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This series of studies investigated the effects of psychological stress and the neurosteroid
dehydroepiandrosterone sulfate (DHEAS) on hippocampal primed burst (PB) and long-term
(LTP) potentiation, two electrophysiological models of memory. The DHEAS and stress
manipulations were performed on awake rats, and then PB and LTP were recorded while the
rats were anesthetized. DHEAS enhanced PB potentiation when administered to rats under
non-stress conditions, but had no effect when given to stressed rats. Further study showed that
DHEAS enhanced PB potentiation only when it was administered before, but not after, the
rats were stressed. The DHEAS and stress manipulations had no effect on LTP.

This study provides three major findings regarding stress, neurosteroids and hippocampal
plasticity. First, DHEAS enhanced a threshold form of plasticity (PB potentiation), but had no
effect on a supra-threshold form of plasticity (LTP). Second, stress blocked the
DHEAS-induced enhancement of PB potentiation. Third, stress and DHEAS effects on the
hippocampus were so durable they could be performed on awake animals and then be studied
while the animals were anesthetized. That DHEAS enhanced a subset of forms of hippocam-

pal plasticity under restricted behavioral conditions may help to resolve conflicting observa- -

tions of DHEAS effects on cognition and mood in people.
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INTRODUCTION

For almost three decades, research into the neurobiol-
ogy of learning and memory has focused on
long-term potentiation (LTP) as the primary physio-
logical model of memory (Izquierdo, 1994; Maren
and Baudry, 1995). LTP is an enhancement of synap-

tic transmission produced by high frequency electri-
cal stimulation of an afferent pathway. Although LTP
can be generated in numerous brain regions, it has
been studied most extensively in the hippocampus, a
limbic system structure which is critically involved in
memory formation (Jarrard, 1995; Zola-Morgan and
Squire, 1990). LTP shares many features in common
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with memory, including rapid onset, enhanced magni-
tude and duration with repeated stimulation, and in
many instances, drugs that impair memory also
impair LTP (Davis er al, 1992; Hargreaves et al.,
1997; Morris, 1989; Tsien et al., 1996). The connec-
tion between LTP and memory has been strengthened
in recent years by the finding that LTP, as with mem-
ory, can be impaired by stress or exogenous adminis-
tration of stress hormones (Bodnoff et al, 1995;
Diamond et al., 1992; Diamond et al., 1994; Foy et
al., 1987; Gold et al., 1984; Shors et al., 1989).
Although this area of research is not without its con-
troversies (Caramanos and Shapiro, 1994; Eichen-
baum, 1995; Holscher, 1997; Saucier and Cain,
1995), LTP remains the primary focus of studies on
the neurobiology of memory.

In the last decade, investigators have shown that
the threshold for inducing LTP is reduced when the
pattern of electrical stimulation mimics patterns of
rhythmic electrophysiological activity that occur in
the hippocampus of behaving rats (Larson and Lynch,
1986; Rose and Dunwiddie, 1986). Whereas conven-
tional LTP is normally induced by multiple trains of
100-200 pulses, we have shown that a low threshold
form of LTP, referred to as primed burst (PB) potenti-
ation, can be induced by as few as 5 physiologically
patterned pulses in the behaving rat (Diamond et al.,
1988). Studies have also shown that the induction of
PB potentiation is more sensitive than conventional
LTP to modulation by behaviorally relevant influ-
ences, such as aging (Moore et al., 1993), stress
(Mesches et al., 1998) and neurotransmitters (Corra-
detti et al., 1992).

Recently, we found that administration of the neu-
rosteroid dehydroepiandrosterone sulfate (DHEAS)
increased the magnitude of PB potentiation (Diamond
et al., 1996b). Neurosteroids are a newly described
category of hormones that are produced in the brain
de novo, as well as in the periphery (Baulieu and
Robel, 1990). DHEAS is the most abundant adrenal
steroid produced in humans. However, levels of
DHEAS decline dramatically with physical stress
(Lephart et al., 1987) and advanced age (Orentreich et
al., 1984). Whereas the stress and age-related decline
in DHEAS levels correlate with the increased inci-

dence of physical and mental health disorders, includ-
ing cancer, atherosclerosis and dementia (Regelson
and Kalimi, 1994a; Regelson et al.,1994b; Yanase et
al., 1996), supplementation with DHEAS enhances
cell survival (Roberts et al, 1987), stimulates
immune function (Araneo et al.,1995b), affects neural
excitability (Ffrench-Mullen and Spence, 1991;
Majewska, 1992) and improves learning and memory
(Diamond et al., 1996a; Flood et al., 1992; Flood and
Roberts, 1988a; Flood er al., 1988b; Frye and Sturgis,
1995). Thus, the finding of an enhancement of PB
potentiation by DHEAS further supported the idea
that this hormone can produce beneficial effects on
brain function.

Although DHEAS has generated much enthusiasm
as a possible “fountain of youth” hormone (Baulieu,
1996), under some conditions DHEAS supplementa-
tion has had no effect, or even an impairing effect, on
mental functions. For example, while Yen and his
co-workers have shown that DHEAS increased a
sense of well-being in elderly people (Morales et al.,
1994; Yen et al., 1995), others found that DHEAS had
no effect on well-being or memory in young and eld-
erly people (Wolf et al., 1997; Wolf et al., 1997). One
possible explanation for the contradictory findings is
that there is a complex interaction between DHEAS
and stress. DHEAS is commonly seen as an
anti-stress or anti-glucocorticoid hormone because it
can block many of the physiological effects of gluco-
corticoids (Araneo and Daynes, 1995a; Shafagoj et
al., 1992). However, it has also been observed that
glucocorticoids can interfere with DHEAS-induced
changes in brain physiology (Singh et al., 1994).
Moreover, while several studies have found that
DHEAS can enhance learning (Flood and Roberts,
1988a; Flood et al., 1988b), Fleshner and co-workers
(1997) reported that DHEAS impaired hippocam-
pal-dependent fear conditioning. Thus, at this stage
there is a lack of a satisfactory understanding of how
DHEAS affects cognition and nervous system func-
tion in people and animals.

In this work we investigated the effects of stress
and DHEAS on hippocampal PB potentiation and
LTP. Specifically, we tested the hypothesis that psy-
chological stress, i.e., exposing rats to an unfamiliar
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environment, would impair the capacity for DHEAS
to enhance PB potentiation and LTP. Preliminary
findings from this study have been presented previ-
ously (Diamond et al., 1995).

METHODS

Animals and Housing

Subjects were 53 male Sprague-Dawley rats obtained
from Charles Rivers Laboratories weighing approxi-
mately 275-325 g upon arrival. The rats were housed
2-3/cage and were given one week to acclimate to the
vivariumn (12:12 hr light/dark cycle, lights on at
6 AM) before experimental manipulations began.

DHEAS/Saline Injection Protocols

In previous work we reported that the optimal doses
of DHEAS for enhancing PB potentiation were 24
and 48 mg/kg under non-stress conditions. Lower
(6 mg/kg) and higher (96 mg/kg) doses were ineffec-
tive (Diamond et al., 1996b). In the work described
here we focused on the capacity for stress to block the
DHEAS-induced enhancement of PB potentiation.
The 24 mg/kg (12 mg/cc, s.c.) dose of DHEAS was
used in all groups because it has reliably produced the
largest increase in PB potentiation under non-stress
conditions.

There were three basic injection/recording proce-
dures followed in these experiments. The sequence of
events in each of the procedures is described in the
following paragraphs and is illustrated in Figure 1.

In Protocol 1 (Figure 1) a subject was brought to
the laboratory 2-5 days before the injections and
recordings were initiated. DHEAS or saline (2 cc/kg,
s.c.) was injected at approximately 9:20 AM on the
day of the acute recording. In Protocols 2 and 3 the
procedures were modified to explicitly study the
effects of psychological stress on  the
DHEAS-induced enhancement of hippocampal plas-
ticity. In protocol 2 (Figure 1) a subject was removed
from its home cage in the vivarium, injected with

DHEAS, and then placed back in its home cage. The
injection was performed in the vivarium so as to min-
imize disturbing the subject. Ten minutes after the
DHEAS injection the subject was brought to the labo-
ratory where it was placed in an electrophysiological
recording chamber (22 x 22 x 32 cm). The subject
remained in the recording chamber for 20 minutes
and then was injected with saline (2 cc/kg, s.c.). Ten
minutes later it was anesthetized and prepared for
electrophysiological recordings.

In Protocol 3, physiological saline (2 cc/kg, s.c.)
was injected when the subject was in the vivarium.
Ten minutes after the saline injection the subject was
brought to the laboratory and placed in the recording
chamber. Twenty minutes later DHEAS was injected
and then ten minutes later the subject was anesthe-
tized and prepared for electrophysiological record-
ings. The critical difference between Protocols 2 and
3 was that in Protocol 2 DHEAS was administered to
the subjects before they were stressed (when they
were in the vivarium) and in Protocol 3 DHEAS was
administered after the subjects were stressed (after
they had been transported to the laboratory). A con-
trol group of subjects was injected with saline in both
the vivarium and in the laboratory.

Electrophysiology

The electrophysiological recording procedures
employed in this study followed the same methodol-
ogy we have used previously (Diamond et al., 1992;
Diamond et al., 1996b). Subjects were given atropine
sulfate (0.2 mg/kg, ip) and urethane (1.25 g/kg, ip),
and if necessary, a supplement of urethane (0.2 g/kg,
ip) to induce surgical depth of anesthesia. The skull
was cleared of connective tissue and holes were
drilled in the skull for recording and stimulating elec-
trodes. The stimulating electrode (125 um diameter
stainless steel Teflon coated wire, uninsulated at the
tip) was placed in the left side of the ventral hippoc-
ampal commissure and the recording -electrode
(50 pm diameter stainless steel Teflon coated wire,
uninsulated at the tip) was placed in the CAl cell
layer of the right hippocampus.
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FIGURE 1 Sequence of events in the experimental protocols used in this series of studies. In Protocol 1 subjects were brought to the labora-
tory 2-5 days before the acute recording. In Protocol 2 subjects were injected with DHEAS in their home environment and in Protocol 3 they

were injected with DHEAS after they were transported to the laboratory
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Test pulse stimulation consisted of a single pulse
(150usec duration) delivered every 30 sec for 10 min
prior to and 30 min following high frequency (PB or
LTP) stimulation. The duration (150 ps) and current
levels of all test pulses were constant within a record-
ing session. The magnitude of the baseline current
was approximately 20-25% of the current used to
evoke the maximum amplitude population spike. Two
forms of high frequency stimulation were used in
each recording session: Primed burst (PB) stimula-
tion, which was composed of a single pulse followed
170 msec later by a high frequency (200 Hz) burst of
4 pulses; and LTP stimulation, which was composed
of a single 125 msec train of 25 pulses at 200 Hz. We
used only 25 pulses in an attempt to avoid a potential
“ceiling effect”, i.e., an increase in response so large
that it would not be possible to observe any further
increases with DHEAS administration. The current
level was increased by 25% during the delivery of PB
and LTP stimulation, as described previously (Dia-
mond et al,, 1996b). This level of stimulation consis-
tently produces a small magnitude of PB potentiation
and a large magnitude of LTP in control subjects.
Thirty minutes after the PB stimulation was delivered
the current was reduced, if necessary, to reduce the
size of the population spike to its original baseline.
Following 10 minutes of a stable baseline period, LTP
stimulation was delivered and test pulses were given
for the next 30 minutes to monitor any effects the
LTP stimulation may have had on the magnitude of
the population spike. Population spikes were digi-
tized and stored in a computer for on- and off-line
analyses.

The occurrence of PB potentiation or LTP in indi-
vidual recording sessions was defined as a statisti-
cally significant increase in the magnitude of the
population spike 21-30 min after PB or LTP stimula-
tion compared to the respective. 10 min pre-stimula-
tion baseline period (t-test). Group effects were
evaluated for statistical significance by ANOVA with
post-hoc Student Newman Keuls Test and Fisher
Exact Test for group incidence effects. Statistical
effects were considered significant if P < 0.05. Data
are presented as the mean (z SEM).

Blood Sampling Procedures and Plasma
Corticosterone Measurement

At the conclusion of the recordings, which was
approximately 4-5 hours after the DHEAS injections,
1.5 cc of blood was obtained by cardiac puncture. The
blood was centrifuged and the plasma was analyzed
for corticosterone levels by radicimmunoassay (RIA).
The brains of the subjects were removed and stored at
—~70° C. Additional blood samples were obtained from
two other groups of rats. In one group, rats were
decapitated 20 minutes after they were brought to the
laboratory. In a second group, rats were brought to the
laboratory and decapitated 2-5 days later. The trunk
blood samples from all rats were obtained between
9:30-10AM. Blood sampling was accomplished
within 15 seconds of removing rats from their cages.

RESULTS

In the first protocol (Protocol 1; Laboratory Acclima-
tion), two groups of subjects (n=8 per group) were
removed from the vivarium and kept in a quiet area of
the laboratory for 2-5 days before the injections and
acute recordings took place. In the group given
DHEAS, all 8 rats developed PB potentiation, with an
overall group mean increase in response of 144.9%
(+ 28.4). By contrast, in the group given saline, only 3/8
rats developed PB potentiation, with an overall group
mean increase in response of 19.9% (+ 13.7) (Figure 2,
Left). The differences in the incidence (Fisher Exact
test, P < .01) and magnitude (t = 3.96, 14 df, P < (.001)
of PB potentiation between the DHEAS and Saline
groups acclimated to the laboratory were significant.
LTP was unaffected by the DHEAS manipulations
in the laboratory acclimated rats. Specifically, the
magnitudes and incidence of LTP in the
DHEAS-injected (259.3% (x 31.8) increase in
8/8 rats) and Saline-injected groups (229.3% (z+ 38.6)
increase in 8/8 rats) were not significantly different
(Figure 2, Right). Thus, acclimating rats to the labora-
tory environment and insulating them from environ-
mental stress on the day of the recording allowed a
DHEAS-induced enhancement of hippocampal PB
potentiation, but not LTP, to be expressed.
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FIGURE 2 DHEAS enhanced PB potentiation, but not LTP, in rats (n=8/group) housed under “stress free”” environmental conditions. The left
side shows that the magnitude of PB potentiation increased with DHEAS administration, and the right side shows that the magnitude of LTP
did not increase further with DHEAS administration. * = P < 0.05 vs. saline control group. All data in this and in subsequent graphs represent
the mean (+ SEM) percent change in the magnitude of response 21--30 min following the PB or LTP stimulation

In the next component of the study, rats were given
DHEAS while they were in their home environment
(Protocol 2) or 20 minutes after they were transported
to the laboratory (Protocol 3). In the group injected
with DHEAS in the home environment, PB potentia-
tion occurred in all 8 rats and the overall magnitude of
PB potentiation was a 142.7% (x 15.4) increase in
response (Figure 3). For the group that was first
brought to the laboratory and then injected with
DHEAS, PB potentiation occurred in only 4/8 rats
and the overall magnitude of PB potentiation was
only a 38.9% (+ 28.5) increase in response (Figure 3).

In control rats injected with saline in both the vivar-
ium and in the laboratory, 4/6 developed PB potentia-
tion, and the overall magnitude of PB potentiation
was a 60.3% (+ 18.7) increase in response. The differ-
ence in the incidence of PB potentiation between each
of the two DHEAS groups and saline was not signifi-
cant, but the difference in magnitudes of PB potentia-
tion among the three groups was significant (F(y 19)=
6.47, P < 0.01). The group receiving DHEAS before
being transported to the laboratory had significantly
greater PB potentiation than either the group injected
only with saline or the group injected with DHEAS
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FIGURE 3 DHEAS enhanced PB potentiation only if administered in the absence of stress or before stress occurred. Data from Figure 2 are
shown for comparison purposes on the left side of this figure (Saline/No Stress and DHEAS/No Stress). When DHEAS was administered
after the subjects were stressed (DHEAS after Stress; n=8) there was no enhancement of PB potentiation. When DHEAS was administered
before the subjects were stressed (DHEAS before Stress; n=7) there was an enhancement of PB potentiation. Saline injections in stressed rats

(n=6) had no significant effect. ¥ = P < 0.05 vs. saline control group

after laboratory transport (Student Newman Keuls
Test, P < 0.05). These findings indicate that injection
of DHEAS before, but not after, stress increased the
magnitude of PB potentiation (Figure 3).

The timing of the injection of DHEAS either before
or after laboratory transport had no influence on the
incidence or magnitude of LTP (Figure4). LTP
occurred in every rat regardless of the DHEAS/Saline
injection protocol. The magnitudes of LTP across
groups did not differ significantly (Saline-injected:

161.5% increase (x 27.6), DHEAS before stress:
226.6% increase (+ 24.8) and DHEAS after stress:
220.5% increase (+ 28.8). Although there was a
reduction in the mean magnitude of LTP in the
Saline-Stress group, the effect was not statistically
significant (P = 0.21).

Examples of typical population spike recordings
which illustrate the effects of DHEAS administration
under stress and non-stress conditions on evoked
responses are presented in Figure 5. In one session
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FIGURE 4 LTP was unaffected by the stress and DHEAS manipulations. Data from Figure 2 are shown for comparison purposes on the left
side of this figure (Saline/No Stress and DHEAS/No Stress). DHEAS was administered either after (DHEAS after Stress; n=8) or before
(DHEAS before Stress; n=7) the stress manipulation. Neither stress nor DHEAS administration had a significant effect on the magnitude of

LTP. Saline injections in stressed rats (n=6) had no significant effect

(top four waveforms), the animal was given DHEAS
under non-stress conditions (laboratory acclimated
group; Protocol 1), and in another session (bottom
four waveforms), another animal was given DHEAS
under stress conditions (non-acclimated group; Proto-
col 3). In the first example, the magnitude of the pop-
ulation spike increased in response to PB stimulation
(upper left two waveforms) and also in response to
LTP stimulation (upper right two waveforms). In the
second example, PB stimulation had no effect on the
magnitude of the population spike (lower left two

waveforms). In contrast, LTP stimulation, given to the
same animal later in that session, produced a signifi-
cant increase in response (lower right two wave-
forms).

Stress or DHEAS could have affected PB potentia-
tion by altering the general excitability of the hippoc-
ampus. We tested this possibility by comparing two
baseline measures of excitability across groups: 1) the
amount of current used to evoke the baseline test
responses; and 2) the magnitude of the baseline
(Pre-high frequency) responses. The range of mean
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FIGURE 5 Off-line waveform averages of population spike recordings in two different recording sessions in animals given DHEAS under
non-stress conditions (top; “No Stress™) or under stress conditions (bottom; “Stress”). The top 4 waveforms are average responses (left to
right) during the 10 minute pre-PB stimulation baseline, 21-30 minutes after PB stimulation, the 10 minute pre-LTP stimulation baseline and
21-30 minutes after LTP stimulation. The top 4 averages show an increase in response to both PB and LTP stimulation. The lower 4 averages
show no change in response to PB stimulation and an increase in response to LTP stimulation under stress conditions. Calibration bar at the

lower right indicates 2 mV and 10 msec

current levels across the groups was 79 — 113 pA.
ANOVA on the 5 groups demonstrated that there was
no significant effect of treatment on the amount of
current used to evoke the baseline test responses
(F4,32= 0.52, P > 0.5). Similarly, ANOVA on the
baseline magnitude of evoked responses during base-
line testing (range 1.8 — 2.0 mV) also showed no
treatment effect (F4 33y = 0.39, P > 0.5). These find-
ings indicate that, within the limitations of these
extracellular baseline measurements, the stress and
DHEAS manipulations did not produce a gross
change in hippocampal excitability.

There was no clear connection among DHEAS
treatment, corticosterone levels during anesthesia,
and PB potentiation. Although DHEAS enhanced PB
potentiation in the laboratory acclimated rats
(Figure 2), the levels of corticosterone did not differ
between the saline and DHEAS-injected groups (48
(= 2.8) vs. 50 (= 2.8) pg/dl, t-test, p > 0.05).

We did find one significant interaction between the
DHEAS manipulations and corticosterone levels. The
group given DHEAS before they were stressed (Pro-
tocol 2) had lower corticosterone levels (35.0 (+ 2.8)
pug/dl vs. 48 — 52 pg/dl) than the other groups
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(Fa,32y = 3.23, P < 0.05, Student Newman Keuls Test,
P < 0.05). Thus, administration of DHEAS prior to
stress and the induction of anesthesia reduced the ure-
thane-induced increase in corticosterone levels. How-
ever, the importance of this small reduction in
corticosterone levels in this one group is not clear.
While 35.0 pg/dl may be lower in magnitude com-
pared to the other groups, it is still within the range of
high stress levels of corticosterone.

More importantly, corticosterone data obtained
from two groups (n=8/group) of awake rats confirmed
that transport to the laboratory was stressful, and that
2-5 days of housing within the laboratory was a suffi-
cient amount of time to acclimate the rats to the labo-
ratory environment. The group that spent 2-5 days in
the laboratory had significantly lower levels of corti-
costerone than the group that was in the laboratory for
only 20 minutes (1.5 £ 0.3 pg/dl vs. 22.5 £ 3.1 pg/dl,
respectively; t = 18.3, 14 df, p <.001). Hence, the con-
ditions that produced an increase in corticosterone
levels, i.e., transport to the laboratory and exposure to
an unfamiliar environment, were the same conditions
that blocked the DHEAS-induced enhancement of PB
potentiation.

DISCUSSION

The original purpose of this research program was to
investigate the effects of dehydroepiandrosterone sul-
fate (DHEAS) on hippocampal primed burst (PB) and
long-term (LTP) potentiation, two electrophysiologi-
cal models of memory. To this end, we previously
reported that DHEAS increased the magnitude of PB
potentiation, but not LTP (Diamond et al.,1996b). The
novel finding we present here is that when rats were
stressed prior to being given DHEAS, no enhance-
ment of PB potentiation occurred. DHEAS enhanced
PB potentiation only when it was administered to rats
that had been sheltered from stress influences. This
study provides the first evidence of an inhibitory
effect of stress on neurosteroid action.

Interactions Among Stress, DHEAS and
Hippocampal Plasticity

In pilot studies we found that intraperitoneal or sub-
cutaneous injections of a broad range of DHEAS
doses (6 — 100 mg/kg) given before, as well as during,
anesthesia were ineffective at altering the magnitude
of PB potentiation or LTP (data not shown). We then
considered the possibility that the stress the rats expe-
rienced in being transported to the laboratory poten-
tially interfered with the effect of DHEAS on
hippocampal plasticity. Results of previous studies
provide several points in support of this idea. First,
stress produces rapid changes in the binding charac-
teristics of the GABA, receptor (Schwartz et al.,
1987) which is also the site of DHEAS action
(Majewska, 1992). Second, stress levels of corticos-
terone can block PB potentiation (Diamond et al.,
1992) thereby interfering with a potential
DHEAS-induced enhancement of hippocampal plas-
ticity. Third, corticosterone can antagonize DHEAS
effects on neuromodulatory systems (e.g., serotonin
(Singh et al., 1994)). Fourth, removing a rat from its
home environment is a stressor (Hennessy, 1991;
Hennessy et al., 1979) and this manipulation alone
can block PB potentiation (Diamond et al., 1990; Dia-
mond et al, 1994). We therefore developed the
hypothesis that stress may have interfered with a
potential DHEAS-induced enhancement of PB poten-
tiation or LTP.

In the first test of the stress hypothesis, rats were
brought to the laboratory and left undisturbed for 2
5 days until the acute recording took place (laboratory
acclimated group). Acclimation to the laboratory was
confirmed by our finding that corticosterone levels
were elevated in rats that had been in the laboratory
for only 20 minutes (indicating the presence of trans-
port stress), but not after they had spent 2-5 days in
the laboratory. In the laboratory-acclimated group,
DHEAS increased the magnitude of PB potentiation
(Figures 2 and 3), but not LTP (Figures 2 and 4). Pro-
tecting rats from environmental stress, therefore,
enabled a DHEAS-induced increase in PB potentia-
tion to occur. While studies have shown that LTP can
be affected by stress (Foy et al, 1987; Kim et al,
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1996; Shors et al., 1989) and hormonal manipulations
(Gold et al., 1984; Kerr et al.,1994; Pavlides ef al.,
1994; Pavlides er al., 1995) our findings are consis-
tent with other work showing that LTP is less sensi-
tive than PB potentiation to modulation by
behaviorally relevant influences such as aging
(Moore et al.,1993), stress (Mesches et al., 1998) and
neurotransmitters (Corradetti et al., 1992).

We then tested the stress hypothesis from a differ-
ent perspective. Since removing environmental per-
turbations  facilitated a DHEAS-induced
enhancement of PB potentiation (described above),
then the insertion of a stressful experience at the time
of the DHEAS injection would be expected to block
the DHEAS-induced enhancement of PB potentiation.
To evaluate this possibility we explicitly stressed rats
prior to injecting them with DHEAS. Rats were
brought to the laboratory and placed in a novel cham-
ber. This procedure reliably produces behavioral signs
of stress, e.g., grooming and defecation, elevated lev-
els of corticosterone, and blocks PB potentiation in
behaving rats (Diamond et al., 1990; Diamond et al.,
1994). Under these conditions, DHEAS did not
enhance PB potentiation (Figure 3). This finding sup-
ported our hypothesis that the DHEAS-induced
enhancement of hippocampal plasticity can be
blocked by stressful experiences occurring prior to
the DHEAS injection.

In the final manipulation we evaluated the relation-
ship between the timing of the stress manipulation
and the timing of the DHEAS injection. Work to this
point indicated that when DHEAS was administered
to stressed rats it was ineffective at enhancing PB
potentiation. What would be the outcome if DHEAS
was given first (under non-stress conditions) and then
the rat was stressed? The last group of rats addressed
this question. DHEAS was-injected while the rats
were in their home (non-stress) environment. After
DHEAS was injected the rats were brought to the lab-
oratory, placed in a novel environment (stress manip-
ulation), and then anesthetized for the recording. In
this experiment, DHEAS still produced a significant
enhancement of PB potentiation (Figure 3). DHEAS,
therefore, increased PB potentiation only when the

hormone was administered either in the absence, or in
advance, of a stress experience.

The basis of the stress-DHEAS interaction we have
observed is unknown, given the novelty of our obser-
vations and the absence of experimental work directly
addressing how stress can block neurosteroid actions.
However, sufficient work has been accomplished on
stress-plasticity interactions and neurosteroid physiol-
ogy that limited speculation is warranted.

In our prior work (Diamond et al., 1992; Diamond
et al., 1996b) as well as in the current study, we found
that urethane-anesthetized animals have elevated
(stress) levels of corticosterone. This observation is
consistent with other work showing that urethane
(Hamstra et al.,1984; Spriggs and Stockham, 1964)
like other anesthetics (e.g., pentobarbital (Engstrom et
al., 1990)), produces sustained increases in corticos-
terone levels. The elevated corticosterone levels
reported here (for the anesthetized animals) were
therefore produced by urethane-induced activation of
the pituitary-adrenal axis and do not reflect the influ-
ence of the pre-anesthesia stress or DHEAS manipu-
lations.

We reported previously that there was an
inverted-U relationship between the level of corticos-
terone and the magnitude of PB potentiation in ure-
thane anesthetized rats. That is, maximal PB
potentiation developed in animals that had intermedi-
ate (10-20 pg/dl) levels of corticosterone, and
reduced PB potentiation occurred in animals with
very low (0-9 pg/dl) or very high (>20 pg/dl) levels
of corticosterone (Diamond et al., 1992). In the cur-
rent study, once again, corticosterone levels in control
anesthetized animals were very high (>20 pg/dl) and
the magnitude of PB potentiation was low. By con-
trast, in two of the DHEAS-injected groups (DHEAS
before stress and DHEAS with no stress), PB potenti-
ation was enhanced. It was therefore possible that, in
these two groups, DHEAS attenuated the ure-
thane-induced increase in corticosterone levels. If this
attenuation did occur, then perhaps DHEAS reduced
corticosterone levels into the optimal range (10-
20 pg/dl) for enhancing PB potentiation. This expla-
nation of the findings is therefore based on the idea
that DHEAS enhanced PB potentiation indirectly, by
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altering corticosterone levels. However, this hypothe-
sis can be rejected because corticosterone levels in the
DHEAS-injected groups were very high (all were
greater than 20 pg/dl). Thus, DHEAS enhanced PB
potentiation, despite the presence of high (stress) lev-
els of corticosterone.

A second hypothesis is that the critical DHEAS and
stress effects on the hippocampus developed while the
animals were awake, and then those changes in hip-
pocampal physiology were expressed hours later,
while the animals were anesthetized. In this view,
hormonal-induced changes in hippocampal physiol-
ogy in the awake state are so durable that they can
influence plasticity when subsequently studied in the
anesthetized animal. This hypothesis is supported by
prior findings utilizing two different methodological
approaches. First, numerous studies have shown that
behavioral and hormonal manipulations performed on
behaving animals produce intrinsic changes to hip-
pocampal physiology that can be studied in vitro. For
example, Hesen and Joels (1996) showed that in vivo
administration of corticosterone altered hippocampal
cholinergic responsiveness, subsequently recorded in
vitro. Other studies have shown that hippocampal
slices obtained from stressed rats exhibit significantly
reduced PB potentiation and LTP (Kim et al., 1996;
Mesches et al., 1998; Shors et al., 1989). These stud-
ies indicate that a stress experience produces changes
in hippocampal processing that can be studied long
after the structure is removed from hormonal and
extra-hippocampal influences.

Second, and more germane to the current method-
ology, are the findings of Pavlides et al., (1993) and
Xu et al., (1998). In these studies either corticosterone
or stress was administered to awake rats and then LTP
was recorded while the animals were anesthetized.
Recordings from corticosterone-injected or previ-
ously stressed rats yielded significantly reduced LTP,
and the stress effects were blocked by a corticosterone
receptor antagonist (Xu et al., 1998). Thus, stress or
hormone manipulations performed on an awake ani-
mal can influence the expression of plasticity when
the animal is subsequently anesthetized. Corticoster-
one, therefore, acting through steroid receptors, tran-
scriptional factors and protein synthesis (Joels et al.,

1995; Karst and Joels, 1991) can produce long-lasting
effects on hippocampal physiology and plasticity. In
theory, the stress-induced rise of corticosterone
blocked the enhancement of PB potentiation by
DHEAS. Corticosterone acted functionally as a
DHEAS antagonist, but only if the stress-induced rise
of corticosterone levels preceded the administration
of DHEAS.

Additional study using the combined awake/anes-
thetized and in vitro preparations can investigate fur-
ther how DHEAS and stress (corticosterone) interact
to influence hippocampal plasticity. It should be
noted, however, that while the anesthetized and in
vitro preparations are useful, ultimately, a thorough
understanding of how stress and DHEAS affect hip-
pocampal-function will require study of the intact
hippocampus in behaving animals.

Relevance of the Current Findings Toward
Understanding DHEAS Effects on People

The work presented here may be relevant toward
understanding inconsistencies in DHEAS (or DHEA)
effects on people. Some studies have shown that
DHEAS enhances memory and a sense of well-being
(Morales et al., 1994), (Wolkowitz et al, 1995;
Wolkowitz et al., 1997; Yen et al., 1995) but other
studies have not replicated these findings (Wolf et al.,
1997; Wolf et al., 1998; Wolf et al.,1997). In fact,
Wolf and Kirschbaum (1998) have questioned
whether the evidence is strong enough to warrant rou-
tine replacement of DHEAS in the elderly. This issue
will not be resolved here, but we can identify two
potential confounding variables which may interfere
with DHEAS effects in people. First, there is an
inverted-U function between DHEAS and both, the
enhancement of PB potentiation (Diamond et al.,
1996b) and learning (Diamond ez al., 1996a; Flood et
al., 1988b). It may therefore be necessary to identify
the doses of DHEAS that are within the optimal range
of an inverted-U dose-response function that presum-
ably occurs in people. Second, our present work indi-
cates that stress can block DHEAS effects on brain
physiology. We have shown that DHEAS enhanced
hippocampal function only when administered to rats
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that were maintained in a “stress free” environment.
Clearly, people weren't isolated in “stress free” envi-
ronments while participating in the DHEAS studies,
thereby inviting the possibility that any stress they
experienced before and during the study period may
have influenced the effectiveness of the DHEAS
treatments. Subsequent studies in people may need to
take into account the sensitivity of the dose-depen-
dency of DHEAS effects on the brain, and the possi-
bility that stress may antagonize the effects of
DHEAS supplementation on mental health.

CONCLUSIONS

Our findings shed light on the complex effects of
DHEAS on nervous system function. We have pro-
vided the first evidence that stress can block neuros-
teroid action. That is, DHEAS enhanced PB
potentiation when given under non-stress conditions,
but was ineffective when given to stressed rats. Qur
work fndﬁca[es. therefore. that the timing between
DHEAS administration and stress can have a pro-
found effect on the capacity for DHEAS to enhance
learning-related  synaptic  plasticity. Moreover.
DHEAS enhanced a threshold form of plasticity (PB
potentiation) and had no effect on a supra-threshold
form of plasticity (LTP). That DHEAS enhanced a
subset of forms of hippocampal plasticity under
restricted behavioral conditions may prove to be rele-
vant toward resolving conflicting observations of
DHEAS effects on cognition and mood in people.
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