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INTRODUCTION

Neuronal atrophy or death occurs as part of the normal
development of the nervous system, and also in aging
and neurological disease. Yet individuals vary widely
in their apparent susceptibility to neurodegeneration.
In the affluent parts of the world, where people over
85 are the fastest growing segment of the population,
it is becoming acutely important to understand the
mechanisms of neurodegeneration associated with age
and disease. In this review we will be looking at the
effect of glucocorticoid hormones on neuronal survival
and the interaction between glucocorticoids and known
trophic proteins. We will be concentrating on the
hippocampus, since it is a primary target for gluco-
corticoids, is strongly implicated in the normal func-
tions of mood, memory and learning, and is known to
be a focus of damage in several neurodegenerative
conditions.

GLUCOCORTICOIDS AND THE BRAIN

Glucocorticoids (GCs) are corticosteroids that are
secreted by the adrenal cortex with a circadian rhythm
and, at much higher concentrations, as part of the stress
response. The perception by the brain of physiological
and psychological stressors triggers the release of
secretagogues, including corticotropin releasing factor
(CRF), by the hypothalamus, stimulating the anterior
pituitary to release adrenocorticotropic hormone
(ACTH), which in turn stimulates the adrenal cortex to
secrete (GCs. This process is controlled by a negative
feedback mechanism, as GCs interact with brain and
pituitary receptors to inhibit CRF and ACTH release.
The overall effect of systemic GC release is to enable
the organism to react to the stressor and to reestablish
homeostasis once the stressful event is over. By enhanc-
ing triglyceride, glycogen and protein catabolism,
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increasing gluconeogenesis, blocking cellular glucose
uptake and suppressing anabolic processes, GCs
increase the supply of readily available energy to the
organism. While this is clearly helpful over the short
term, prolonged exposure to (GCs can have adverse
effects on many physiological systems.

Like other steroid hormones GCs produce their most
significant effects by binding to intracellular receptors
which can then act as transcription factors, binding to
genomic hormone-responsive elements and increasing
or decreasing the transcription of target genes. Two
types of corticosteroid receptor have been identified:
type I receptors, also known as mineralocorticoid re-
ceptors because they bind endogenous mineralocorti-
coids (MCs) as well as glucocorticoids with high
affinity; and type II receptors, known as glucocorticoid
receptors since they bind GCs preferentially, with only
a small affinity for MCs. Both types of receptor are
found in the brain. Type I receptors occur predomi-
nantly in the limbic system, while type Il are more
widely distributed; in some cases the two are colocal-
ized on the same cell [1]. The hippocampus, which
contains high levels of both receptors, is therefore a
prime target for GC action in the central nervous
system. Together with the hypothalamus and pituitary
the hippocampus is involved in the feedback system
regulating GC secretion, and both type I and type II
receptors have been implicated in this, although their
different affinities for endogenous GCs suggest that the
type I (K, for GCs approx. 0.5 nM) mediates control
during the circadian fluctuation, type II (K, approx.
5 nM) during the conditions of high GC concentration
that follow stress in which type I receptors would be
saturated [2].

PATHOPHYSIOLOGY OF GCs

Given their wideranging actions it should come as
no surprise that overexposure to GCs (due to chronic
stress, hypersecretion in conditions such as Cushing’s
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disease, or the administration of exogenous GCs for
therapeutic purposes) can be harmful. Chronic over-
exposure leads to a number of pathological states
including diabetes, hypertension, growth suppression,
immune suppression, and infertility. Since many
important brain structures contain abundant GC
receptors, it is equally unsurprising that overexposure
to GCs can be neurotoxic.

Pharmacological [3] and high physiological [4] con-
centrations have been shown to damage hippocampal
pyramidal neurons, with most damage occurring in
region CA3 and least in CAl and the dentate gyrus.
This has a clear physiological relevance, since a corre-
lation can be shown between the severity of age-related
GC hypersecretion and age-related hippocampal
degeneration [5, 6]. Using an experimental paradigm in
which rats were exposed to multiple intermittent
stresses, rather than the sustained low or high GC
levels that follow adrenalectomy or injected cortico-
sterone, Kerr et al. {7] showed that this more physio-
logical pattern of GC exposure could also lead to
neurological damage in the hippocampus.

The story is not completely clearcut, however,
since another region of the hippocampus responds
differently to GCs. Adrenalectomy, which removes the
major endogenous GC source, can protect against
GC-mediated pyramidal cell damage; but it can also
lead directly to the death of neurons in the dentate
gyrus [8] in a process resembling apoptosis or pro-
grammed cell death. However, the exact magnitude and
extent of this damage remains unclear [9-11]. Since
these deleterious effects can be prevented by giving
small concentrations of GCs it is likely that the type |
receptor is involved here, and if this is the case, the
ambiguity of some results could be explained if small
amounts of auxiliary adrenal tissue left behind after
incomplete adrenalectomy can provide enough GCs to
keep dentate gyrus granule cells healthy. In terms of
the functional significance of this, Conrad and Roy [12]
detected both a loss of dentate gyrus granule neurons
and a decrease in the learning rate for a specific memory
task following long term adrenalectomy; however, the
degree of damage could not be correlated with the
extent of memory deficit.

The pattern of hippocampal damage scen after
high GC exposure is similar to that seen in the
normal aged hippocampus: a decrease in the number
of pyramidal neurons especially in CA3, a loss of
corticosteroid receptors probably because of preferen-
tial loss of receptor-bearing neurons, and high levels
of astrogliosis. Since basal GC levels do rise with age
in rats and primates (and probably also in humans;
see later) it has been suggested that the “normal”
hippocampal degeneration seen in aged mammals is in
fact the cumulative effect of GC exposure over the
course of a lifetime, increasing as basal levels rise with
age. Sapolsky [13] first suggested that, since exposure
to GCs apparently damages neurons responsive to
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them, the hippocampal feedback mechanism will fail
as neuron damage increases, leading to a rise in basal
GC levels and to more GC-induced damage, i.c.
the GC cascade. A corollary here is that if the GC
exposure-neuronal loss—decreased feedback—increased
GC exposure loop could be prevented, the hippo-
campal damage (and possibly the cognitive changes)
associated with ‘“‘normal” aging would not occur.

GLUCOCORTICOID DAMAGE TO NEURONS:
METABOLIC EFFECTS

The question arises as to how exactly GCs damage
neurons (and why, in the case of dentate gyrus granule
cells, they appear not to). The most popular model
suggests that, rather than causing direct harm, GCs
potentiate the damaging effects of other neurological
insults.

Evidence in favour of this comes chiefly from i vitro
and in vive studies that have considered harmful agents
such as neurotoxins (for example excitatory neuro-
transmitters at high concentration), or harmful states
such as hypoglycaemia, hypoxia-ischaemia, and
trauma, to see whether the known damage associated
with each agent or conditon could be modified by
the presence of GCs. Kainic acid, an excitotoxin,
preferentially damages hippocampal CA3 pyramidal
neurons, visible as dendritic atrophy, and causes
seizures in rats. The extent of neuronal damage could
be decreased by adrenalectomy and increased by
corticosterone treatment [13]. Hypoxia-ischaemia due
to an interruption in the blood flow to the brain
damages predominantly CAl pyramidal neurons. In
animal models of hypoxia-ischaemia, adrenalectomy
decreased and exogenous corticosterone increased the
damage [14]. Similar effects were seen on the hypo-
glycaemia-induced damage to dentate gyrus cells [13].
Evidence that the exacerbatory effect of GCs is
direct and not via some other systemic GC activity is
provided by the in vitro studies [15, 16]. Other brain
regions that contain glucocorticoid receptors, such as
neocortex and striatum, and are vulnerable to the same
insults, also show an increased degree of damage in the
presence of elevated GCs [14], though the hippo-
campus remains by far the most vulnerable structure.
Brain regions with lower levels of GC receptors
(like the cerebellum) do not show such exacerbation.
Finally, the effect of these hormones is specific to GCs.
Further studies have shown that non-GC steriods do
not endanger neurons [16].

To understand how GCs make neurons more
vulnerable we need to know how various neurological
insults cause damage in the first place. The most
commonly encountered real-life sources of damage are
hvpoxia-ischaemia (after strokes or cardiovascular
accidents), hypoglycaemia and seizures, and all three
appear to include an element of neurotoxicity due to
excessive release of the excitatory amino acids (EAAs)
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glutamate and aspartate. The neurotoxic effects of
EAAs have been known for some time (for reviews see
[17-19]), and are thought to be a consequence of EAA’s
pathological mobilization of intracellular calcium,
either directly or indirectly [20], although calcium-
independent mechanisms have also been invoked [21].
All three of the above damaging states increase intra-
synaptic EAA concentrations (see e.g. [22-24]). Using
a number of different experimental models, such as
hypoxia-ischaemia or focal ischaemia [25, 26], excito-
toxin-induced seizures [27, 28], hypoglycaemia iz vivo
[29], or anoxia in virro [30] it has been shown that EAA
antagonists can protect against these varied insults.

It appears that the energy-dependent ion trans-
porters of neurons and glia, which remove EAA
[31-33] or calcium [34] from the extracellular space
are compromised by the lack of ready energy. Each of
these classic neurological insults are a form of energetic
crisis; the damage can usually be ameliorated or pre-
vented by energy supplementation [35-37]. Similarly,
energy supplementation can protect from GC-
mediated neuron endangerment [38, 39]. It is therefore
plausible that GCs endanger via their effect on energy
state, perhaps by their inhibition of glucose transport
or their effect on glycogen stores [40, 41], resulting in
a potentiation of EAA buildup, disturbance of calcium
homeostasis, and changes in the balance between exci-
tation and inhibition.

It would, however, be rash to assume that energetic
mechanisms are the only ways in which GCs can
influence neuronal health and survival. Both types
of corticosteroid receptors act as pleiotropic transcrip-
tion factors. GC interaction with cell-specific and
developmental stage-specific factors might account
for the complexities indicated above, where GCs are
neurotoxic to hippocampal pyramidal neurons but
apparently necessary for the survival and proper devel-
opment of hippocampal granule cells of the dentate
gyrus. In particular, GCs could regulate the expression
of genes coding for trophic or protective proteins,
providing a molecular basis for the differential
induction of neurodegeneration.

THE NEUROTROPHINS

Neutotrophins (N'Ts) or neurotrophic factors are
required for the development and maintenance of
peripheral and central neurons. The first example,
nerve growth factor INGF) was identified in the early
1950s [42,43]. Subsequently NGF was shown to
promote the survival, growth, and differentiation of
peripheral sympathetic and sensory dorsal root
ganglion neurons, and more recently its actions in the
CNS have been described. Other N'T's have also been
identified: brain-derived neutotrophic factor (BDNF
[44]), neurotrophn-3 (NT-3 [45,46]) and neuro-
trophin-4/5 (NT-4/5 [47,48]), and cloning of their
respective genes has shown them to be members of
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the same gene family, the NGF-related NTs. Other
factors unrelated to this gene family (and in some cases
identified as growth factors in other contexts) have also
been found to have neurotrophic activities. These
include ciliary neurotrophic factor (CNTF [49-51],
leukemia inhibitory factor/cholinergic differentiating
factor (LIF/CDF [52]), the fibroblast growth factors
(FGFs [53]), glial cell line-derived neurotrophic factor
(GDNF [54]), insulin-like growth factors [55, 56],
epidermal growth factor and platelet-derived growth
factor [57, 58] and transforming growth factors alpha
and beta [38, 59, 60]. No doubt others remain to be
recognized. Only the NGF-related NTs will be
discussed further here: for a fuller review of these,
see [61]).

Members of the NGF-related N'T family bind with
a similar low affinity to a cell surface receptor, p75 or
LNGFR [62], and recent evidence also implicates a
family of tvrosine protein Kinases, the trk family, as the
functional receptors for the NGF-related NTs. NGF is
the ligand specific for trkA, BDNF and NT-4/5 for
trkB, and NT-3 for trkC (although NT-3 can also
interact with trkB). Current thinking is that these
receptors are chiefly responsible for mediating the
significant biological N'T responses, with p75 playing
an accessory role, although this model has not been
tested in all cell types or at all stages of development
[63—-67], and there is evidence that, in some systems
at least, p75 can signal independently of trk [68].
The family of tyrosine kinases activates intracellular
signalling pathways, including those involving the gene
products Ras and Raf, and MAP kinase (some details
of this have recently been reviewed in [69]).

Clues to the functions of NTs have come from a
consideration of where they and their cognate receptors
are expressed. Originally, NTs were described in
terms of their action as target-derived factors. In the
peripheral nervous system NGF is thought to regulate
the extent of innervation of a target by sympathetic
neurons or neural crest-derived sensory neurons;
during development and after peripheral nerve injury,
the target source of NGF may be cells of the developing
or transected nerve. In situ or Northern blot hybridiz-
ation shows trk and p75 gene expression in the
trigeminal sensory ganglia and on sympathetic neurons.
Several lines of evidence suggest that NGF responsive-
ness is present in the adult and that NGF may have an
important role in the maintenance and repair of mature
neurons. Following sciatic nerve crush or transection,
NGF mRNA levels in proximal stump and distal nerve
segment increase [70]. The initial activation of NGF
transcription by injury follows the induction of c-fos
and c-jun, whose mRNAs appear within an hour [71].
NGF follows this immediate early response, appearing
after 2-4h and remaining elevated for 12-24h.
A second wave of NGF induction, at around 3 days
after injury, requires the presence of Schwann cells and
fibroblasts [72].
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In the central nervous system, recent studies have
implicated several N'T's in the development and main-
tenance of neuronal function. NGF mRNA is found in
newborn and adult rat brain: highest levels are found
in the hippocampal pyramidal neurons and granule
and hilar cells of the dentate gyrus, in neocortex
and olfactory bulb, but also in the caudate putamen,
cerebellum, hypothalamus and spinal cord [73-77].
The regions of highest expression are targets for basal
forebrain cholinergic neurons, and NGF appears to act
as a trophic factor for cholinergic neurons of the basal
forebrain and striatal caudate putamen. Basal forebrain
cholinergic neurons express p75 and trk and bind NGF
with high affinity. Intraventricular administration of
NGF causes an increase in the choline acetyltransferase
activity of these neurons [78-80]. Most convincingly,
degeneration of basal forebrain cholinergic neurons
following fimbria—fornix lesion, which severs the basal
forebrain neurons projecting to the hippocampus, can
be prevented by infusion of NGF or grafting of NGF-
producing cells [81-85], while intrastriatal infusion
has a protective effect on cholinergic neurons after
quinolinic acid lesions [86]. NGF mRNA and protein
are also found in the caudate putamen [75] and both
p75 and trk mRNA have been found in these neurons
as well. All this is of particular significance because in
mammals, basal forebrain cholinergic neurons have
been strongly implicated in learning and memory
processes, and damage here has been observed in
Alzheimer’s disease [87]. Recent data suggest that
NGF infusion also ameliorates some deficits in memory
and learning following experimental lesions [88-90].
Although studies have concentrated on basal forebrain
cholinergic neurons, the possibility that NGF can act
on other populations of CNS neurons (e.g. cerebellar or
hypothalamic) has not been excluded.

The actions of the other members of the NGF-like
NT family are much less well-characterized. BDNF
encourages the survival of dorsal root ganglia and
nodose ganglia of the peripheral nervous system and
central neurons of the substantia nigra, retinal ganglion
and basal forebrain. N'T-3 has been reported to have
erowth-supporting effects in PNS sympathetic ganglia,
dorsal root ganglia and nodose ganglia, while trkC, the
high affinity receptor for N'T-3, is expressed on many
neuronal cells through the brain, and a role for NT-3
in the support of adult central noradrenergic neurons
has recently been described [91]. BDNF, NT-3 and
NT-4/5 support the survival and differentiation of
mesencephalic dopaminergic neurons x vitro (92, 93],
and GABAergic neurons from the developing substan-
tia nigra [94]. In addition there is some evidence that
BDNF and NT-3 influence mature DA neurons
in vivo, but an unequivocal effect on survival after
experimental lesion has not vet been shown. NT-4
has been reported to support trigeminal ganglion
and striatal neurons in culture [95,96]. Following
fimbria—fornix transection BDNF and NT-4/5 can
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assist axotomized cholinergic neurons [93,97, 98].
Several studies show that BDNF, NT-3 and NT-4/5
are trophic factors for motor neurons [99-103]. Recent
experiments using transgenic mice oOverexpressing,
or knockout mice with deletions of, specific NT's or
NT receptors, promise to provide much-needed infor-
mation on the physiological functions of these proteins.
Early results suggest that CNS neurons are supported
by a complex overlapping network of growth factors, a
network that shows considerable redundancy (reviewed

in [104]).

NEUROTROPHINS AND NEURONAL ACTIVITY

Recent evidence, using a variety of animal lesion
models, shows that N'T expression in the central
nervous system can be modulated by physiological
activity. Seizures induced by focal electrolytic lesions
[105], convulsant doses of excitotoxins [106, 107], or
electrical stimulation [108] all lead to increased NGF
mRNA in limbic and cortical regions of the adult rat.
Within the hippocampus, a single seizure episode
causes a biphasic increase in NGF mRNA, increasing
first at 6 h post-seizure-inducing lesion and again at
24 h post-lesion. In other words, the first increase is
within the period of seizure activity and could corre-
spond to the NGF response to physiological activity.
The second increase is after seizure activity ends, and
could correspond to a repair response by neurons or
non-neuronal cells [109, 110], by processes triggered
during the seizure episode. This is very reminiscent
of the biphasic NGF increase seen in the PNS after
peripheral nerve transection.

Like NGF, BDNF mRNA increases in dentate gyrus
granule cells and pyramidal cells of the hippocampus
after lesion [111, 106] and follows a similar time course.
However, its rise in expression spreads beyond the
hippocampus more rapidly than does NGF and a
biphasic response is not seen. Kindling-induced
seizures lead to a transient increase in trkB mRNA and
protein in the hippocampus [112]. Unlike either NGF
or BDNF, N'T-3’s main response to lesion is an overall
decrease in expression which persists for several days
[77, 113-115].

As well as seizure activity, other neuronal insults can
induce changes in N'T expression. Transient forebrain
ischemia [116] and insulin-induced hypoglycemic coma
[113] are followed by increases in BDNF and/or NGF
levels and in trkB mRNA and protein [112].

One of the problems in interpreting experiments like
these is the different techniques used. In a variety of
ways, the normal functioning of some brain regions is
somehow disturbed, frequently leading to seizures.
Care must be taken to distinguish between NT
responses to the seizure activity, those that might be a
specific cellular response to a toxin, and those directly
associated with neuronal degeneration, regeneration or
synaptic plasticity. Some experimental models do not
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cause seizures (e.g. [117—120]), and in some cases [121]
we might be looking at processes to do with synaptic
rearrangement following denervation rather than
physiological activity. It should also be borne in mind
that in many experiments changes in neurotrophin
protein level were not examined. A change in
steady-state mRNA does not automatically mean a
corresponding change in protein. Nevertheless, it is
significant that exogenous NT's can protect neurons
subjected to metabolic or excitotoxic insults in culture
[116, 122-124].

So far, the available evidence suggests that the N'T’
response is remarkably unspecific—whatever happens,
there follows an increase in NGF and BDNF mRNA
(with some exceptions, e.g. Rocamora er al. [125],
whose quinolinic acid/seizure paradigm gave a decrease
in NGF and BDNF and an increase in NT-3 mRNA).
Another important message is that as far as the hippo-
campus is concerned, in virtually all cases the most
extensive neurotrophin changes are seen in the dentate
gyrus. This has particular significance for the damaging
role of glucocorticoids.

GLUCOCORTICOIDS AND NEUROTROPHINS

If GCs can exacerbate the harmful effects of neuronal
insults such as hypoglycaemia and hypoxia-ischaemia,
and these insults alter the expression of N'T's, does that
mean that one way in which GCs can act is by altering
NT expression too? It might be, for example, that the
increased expression of NGF and BDNF mentioned
above in several models is a defensive mechanism
against the physiological disturbance caused by the
lesion, which is disrupted by the presence of GCs.
An early report [126] suggested that adrenalectomy
decreases NGF protein in the rat hippocampus. The
experiments used both biological and immuno-
histochemical assays, and also looked at the low affinity
neurotrophin receptor (p75) in the hippocampus.
Overall, adrenalectomy reduced the level of NGF
detectable in the hippocampus by half. Injection of
corticosterone into adrenalectomized rats restored
NGF levels and NGF receptor expression. Adrenalec-
tomy also seemed to increase the retrograde transport
of p75 from the hippocampus. Stress activation of the
hypothalamic—pituitary—adrenotropic (HPA) axis has
also been reported to increase levels of NGF and p75
mRNA in the rat hippocampus [127].

Barbany and Persson [128] analysed the effect of
GCs on NT mRNA levels in rat cerebral cortex
and hippocampus by adrenalectomizing rats with or
without giving replacement GCs (in this case the
synthetic GC dexamethasone). NGF, BDNF and
NT-3 mRNA all showed a significant decline in both
brain regions after adrenalectomy while levels were
restored to normal by dexamethasone treatment. NGF
and NT-3 mRNA levels could also be increased
by giving dexamethasone to intact (i.e. unadrenalec-
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tomized) animals, although in this situation the time
course of the increase differed from that seen in the
adrenalectomized rats, and BDNF showed a slow
decrease rather than an increase in mRNA. Various
caveats need to be borne in mind: the adrenalectomized
animals were only examined after 3 days whereas the
intact + dexamethasone rats were sampled at 1, 2, 4,
10 and 24 h, so early changes in the N'T levels in
adrenalectomized animals might have been missed; the
number of animals used in each experiment was small,
and the variation between animals large; and no protein
correlation was shown. Nevertheless, these results seem
to support the idea that normal levels of circulating
GC are required to maintain basal NT mRNA in the
hippocampus and cortex, and increasing the level of
GCs can modify N'T expression. Other groups have
reported similar results [129, 130] and in this latter
report the NT changes were related to an increase in
trkA phosphorylation in the septum. In other words,
the induction of NGF mRNA was correlated with
a ‘“‘biological event”. However, changes in trkA
phosphorylation were not observed in the hippocampus
at any time point after GC administration, even though
NGF-responsive cholinergic neurons project to the
hippocampus. The authors interpret this as possibly
due to the relatively small increase in NGF protein
in the hippocampus compared to the change in the
septum.

Thus, in vivo the data show that, in general,
GC levels are positively correlated with NT levels.
Experiments in vitro suggest the story is more complex
than this. In 1.929 fibroblasts, used as a model system,
corticosterone reduced NGF mRNA and protein by
around 809, [131-133] but not BDNF mRNA [133].
Again, in cultured rat sciatic fibroblasts in which NGF
expression had been artificially stimulated by treatment
with foetal calf serum or interleukin-1, dexamethasone
produced a decline in NGF mRNA. When the sciatic
nerve of rats is transected an increase in NGF mRNA
can be observed in the non-neuronal cells surrounding
the axons, and this increase can be blocked by dexa-
methasone [134]. Thus it looks as if, in non-neuronal
cells, GCs can inhibit NGF production.

In mixed hippocampal cultures (i.e. ones containing
both neurons and glial cells and not specifically
enriched for either type), dexamethasone was also
observed to decrease NGF mRNA overall [135]. It
should be noted, however, that at the time of the
experiment astrocytes outnumbered neurons by 10
to 1, and thus the physiological relevance of this
observation is debatable. In addition, the authors only
looked after overnight treatment with GC, and again
early events, perhaps involving neurons rather than
astrocytes, would not have been noticed.

Given the idea that astrocytes and neurons might
respond differently to GCs, it becomes important to
distinguish the responses of each cell type, alone and
in combination. In the above experiments using mixed
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cultures although both neurons and non-neuronal cells
appeared to be expressing NGF it was not possible
to say whether one or both cell type(s) responded to
GCs with a decrease in expression. To get around the
problem of teasing out the responses of a highly
heterogeneous cell population, clonal cell lines
immortalized by an oncogene or by somatic cell fusion
can be used. A panel of hippocampal cell lines has
been derived by somatic cell fusion of hippocampal
neurons from embryonic day 18 and postnatal day
21 mice, to an immortal neuroblastoma cell line.
The hybrid lines have many of the characteristics of
the hippocampal parent [136, 137]. By using reverse-
transcription of mRNA coupled to amplification of the
resulting ¢cDNA by the polymerase chain reaction
(PCR), we were able to analyse semi-quantitatively and
sensitively the changes in NGF, BDNF and NT-3
mRNA in pure populations of hippocampal neurons
[138, 139]. Here we saw clearly that both NGF and
NT-3 are rapidly upregulated after treatment with
dexamethasone or corticosterone in a cell line derived
from embryonic tissue, while in a cell line derived
from postnatal tissue N'T-3 was unresponsive to dexa-
methasone. This is in line with the known develop-
mental changes in expression of NGF and N'T-3 in the
hippocampus. NT'-3 expression is highest at embryonic
stages and declines after birth. It may therefore be that
the lack of response to dexamethasone is indicative of
a general suppression of N'T-3 transcription in post-
natal hippocampal neurons. We saw no change in
BDNF expression up to 24 h after GC application. The
responses were dose- and time-dependent and seen
with both dexamethasone and corticosterone. They are
probably mediated by the type II receptor since the
specific type II receptor antagonist RU38486 was
able to block the dexamethasone- and corticosterone-
induced increase [139].

In primary cultures of embryonic rat hippocampus
enriched for neurons, a similar upregulation of NGF
mRNA but not of BDNF mRNA was also reported
[129]. This paper also looked at the effect of dexa-
methasone on cultures enriched for astrocytes, but
because of the low basal level of NGF and relative
insensitivity of Northern blotting it was necessary to
raise the level of NGF mRNA with transforming
growth factor beta before it could be shown that
dexamethasone caused a decrease, 12 h after GC appli-
cation. Therefore it was not possible to say whether
GCs have an effect on basal NGF expression too. Using
the more sensitive RT-PCR method, we have seen
small but consistent increases in basal NG mRNA
levels in astrocytes from hippocampus, cortex and
striatum, but not in cerebellum which does not have
a high density of GC receptors. The difference in
result could also be due to the timepoint analysed (4 h
post-stimulation rather than 12 h).

Thus it seems clear that, alone or when surrounded
by small numbers of astrocytes, neurons respond to
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GCs by increasing NGF and NT-3 expression. The
fact that in vivo GCs cause an immediate overall
increase in NGF and NT-3 mRNA [128, 130] while
in vitro the net effect appears to be an increase in pure
or enriched neuronal cultures [138, 129] and a decrease
in mixed cultures [135] could be a reflection of different
experimental paradigms used (method of quantifi-
cation, time of analysis). Alternatively it could indicate
that cell-cell interactions are of critical importance in
regulating the neurotrophin responses of different cell

types.

GLUCOCORTICOIDS, NEUROTROPHINS AND
NEURODEGENERATION

In only a few cases has the effect of a combination of
neuronal insult and presence of GCs on N'T expression
been monitored experimentally. Such data are crucial
to answer the question of whether GCs exacerbate
neuronal damage by changes in N'T expression as well
as by their metabolic actions, or whether the presence
of GCs increase the production of protective proteins,
i.e. if what we see is a response to a threat enhanced by
the presence of the hormones. D’Mello et al. [133]
showed that KA/seizure-induced increases in NGF
and BDNF were not obviously affected by prior
administration of dexamethasone. However, since the
seizure-induced changes in NT were rather large
(20-fold for BDNF), it could be that region-specific
differential responses to seizure and GC were missed.
Lauterborn ez al. [109] reported that the same biphasic
pattern of NGF mRNA changes occurred after seizure
whether or not the animals were adrenalectomized.
What is clearly needed is a careful analysis of NT
changes with a variety of insult or lesion models, in
the presence or absence of GCs, focusing on the
isolated responses of individual cell types in specific
hippocampal subfields.

An understanding of the interactions between GCs,
NTs and neuronal damage and/or survival is particu-
larly important for several reasons. First, there is the
clear correlation between increasing GC levels and
hippocampal degeneration. There have been a number
of conflicting reports about whether or not human
basal GC levels also increase with age. The ambiguity
could be due to differences in what experimenters
define as an aged human, and to the effect of wide
individual variation. A recent report suggests that there
are distinct subgroups within the aging population
who not only show increases in basal GC but whose
GC levels could be positively correlated to cognitive
deficits [140].

Regardless of whether human GC basal levels
increase with “normal” human aging, neuronal
dysfunction in humans has been associated with
increased levels of these hormones (examples include
the abnormal cortisol responses in Alzheimer’s disease
linked to hippocampal atrophy [141], hypercortisolism
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in depressed patients [142], hypercortisolism and
neuronal  abnormalities in  Cushing’s  disease
[143-145]). In some of these cases the process of
neurological damage appears to be reversible and not
associated with overt hippocampal neuron loss, but
dysfunction could precede neuron death associated
with more severe and permanent cognitive defects.

Second, GCs are widely used in medicine as
immunosuppressants, anti-inflammatory agents, and
most ironically in the treatment of acute spinal cord and
brain injury, where it is used to reduce oedema. If GCs
do in fact endanger neurons then it may be such
treatment is counterproductive, at least for the hippo-
campus. Conversely, if one aspect of the presence of
elevated GC levels is increased local production of
protective NT's, this might be exploited as a means to
stabilize vulnerable neurons while repair is underway.

It is also possible that GC modulation of N'T's in the
CNS has actions beyond that of protection. The excito-
toxin experiments show that N'T's respond to physio-
logical neuronal activity. In these experiments the level
of activity was usually abnormally high (in seizure
states), but in some studies more moderate degrees of
activity have been considered [146, 147]. It may be that
NT's are involved in the maintenance and modification
of neuronal circuitry during behavioural changes or
learning, perhaps ‘‘fixing” new synaptic patterns
[148, 149]. Here, hypo- and hypercortism may also be
involved in reinforcement of synaptic plasticity. We
might see here a positive aspect of GC’s short-term
action on the CNS, counterbalancing the damage due
to long-term exposure.
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