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EFFECTS OF ADRENAL STEROIDS AND THEIR
REDUCED METABOLITES ON HIPPOCAMPAL
LONG-TERM POTENTIATION
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Summary—We studied the effects of steroid hormones on the hippocampal long-term
potentiation (LTP), a putative mechanism of neuronal plasticity and memory storage in the
CNS. In vivo experiments were performed in rats under chloral hydrate anesthesia (0.4 mg/kg
i.p.). All animals were adrenalectomized 48 h before recording. LTP was induced after priming
tetanic stimulation at the perforant pathway (PP) and single pulse field potentials were
obtained from the dentate gyrus (DG). The excitatory post-synaptic potential (EPSP) slope
and population spike (PS) amplitude were analyzed before and after the i.v. injection of the
steroids and after the induction of LTP, and followed up to 1 h. Results obtained with the
hormones were compared with matched control animals injected with vehicle alone, Nutralipid
10%. Previous results from our laboratory showed that deoxycorticosterone (DOC) decreased
the magnitude of the EPSP at all times after priming stimulation and the PS decreased during
the first 30 min of the LTP. Corticosterone decreased the EPSP in the first 15 min and the PS
during the first 30 min after priming stimuli. In these experiments the mineralocorticoids
aldosterone and 18-OH-DOC elicited a decrease of the EPSP at all times post-train; and no
significant difference against vehicle was observed in the PS. Post-injection values were not
changed except for 18-OH-DOC at a dose of 1 mg, where a decrease of both the EPSP
(P <0.01) and the PS (P <0.02) was observed against vehicle. ATH-progesterone at
0.1 mg/rat also decreased the EPSP values significantly after priming stimulation and no
significant changes against vehicle were observed in the PS. These results show that adrenal
steroids can modulate hippocampal LTP, that they can act at different neuronal loci and with
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different time courses in the development of the phenomena.

INTRODUCTION

It has been established that in many instances
the mechanism of action of steroid hormones
involves: (a) their entry into the target cell
through the plasma membrane; (b) their inter-
action of selective and high affinity with an
intracellular receptor protein often present
mainly in the soluble part of the cytoplasm
(cytosol) of non-exposed to hormone target
cells; (c) the subsequent accumulation of hor-
mone-receptor complexes within the nucleus;
(d) the modification of gene expression, largely
by changes occurring at the transcription level,
the corresponding increase of mRNAs and
proteins and, in some cases, of TRNAs and
tRNAs[1].

The time required for the above processes
is too long (up to 2h) to account for early
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(approx. 80-90s to 9-10min) phenomena
occurring in the CNS after i.v. injection or
iontophoretic release of steroid hormones [2-4].

Specific binding of [*H]corticosterone(B),
[PH]178 estradiol, [*H]testosterone and [*H]pro-
gesterone to synaptic plasma membranes from
cat brain has been reported [5]. However, no
receptors have as yet been isolated from the
plasma membrane [6].

While there is consensus about the existence
of early effects of steroids on the CNS, there is
controversy about the nature and direction of
these effects. Thus, for example, both increase
and decrease in the excitability in hippocampal
slices have been reported within 2-5min of
exposure to the hormones [7].

The available data supports the notion that
steroid hormones can affect neuronal activity
both via genomic and non-genomic, probably
membrane, effects. We have been interested
in the actions of adrenal steroids and their
metabolites on the hippocampal formation, the
main CNS target for these hormones [8]. The
hippocampus is a crucial structure in memory
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mechanisms, and both clinical and experimental
data support the notion that adrenal steroids
can significantly affect these behaviors[9, 10].

For these reasons we thought it most appro-
priate to study the effects of adrenal steroids on
a long-term phenomenon of the hippocampus,
long-term potentiation (LTP)[11, 12]. LTP is
the enhancement of synaptic transmission in a
monosynaptic path after a tetanic priming
stimulation. The enhancement can last from
hours to weeks. The length of the process, and
the fact that it can be even more easily elicited
by using as the priming stimuli a sequence of
naturally occurring bursts, led to the specu-
lation that these electrophysiological changes
could underlie memory and learning functions
in the nervous system [11, 12].

EXPERIMENTAL

Sprague-Dawley  male rats  between
250-275g (Charles River, Saint Hyacinthe,
Quebec) were adrenalectomized via retroperi-
toneum under pentobarbital anesthesia
(60 mg/kg i.p.) 48 h before recording. The ani-
mals were housed under standard light con-
ditions (lights on from 05.00 to 19.00 h) and
maintained on Purina chow and saline solution
0.9% ad libitum. All experiments were per-
formed in the early afternoon to avoid the
effects of circadian rhythm on LTP, known to
be modulated by adrenal cortex hormones. Rats
were anesthetized with chloral hydrate (0.4 g/kg
i.p.) for recording. The femoral artery and vein
were cannulated for blood pressure recording
and infusion of the hormones or vehicle, re-
spectively. Rectal temperature was monitored
by a thermic transducer connected to a feedback
Y.S.I. system which maintained body tempera-
ture at 37°C by a d.c. heating pad.

Rats were placed in a conventional stereo-
taxic frame and a glass micropipette filled with
NaCl 3 M (2-5 mQ impedance) was positioned
at the level of the dentate gyrus (DG) for
recording (coordinates: — 3.5 mm from bregma,
1.9 mm lateral). Penetration of the pipette was
guided by the audiovisual signal of the neuronal
discharges from the granular cell layer of the
DG, 5.8-6.0 mm above the interaural line. A
bipolar stimulation electrode was lowered to the
area of the perforant pathway (PP) (8.5 mm
posterior to bregma, 3.8 mm lateral). The opti-
mal excitatory post-synaptic potential (EPSP)
response was obtained by adjusting the height of
either the recording or stimulating electrodes.

Verification of the electrode position was done
by making anodal lesions with the stimulating
electrode and by breaking the glass pipette
and leaving it in situ for later histological
examination.

Field potentials were amplified via a
miniprobe (Stoelting PAD2A probe control)
followed by a 2A61 Tektronik amplifier (band-
width 6 Hz to 6 kHz) and then displayed on a
Tektronik 565 oscilloscope. The output of this
oscilloscope was fed into a Tektronik storage
oscilloscope which served as a slave from which
pictures were taken at the different stages of the
experiments.

The slope of the EPSP was measured at a
fixed time of 1ms after the beginning of the
initial positive deflection. The population spike
(PS) amplitude was measured between the nega-
tive peak and a tangent line touching the two
positive shoulders of the potential (Fig. 1).

Seven separate groups of rats (N = 10) were
injected with 1 mg of hormone dissolved in 1 ml
of Nutralipid 10% and compared with control
rats injected with the vehicle alone.

In these series of experiments the hormones
tested were: (a) 18-hydroxydeoxycorticosterone
(18-OH-DOC, Sigma®™) at 1 mg and 0.1 mg/rat;
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Fig. 1. Schematic diagram of the rat hippocampal formation

showing the positions of the recording electrode (REC) at

the level of the DG; and the stimulating electrode (STIM)

at the level of the PP. EC =entorhinal cortex. Inset:

example of a field potential recorded from the DG after a

single pulse stimulation delivered at the PP; av = afferent
volley.
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(b) aldosterone (ALDO, Sigma®¥) at 0.1 mg/
rat; and (c) 0.1 mg/rat of allotetrahydroproges-
terone [(ATH-P)5x-pregnane 3aol 20 one,
SigmaRM].

Basal (pre-injection) and post-injection val-
ues of the EPSP and the PS components were
obtained after a single pulse of 50 us delivered
to the PP with the pulse intensity adjusted to
a level corresponding to 50% of the current
required to produce a maximal response
(260 + 40 4 A). The priming stimulation (10
trains of 200 Hz at a rate of 0.03 Hz and pulse
duration of 1ms) was given 4min after the
injection of the steroid or vehicle alone. The
EPSP and PS responses were evoked by a single
pulse immediately following the priming train
stimuli and at 15-min intervals for the following
hour.

Stimulation of the PP evoked a characteristic
response in granular cells of the DG (Fig. 1).
Although not in all cases, a short latency poten-
tial (about 1.1 ms) reflecting the pre-synaptic
volley could be observed. A second component
with a latency of 1.6-2.5ms was reliably ob-
served. It is generated by the flow of synaptic
current around the granule cells and is thus
known as the “population excitatory post-
synaptic potential” (EPSP). With sufficiently
strong stimulation, a spike-shaped wave form
superimposed on the EPSP appears. It is the
envelope of the action potentials generated in
the granule cells and is termed the “population
spike” (PS).

RESULTS

We first summarize the effects of LTP devel-
opment produced by corticosterone (B) and
DOC in adrenalectomized rats [4].

DOC produced a significant decrease of the
EPSP siope at all times post-train (P.T.) from 0
up to 1 h. The injection of B produced a signifi-
cant decrease of the EPSP only at 0 and 15 min
P.T., thereafter EPSP values matched those of
controls.

The PS was affected differently by DOC.
While an enhancement was observed initially
after injection, a significant decrease was ob-
served at 0, 15 and 30 min against vehicle. Then
at 45 and 60 min, PS values were under those of
controls but not significantly different.

B also initially enhanced the PS after injec-
tion; then a decrease was present at 0, 15 and
30 min against vehicle, and thereafter values
matched those of control animals.

In summary, B affected the development of
the PS LTP more in proportion and for a
prolonged time than the EPSP, while DOC
impaired more selectively EPSP development.

Rats tested with mineralocorticoids aldoster-
one (0.1 mg/rat) and 18-OH-DOC at 0.1 and
1 mg/rat were also compared against vehicle.
The most striking results in this group were
found in the EPSP development: 18-OH-DOC
at 1 mg depressed the EPSP significantly against
vehicle immediately post-injection and from 0
up to 60 min P.T. (Fig. 2).

Aldosterone and 18-OH-DOC at 0.1 mg pro-
duced similar changes in EPSP development, i.e.
an initial enhancement over basal values after
injection, and a significant decrease of the re-
sponse from 0 up to 60 min when compared
with vehicle (see Fig. 2).

The PS development for the mineralocorti-
coid group of rats showed almost no significant
difference against vehicle (Fig. 3). A significant
decrease of the PS against vehicle was observed
after the injection of 1mg of 18-OH-DOC
(P <0.02) but was not observed with 18-OH-
DOC at 0.1 mg (difference between high and
low dose P < 0.05). The same was observed at
Omin P.T., a decrease of the PS with a higher
dose (P <0.1).

Data from EPSPs slope changes
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Fig. 2. Columns represent the EPSP slope changes
(mean + SE expressed in percentages) in rats injected with
vehicle, 18-OH-DOC 0.1 mg and aldosterone 0.1 mg. On the
ordinates post-injection values (p.i.) and values obtained
after priming stimulation (arrow) are expressed in relation
to the basal response (b). Asterisks indicate the level of
intrinsic significance: (*)P < 0.1, *P < 0.05; (**)P <0.02,
**P < 0.01; ***P < 0.001. Superscript v indicates statistical
difference  against vehicle: P <0.01, ‘P <0.05;
WP <0.02, P <0.01; ™P <0.001 (two-tailed paired ¢-
test).
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percentages. Other details as in Fig. 2.

In summary, the mineralocorticoids tested
impaired the development of the EPSP LTP
more than the PS.

The group of rats tested with ATH-P at
0.1 mg (Fig. 4) showed similar results to those
obtained for the mineralocorticoid group. The
EPSP was depressed throughout the experiment
and significantly against vehicle at 15, 45 and
60min P.T. The PS development was not
affected and no significant differences were
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found when compared with control vaiues of PS
(see Fig. 4).

When observing values of the PS/EPSP ratio
plotted against time (see inset, Fig. 4) an in-
crease was observed for absolute as well as for
d values of the ratio in comparison with vehicle,
and significant at 0 (P <0.01), 15 (P <0.02)
and 45 min (P < 0.05).

DISCUSSION

The data presented reveals that adrenal ster-
oids and their ring A-reduced metabolites can
significantly affect development of LTP in
adrenalectomized rats. These effects manifest
immediately after the tetanic priming stimu-
lation and may extend up to the end of the
recording session (60 min).

It is clear that an analysis of the effects of
steroids on LTP requires an evaluation of
known neural mechanisms underlying this
phenomenon. Besides the results supporting
that the well-established components in the
hippocampal response, EPSP and PS, respond
to two different neural generators{ll, 12],
strong data support the notion that early and
late components of LTP are subserved by differ-
ent mechanisms [13-15]. Although still debated,
there is certain consensus that early phases, up
to 30min of the beginning of LTP, involve
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Fig. 4. Effects on LTP from rats injected with allotetrahydroprogesterone (ATH-P) 0.1 mg/rat. The left

panel represents the EPSP slope changes (% mean + SE) plotted against values obtained before and after

priming stimulation (arrow). The right panel depicts PS amplitude changes (% mean + SE). Inset: curves

represent the variation against time of the PS/EPSP ratio (d values) obtained from vehicle and ATH-P.
Levels of significance as in Fig. 2.
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enhancement of pre-synaptic activity [13-15].
This fact raises the question of the possible
effects of steroids on conductive pathways. That
they are affected by steroids was demonstrated
by Harrison and Simmonds [16] and Turner and
Simmonds [17]. When tested in the dorsal funi-
culi-dorsal column nuclei, Althesin and preg-
nanolone decreased synaptic transmission at
this junction, enhancing the hyperpolarizing
effects of GABA.

It is worth noting here that 5x reductase, the
rate-limiting enzyme for steroid metabolism, is
found in larger amounts in white matter than in
grey matter [18].

The EPSP components were significantly
more affected, decreased, with the mineralocor-
ticoid-type hormones DOC, 18-OH-DOC and
aldosterone, throughout the duration of the
experiment, 60 min. Similar changes were ob-
served with ATH-P.

In contrast, with the exception of DOC,
which decreased PS values for the first 30 min
after priming stimulation, the other steroids did
not significantly change PS from vehicle control
values.

Hall [19] reported dissociated effects on neur-
onal excitability induced by methylpred-
nisolone. This steroid lowered the threshold in
the initial segment and increased it in the so-
madendritic region. The timing of the effects (up
to 15 min in the EPSPs and up to 60 min after
injection in the PS) showed an overlap with the
time course of the two components of LTP
(early and late), as described by Davies et
al. [13].

It has been shown that protein synthesis is
essential for LTP maintenance, and steroids
could affect related processes via their well-
established genomic mechanisms of ac-
tion {11, 12].

Protein kinase C (PKC) is crucially involved
in LTP development {20,21]. Inhibition of this
enzyme precludes the establishment of LTP.
Hence the existence of a steroid-cAMP regu-
lated phosphoprotein (SCARP), which appears
to be a regulatory subunit of PKC, provides still
yet another possibility for an effect of steroids
on LTP [22].

We have already pointed out that the two
components of the hippocampal response,
EPSP and PS, represent different aspects of
neuronal activity, i.e. synaptic responses and
triggering of action potentials, respectively. It
was also pointed out that the two components
can vary independently during LTP [11, 12].

Results showing pre-synaptic changes with
LTP led to the assumption that a retrograde
message must travel from the conditioned post-
synaptic cell to modify presynaptic function
[14]. Evidence has been advanced that araqui-
donic acid can be at least one of the putative
transmitters mediating the positive feedback
effect [20]. Steroid hormones could also interfere
with its activity, thereby affecting LTP develop-
ment.

Thus, the increase in the d values of the ratio
between PS/EPSP could represent a major effect
of hormones on the responsiveness of neurons,
the firing properties being less affected during
LTP induction. We believe the selective effects
of steroid hormones at different neuronal sites
could be used in the design of drugs for CNS
pathology.

Coupled with the dissociated properties of
hormones and their metabolites this phenom-
enon can provide the basis for rational treat-
ments of neuropsychiatric disorders, such as the
affective diseases produced by adrenal hyperac-
tivity [4]. We have shown that while DOC and
B affect both the brains excitability and feed-
back regulatory mechanims, their ring A-
reduced metabolites affect only CNS excit-
ability. The biological processing of the chemi-
cal signal—the hormone—will determine its
final action. As we have also shown, the effects
of excitatory and depressant steroids can in
many instances counteract each other in the
CNS[4, 5]. Coupled with the dissociation be-
tween the effects of the hormones and their
metabolites on feedback and CNS excitability,
these fundamental notions can serve as a basis
for physiological therapeutics in neuroendro-
crine and psychiatric disorders produced by an
endocrine imbalance.
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