to stimulate the oxidative stress-induced synthesis of
DHEA, it may be that astrocytes become reactive to this peptide in Alzheime.:r’s disease
pathology and produce extracellular matrix molecules and growth factors that help to
potentiate plaque formation (33). In this scenario, the increase in DHEA would be a
harmful event, helping to protect reactive astrocytes and potentiate neuronal damage. It
remains to be seen whether DHEA plays an important role in neuropathology, or whether
it is simply an epiphenomenon of the disease process.

Regardless of whether DHEA plays an important role in the pathogenesis of
Alzheimer’s disease and other neuropathologies, it can serve as a usefil marker of disease

via the diagnostic methods described above. But if DHEA is found to lay a protective
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role, the novel observation that the alternative metabolic pathway may be stimulated by‘
exposure of cells to B-amyloid peptide may provide a new means of synthesizing DHEA
via cells that are capable of the altematilve metabolic pathway, for use in pharmaceutical
compositions. U.S. Patent No. 4,812,447, herein incorporated by reference, provides a
discussion of the use of DHEA and DHEA-S in pharmaceutical compositions for the
treatment of Alzheimer’s diease.

Thus, the present invention also includes a method of increasing or causing
DHEA synthesis by cells, comprising exposing said cells to B-amyloid peptide, wherein
such exposure results in synthesis of DHEA. Because brain cells are the only cells at
_present demonstrated to facilitate this mode of synthesis, the preferred cells for the
synthesis are brain cells, and particularly astrocytes and oligodendrocytes. However, it
is possible that other cells may be identified that may be used for such a method.
Moreover, once the precursors and enzymes involved in the alternative metabolic
pathway have been identified, it may be possible to create a cell-free system for
synthesizing DHEA based on this finding. '

The present invention also includes methods of preventing or treating a
neuropathology involving increased synthesis of DHEA comprising administering a
compound that modulates the synthesis of DHEA by oligodendrocytes or astrocytes. The
term “modulates” encompasses both inhibition of synthesis if the role of DHEA in
neuropathology turns out to be harmful, and increased synthesis if the role of DHEA turns
out to be protective. It may be that DHEA and its precursors may play different roles in
different neuropathological diseases.

The present invention also includes screening assays for identifying drug

candidates potentially useful for treating a neuropathology comprising (a) exposing a
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composition comprising oligodendrocytes or astrocytes to a test compound to be screened
for potential use in screening a neuropathology; (b) evaluating the effect of said
compound on DHEA synthesis relative to an otherwise identical control composition
containing oligodendrocytes or astrocytes but lacking said compound; and (c) identifying
potentially useful compounds based on their modulating effect on DHEA synthesis.
Again, the term “modulating” may vary depending on whether DHEA plays a destructive
or protective role in the disease process.

The following methods and working examples serve to illustrate the concepts

underlying the present invention.

Experimental Procedures
Cells lines
The human glioma cell line KG-1-C was obtained from the Riken Cell Bank

(Tsukuba, Japan). The MGM-1 and MGM-3 cell lines were a gift from Drs. Hiroaki

Kataoka and Mashi Koono (Miyazald Medical College, Japan). Normal human

astrocytes (NHA) were purchased from Clonetics (San Diego, CA), while purified human
neurons (hNT-PF) were purchased from Stratagene (La Jolla, CA). The P450¢c17
antibody was a generous gift from Dr. Dale B. Hales at the University of Llinois.
Trilostane, a specific inhibitor of 3B-HSD, was a gift from Stegram Pharmaceuticals,
Sussex, UK. SU 10603, an inhijbitor of P450c17 (64), was a gift from CIBA-Geigy,

Basel, Switzerland.

Tissue Samples

All human tissue samples and CSF were obtained from the Harvard Brain Tissue
- 18-
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Resource Center in Belmont, MA. Samples for steroid measurements were either snap
frozen or passively frozen in liquid nitrogen. Samples for RNA extraction w;re snap
frozen. Mean age for all patients was 74.6 years for Alheimer’s disease (AD) patients
and 73.4 years for controls. Mean postmortem interval was 10.2 hours for AD patients
and 14.7 hours for controls. Serum samples were obtained from Dr. J. R. Rapin (CEB, -
Mont Sajnt-Ag:Jes, France). Protocols for the use of human tissue were approved by the

Georgetown University Intemal Review Board.

Cell Culture

KG-1-C is derived from a mixed glioma and has been described as having the
characteristics of an oligoedendrocytoma (69). MGM-1 and MGM-3 are derived from
glioblastoma multiforme tumors (70). All three cell lines were grown in Dulbecco’s
Modification of Eagle’s Media (DMEM) with 10% fetal bovine serum (Mediatech
Cellgro, Gaithersberg, MD) plus 100 U/ml Penicillin, 100 mg/ml Streptomycin and 1.25
mg/ml Amphotericin B (Sigma, St. Louis, MO) at 37C and 6% CO7. NHA cells were
grown at 37C and 6% CO 7 in Astrocyte Growth Medium (Clonetics, San Diego, CA)
containing 5% fetal bovine serum, 0.02 mg/ml human epidermal growth factor, 25 mg/ml
insulin, 0.025 mg/ml progesterone, 50.0 mg/ml transferrin, 50.0 mg/m! Gentamicin, and
0.05 mg/ml Amphotericin B. hNT-PF cells are a post-mitotic, differentiated cell derived
from the Ntera2/D1 teratocarcinoma cell line (NT2). NT2 precursor cells can be induced
to differentiate in vitro by six week treatment with retinoic acid (Stratagene, La Jolla,

CA). hNT-PF cells were plated and maintained at 37C and 6% CO2, in hNT-PF neuron

conditioned media (Stratagene).
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Reverse Transcrzption-Ponmgrase Chain Reaction and DNA Blotting

Total RNA was isolated from each cell type by thg acid-guénidium thiocyanate-
phenol-chloroform extraction method using RNazolB (Tel-Test Inc., Friendswood, TX).
RNA from cach cell type was reverse transcribed using oligod(T)s and MuLV reverse
transctiptase according to the protocol provided by Perkin Elmer (Foster City, CA).
Primers specific for the genes of interest were used to amplify specific fragments (Table
1). PCR products were run on 1.5% agarose gels and transferred to nylon membranes
(Amersham Pharmacia Biotech, Inc., Piscataway, NJ). Probes were synthesized by RT-
PCR from either total human adrenal RNA (PBR, P450scc, P450¢17 or 3b-HSD) or total
human brain RNA (MBP). To confirm specificity, probes were sequenced using the ABI
Prism prot.ocol at the Lombardi Cancer Center Core Facility, Georgetown University
Medical Center. Probcs were labeled by random primed labeling using the kit from
Boehringer Mannheim (Indianapolis, IN) and were incubated with the membranes
overnight at 42°C. Membranes were washed and exposed to XOMAT-AR film (Eastman

Kodak, Rochester, NY) for 2-24 hours at -70°C.

Table 1. RT-PCR primer sequences and expected product size

Gene | Forward primer Reverse primer Product
size (bp)
MBP | 5“AATTOGCGTGTGGCAGAG-3' 5-ACGCCTTGTGOCTACTCOTTAC-3' 420

GFAP 5-ACCTTGGCACAGACACAATG-3' 5-GTGCTGGCTCGTCTITATTC-3 586

PBR 5"-CTAACTCCTGCCAGGCAGTG-3' 5'“TGACCAGCAGGAGATCCAC-3' 401
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P450scc | $-CTGTTGGATGCAGTGTCTCG-3' | 5-GTGCCATCTCATACAAGIGC-Y | 523

P450c17 | 5-CAACAACCGTAAGGGTATCG-3' | 5“GGCTGAAACCCACATTCTG-3' 701

3pHSD | S-AGACATTCTGGATGAGCC- | S-AGAATTGACCTCGGACAC-3 578
Immunocylochemistry

Cells were grown in four chamber slides (VWR, W. Chester, PA) and fixed with
70% ethanol at 4C for 15-30 minutes. Slides were incubated with primary antibody in
10% calf serum for one hour at room temperature at the following dilutions: PBR; 1:200,
(34), P450scc; 1:200 (49), P450c17; 1:200, 3b-HSD; 1:100 (Oxygene Inc, Dallas, TX).
HRP-linked anti-rabbit secondary antibody (Transduction Laboratories Inc., Lexington,
KY) was applied at a dilution of 1:2000 for one hour at room temperature, and HRP
substrate 3-amino-9-ethyl carbazole (Sigma, St. Louis, MO) was used to detect
peroxidase reaction. Slides were counte;stained with hematoxylin (Sigma, St. Louis,

MO).

Steroid Biosynthesis Experiments

De Novo Steroid Synthesis: All steroid synthesis. experiments were performed
with the cells at 60-80% confluency. In order to determine the ability of the cells to
synthesize steroids de novo, cells were incubated for two hours at 37C and 6% CO,, with
specific steroidogenic enzyme inhibitors as previously described (50). In brief,

endogenous cholesterol synthesis was blocked by incubating cells with 20 mM

Mevastatin in serum-free media (Sigma, St. Louis, MO) for 1 hour. 10 mM Trilostane

and 5 mM SU 10603 were then added. After 30 minutes, 3 ml 3H-mevalonactone 33
-21-

25-




WO 01/55692 PCT/US01/02476

10

15

20

Ci/mmol, DuPont NEN, Boston, MA) and 10 mM cold mevalonactone (Sigma, St. Louis,
MO) were added. Thlrty minutes later, media and cells were combined and homogenized
on ice for 20 sec. Homogenates were extracted twice with 4 ml of ether:ethyl acetate
(1:1, v/v, Fluka, New York, and EM Science, Gibbstown, NJ) and evaporated. Extracts
were reconstituted in 100% methanol and separated on a Beckman System Gold HPLC
system, using a 126NM Solvent Module, 166NM Detector and a Beckman ultrasphere
XL 3-mm Spherical 80 A pore column (Beckman, Fullerton, CA), eluted on a methanol
gradient. Fractions were collected each minute and counted by liquid scintillation

spectrometry (EG&G Wallac, Gaithersburg, MD) to determine production of radiolabeled

* steroids. Steroids were identified by respective retention times compared with

radiolabeled standards (Retention time P = 28 min, Retention time progesterone = 24
min, Retention time D = 18 min). In previous experiments, steroids in these fractions
were identified as P, progesterone and D respectively by Gas Chromatography-Mass
Spectrometry (15).

Alternative Pathway: To determnine the amount of D synthesized by the alternative
pathway cells were treated as previously described. (15). In brief, cells were washed and
oligodendrocytes and astrocytes were incubated with increasing concentrations of FeSOy4

in serum free media, with and without SU 10603 (10 mM); neurons were incubated in
serur free media containing 5 mM P plus FeSOy4, with and witbout 10 mM SU 10603.
After two hours, cells and media were homogenized and extracted as described above,
Extracts were run on C18 TLC plates (Whatman, Clifton, NJ) with a mobile phase of
95% methanol (v/v); radiolabeled standards for P, progesterone, and D were run on each

plate, and appropriate steroid fractions were collected for each sample. TLC fractions
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were extracted with 2 ml diethyl ether (Fluka, New York) and evaporated. TLC extracts
were assayed by specific radioimmunoassay (RTA). In separate experiments, steroids
eluted from TLC were further identified by HPLC, RIA and Gas Chromatography-Mass
Spectrometry (data not shown).

Tissue Samples: For brain samples from' Alzheimer's patients and control
patients, samples were treated as previously described (17). In brief, aliquots of
homogenates were incubated with a final concentration of 30 mM (brain) or 10 mM
(serum and CSF) FeSO; at 37°C for 2 hours. After 2 hours, samples were extracted and
purified as described for the endogenous levels, and assayed by specific

i
radioimmunoassay.

Serum and CSF Levels of DHEA: Serum was obtained from 11 patients, 5 with
AD and 6 age-matched controls. Serum samples were split and treated with and without
10 mM FeS80,. Serum and CSF samples were extracted as described fér the brain tissue
samples, and purified by HPLC. DHEA levels were measured by specific
radioimmunoassay. _

B-Amyloid Regulation of the Alternative Pathway: MGM-1 cells were plated on
96 well (~5,000 cells/well, for ROS measurements) or 24 well (~15,000 cells/well, for
D measurements) plates (Corning Costar, Acton, MA). At the same time, 1 mg Ab (Ab

(1-42); AnaSpec Inc., San Jose, CA) was dissolved in 0.5 ml serum-free media and

incubated at 4C for aggregation. 24 hours later, cells were incubated in DMEM with

10% fetal bovine serum and 50 mM Ab or 50 ;M Ab and 10 mM Vitamin E (Sigma, St.

Louis, MQ). Control samples were incubated in DMEM with 10% FBS. Cells were

incubated at 37C and 6% COy for at least 12 hours and processed for ROS generation
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(see below) or D synthesis as described above for the altemative experiments.

ROS measuremeﬁf.s
Treatment media was removed and the cells were washed with PBS. The
fluorescent probe 2,7- dichlorofluorescin diacetate (2,7-DCF, Molecular Probes, Inc.,

Eugene, OR) was used to measure levels of oxidative stress (48). Cells were incubated

with 50 mM 2,7-DCF, fluorescence was measured at 485nm/535nm using the Victor2
Multilabe] Counter (BG&G Wallac, Gaithersburg, MD) and values of cellular

fluorescence were obtained.

Radioimmunoassay

RIA using antibodies specific for each steroid (ICN Pharmaceuticals, Costa Mesa,
CA Mesa) was used to measure P, progesterone and D levels. The data were analyzed
using the IBM-PC RIA Data Reduction Program (version 4.1) from Jaffe and Associates
(Silver Spring, MD). Levels of B-amyloid species in AD and control brain samples were
analyzed using 4G8 (Senetex PLC, Napa, CA), a monoclonal antibody to -amyloid
peptide that recognizes amino acids 17-24. Samples in 0.25 M sucrose buffer were run
on 4-20% iarecast gradient gels (Novex, San Diego, CA). Samples were transferred to
nitrocellulose membranes and incubated in primary antibody for 1 hour at room
temperature at a dilution of 1:2000. Membranes were incubated in secondary antibody
(1:1000) for 1 - 1.5 hours at room temperature and blots were visualized using ECL
reagents (Amersham Pharmacia Biotech, Pisquataway, NJ). Blots were ;xposed to X-

OMAT film.
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Protein Assay
Microgram amounts of protein were measured using the dye-binding assay of
Bradford (1976) (39), using bovine serum albumin (ICN Pharmaceuticals, Costa Mesa,

CA) as the standard.

Statistics

Statistical analysis of the altemati\;e pathway results using cell lives was
performed by one-way ANOVA using the INSTAT 3.00 package from GraphPad (San
Diego, CA). Analysis of ROS and b-amyloid data was done using unpaired Student’s t
test on SigmaPlot (Jandel Scientific, San Rafael, CA). Statistical data from tissue
samples is shown as means + SEM from 3-15 measurements. Data were analyzed using

Welch's t test, with normality tests. Significance level was set as p < 0.05.

Results: Characterization of neurosteroid synthesis and regulation using brain cell lines

Characterization of cell types

To determine the phenotypes of the glioma cell lines, we performed RT-PCR for
MBP, an oligodendrocyte marker, and GFAP, an astrocyte marker. We found the all
three glioma cell lines express message for MBP (data not shown), as does total human
brain RNA. None of the glioma cell lines express message for GFAP (data not shown).
These cells will be collectively referred to as oligodendrocytes.

NHA cells from Clonetics are shipped immunopositive for GFAP and we
confirmed GFAP expression by RT-PCR (data not shown). These cells are also

immunonegative for CD68, a microglial marker, and for 2°,3’-cyclic nucleotide-3’-
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phosphodiesterase, an oligodendrocyte marker (Clometics Certificate of Analysis,
Clonetics, San Diego, CA). The hNT-PF cells are derived from a Ntera2/D1
teratocarcinoma cell line by 5-6 weeks of differentiation by retinoic ‘acicL These cells are
post-mitotic alnd have been well characterized by other investigators. Once differentiated,
they express the three neurofilament proteins, but not GFAP (61). They also express
adhesion molecules specific to neurons, such as NCAM and N-cadherin (77).

Electrophysiologically, ANT-PF cells behave like neurons, with tetrodotoxin-sensitive
sodium currents (78). Retinoic acid differentiation also induces the expression of

functional glutamate receptors, of both the NMDA and non-NMDA subtypes (86).

Oligodendrocytes synthesize P de novo, whereas astrocytes and neurons do not

A steroid-synthesizing cell is defined as a cell that is able to convert endogenous
cholesterol to pregnenolone (P). Very few cells in the body have this ability — it is limited
to steroidogenic tissues such as the adrenal glands, gonads, placenta and brain. However,
almost all cells have the ability to metabolize steroids tofinal steroid products. We
blocked endogenous cholesterol synthesis with the 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitor Mevastatin and incubated the cells with a radiolabeled cholesterol
precursor, 3H-mevalonactone. By blocking the metabolism of P by Trilostane and SU
10603, we attempted to maximize P production. HPLC separation of the samples
indicated that the MGM-3 cell line synthesizes P de novo from a radiolabeled precursor.
In some experiments, KG-1-C cells also made radiolabeled P, but when results from
multiple experiments were combined, this effect was not significant. In addition, KG-1-C

and MGM.-3 cells made radiolabeled D, indicating that SU 10603 was not effective in
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blocking endogenous D production in these two cell lines. This suggests that the
mechanisms involved in human brain steroid biosynthesis may be different thén those
present in adrenal and gonads. MGM-1, NHA and hNT-PF cells do not make P de novo
(data not shown).

We hypothesized that high endogenous levels of ROS might be responsible for
the de novo D formation in KG-1-C and MGM-3 cells. Human glioma cells were treated
for at least twelve hours with or without 10 mM Vitamin E in DMEM with 10% fetal
bovine serum. We measured ROS and D levels in these cells as described in the
Experimental Procedures. We found that Vitamin E treatment of these cells lowered both
ROS and D levels as compared to untreated cells (data not shown). ROS and D levels

across all treatments were correlated, with r = 0.7034.

Human brain cells express mRNA and immunoreactivity for different components of the
peripheral steroid biosynthesis machinery

In order to determine possible mechanisms of steroid biosynthesis in human brain
cells, we looked at the expression of four components of the classical peripheral
steroi&ogcnic pathway. Cells were assayed for the presence of mRNA for PBR, P450sce,
P450c17 and 3-HSD. All three glioma cell lines express mRNA for all four components
(data not shown). In addition, the corresponding proteins were detected by
immunocytochemistry in these cells {(data not shown). KG-1-C and MGM-1 cells express
immunoreactivity for all four components. Interestingly, MGM-1 cells show a distinct
nuclear localization for PBR. This corresponds to recent data from our laboratory
showing that in more aggressive human breast cancer cell lines and biopsies PBR was

found to be localized in the nuclear and perinuclear area in contrast to the mitochondrial
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localization seen in non-aggressive cells (53). MGM-3 cells express immunoreactivity
for PBR, P450scc and P450c17, but not for 3p-HSD. However, MGM-3 does have
message for 3B-HSD. This may indicate an increased breakdO% in 3B-HSD mRNA or
increased degradation of the protein. As a whole, these data indicate that in human
oligodendrocytes, mRNA and protein expression corresponds with the ability of the cells
to synthesize neurosteroids de novo.

Human astrocytes express mRNA for all four components (data not shown).
They are immunoreactive for PBR, P450scc and P450c17, although protein exi)ression
is much lower then that seen in the glioma cells. Similar to MGM-3 cells, NHA have
mRNA but no immunoreactivity for 33-HSD. Again, this may indicate alterations in
mRNA or protein stability. NHA cells have the potential to synthesize P and D, but not
progesterone. Human neurons express mRNA for PBR, P450¢17 and 3p-HSD, but not
for P450sce, while the NT2 precursor cells have message for all four components (data
not shown). This indicates that hNT-PF will not be able to synthesize P de novo, in
agreement with the data above, but they may be able to metabolize P to other neuroactive
steroids.

Oligodendrocytes and astrocytes possess an alternative pathway for D synthesis; neurons
do not have the alternative pathway.

We recently demonstrated that rat glioma cells are able to synthesize
neurosteroids, such as DHEA (D), through a P450c17-independent pathway (15). We
used a similar protocol to assess alternative pathway activity in human brain cell lines.

We found that the MGM-1 cell line has the ability to make D via the altemative pathway

(Fig. 6B, see brief description of drawings for one-way ANOVA F and p values),
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although these cells can not make P de novo from a radiolabeled precursor. FeSO4 did
not significantly affect the KG-1-C and MGM-3 D levels (Fig. 64, 6C). It should be
noted that KG-1-C and MGM-3 are the cells that syuthesizéd radiolabeled D' de novo in
a manner which was not inhibited by SU-10603, again suggesting that endogenous free
radicals may be responsible for D formation in these cells. FeSO4‘ treatment had a
sign.jﬁcant effect on D formation in NHA cells (Fig. 6D), indicating that this effect is not
limited to tumor cell lines. This effect was only seen at the highest dose of FeSO4 used,
indicating that there may be differences between cell types in terms of their sensitivity t(;
FeSO4 or ROS levels,

The hNT-PF cells were also incubated with increasing concentrations of FeSOy4,
with and without SU 10603 as described above. In addition, ;hese cells were incubated
with SmM P to enhance D production; recent studies have indicated that providing P as
a substrate can enhance the effects of FeSO4 in rat C6 cells (15). Human neurons were
not affected by FeSOy treatment (Fig. 6E), suggesting that this alternative pathway is
specific to glial cells. hNT-PF cells were also not affected by the SU 10603 treatruent,
indicating that D in these cells does not come from endogenous activity of the P450c17
enzyme. Neuronal D, therefore, may be completely derived from other sources.

We should note that in all human brain cells examined SU 10603 did not inhibit
D formation. SU 10603 has a very complex pharmacology; in some instances, it seems
to increase D levels (Fig. 6D). However, this is the only available inhibitor of P450¢17
activity known. In contrast to the results presented here, this compound inhibited
P450c17 activity in testicular Leydig cells (data not shown) indicating that the drug can
suppress P450c17 activity.
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Treatment of cell lines from human brains with FeSOy4 causes an increase in
intracellular free radicals

We hypothesized that a potential mechanism by which FeSO4 regulates D
synthesis is by the regulation of cellular ROS production. We treated MGM-1 human
glioma cells and NHA cells with FeSOy4, and measured ROS levels in these cells
according to the methods described in the Experimental Procedures. We found that all
concentrations of FeSO4 tested caused a significant increase in ROS levels above
untreated cells (Fig. 7, see brief description of drawings for one way ANOVA F and p
values). NHA cells responded more robustly to FeSO4 then did MGM-1 cells. This
indicates the FeSO4 does cause increases in ROS in these cells, and mak.es this

mechanism a potential regulator of D synthesis.

Treatment with p-Amyloid increases ROS and D levels in MGM-1 human glioma cells

We showed that endogenous cellular ROS may be responsible for the de novo D
formation seen in KG-1-C and MGM-3 cells, and that addition of Fe2*, which induce
ROS formation (Fig. 7), caused D formation in MGM-1 and NHA cells. In order to
determine if increases in ROS caused by other treatments could enhance D formation, we
treated MGM-1 cells with 50 mM AB, with and without 10 mM of the aﬁﬁoxidant
Vitamin E. We found that treatment with Ab caused a significant increa.;e in 2,7-DCF
fluorescence (p < 0.01, Student’s unpaired ¢ test) versus control levels, indicating an
increase in ROS (Fig. 8A). This increase was partially blocked by concurent treatment
with Vitamin E (p = 0.054), but was still significantly above control levels (p < 0.01).
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Treatment with Ab also increased D levels significantly over control (p < 0.01, Fig. 8B).
This significant increase was blocked by treatment with Vitamin E (p < 0.05 versus Ab).

This data suggests that ROS may play a role in regulating D synthesis in human brain,

Discussion

Although there is a considerable body of evidence indicating that in rodents,
steroids found in the brain may be of both peripheral and local origin, nothing is known
about the ability of human brain to synthesize neurosteroids. Thus, reported herein!is the
first demonstration of steroid biosynthetic mechanisms in human brain cells. We
examined the de novo biosynthesis of P from a radiolabeled precursor, mRNA and
protein expression of PBR, P450scc, P450cl7 and 3b-HSD, and presence of an
alternative, free rgdica]—mediate¢ pathway for D synthesis.

We demonstrate de novo synthesis of P in oﬁgoden@rocyt&s, but not in astrocytes
or neurons. This confirms data generated in the rat model, which indicate that
oligodendrocytes are the probable source of brain-synth&sized P (62), and validates the
use of the rat as 2 model to study neurosteroid biosynthesis. However, we have not n;led
out the possibility that astrocytes or neurons have the ability to metabolize P into‘
progesterone and D, or other neuroactive comi:ounds. Oligodendrocytes can be
designated as steroid synthesizing cells, and astrocytes and neurons as sieroid
metabolizing cell populations. This means that neuroactive steroids, which may play a
role in neuronal excitability, can be produced locally from a number of different celtular
sources, as well as coming from the periphery.

We examined mRNA presence and immunoreactivity for four components of the

steroid biosynthesis machinery. Oligodendrocytes have mRNA and immunoreactivity
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for PBR, P450scc, P450¢17 and 3b-HSD. This confirms the ability of oligodendrocytes
to make cholesterol from a precursor, transport cholesterol into the mitochondria and
metabolize it to P. Enzymatic activity for P450c17 was not detected, due to the inability
of the specific inhibitor SU 10603 to block D formation in these cells (Fig. 6A-C).
Astrocytes also have mRNA and immunoréactivity for PBR, P450scc and P450c17,
aithough we were unable to find activity for P450scc. There may be co-factors necessary
to P450scc function not present in astrocytes, thereby preventing enzyme activity. These
results indicate a possible role for astrocytes as steroid-metabolizing cells that may make
neuroactive steroids from the oligodendrocyte-derived P. Astrocytes can potentially
convert. P to D by the P450c17, although the P450c17 inhibitor SU 10603 (64) has no
effect on D levels in these cells (Fig. 6D). In both the oligodendrocytes and the
astrocytes, immunoreactive P450c17 did not have any discernable enzymatic activity.
Similarly to P450scc in the astrocytes, there may be co-factors required for this enzyme
function that are not available in these ceil types. Interestingly, in all glial cells, there
seem to be two isoforms of P450c17 identified by the DNA blot. A previous study has
also found two transcripts of P450¢17 in rat cortex and cerebellum (81). There ma-y be »
preferential translation of one isoform or the other, and these isoforms may have different
activities. Finally, neurons express mRNA for PBR, P450c17 and 3b-HSD, but not for
P450sce. This would indicate that these cells are unable to make P de novo, as supported
by our de rovo experiments. It remains to be seen if neurons metabolize P to other
steroids.

There is controversy in‘the field on the mechanism of D biosynthesis in the brain.
In 1994, Lieberman and colleagues proposed the existence of alternative precursors of

the neurosteroids present in rat brain extracts that could react with compounds unrelated
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to peripheral steroid biosynthesis, and produce neurosteroids. They demonstrated that
treatment of organic extracts of rat brain with different oxidizing compounds resulted in
the liberation of D (28). We have demonstrated that rat glioma cells, devoid of P450c17
mRNA and protein, bwhen treated with different oxidizing compounds also formed D
(15). This alternative pathway was found to be specific to cells from the brain, and could
not be replicated in a cell-free environment (15). Now we report the presence of this
alternative pathway in cell lines from human brain,

Oligodendrocytes and astrocytes can make D by an altemative pathway. There
also seems to be a threshold for ROS induction of D synthesis, which may vary between
oligodendrocytes and astrocytes. Astrocytes seem to produce more ROS in response to
Fe* than glioma cells, which may indicate an increased sensitivity to FeSOy4, and
potentially, a higher threshold for ROS regulation of D synthesis in normal human brain
cells, These data suggest that the oxidative environment of the brain under different
conditions may influence D formation by glia. Neurons do not have the alternative
pathway for D synthesis suggesting that the altemative pathway is specific to glia.
Oligodendrocytes that do not respond to Fe2* can synthesize D de novo in a P450c17—
independent manner. This is potentially due to high endogenous ROS. Interestingly,
Vitamin E treatment of the glioma cell lines decreases MGM-3 ROS and D levels to
those seen in MGM-1 cells, but KG-1-C cells are less drastically affected by this
antioxidant. These data also confirm results in our laboratory in which we found that
isolated rat oligodendrocytes and astrocytes in a primary culture system produced D in
response to Fe2+ (42).

It should be noted that it is customary to study enzyme activities in

-33-

-37-




WO 01/55692 PCT/US01/02476

10

&

20

steroidogenesis models by adding the ideal precursor, i.e. P, for D formation via P450c17.

Because we believe that by adding P we may bias the process towards a P450c17-
mediated D formation, which may not be the physiological mechanism, we opted to
perform the studies reported above in the absence of the precursor. We used P only in
hNT-PF cells, where because of the limited number of cells, we chose to use optimal
conditions. Under these conditions P was not metabolized to D by the P450c17 enzyme.
1t should be noted that addition of 5 uM P to oligodendrocytes or astrocytes did not result
in increased D production (data not shown).

We use SU 10603 as the means to inhibit the endogenous unbiased P450c17
enzyme activity. Although this compound was dcvéloped as a specific inhibitor for
P450¢17, it has been shown to inhibit other P450s, including P450scc (60). We have
found that addition of SU 10603 alone has no effect on P levels in any of the cell lines
used (data not shown), indicating that the drug is not altering P450scc activity.
Considering that SU 10603 did not inhibit D formation in any human brain cell system
tmtea we can conclude that P450c17 is not the mechanism of D formation in human brain
cells.

As noted above, the presence of P450c17 activity in rodent brain has been a
controversial issue. In recent studies, we found expression of P450¢c17 mRNA and
protein in rat oligodendrocytes but not in astrocytes where the alternative pathway is
responsible for D formation (42 and unpublished data). However, Zwain and Yen
recently reported that D could be formed in rat brain, and more specifically by astrocytes
and neurons, via the P450c17 pathway (87). Because of the diverse technology used to
isolate and characterize D, i.e., HPLC, TLC and GC-MS followed by RIA (15, 42, and

the present report) versus direct RIA (87) it is difficult to compare at present the data
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obtained in the rat and the data reported herein.

In order to determine if ROS generation was involved in regulating the alternative
pathway in a physiological context, we treated MGM-1 cells with A, a component of
Alzheimer’s disease plaques. AP is toxic to neurons and causes an increase in cellular
ROS (54). This effect can be blocked by antioxidants such as Vitamin E (52). We found
that AP treatment increased cellular ROS in MGM-1 human glioma cells, and increased
D levels. Both the increases in ROS and D could be blocked by co-treatment with
Vitamin E. This js the first demonstration of a regulatory mechanism for D synthe;is n
the brain, and will enable us to gain insight as to the role of D in human brain,
particularly in neuropathology.

1t is known that AB, while toxic to neurons, induces astrocytic activation (56) and
cytoskeletal reorganization (80), but does not alter astrocyte viabiﬁty (76). 1t has been
bypothesized that astrocyte activation and subsequent deposition of chondroitin sulfate
proteoglycans (33) and growth factors (90) may be involved in plaque formation. It is
possible that glial cells may be able to resist the toxic effects of Ab by their ability to
produce D, known to exert neuroprotective effects in the hippocampus (32).

It is known that PBR is upregulated in human brain tumors (43, 68), which may
indicate a general upregulation of the steroid biosynthetic pathway. Furthermore, PBR
binding sites are significantly increased in specific areas from AD brains, as well as
brains from patients with Parkinson’s disease (66). Upregulation of steroid biosynthetic
components may be, like the activity of the alternative pathway, a sign of altered
homeostasis, neurodegeneration or trauma in the brain. It may be that an increase in
neurosteroid biosynthesis is a hallmark of an altered or toxic cellular environment. The

alternative pathway may only become a player in brain steroid biosynthesis in situations
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in which normal homeostasis has been disrupted, as in the MGM-1 cells which have
nuclear PBR and therefore cannot synthesize neurosteroids via the classical enzymatic
pathway. Thus, alterations in cellular processes due to injury or disease may allow for

the function of the alterative pathway in cells that do not normally use this pathway.

Example 1
We measured levels of pregnenolone (P) and DHEA (D) in samples from human
hypothalamus, hippocampus and cortex from AD patients and age-matched controls. We

found no significant difference in P levels in the hippocampus or frontal cortex (Figure

* 1). There may be a change in P levels in the hypothalamus, but due to the very small

amount of P present in the samples, we were only able to make one measurement. There
is a significant increase in D levels in all three areas (p < 0.01 vs. control levels, Figure
1). Because B-amyloid (AB) can also induce D formation in human glioma cells,
pyesumably by increasing levels of intracellular ROS, this increase in D in AD patients
is probably dug to an increased level of oxidative stress in the AD brain.

‘We examined the expression of P450cl7, the enzyme rcspol;lm"ble for D formation
in the pcn'phery; in the human cortex and hippocampus using RT-PCR followed by
southern blot with specific P450cl7 radiolabeled probes. We found that, although there
is expression of P450c17 in the-cortex in both AD (in one out of two patients) and contro]
patients, there is no expression in the hippocampus (Figure 2). This sﬁmgly suggests
that any D found in the hippocampus comes from alternative pathway activity, not
endogenous P450¢l7 activity.

We also looked at the levels of AP in human brain samples by immunobiot

analysis. Using the monoclonal antibody 4G8 we found that there is AB-
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immunoereactivity in the hypothalamus of both AD.and control patients (Figure 3A).
However, Ap-immunoreactivity present in control patients is a higher molecular weight
species, at about 70 kDa, than that in the AD hypothalamus, at about 50 kDa. Recent
studies have demonstrated that the form of AB that is toxic to neurons is of a lower
molecular weight. Higher molecular weight complexes are not toxic (27).

In the hippocampus, AD samples have a much higher AB load (Figure 3B), with
molecular weights ranging from 45-80 kDa, while control samples have very little
detectable Aﬁ-hnmmloreactivitj This supports the hypothesis that D in the hippocarpus
is formed as a result of oxidative stress, induced by the higher levels of AB present. In
the cortex, AD patients have a relatively constant level of A immunoreactivity, ranging
from 20-50 kDa. Control patients also have detectable AB~immunoreacti§ity, but these
patients tend to have higher molccular weight species, ranging from about 30-50 kDa.

We next examined the ability of AD and control brain to make P and D via the
alternative pathway, after treatment with 30 mM FeSQ,. We found that FeSO;, does not
significantly affect P levels in any area in control patients, although there is . the
suggestion of a strong affect in the hypothalamus. Treatment significantly increased P
levels in AD hypothalamus and frontal cortex, but not in AD hippocampus (Table 2). D
levels were more responsive to Fe™* treatment. 30 mM FeSOj caused a significant
increase in D in the hippocampus and cortex of control patients, but had no effect in the
hypothalamus. AD patients showed a significant increase in D in the cortex, but no
significant change in the hippocampus or hypothalamus. 4

We measured D levels in CSF of control and AD patients to determine if the
increase in AD brain is reflected in the CSF. We found a 35-fold increase in D levels in

AD CSF versus control CSF (Figure 4A). This is an enhancement of the 2-4 fold
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Table 2. Pregnenolone and DHEA levels in brain samples from AD and Control Patients

with and without Treatment with FeSO4

Sample area | P (pg/mg protein) D (pg/mg protein)
Untreated 30 mM FeSO4 Untreated 30 mM FeSO4
hypothalamus | C 199.9* 770722 717.1 | 488+8.6 61.4+142
AD 11355+ 6640322456 | 1189+ 10.0% 180.8 +23.9%
200.6
hippocampus | C 2155.1 & 8529.3 ¢ 73.84 10.9 1283 17.0°
890.4 2236.5"
AD 6384.7% 11584.0+ 3212+ 779" 24174482
2922.0- 2328.7
frontal cortex | C 2466.5 + 7339.8 & 364£7.0 700+ 11.2°
668.9 2150.4™
AD 42454+ 10485.5 1314+ 190" 21934233
1705.1 904.8"

* p<0.05 vs. untreated patient
** p<0.01 vs. untreated patient
# p<0.05 vs. control patient

## p<0.01 vs. control patient

10 ™ Non-significant vs. untreated patients

? Due to the small amount of steroid present in this sample, we were only only to make

one measurement

Furthermore, AB-immunoreactivity, as detected by immunoblots, is increased in

15 CSF from patients diagnosed with AD as compared to control patients (Figure 4B). We

examined serum levels of D and the effects of 10 mM FeSO4 on D in the serum.

Although there is a general decrease in serum D levels in AD as compared to control

patients, this decrease is not significant in the present study. FeSO4 caused a 1.5-3 fold

increase in D levels in control serum, but bad little effect on AD serum (Figure 5). There

20 is a wide patient-to-patient variability in serum D levels, but the increase in D in control
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patients in response to FeSO, occurs in all samples.

Discussioﬁ
- We measured lcvels of DHEA (D) and pregnenolone (P) in Alzheimer's disease
(AD) and control brain to determine if there are any significant changes in neurosteroid
profiles with the development of AD. We found matﬁ is significantly increased in AD
brain in all three areas examined, while P levels are not significantly affected. This is
another reflection of increased oxidative stress in the AD brain, potentially due to the
actions of B-amyloid (AB). Other studies have shown increased carbonyls in neuronal
cytoplasm and in nuclei of neurons and glia from AD brain (29), as well as increases in
lipid peroxidation, protein peroxidation and disruption of mitochondria emergy
metabolism in AD (17, 19-21), indicating a role for reactive oxygen species in the
development of AD.
We lo‘oked at expression of P450c]7 in human brain to analyze the origin of brain
D. We found that, while there is message for P450cl7 in the frontal cortex, there is no
detectable expression of P450cl7 in the hippocampus. This indicates that D in the
hippocampus is either derived from peripheral sources and accumulated and stored in the
hippocampus, or derived from activity of the alternative pathway. Although we did not
measure the peripheral serum D levels from these patients, published reports have
indicated levels of peripheral D from 0.3-2 pg/ml (2), 1.83 nmol/l (30, age = 76-93) in
healthy aged people (age 60-90) and ~0.2-60 nmol/l in patients aged 3-85 years not taking
steroids (26). Our measured levels of D are higher then those reported for the serum,

both in control and AD subjects, and are comparable to (P) or lower than (D) those levels

_ previously reported (31). The higher level of D in AD hypothalamus, hippocampus and
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frontal cortex as compared to controls indicates that D can be derived by alternative
pathway activity triggered by increased oxi(iativc stress. Furthermore, there are increased
levels of AB-immunoreactive species in the AD brains, particularly of lower molecular
weight species, which have been shown to be toxic (27).

We examined the potential for altemative pathway activity in AD and control
brain. We found that treatment with FeSO4 causes a signiﬁcant increase in P in control
hypothalamus and in AD hypothalamus and frontal cortex. FeSQ; causes a significant
increase in D in the hippocampus and cortex of contrpl patients, indicating the presence
of an alternative precursor in these areas (28). There is no effect in the hypothalamus.

AD patients show a significant increase in D only in the frontal cortex, indicating that
the precursor of the altemative pathway is present there, but not in the hypothalamus or
hippocampus. The higher levels of D present before FeSO, treatment suggest that, in AD
brain, the precursor of the altemati\}c pathway has already been converted. This results
in a higher endogenous level of D in the AD brain, and a smaller effect of FeSO,.

The increased levels of D in the AD brain are contrary to the current thinking on
the role of D in aging. The decrease in D levels with age has been considered to be a
hallmark of the process, potentially playing a role in 2 number of the problems occurring
with aging. D replacement has been the focus of a number of clinical studies attempting
to prevent age-related cognitive changes and dementia (23-26). We now show that the .
actual CNS levels of D are increased in AD pathology. This is the opposite of what has
been scen in the periphery ﬁm normal aging. This observation has been used as the
basis of the present invention to formulate diagnostic methods and kits to test for the
early development of AD.

One of the major problems with AD diagnosis and treatment is the iziability of
-40.-

-44-




10

20

PAOPERRAS\Claimsi2554740 It i 277 doc.

.4]-

clinicians to determine the onset of the disease. Currently, this is done by a combination of
MRI scans, to look for generalized shrinkage of the brain and cognitive tests to determine
state of dementia. Typically symptoms do not occur until very late in the disease process.
If the changes in D in the CSF are indeed regulated by oxidative conditions within the
brain, there may be alterations in CSF D early in the progression of the disease. We have
also shown that presence of the alternative precursor can be detected in the serum of
control patients, but not of AD patients. Further analysis of the data shown in Table 2
indicates that the serum shows a greater response to FeSQ, treatment than does any other
brain area tested. Therefore, by determining whether or not the alternative precursor is
present in the blood or CSF indirectly by FeSO, treatment, one should be able to predict
the conditions of oxidative stress in the brain. This indicates that the availability of the
alternate precursor for D could be used as a diagnostic tool to determine the onset and
progression of AD.

The reference in this specification to any prior publication (or information derived
from it), or to any matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that that prior publication (or
information derived from it) or known matter forms part of the common general
knowledge in the field of endeavour to which this specification relates.

Throughout this specification and the claims which follow, unless the context
requires otherwise, the word "comprise”, and variations such as "comprises" and
"comprising", will be understood to imply the inclusion of a stated integer or step or group
of integers or steps but not the exclusion of any other integer or step or group of integers or

steps.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of detecting oxidative stress-mediated Dehydroepiandrosterone (DHEA)
formation in a test sample of blood, body fluid or tissue comprising:
(a) treating said test fluid or tissue with an agent that produces oxidative
metabolites in a control fluid or tissue,
(b)  treating a control fluid or tissue with said agent, and
(c)  determining whether the quantities of DHEA in the test sample and in the
control sample rise in response to said treatment,
wherein said agent is a -amyloid peptide, and
whereby a lack of response in the test sample relative to the control sample indicates that
oxidative stress-mediated DHEA formation occurred previously in said test sample of body
fluid.

2. The method according to claim 1, wherein said body fluid or tissue is selected from
the group consisting of cerebrospinal fluid, serum, hippocampus tissue, oligodendrocytes

and astrocytes.

3. The method according to claim 1 or claim 2, wherein said quantities of DHEA are
measured by:

(i) extracting the samples with an organic solvent,

(ii)  subjecting the extracted material to HPLC chromatography, and

(i)  detecting the DHEA using radioimmunoassay.

4. The method of claim 3, wherein said radioimmunoassay is performed using a

specific antibody that does not recognize any other neurosteroids.

5. The method according to claim 1 or ¢laim 2, wherein said quantities of DHEA are

measured by gas chromatography coupled to mass spectrometry.

6. The method according to any preceding claim, wherein said samples are also tested
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for an increase in radical oxygen species after treatment with said agent.

7. The method of claim 6, wherein said radical oxygen species are measured using 2,7

DCF fluorescence or another method for measuring free radicals.

8. The method according to any preceding claim, wherein the correlation between the
treatment and the effect is verified by determining whether the effect is blocked by vitamin

E or other antioxidants.

9. The method according to any preceding claim, wherein said samples are pretreated
with SU 10603.

10. A method of diagnosing the existence of a neuropathologic disorder in a patient
comprising measuring the quantity of a neurosteroid in the CNS of said patient, wherein

said neurosteroid is DHEA or a metabolic precursor for DHEA.

11.  The method according to claim 10, wherein an increased quantity of neurosteroid

relative to a control indicates the development of a neuropathologic disorder.

12 The method according to claim 10, wherein a decreased quantity of the
neurosteroid precursor relative to a control indicates the development of a neuropathologic

disorder.

13, The method according to any of claims 10 to 12, wherein cerebrospinal fluid is

used as a diagnostic tool for the CNS.

14, The method according to claim 10, wherein said quantities of DHEA are measured
by a method comprising:

(i) extracting the samples with an organic solvent,

(ii)  subjecting the extracted material to HPLC chromatography, and

(iii)  detecting the DHEA using radioimmunoassay.
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15.  The method according to claim 10, wherein said quantities of precursor are
measured by a method comprising:
(a)  providing a test sample of blood, body fluid or tissue from said patient,
(b)  treating said test fluid or tissue with an agent that produces oxidative
metabolites in a control fluid or tissue,
(c¢) treating a control fluid or tissue with said agent, and
(d)  measuring the quantities of precursor in the samples by how much DHEA is
formed,
whereby less precursor in the test sample relative to the control sample indicates the

existence of a neuropathologic disorder.

16. The method according to claim 15, wherein said agent is FeSOs.

17.  The method according to any one of claims 10 to 16, wherein said neuropathologic

disorder is Alzheimer’s disease.

18. A method of increasing or causing DHEA synthesis by cells, comprising exposing

said cells to B-amyloid peptide, wherein such exposure results in synthesis of DHEA.

19.  The method according to claim 18, wherein said cells are brain cells.

20.  The method according to claim 19, wherein said brain cells are selected from the

group consisting of astrocytes and oligodendrocytes.

21.  The method according to any of claims 18 to 20, wherein said synthesis is inhibited

by Vitamin E.

22. A method according to any one of claims 1-21 substantially as herein before

described with reference to the Figures and/or Examples.
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