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Testosterone — the gonadal sex steroid hormone plays an important role
in the central nervous system (CNS) development. One of the less known
testosterone actions is neuroprotection. There are some evidences supporting
the hypothesis that testosterone may act protectively in neurodegenerative
disorders, e.g. Alzheimer’s disease (AD), mild cognitive impairment (MCI)
or depression. Androgens alter also the morphology, survival and axonal re-
generation of motor neurons. These hormones accelerate the regeneration of
hamster facial nerve and anterior tibialis sciatic nerve in rabbits following
crush axotomy. Androgens exert trophic action in laryngeal motor nucleus of
Xenopus laevis. Testosterone is linked to an increase in neuron somal size,
neuritic growth, plasticity and synaptogenesis in both motoneurons of the
spinal nucleus of the bulbocavernosus and several populations of pelvic
autonomic neurons. The hormone reduced the extent of spinal cord damage
in vitro. There are also evidences against the neuroprotective action of tes-
tosterone. Testosterone does not protect against methamphetamine-induced
neurotoxicity of the dopaminergic system in mice and does not provide sig-
nificant neuroprotection against glutamate-induced neurotoxicity. Androgens
do not prevent striatal dopamine depletion induced by 1-methyl-4-phenyl-
-1,2,3,6-tetrahydropyridine (MPTP) in mice. Although the role of testosterone
in the CNS is still poorly understood, accumulating evidence suggests that
testosterone may create a future treatment for MCI and related cognitive
diseases, including dementia and may influence motor neuron regeneration
in adulthood. Androgen replacement therapy in selected male populations
may hold therapeutic promise for the prevention and/or treatment of age-
related disorders associated with neuronal injury.
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Abbreviations: 3o-diol — Sa-androstane-3c,
17B-diol, AP — 4 kDa amyloid-3 peptide, AD — Alz-
heimers disease, ALS — amyotrophic lateral scle-
rosis, APP — amyloid precursor protein, AR — an-
drogen receptor, CNS — central nervous system,
DHEA — dehydroepiandrosterone, DHEAS — dehy-
droepiandrosterone sulfate, DHT — dihydrotestos-
terone, DHPT — dihydrotestosterone propionate,
FMN - facial motoneuron, GFAP — glial fibrillary
acidic protein, HEFMN — hamster facial motoneu-
ron, HRP — horseradish peroxidase, MCI — mild
cognitive impairment, MPTP — [-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine, PMN — pudendal
motoneuron, PREG — pregnenolone, PREGS -
pregnenolone sulfate, PROG — progesterone,
sAPPa — 100 kDa nonamyloidogenic soluble APP,
SHBG — sex hormone binding globulins, SMN —
sciatic motoneuron, SSRI — selective serotonin re-
uptake inhibitor, TP — testosterone propionate

Introduction

Testosterone, the gonadal sex steroid hormone,
has various effects on numerous body tissues, in-
cluding the brain. Beyond its reproductive func-
tion, this hormone is responsible for increased mus-
cle mass, sexual function and libido, body hair and
decreased risk of osteoporosis [37]. Testosterone
also takes part the in nervous system development.
Gender-specific morphological and behavioral pat-
terns of the adult are determined by the presence or
absence of this hormone during certain critical pe-
riods of the central nervous system (CNS) develop-
ment [15]. Testosterone is physiologically secreted
by testes and adrenal glands and transported by the
sex hormone binding globulins (SHBG) and albu-
mins. About 60-70% of testosterone is tightly
bound to SHBG, whereas the remaining 30-40% is
bound loosely to albumin. Only 0.5-2% of testo-
sterone is free [30]. There is difference between fe-
male and male SHBG. It influences the circulating
testosterone [50]. SHBG level increases with age in
males, therefore, the free testosterone level is re-
duced and reaches its lowest levels in males above
60 years of age [48].

Testosterone acts via androgen receptors (ARs).
Regulation of AR protein and/or AR mRNA by an-
drogens has been observed in mammals in multiple
androgen-responsive tissues, such as the brain [13],
prostate [44], testes [9], ovary [76] and adrenal
glands [6]. ARs are found in neurons throughout
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the brain [4]. The distribution of these receptors in
mammals is identified using biochemical and im-
munocytochemical methods. There are sex-related
differences in AR distribution [46]. Sexual dimor-
phism in total AR protein concentration in mouse
brains was investigated. Males have a higher con-
centration of AR protein than females [51]. In male
rats, neuroanatomical areas comprising nuclear AR
include the medial hypothalamic area, ventrome-
dial and dorsomedial nucleus, preoptic area, arcu-
ate nucleus, amygdala and regions of the hippo-
campus, arcuate-median eminence and bed nu-
cleus, with the greatest AR density reported in the
preoptic and hypothalamic areas, septum and
amygdala of these animals [68].

One of the less known testosterone action is
neuroprotection. By definition, the neuroprotection
is an effect that may result in salvage, recovery or
regeneration of the nervous system, its cells, struc-
ture and function. Testosterone, as the endogenous
agent, may in the free form cross the blood-brain
barrier [30] and influence neuronal cells. Testoster-
one might act directly through androgen pathway
or indirectly via conversion to estrogen. To distin-
guish androgen from estrogen neuroprotection,
Pike [66] has examined whether testosterone pro-
tection could be inhibited by droloxifene, an estro-
gen receptor antagonist. He observed that neuro-
protection afforded by testosterone was not reduced
by droloxifene. This finding suggests that testoster-
one shares with estrogen the ability for neuropro-
tection but testosterone induces this cellular action
through a separate mechanism.

The cellular effects of testosterone can be
grouped into genomic and nongenomic categories.
Genomic effects relate to transcription and transla-
tion of new gene products and often require many
hours to fully develop. Nongenomic effect occurs
very rapidly and involves ion movements and/or
initiation of signal transduction cascades [19]. Pike
[67] has evaluated how much time is required for
testosterone exposure to affect neuroprotection. He
observed that, when a genomic mechanism is in-
volved, protection should be retained if the hor-
mone is present only during the pretreatment.
Functional levels of the regulated gene product af-
fecting viability should remain after hormone re-
moval. He also examined [67] whether testosterone
neuroprotection is affected by the antiandrogen,
flutamide. Flutamide antagonizes genomic actions
resulting from activation of AR. Some evidence
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suggests that flutamide may fail to block some non-
genomic AR-mediated effects [5, 65]. Pike [67] has
observed that flutamide failed to affect testosterone-
induced neuroprotection. In addition, some obser-
vations suggest that flutamide and other antiandro-
gens not only failed to block AR-dependent testos-
terone actions but mimicked them as well [65].

Recent data suggest that testosterone may also
exert neurotrophic actions. For example, Beyer et
al. [7, 8] and Lustig [53] have observed neuronal
differentiation and increase in neurite outgrowth af-
ter activation of androgen pathways in the cultured
neural cells. Beyer et al. [7] prepared gender-spe-
cific primary cell cultures from embryonic day 15
mouse hypothalamus and cortex. Aromatase activ-
ity was higher in male compared with female tis-
sues in the absence of sex steroids and significantly
increased in males and females after testosterone
treatment.

Other experiments in male rodents suggest that
testosterone is linked to an increase in neuron so-
mal size, neuritic growth, plasticity and synapto-
genesis in both motoneurons of the spinal nucleus
of the bulbocavernosus [21, 54] and several popu-
lations of pelvic autonomic neurons [38]. The ani-
mals tested in this experiments were prepubertally
and postpubertally castrated. Ogata et al. [61] have
reported that testosterone protected spinal cord
neurons against neuronal damage induced by gluta-
mate. The hormone reduced the extent of spinal
cord damage in vitro.

There are also evidences against the neuropro-
tective action of testosterone. Myers et al. [58]
have reported that testosterone, in contrast to estro-
gen, does not function as a neuroprotectant agent
against methamphetamine-induced neurotoxicity of
the dopaminergic system in mice. Co-infusion of
testosterone and estrogen inhibited the action of the
latter in gonadectomized female and male mice and
failed to produce change in methamphetamine-
evoked dopamine output within superfused striatal
tissue fragments. Dluzen et al. [16] have observed
that estrogen administration prevents reduction of
dopamine concentration in corpus striatum in cas-
trated male and female mice treated with 1-me-
thyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP).
Ekue et al. [17] have revealed that testosterone and
dihydrotestosterone (DHT), in contrast to 17p3-estra-
diol, do not prevent mice against striatal dopamine
depletion induced by MPTP. There is also evidence
that testosterone did not provide significant neuro-
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protection against glutamate-induced neurotoxicity
[70]. Glutamate-induced neurotoxicity is a model
of oxidative stress, which plays an important role in
Parkinson’s disease. In contrast, estradiol protected
mesencephalic neurons against neuronal death in-
duced by glutamate.

The question regarding the neuroprotective ac-
tivity of anabolic steroids has not yet been fully an-
swered. It is known that e.g. epitestosterone blocks
the action of testosterone and has antiandrogenic
activity. Epitestosterone administration reduced the
effect of testosterone propionate (TP) on body
weight, weight of seminal vesicles and kidneys in
castrated male mice [72]. Hammond at al. [27]
have tested effect of epitestosterone on primary
cultures of human neurons induced to undergo
apoptosis by serum deprivation. Epitestosterone
showed only a slight neuroprotective effect not re-
lated to AR.

Some studies show that also neurosteroids,
which are synthesized within the nervous system
by neurons and glial cells [3] may exert neuro-
trophic actions. Some neurosteroids show an anti-
convulsant effect. Intraperitoneal administration of
androsterone protects mice agains NMDA-induced
seizures and mortality [12]. A similar anti-seizure
effect has So-androstane-3a., 173-diol (3a-Diol) in
the kainic acid model of epilepsy. Frye and Reed
[24] reported that subcutaneous administration of
3a-Diol prior to kainic acid injection decreases the
number and duration of partial and full seizures in
female ovariectomized rats.

Implication of testosterone in age-related diseases

Progressive dysfunction and death of neurons
characterize neurodegenerative diseases. There are
some evidences supporting the hypothesis that tes-
tosterone may act protectively in some neurode-
generative disorders: Alzheimer’s disease (AD),
mild cognitive impairment (MCI) or depression.

As a normal consequence of aging, men gradu-
ally face a reduction in testosterone level. Decline
of the testosterone level might induce atrophy and
impair compensatory responses in an insulted tis-
sue. As a consequence, the aging brain becomes
more susceptible to neurodegeneration. Testoster-
one exerts influence on glial fibrillary acidic pro-
tein (GFAP). GFAP is abundant astrocyte-specific
intermediate filament protein [60]. Accumulating
evidences in rodents and humans suggest that
GFAP increases during normal aging in several re-
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gions of the brain, including the hippocampus,
striatum, cerebral cortex, and white fiber tracts,
such as the corpus callosum, fimbria, stria termina-
lis, and optic tract [59]. GFAP levels in various re-
gions of senescent rat brains are two to three times
higher than those found in young adult rats [59].
Testosterone acts primarily on neuronal receptors
and any increase in GFAP expression is secondary
to changes in neuronal homeostasis. The increases
in GFAP expression reflect reactive astrocyte hy-
pertrophy and thus GFAP is often used as an indi-
cator of neurodegeneration. To support the hy-
pothesis that testosterone may exert some effect on
the adult male rat brain, Day et al. [15] have
checked testosterone influence on GFAP level in
24-month-old rats. They reported that testosterone
replacement reversed the age-related increase in
GFAP in these rats. This is conformable to the data,
which showed that increased GFAP was associated
with lower testosterone concentrations in older rats
[59].

MCI is a state of cognitive decline associated
with negligible functional loss, often preceding AD.
The data suggest a conversion rate of MCI to AD of
10-15% per year. The pathophysiology of MCI
comprises significant neuronal loss in the hippocam-
pus and lowered blood flow in the subiculum [31].

Experiments on animals show that castration
may cause a loss of cognitive function. For exam-
ple, sexually intact male dogs were significantly
less likely than neutered dogs to progress from
mild to severe cognitive impairment [28]. It is con-
nected with presence of circulating testosterone in
aging sexually intact male dogs. Testosterone slows
the progression of cognitive impairment. Another
experiment on SAMP8 mice showed that cognitive
impairment of these mice may be connected with
an interaction of aging and lowered testosterone
levels. The results demonstrated that testosterone
replacement in aging mice alleviated age-related
impairment of learning and memory [20].

There are also randomized studies on various
human populations that showed the effect of andro-
gen substitution on cognition in men. Janowsky et
al. [33] have demonstrated that testosterone en-
hances spatial cognition of healthy men aged
6075 years. In this group, testosterone levels were
increased to the level commonly found in young
men for a 3-month period. Cherrier et al. [14] have
reported that testosterone enanthate supplementa-
tion during 6 weeks improves both spatial and ver-
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bal memory in healthy older men aged 50-80
years. Another study on healthy volunteers aged
61-75 years demonstrated improved working mem-
ory following testosterone enanthate [32]. It is im-
portant to note that subjects in these investigations
were healthy volunteers. They did not suffer from
AD and might be in the transition into andropause.
Although the role of testosterone in the CNS is still
poorly understood, accumulating evidence suggests
that testosterone may create a future treatment for
MCI and related cognitive illnesses, including de-
mentia [74].

AD is characterized by the deposition of the se-
nile plaques in the affected brain. The senile plaques
are formed by a 4 kDa amyloid-f3 (AB) peptide. AP
is a proteolytic product of the membrane protein,
amyloid precursor protein (APP).

There are several potential mechanisms of tes-
tosterone protection against neurodegeneration
connected with AD [49]. One of them is prevention
of tau protein hyperphosphorylation. Normal tau
proteins are microtubular binding proteins, pre-
dominantly axonal, which stabilize the neuronal
cytoskeleton. Tau protein is the neuropathological
hallmark of AD. Papasozomenos [62] has demon-
strated that heat shock-induced hyperphosphoryla-
tion of tau protein in the brain of orchiectomized
male rats can be reduced by testosterone. The sec-
ond mechanism includes changes in APP metabo-
lism to preclude AP formation. It has been shown
that the secretion of AP peptides from cerebrocorti-
cal neurons of rats is decreased after treatment with
testosterone. Gouras et al. [26] indicate that re-
peated administration of relatively high testoster-
one dose increases sAPPa (100 kDa nonamyloido-
genic soluble APP) and decreases AP release from
neuroblastoma cells and primary neuronal cultures
4 days after the beginning of treatment. Goode-
nough et al. [25] demonstrate that use of a single
physiological dose of testosterone increases secre-
tion of sAPPa from hypothalamic cells without any
changes in cellular APP. Some studies reported that
androgen deprivation increased plasma AP levels
and was associated with progressive cognitive de-
cline in humans [1]. Another mechanism includes
an increase in rate of axonal regeneration via selec-
tive alterations of the neuronal cytoskeleton [36].
Testosterone increases expression of nerve growth
factor [77] and mediates promotion of neurite
growth and interneural communication through
branching and arborization [41]. Next mechanism
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includes synergistic stimulation of protein synthe-
sis in combinations with other cytokines such as in-
sulin growth factor-1 [85]. Another way of testo-
sterone-induced protection against neurodegenera-
tion is connected with conversion of testosterone to
estrogen [84]. There is metabolic aromatase path-
way in the brain, which converts testosterone to es-
tradiol. Aromatase has been localized mainly in the
hypothalamus, the preoptic area and the limbic sys-
tem. This enzymatic complex uses oxygen and
NADPH to convert testosterone into estrogen. Fi-
nally, testosterone may also be beneficial through its
anti-apoptotic effect. Nowadays, there is no direct
evidence that testosterone affects apoptosis path-
ways in AD, although there is preliminary evidence
suggesting that testosterone withdrawal causes an
acceleration of germ cell apoptosis at specific
stages of the seminiferous epithelial cycle [52].

Moreover, testosterone treatment diminishes
the extent of neuronal cell death following trophic
factor withdrawal [27] and adrenalectomy [23]. Fi-
nally, there is in vitro evidence that testosterone is
conductive to attenuation of AB-mediated apopto-
sis. Pike [67] has shown that the cultured hippo-
campal neurons of rats can be protected by testos-
terone and DHT from cell death induced by AD-
related P-amyloid via an estrogen-independent
mechanism.

These all reports suggest that testosterone use
may be of some benefit in prevention of AD. How-
ever, the timing of the hormone replacement ther-
apy is limited because the gene corresponding to
the androgen receptor is located on the X chromo-
some [10] and chromosome X inactivation in-
creases with age [78]. Therefore, less cell response
to testosterone treatment is connected with the de-
crease in androgen receptor amount.

Some studies show that low testosterone level
may be associated with depression in aging men.
Seidman and Rabkin [71] have reported clinical
improvement after testosterone supplementation in
men who have low testosterone levels and SSRI-
refractory (selective serotonin reuptake inhibitor)
depression. In these men, rapid and dramatic reduc-
tion in depressive symptoms, and increase in life
satisfaction was observed. Sternbach [73] has re-
ported that testosterone replacement therapy allevi-
ates depression as well as verbal and spatial mem-
ory in aging men. These results suggest that testos-
terone effect on CNS could be antidepressant, and
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perhaps the hormone specifically enhances SSRI
efficacy.

There are evidences that neurosteroids may
compensate for the age-dependent decrease in cir-
culating hormones. Vallee et al. [79] have reported
that intrahippocampal injection of pregnenolone
sulfate (PREGS) corrects memory deficits in rats.
The data showed that levels of conjugated pregne-
nolone (PREG) in the hippocampus were reduced
in 2-year-old rats with memory deficits. There are
also evidences, that DHT and 3a.-diol may have ac-
tion in the hippocampus to improve cognitive per-
formance in male rats [22]. Weill-Engerer et al.
[81] have shown the lower level of neurosteroids in
six brain regions of AD patients. They observed
also the correlation between two markers of AD
and level of neurosteroids. AP peptide level was
negatively correlated with PREGS level in the
striatum and cerebellum. Phosphorylated tau pro-
tein levels were negatively correlated with dehy-
droepiandrosterone sulfate (DHEAS) concentrations
in the hypothalamus. Other data demonstrated that
administration of progestins reversed the age-de-
pendent myelin abnormalities whereas administra-
tion of androgens was without effect [2]. Ibanez et
al. [29] have revealed that progesterone (PROG)
administration slows remyelination of axons by oli-
godendrocytes after toxin-induced demyelination
in old male rats. Morales et al. [56, 57] have re-
ported that dehydroepiandrosterone (DHEA) in-
creases physical and psychological well-being in
woman and men, increases lean body mass and
muscle strength in men. However, most human tri-
als demonstrating DHEA effect on cognitive per-
formance have failed. Only one study showed anti-
depressant and cognition-enhancing effects of
DHEA in major depression [83].

Implication of testosterone in motor neuron dis-
ease

Motor neuron diseases are characterized by pro-
gressive weakness affecting skeletal muscle groups.

It is known that steroid hormones produce per-
manent sexual dimorphism in neuron number, mor-
phology, and connectivity during development.
Steroids may influence also neurons in adulthood.
Androgens alter the morphology, survival, and ax-
onal regeneration of both sexually and nonsexually
dimorphic motor neurons. The molecular mecha-
nism responsible for the effect of androgens on mo-
tor neurons is poorly understood. Accumulating
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evidence suggests that most motor neurons contain
AR [69] and much of the effects of gonadal steroids
is exerted by a receptor-mediated mechanism [18].

Brooks et al. [11] have created an in vitro model
system to better understand the effects of andro-
gens on lower motor neurons. Motor neuron hybrid
cells in the presence of androgen develop larger
cell bodies and broader neuritic processes. In addi-
tion, androgen promotes the survival of AR-ex-
pressing cells under low-serum conditions. The
data showed a direct trophic effect of androgens on
lower motor neurons, mediated through the AR ex-
pressed in this population of neurons.

Kurz et al. [45] have examined a group of
androgen-sensitive motoneurons mediating copula-
tory functions in rat males. The data showed that
a decrease in androgen levels after castration pro-
duced dramatic structural changes, decreasing the
dendritic length and soma size of these motoneu-
rons. Changes in dendritic morphology may influ-
ence synaptic connectivity and neuronal function.
Kurz et al. [45] have reported that these changes are
reversed by androgen replacement. After 4-week
testosterone treatment, dendritic arbor per cell and
soma size were restored to normal levels. These re-
sults indicate that androgens may regulate neuronal
function in adulthood by influence on length and
size of dendrites of motoneuronal somas.

Hamster facial nerve regeneration

Tanzer and Jones [75] have reported the accel-
erated functional recovery from facial paralysis in-
duced by unilateral facial nerve crush axotomy in
adult male hamsters after administration of TP.
Systemic administration of TP resulted in an ap-
proximately 30% increase in the rate of facial nerve
regeneration [41, 42]. Kujawa et al. [43] have as-
sumed that TP exerts its accelerative effects on fa-
cial nerve regeneration through a receptor-
mediated mechanism. They used nonsteroidal anti-
androgen, flutamide, to test that hypothesis. The re-
sult of this study demonstrates that exposure to flu-
tamide completely abolished the TP-induced accel-
erative effects on facial nerve regeneration rate.
Thus, the result supports the hypothesis that
mechanism by which TP acts upon hamster facial
motor neuron’s (HFMN) regeneration is receptor-
mediated. Another study on the castrated male
hamsters showed that exposure to dihydrotestoster-
one propionate (DHPT) (nonaromatizable andro-
gen which cannot be converted to estrogen) at the
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time of nerve injury accelerated the regeneration of
leading axons, following facial nerve crush ax-
otomy. DHPT application resulted in an approxi-
mately 40% increase in the rate of regeneration,
with an associated prolongation in the delay time
before sprouting occurred [75]. Jones et al. [34]
have examined regeneration of hamster facial mo-
toneuron system (FMN), rat sciatic motoneurons
(SMN) and rat pudendal motoneurons (PMN).
They reported that exogenous administration of
testosterone immediately after nerve injury im-
pacted positively on functional recovery through
actions mediated by the AR. The authors suggest
that mechanism, by which steroidal enhancement
of the regenerative properties of the injured moto-
neurons occurs, may involve pre-existing AR,
modulation of the cellular stress response and heat
shock proteins.

It is interesting that steroid hormones regulate
ribosomal gene expression and nuclear ultrastruc-
ture in target tissues [35]. TP administration during
facial nerve injury results in an increase in ribo-
somal levels in FMN [40]. Transcriptional activa-
tion of the rRNA gene occurs almost immediately
and is maintained regardless of the presence or ab-
sence of the steroid. The rRNA transcription is rap-
idly activated by axotomy and processing is tempo-
rarily stalled. After TP administration, the time in-
terval between rRNA transcription and processing
is significantly shortened [39].

Testosterone and amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a pro-
gressive neurodegenerative disorder, which affects
upper and lower motoneurons in the motor cortex,
brainstem and anterior horn of the spinal cord. The
degeneration of these cells causes a progressive
weakness and atrophy of skeletal muscles and fi-
nally leads to paralysis and death. There are many
epidemiological risk factors, such as exposure to
heavy metals, electrical or mechanical trauma, vig-
orous athletic activity, which have influence on oc-
currence of ALS. But there are also two widely ac-
cepted risk factors: age and sex [63]. ALS is a dis-
order of middle age with a peak of incidence
between 45 and 70 years. There is an about 2-fold
higher incidence of ALS in men compared to
women [63]. A role of sex hormones in the ethio-
pathogenesis of this disorder has been suggested.
Militello et al. [55] have shown that serum level of
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free testosterone is significantly decreased in both
men and women with ALS.

In ALS, a progressive loss of motoneurons,
with the notable exception of cranial motoneurons
III, TV, and VI is observed [82]. This disease may
involve an AR deficiency because, what is interest-
ing, III, IV and VI motoneurons normally lack ARs.

Laspada et al. [47] have reported that mutations
in the AR gene exist in the familiar forms of ALS.

Anterior tibialis sciatic nerve regeneration

Vita et al. [80] have tested the effect of testos-
terone on the reinnervation of the anterior tibialis
sciatic nerve following crush in rabbits. The data
show that there is accelerative effect of testosterone
on the regeneration process.

Hypoglossal nerve regeneration

Yu and Srinivasan [87] have reported that ad-
ministration of TP at the time of hypoglossal nerve
injury increases the number of horseradish peroxi-
dase (HRP)-labeled motoneurons in the hypoglos-
sal nucleus at postoperative time points. Yu [86] in-
vestigated whether or not administration of testos-
terone to male rats would promote axonal outgrowth
following hypoglossectomy and determined the
ability of regenerating axons to maintain or regain
their original pathways. In this study, HRP axonal
transport method was used. The results have shown
that after regeneration of the transected hypoglos-
sal nerve, the somatotopic representations of the
hypoglossal nucleus are no longer present. The ran-
dom growth of the axons into branches of the nerve
in rats was irrespective of the treatment.

N. IX-X axotomy

Pérez and Kelley [64] have examined the laryn-
geal motor nucleus (N. IX-X) of Xenopus laevis to
determine whether changes in AR expression are
associated with trophic actions of androgens. Vocal
neuromuscular system of Xenopus laevis is one of
the most strongly androgen-regulated system in
vertebrates. The data indicate that DHT-treated ani-
mals have larger number of AR mRNA-expressing
cells in n. IX-X 1 month after axotomy. Androgen
up-regulates expression of AR mRNA in n. IX-X.
Five months after axotomy, the number of AR
mRNA-expressing cells was decreased in the n.
IX-X axotomized animals but DHT treatment miti-
gated the cell loss. These results suggest a trophic
function of androgen in motor nuclei.
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Data on neuroprotective activity of testosterone
are shown in Table 1.

Table 1. The neuroprotective effects of testosterone in humans
and animals

Men Improvement of spatial cognition [33]
Improvement of spatial and verbal memory [14]
Improvement of working memory [32]
Reduction of depressive symptoms [71]

Rats Decrease in GFAP level in brain [15]

Protection of hippocampal neurons from cell
death [67]

Increase in dendrtic length and soma size of
motoneurons [45]

Increase in the number of HRP-labeled
motoneurons in hypoglossal nucleus [87]
Reduction of heat shock-induced
hyperphosphorylation of tau proteins in brain [62]

Decrease in B-amyloid peptides secretion from
cerebrocortical neurons [26]

Mice Improvement of cognitive impairment [20]

Dogs Improvement of cognitive function [28]

Hamsters  Acceleration of recovery from facial paralysis [42]
Increase in the rate of facial nerve regeneration
[75]

Rabbits Acceleration of reinnervation of the tibialis
sciatic nerve [80]

Xenopus  Trophic action on laryngeal nucleus [64]

laevis

REFERENCES

1. Almeida OP: Effect of testosterone deprivation on the
cognitive performance of a patient with Alzheimer’s
disease. Int J Psychiatry, 2001, 16, 822—-825.

2. Azcoitia I, Leonelli E, Magnaghi V, Veiga S, Garcia-
Segura LM, Melcangi RC: Progesterone and its de-
rivatives dihydroprogesterone and tetrahydroproges-
terone reduce myelin fiber morphological abnormali-
ties and myelin fiber loss in the sciatic nerve of aged
rats. Neurobiol Aging, 2003, 24, 853-860.

3. Baulieu EE, Robel P, Schumacher M: Neurosteroids:
beginning of the story. Int Rev Neurobiol, 2001, 46,
1-32.

4. Belle MD, Lea RW: Androgen receptor immunolocal-
ization in brains of courting and brooding male and fe-
male ring doves (Streptopelia risoria). Gen Com En-
docrinol, 2001, 124, 173-187.

5. Benten WP, Lieberherr M, Giese G, Wrehlke C,
Stamm O, Sekeris CE, Mossmann H, Wunderlich F:
Functional testosterone receptors in plasma mem-
branes of T cells. FASEB J, 1999, 13, 123-133.

6. Bentvelsen FM, McPhaul MJ, Wilson CM, Wilson
ID, George FW: Regulation of immunoreactive andro-

ISSN 1230-6002

515



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

gen receptor in the adrenal gland of the adult rat. En-
docrinology, 1996, 137, 2659-2663.

. Beyer C, Green SJ, Hutchinson JB: Androgens influ-

ence sex differentiation of developing hypothalamic
aromatase neurons in vitro. Endocrinology, 1994, 135,
1220-1226.

. Beyer C, Hutchison JB: Androgens stimulate the mor-

phological maturation of embryonic hypothalamic
aromatase-immunoreactive neurons in the mouse. Dev
Brain Res, 1997, 98, 74-81.

. Blok LJ, Hoogerbrugge JW, Themmen APN, Baar-

ends WM, Post M, Grootegoed JA: Transient down-
regulation of androgen receptor messenger ribonu-
cleic acid (mRNA)expression in Sertoli cells by
follicle-stimulating hormone is followed by up-regu-
lation of androgen receptor mRNA and protein. Endo-
crinology, 1992, 130,1343—1349.

Brinkmann AO: Molecular basis of androgen intensi-
tivity. Moll Cell Endocrinal, 2001, 179, 105-109.
Brooks BP, Merry DE, Paulson HL, Lieberman AP,
Kolson DL, Fischbeck KH: A cell culture model for
androgen effects in motor neurons. J Neurochem,
1998, 70, 1054—1060.

Budziszewska B, Siwanowicz J, Leskiewicz M, Ja-
worska-Feil L, Lason W: Protective effects of neu-
rosteroids against NMDA-induced seizures and lethal-
ity in mice. Eur Neuropsychopharmacol, 1998, 8, 7—12.
Burgess LH, Handa RJ: Hormonal regulation of andro-
gen receptor mRNA in the brain and anterior pituitary
gland of the male rat. Mol Brain Res, 1993, 19, 31-38.
Cherrier MM, Asthana S, Plymate S, Baker L, Motsu-
moto AM, Peskind E: Testosterone supplementation
improves spatial and verbal memory in healthy older
men. Neurology, 2001, 57, 80—88.

Day JR, Frank AT, O’Callaghan JP, Jones BC, Ander-
son JE: The effect of age and testosterone on the ex-
pression of glial fibrillary acidic protein in the rat
cerebellum. Exp Neurol, 1998, 151, 343-346.

Dluzen DE, Janet L, McDermott, Binjun L: Estrogen
as a neuroprotectant against MPTP-induced neurotox-
icity in C57/B1 mice. Neurotoxicol Teratol, 1996, 18,
603-606.

Ekue A, Boulanger JF, Morissette M, Di Paolo T:
Lack of effect of testosterone and dihydrotestosterone
compared to 17B-oestradiol in 1-methyl-4-phenyl-
-1,2,3,6-tetrahydropyridine-treated mice. J Neuroen-
docrinology, 2002, 14, 731-736.

Evans RM: The steroid and thyroid hormone receptor
superfamily. Science, 1988, 240, 889—895.
Falkenstein E, Tillman HC, Christ M, Feuring M,
Wehling M: Multiple actions of steroid hormones —
a focus on rapid, nongenomic effects. Pharmacol Rev,
2000, 52, 513-555.

Flood JF, Fair S, Kaiser FE, La Regina M, Morley JE:
Age-related decrease of plasma testosterone in SAMPS
mice: replacement improves age-related impairment
of learning and memory. Physiol Behav, 1995, 57,
669-673.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

M. Bialek, P. Zaremba, K.K. Borowicz, S.J. Czuczwar

Forger NG, Hodges LL, Roberts SL, Breedlove SM:
Regulation of motoneuron death in the spinal nucleus
of bulbocavernosus. J Neurobiol, 1992, 23, 1192-1203.
Frye CA, Edinger KL, Seliga AM, Wawrzycki JM:
Sa-Reduced androgens may have actions in the hippo-
campus to enhance cognitive performance of male rats.
Psychoneuroendocrinology, 2004, 29, 1019-1027.
Frye CA, McCormic CA: Androgens are neuroprotec-
tive in the dentate gyrus of adrenalectomized female
rats. Stress, 2000, 3, 185-194.

Frye CA, Reed TAW: Androgenic neurosteroids:
anti-seizure effects in an animal model of epilepsy.
Psychoneuroendocrinology, 1998, 24, 385-399.
Goodenough S, Engert S, Behl C: Testosterone stimu-
lates rapid secretory amyloid precursor protein release
from rat hypothalamic cells via the activation of the
mitogen-activated protein kinase pathway. Neurosci
Lett, 2000, 296, 49-52.

Gouras GK, Xu H, Gross RS, Greenfield JP, Hai B,
Wang R: Testosterone reduces neuronal secretion of
Alzheimer’s 3-amyloid peptides. Proc Natl Acad Sci
USA, 2000, 97, 1202—1205.

Hammond J, Le Q, Goodyer C, Gelfand M, Trifiro M,
LeBlanc A: Testosterone-mediated neuroprotection
through the androgen receptor in human primary neu-
rons. J Neurochem, 2001, 77, 1319-1326.

Hart BL: Effect of gonadectomy on subsequent devel-
opment of age-related cognitive impairment in dogs.
J Am Vet Med Assoc, 2001, 219, 51-56.

Ibanez C, Shields SA, El-Etr M, Baulieu EE, Schuma-
cher M, Franklin RJ: Systemic progesterone admini-
stration results in a partial reversal of the age-
associated decline in CNS remyelination following
toxin-induced demyelination in male rats. Neuropa-
thol Appl Neurobiol, 2004, 30, 80—89.

Igbal MJ, Dalton M, Sawers RS: Binding of testoster-
one and oestradiol to sex hormone binding globulin,
human serum albumin and other plasma proteins: evi-
dence for non-specific binding of oestradiol to sex
hormone binding globulin. Clin Sci (Colch), 1983, 64,
307-314.

Jack CR, Petersen RC, Xu YC, O’Brien PC, Smith
GE, Ivnik RJ: Prediction of AD with MRI-based hip-
pocampal volume in mild cognitive impairment. Neu-
rology, 1999, 52, 1397-1403.

Janowsky JS, Chavez B: Sex steroids modify working
memory. J Cogn Neurosci, 2000, 12, 407-412.
Janowsky JS, Oviatt SK, Orwoll ES: Testosterone in-
fluences spatial cognition in older men. Behav Neuro-
sci, 1994, 108, 325-332.

Jones KJ, Brown TJ, Damaser M: Neuroprotective ef-
fects of gonadal steroids on regenerating peripheral
motoneurons. Brain Res Rev, 2001, 37, 372-382.
Jones KJ, Harrington CA, Chikaraishi DM, Pfaff DW:
Steroid hormone regulation of ribosomal RNA in rat
hypothalamus: early detection using in situ hybridiza-
tion and precursor-product ribosomal DNA probes.
J Neurosci, 1990, 10, 1513-1521.

516

Pol. J. Pharmacol., 2004, 56, 509518



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Jones KJ, Storer PD, Drengler SM, Oblinger MM:
Differential regulation of cytoskeletal gene expression
in hamster facial motoneurons: effects of axotomy and
testosterone treatment. J Neurosci Res, 1999, 57,
817-823.

Kaiser FE, Morley JE: Reproductive hormonal changes
in the aging male. In: PS Timiras, WB Quay, A Verne-
dakis (Eds.). Hormones and Aging, CRC Press, Boca
Raton, FL, 1995, 153-166.

Keast JR, Saunders RJ: Testosterone has potent, selec-
tive effects on the morphology of pelvic autonomic
neurons which control the bladder, lower bowel and
internal reproductive organs of the male rat. Neurosci-
ence, 1988, 85, 543-556.

Kinderman NB, Harrington CA, Drengler SM, Jones
KJ: Ribosomal RNA transcriptional activation and
processing in hamster facial motoneurons: effects of
axotomy with or without exposure to testosterone.
J Comp Neurol, 1998, 401, 205-216.

Kinderman NB, Jones KJ: Testosterone enhancement
of the nerve cell body response to injury: evidence us-
ing in situ hybridization and ribosomal DNA probes.
J Neurosci, 1993, 13, 1523-1532.

Kujawa KA, Emeric E, Jones KJ: Testosterone differ-
entially regulates the regenerative properties of in-
jured hamster facial motoneurons. J Neurosci, 1991,
11, 3898-3906.

Kujawa KA, Kinderman NB, Jones KJ: Testosterone-
induced acceleration of recovery from facial paralysis
following crush axotomy of the facial nerve in male
hamsters. Exp Neurol, 1989, 105, 80-85.

Kujawa KA, Tanzer L, Jones KJ: Inhibition of the ef-
fects of testosterone on hamster facial nerve regenera-
tion by the antiandrogen flutamide. Exp Neurol, 1995,
133,138-143.

Kumar VL, Majumder PK, Kumar V: Androgen depri-
vation causes up-regulation of androgen receptor tran-
script in the rat prostate. Mol Cell Biochem, 1997,
171,133 —138.

Kurz EM, Sengelanb DR, Arnold AP: Androgens
regulate dendritic length of mammalian motoneurons
in adulthood. Science, 1986, 232, 395-398.

Larsson DGJ, Sperry TS, Thomas P: Regulation of an-
drogen receptors in Atlantic croaker brains by testos-
terone and estradiol. Gen Com Endocrinol, 2002, 128,
224-230.

Laspada AR, Wilson EM, Lubehn DB, Harding AE,
Fischbeck KH: Androgen receptor gene mutations in
X-linked spinal and bulbar muscular atrophy. Nature,
1991, 352, 301-304.

Leifke E, Gorenoi V, Wichers C, Von Zur Muhlen A,
Von Bren E, Brabant G: Age-related changes of serum
sex hormones, insulin-like growth factor-1 and sex-
hormone binding globulin levels in men: cross-
selectional data from a healthy male cohort. Clin En-
docrinol, 2000, 53, 689-695.

Lim D, Flicker L, Dharamarajan A, Martins RN: Can
testosterone replacement decrease the memory prob-
lem of old age? Med Hypotheses, 2003, 60, 893-896.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

TESTOSTERONE AND NEUROPROTECTION

Litwak G: Biochemistry of hormones II. Steroid Hor-
mones, Devlin TM, (Ed.) Textbook of Biochemistry
with Clinical Correlations, Wiley-Liss, New York,
1992, 915-916.

Lu S, McKenna SE, Cologer-Clifford A, Nau EA, Si-
mon NG: Androgen receptor in mouse brain: sex dif-
ferences and similarities in autoregulation. Endocri-
nology, 1998, 139, 1594-1601.

Lue YH, Hikim AP, Swerdloff RS, Im P, Taing KS,
Bui T, Leung A, Wang C: Single exposure to heat in-
duces stage-specific germ cell apoptosis in rats: role
of intratesticular testosterone in stage specificity. En-
docrinology, 1999, 141, 1709-1717.

Lustig RH: Sex hormone modulation of neural develop-
ment in vitro. Horm Behav, 1994, 28, 383-395.
Matsumoto A: Hormonally induced neuronal plastic-
ity in the adult motoneurons. Brain Ress Bull, 1997,
44, 539-547.

Militello A, Vitello G, Lunetta Ch, Toscano A, Maio-
rana G, Piccoli T, La Bella V: The serum level of free
testosterone is reduced in amyotrophic lateral sclero-
sis. J Neurol Sci, 2002, 195, 67-70.

Morales AJ, Haubrich RH, Hwang JY, Asakura H,
Yen SS: The effect of six months treatment with 100
mg daily dose of dehydroepiandrosterone (DHEA) on
circulating sex steroids, body composition and muscle
strength in age-advanced men and women. Clin Endo-
crinol, 1998, 49, 421-432.

Morales AJ, Nolan JJ, Nelson JC, Yen SS: Effects of
replacement dose of dehydroepiandrosterone in men
and women of advancing age. J Clin Endocrinol Me-
tab, 1994, 78, 1360-1367.

Myers RE, Anderson LI, Dluzen DE: Estrogen, but
not testosterone, attenuates methamphetamine-evoked
dopamine output from superfused striatal tissue of fe-
male and male mice. Neuropharmacology, 2003, 44,
624-632.

Nichols N, Day J, Laping N, Johnson S, Finch C:
GFAP mRNA increases with age in rat and human
brain. Neurobiol Aging, 1993, 14, 421-429.

Norton W, Aquino D, Hozumi I, Chiu F, Bronson C:
Quantitative aspects of reactive gliosis: a review. Neu-
rochem Res, 1992, 17, 877-885.

Ogata T, Nakamura Y, Tsuji K, Shibata Y, Kataoka K:
Steroid hormones protect spinal cord neurons from
glutamate toxicity. Neuroscience, 1993, 55, 445-449.

Papasozomenos SC: The heat shock-induced hyper-
phosphorylation of 7 is estrogen-independent and pre-
vented by androgens: implications for Alzheimer’s
disease. Proc Natl Acad Sci USA, 1997, 94, 6612-6617.
dePedro-Cuesta J, Litvan I: Epidemiology of motor
neuron disease. Anderson DW, (Ed.) Neuroepidemiol-
ogy: A Tribute to Bruce Schoenberg, 1991, 265-296
CRC Press, Boca Raton.

Pérez J, Kelley DB: Trophic effects of androgen: re-
ceptor expression and survival of laryngeal motor neu-
rons after axotomy. J Neurosci, 1996, 16, 6625-6633.

ISSN 1230-6002

517



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Peterziel H, Mink S, Schonert A, Becker M, Klocker
H, Cato AC: Rapid signalling by androgen receptor in
prostate cancer cells. Oncogene, 1999, 18, 6322-6329.
Pike CJ: Estrogen modulates neuronal Bcl-xL expres-
sion and f-amyloid-induced apoptosis: relevance to Alz-
heimer’s disease. J Neurochem, 1999, 72, 1552-1563.
Pike CJ: Testosterone attenuates B-amyloid toxicity in
cultured hippocampal neurons. Brain Res, 2001, 919,
160-165.

Sar M, Lubahn DB, French FS, Wilson EM: Immuno-
histochemical localization of the androgen receptor in
rat and human tissues. Endocrinology, 1990, 127,
3180-3186.

Sar M, Stumpf WE: Androgen concentration in motor
neurons of cranial nerve and spinal cord. Science,
1977, 197, 379-382.

Sawada H, Ibi M, Kihara T, Urushitani M, Akaike A,
Shimohama S: Estradiol protects mesencephalic dopa-
minergic neurons from oxidative stress-induced neu-
ronal death. J Neurosci Res, 1998, 54, 707-719.
Seidman SN, Rabkin JG: Testosterone replacement
therapy for hypogonadal men with SSRI-refractory
depression. J Affect Disord, 1998, 48, 157-161.
Starka L, Broulik PD, Hampl R, Nedvidkova, Hill M:
Antirenotropic action of antiandrogens cyproterone
acetate, casodex, flutamide and epitestosterone. Endo-
crinol Regul, 1996, 30, 93-97.

Sternbach H: Age-associated testosterone decline in
men: clinical issues for psychiatry. Am J Psychiatry,
1998, 155, 1310-1318.

Tan RS, Pu SJ, Culberson JW: Role of androgens in
mild cognitive impairment and possible interventions
during andropause. Med Hypotheses, 2003, 60,
448-452.

Tanzer L, Jones KJ: Gonadal steroid regulation of
hamster facial nerve regeneration: Effects of dihydro-
testosterone and estradiol. Exp Neurol, 1997, 146,
258-264.

Tetsuka M, Hillier SG: Androgen receptor gene ex-
pression in rat granulosa cells: the role of follicle-
stimulating hormone and steroid hormones. Endocri-
nology, 1996, 137, 4392 —-4397.

Tirassa P, Thiblin I, Agren G, Vigneti E, Aloe L, Sten-
fors C: High-dose anabolic steroids modulate concen-
tration of nerve-growth factor and expression of its

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

M. Bialek, P. Zaremba, K.K. Borowicz, S.J. Czuczwar

low affinity receptor ( p75-ngFr) in male rat brain.
J Neurosci Res, 1997, 47, 198-207.

Tohgi H, Utsugisawa K, Yamagata M, Yoshimura M:
Effect of age on messenger RNA expression of gluco-
corticoid, thyroid hormone, androgen, and estrogen
receptors in postmortem human hippocampus. Brain
Res, 1995, 700 ,45-253.

Vallee AM, Mayo W, Darnaudery M, Corpechot C,
Young J, Koehl M, Le Moal M et al.: Neurosteroids:
deficient cognitive performance in aged rats depends
on low pregnenolone sulfate levels in hippocampus.
Proc Natl Acad Sci U. S. A., 1997, 94, 14865-14870.
Vita G, Dattola P, Girlanda, Oteri G, Lo Presti F,
Messina C: Effects of steroid hormones on muscle re-
innervation after nerve crush in rabbit. Exp Neurol,
1983, 279-287.

Weill-Engerer S, David JP, Sazdovitch V, Liere P, Ey-
chenne B, Pianos A, Schumacher M et al.: Neuroster-
oid quantification in human brain regions: comparison
between Alzheimer’s and nondemented patients. J Clin
Endocrinol Metab, 2002, 87, 5138-5143.

Williams DB, Windebank AJ: Motor neuron disease
(amyotrophic lateral sclerosis). Mayo Clin Proc, 1991,
66, 54-82.

Wolkowitz OM, Reus VI, Robers E, Manfredi F, Chan
T, Ormiston S, Johnson R et al.: Antidepressant and
cognition — enhancing effects of DHEA in major de-
pression. Ann NY Acad Sci, 1995, 774, 337-339.
Wozniak A, Hutchison RE, Morris CM, Hutchison JB:
Neuroblastoma and Alzheimer’s disease brain cells
contain aromatase activity. Steroids, 1998, 63,
263-267.

Yoshizawa A, Clemmons DR: Testosterone and insu-
lin-like growth factor (IGF) I interact in controlling
IGF-binding protein production in androgen-respon-
sive foreskin fibroblast. J Clin Endocrinol Metab,
2000, 85, 1627-1633.

Yu W-HA: Effect of testosterone on the regeneration
of the hypoglossal nerve in rats. Exp Neurol, 1982, 77,
129-141.

Yu W-HA, Srinivasan R: Effects of testosterone and
5-dihydrotestosterone on regeneration of the hypo-
glossal nerve in rats. Exp Neurol, 1981, 71, 431-435.

Received: January 13, 2004, in revised form: March 29,

2004.

518

Pol. J. Pharmacol., 2004, 56, 509518



	CONTENTS
	REVIEW Œ Influence of the absolute configuration on pharmacological activity of antihypertensive and antiarrhythmic drugs. Katarzyna Kulig, Piotr Nowicki, Barbara Malawska	499
	REVIEW Œ Neuroprotective role of testosterone in the nervous system.
	Magdalena Bia³ek, Pawe³ Zaremba, Kinga K. Borowicz, Stanis³aw J. Czuczwar	509

	Anxiolytic- and antidepressant-like effects of 7-OH-DPAT, preferential dopamine D3 receptor agonist, in rats.
	Zofia Rogó¿, Gra¿yna Skuza, Aleksandra K³odziñska	519

	2R,4R-APDC influence on hypoxia-induced impairment of learning and memory processes in passive avoidance test.
	Halina Car, Ró¿a J. Wiœniewska, Konstanty Wiœniewski 	527

	Effect of nonselective and selective opioid receptors antagonists on antinociceptive action of acetaminophen [Part III].
	Magdalena Bujalska	539

	Influence of pre-operative ketoprofen administration (preemptive analgesia) on analgesic requirement and the level of prostaglandins in the early postoperative period.
	W³odzimierz Wnêk, Renata Zaj¹czkowska, Jerzy Wordliczek, Jan Dobrogowski, Ryszard Korbut	547

	Effect of topiramate on the kainate-induced status epilepticus, lipid peroxidation and immunoreactivity of rats.
	Marta Kubera, Bogus³awa Budziszewska, Lucylla Jaworska-Feil, 
Agnieszka Basta-Kaim, Monika Leœkiewicz, Magdalena Tetich, Michael Maes, Günter Kenis, 
Andrzej Marciniak, Stanis³aw J. Czuczwar, Grzegorz Jag³a, Wojciech Nowak, W³adyslaw Lasoñ	553

	Flupentixol and trifluperidol reduce interleukin-1b and interleukin-2 release by rat mixed glial and microglial cell cultures.
	Jan Kowalski, Krzysztof Labuzek, Zbigniew S. Herman	563

	Effect of concurrent administration of alendronate sodium and retinol on development of changes in histomorphometric parameters of bones induced by ovariectomy in rats.
	Maria Pytlik, 
Ilona Kaczmarczyk-Sedlak, Leszek „liwiñski, Waldemar Janiec, Igor Rymkiewicz	571

	Modulatory effects of curcumin on lipid peroxidation and antioxidant status during nicotine-induced toxicity.
	Chandran Kalpana, Venugopal P. Menon	581

	Influence of Casearia esculenta root extract on protein metabolism and marker enzymes in streptozotocin-induced diabetic rats.
	Annamalai Prakasam, Subramaniam Sethupathy, 
Kodukkur Viswanathan Pugalendi	587

	SHORT COMMUNICATIONS
	Effect of MPEP, a selective mGluR5 antagonist, on the antielectroshock activity of   conventional antiepileptic drugs.
	Marek Zadro¿niak, Andrzej Sêkowski, Stanis³aw J. Czuczwar, 
Kinga K. Borowicz	595



	Effect of the nitric oxide donor and the nitric oxide synthase inhibitor on the liver of rats with chronic hepatitis induced by dimethylnitrosamine.
	Oxana Lukivskaya, Ruslan Lis, Krzysztof Zwierz, Vyacheslav Buko	599

	Effect of nitric oxide synthase inhibition on antinociceptive action of different doses of acetaminophen.
	Magdalena Bujalska	605

	Pentoxifylline does not affect nociception if administered postoperatively.
	Antoni M. Szczepanik, Jerzy Wordliczek, Wojciech Serednicki, Maciej Siedlar, Antoni Czupryna	611
	PRELIMINARY COMMUNICATION
	Participation of endogenous corticosteroids in inflammatory response in type 2 streptozotocin diabetic rats.
	Gessilda A. N. de Melo, Juliano L. Sartoretto, Silvana M. 
Caparroz-Assef, Ciomar A. Bersani-Amado, Zuleica B. Fortes, Roberto K.N. Cuman	617




	Polish-german conference ﬁnitrosative stress and its role in 
mechanism of brain aging and neurodegenerative disordersﬂ
	Uta Keil, 
Astrid Bonert, Celio A. Marques, Joanna B. Strosznajder, Franz Müller-Spahn, Walter E. Müller, 
Anne Eckert	631
	Cell cycle arrest induced in human breast cancer cells by cyclin-dependent kinase inhibitors: a comparison of the efects exerted by roscovitine and olomoucine.
	Józefa Wêsierska-G¹dek, 
Marieta Gueorguieva, Jacek Wojciechowski, Marcel Horky	635


	Inhibition of nitric oxide synthase prevents energy failure and oxidative damage evoked in the brain by lipopolysaccharide.
	Grzegorz A. Czapski, Magdalena C¹ka³a, Dorota Kopczuk, Monika Kamiñska, Joanna B. Strosznajder	643

	Influence of the therapy with pergolide mesylate plus L-DOPA and with L-DOPA alone on serum cGMP level in PD patients.
	Ma³gorzata Chalimoniuk, Adam Stêpieñ	647

	Aging decreases phosphatidylinositol-4,5-bisphosphate level but has no effect on activities 
of phosphoinositide kinases.
	Agata Zambrzycka	651
	Note to contributors	655




