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Prolonged treatment with stress levels of corticosterone has
been reported to produce changes in the hippocampus. In
the experiments reported here, we examined for functional
and morphological consequences of this treatment. First,
young adult or mid-aged male Long-Evans rats were treated
for either 1 or 3 months with corticosterone, at a dose suf-
ficient to mimic the elevated hormone levels observed fol-
lowing exposure to mild stress. Two weeks following the
termination of treatment, the animals were tested in the Mor-
ris water maze to assess spatial learning. No behavioral
deficits were observed after 1 month of treatment. A 3 month
treatment period also had no effect in young rats, but pro-
duced a learning impairment in the mid-aged rats. We then
examined whether the effect of elevated corticosterone in
mid-aged animals could be produced by a physiological
stressor. Mid-aged rats were maintained for 6 months under
conditions of low or high social stress. Six months of ex-
posure to high social stress produced significant spatial
learning impairments in the Morris water maze. These effects
were absent in high social stress animals that had been
previously adrenalectomized (with low-level corticosterone
replacement), suggesting that elevated glucocorticoid levels
mediate the effects of stress on spatial memory in older
animals. In a final experiment, mid-aged rats were treated
with corticosterone at levels that mimicked those naturally
occurring at the diurnal peak (medium-B: 12-17 ug/dl) or in
response to stress (high-B: 25-32 ug/dl). Only rats exposed
to high levels of corticosterone demonstrated impaired per-
formance in the Morris water maze. Subsequent electro-
physiological studies revealed significantly reduced hip-
pocampal synaptic plasticity in both medium-B and high-B
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animals. Cell counts indicated no significant changes in neu-
ron density in the CA1 and CA3 pyramidal cell layer in either
group of the corticosterone-treated rats. Taken together, the
data demonstrate that long-term exposure to elevated cor-
ticosterone levels resulted in spatial learning deficits in mid-
aged, but not young, rats. Further, these impairments do not
appear to have been the consequence of hippocampal neu-
ron loss.

[Key words: glucocorticoids, place learning, memory, hip-
pocampal plasticity, long-term potentiation, aging]

Activation of the hypothalamic-pituitary-adrenal (HPA) axis
represents a major component of an organism’s defensive re-
sponse to stimuli that threaten homeostasis. Elevated plasma
levels of glucocorticoids (principally corticosterone in the rat
and cortisol in primates), along with adrenomedullary catechol-
amines, are critical for initiating the peripheral catabolic pro-
cesses required for mobilizing energy reserves to meet the met-
abolic demands imposed by the stressor (Baxter and Tyrell,
1987). Although short-term glucocorticoid responses to stress
are adaptive, chronic exposure to elevated glucocorticoid con-
centrations contributes to the onset of pathology, including an
increased resistance to insulin (and the risk of developing type
II diabetes), hypertension, hypercholesterolemia, arterioscle-
rosis, and immunosuppression (see Munck et al., 1984; Baxter
and Tyrell, 1987; Brindley and Rolland, 1989). In addition,
prolonged exposure to elevated glucocorticoid levels has been
shown to promote neuron loss under a number of conditions,
including aging (see Sapolsky, 1990).

Changes in HPA function often occur with aging in the rat.
Commonly, these changes include increases in plasma ACTH
(Tang and Phillips, 1978; Meaney et al., 1992) and corticoste-
rone concentrations (Hess and Riegle, 1970; Sencar-Cupovic
and Milkovic, 1976; Landfield et al., 1978b; Tang and Phillips,
1978; Brett et al., 1983; Sapolsky et al., 1983; DeKosky et al.,
1984; Meaney et al., 1992; but seec Sontag et al., 1987). In ad-
dition to the age-related changes in basal HPA function, senes-
cent animals also exhibit an exaggerated HPA response to stress.
While peak HPA responses remain largely unaffected, cortico-
sterone levels remain elevated for significantly longer periods
of time compared with young adult animals (see Sapolsky et al.,
1986, for a review). Together, these findings suggest that aged
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animals exhibiting HPA dysfunction are exposed to higher cu-
mulative doses of glucocorticoids in the later phases of life.

HPA dysfunction and glucocorticoid hypersecretion have been
implicated in the loss of neurons that is generally observed
during aging (see Coleman and Flood, 1987). Landfield et al.
(1978b) reported that the degree of pathology in the hippocam-
pus was positively correlated with adrenocortical activity, and
specifically suggested that elevated glucocorticoids may play a
role in the hippocampal pathology associated with aging. More-
over, adrenalectomy at mid-age (with basal level corticosterone
replacement) was found to attenuate both the hippocampal neu-
ron loss and cognitive impairments that were observed in the
intact aged rat (Landficld et al., 1981). Issa et al. (1990) ex-
amined HPA function in aged rats that were tested for spatial
learning impairments. They found increased basal and stress-
induced HPA activity in cognitively impaired aged rats com-
pared to either cognitively unimpaired aged animals or young
adult controls. In these studies, the presence of the cognitive
impairments (and increased HPA activity) was associated with
hippocampal neuron loss. Sapolsky et al. (1985) exposed young
Fischer 344 rats to stress-like levels of corticosterone for three
months and compared these animals to old (28 months) un-
treated controls. The two groups exhibited similar anatomical
sequelae, including a significant loss of large neurons in CA3
and increases in the density of microglia. Thus, exposure to
high, but still physiological, concentrations of corticosterone
appeared to accelerate the brain aging process in young rats.
These findings support the possibility that glucocorticoid-in-
duced hippocampal neuron loss could provide the basis for
cognitive impairments in later life (see Landfield et al., 1978b;
Issa et al., 1990).

However, exposure to elevated concentrations of glucocor-
ticoids can also alter cognitive function in a manner that appears
to be unrelated to neuron loss. In these cases, the impairments
occur during elevated steroid exposure and are reversible, There
are several reports (e.g., Martignini et al., 1992) of impaired
cognitive ability associated with elevated glucocorticoid levels
of either endogenous (e.g., Cushing’s syndrome, depression;
Whelan et al., 1980; Starkman et al., 1981, 1992; Rubinow et
al., 1984) or exogenous (glucocorticoid therapy; Hall et al., 1979;
Ling et al., 1981; Varney et al., 1984; Martignini et al., 1992)
origin. These conditions are also associated with evidence of
cerebral atrophy (Momose et al., 1971; Bentson et al., 1978;
Okuno et al., 1980), and the severity of damage is related to the
daily dosage of steroid. Both the steroid-induced atrophy (Bent-
son et al., 1978; Okuno et al., 1980) and cognitive disturbances
(Ling et al., 1981; Martignini et al., 1992) are reversed following
a reduction in glucocorticoid levels. Due to their reversibility,
it is unlikely that these effects could involve neuron loss.

Mechanistic evidence for the importance of glucocorticoids
in hippocampal function has emerged from studies using in vivo
and in vitro models of hippocampal long-term potentiation (LTP),
an electrophysiological model of learning and memory (see
Madison et al., 1991, for a review). Elevated corticosterone
levels are associated with impaired LTP (Foy et al., 1987; Pav-
lides et al., 1993) and primed burst (PB) potentiation (Bennett
et al., 1991; Diamond et al., 1992), the latter a threshold form
of LTP in which physiologically patterned electrical stimuli
mimics the normal cellular firing patterns within the hippocam-
pus (Rose and Dunwiddie, 1986). These findings suggest that
elevated glucocorticoids can decrease hippocampal synaptic
plasticity, perhaps thereby interfering with cognitive processes.

To date, the residual effects of long-term exposure to elevated
glucocorticoid concentrations have not been extensively ex-
amined. In this series of studies, we have examined the con-
sequences of a prolonged period of elevated corticosterone levels
upon spatial learning, hippocampal plasticity and neuropathol-
ogy in adult and mid-aged Long-Evans rats. Effects on behavior
and synaptic plasticity were assessed several weeks following
the termination of the treatment. The results of these studies
indicate that an extended period of elevated glucocorticoid lev-
els causes behavioral and electrophysiological impairments that
are similar to those seen in aged rats, and that such sequelae
can occur in the apparent absence of hippocampal neuron loss.

Materials and Methods

Animals. Male Long-Evans rats, at 2 or 9 months of age, were obtained
from Charles River (Raleigh, NC) and were housed locally for 3 months.
Thus, at the beginning of the experiments, the young adult animals were
5 months, and the mid-aged rats were 12 months, of age. The animals
were maintained on a 12:12 light/dark schedule (lights on at 0800), with
free access to food (Purina Rat Chow) and water. The health of the
animals was monitored regularly, and any animals with overt signs of
chronic respiratory distress or tumors were removed from the study.
All experimental procedures were conducted in accordance with the
guidelines set forth by the Canadian Council on Animal Care and the
U.S. National Institutes of Health. Separate groups of rats were used
for each of the experiments described.

Steroid pellets and implantation. For experiment |, corticosterone (4-
pregnene, 118,-21-diol-3,20-dione; Sigma, St. Louis, MO) or cholesterol
(5-cholestene-36-ol; Sigma, St. Louis, MO) pellets were formed by slow-
ly heating the powders in a shallow beaker over a low gas flame to the
point when the liquefied steroids could be poured into embedding molds
(catalog #106, Ted Pella Inc., Redding, CA) to solidify. The pellets
weighed approximately 100 mg each. Young adult and mid-aged rats
were randomly assigned to receive either the corticosterone or choles-
terol treatment for either 1 or 3 months. The animals were anesthetized
with Metofane (methoxyflurane; Pitman-Moore, Washington Crossing,
NI) and the pellets were implanted subcutaneously around the area of
the nape of the neck. Preliminary measures of plasma titers, as deter-
mined by corticosterone radioimmunoassay (see below) indicated that
cholesterol pellets did not alter basal corticosterone values, but two 100
mg corticosterone pellets were sufficient to produce elevated levels for
approximately 10 d (declining from 41 + 2 ug/dlon day 1 to 18 = 3
pg/dl on day 10, with an average of 30 + 3 ug/dl per day). The formation
of scar tissue around the pellets was believed to be the major contributing
factor to the decline in plasma corticosterone levels over time. The
pellets were replaced twice for the 1 month and eight times for the 3
month treatment groups. A different implantation site was used for each
replacement pellet.

For experiment 3, corticosterone pellets were purchased from Inno-
vative Research of America (Toledo, OH; 100 mg; catalog #NG-111);
these pellets deliver a constant level of steroid for 3 months (verified
in pilot studies in our lab). Cholesterol pellets (#NC-111) were used in
control animals. Weights of the animals were monitored regularly, and
additional 10 mg, 4 week release pellets (#G-111) were implanted to
compensate for every 10% increase in body weight. The mid-aged rats
in experiment 3 were randomly assigned to receive either medium- or
high-corticosterone treatment, or cholesterol, for 3 months. Corticoste-
rone radioimmunoassays on blood samples taken approximately 2.5
months following implantation indicated that two pellets produced a
range of plasma corticosterone between 12 and 17 pg/dl (medium-B),
while four pellets produced levels in the range of 23-32 ug/dl (high-B).
We observed no mortality in the animals as a result of the corticosterone
treatment. After 3 months all pellets were removed and the rats were
given a 2 week recovery period prior to behavioral testing to allow for
clearance of the steroid and healing of the incision wounds. No scarring
was observed with the use of the slow release pellets.

Chronic stress. The chronic social stress paradigm used in these studies
was developed by Mormede et al. (1990), who showed that males rats
maintained in an unstable social group and cohabitating with females
show elevated basal corticosterone levels, with little evidence for ad-
aptation over an extended testing period. In this study 10-month-old
male rats were randomly assigned to one of three conditions. (1) Control



condition: animals were housed four per cage for the duration of the
experiment. (2) Stress condition: animals were housed in groups con-
taining two females and two males, and three times weekly the males
were rotated according to a quasi-random schedule, such that the same
two males were never paired for two consecutive rotations. (3) Stress
+ ADX condition: animals were adrenalectomized prior to the social
stress treatment and implanted with a single 100 mg corticosterone pellet
(Innovative Research Advances, Toledo, OH) designed to provide basal
(56 ug/dl) corticosterone levels over a three-month period. The rats
were maintained under these conditions for 6 months.

Approximately 5 months into the stress treatment, plasma cortico-
sterone levels were determined in tail blood samples taken at various
times over the diurnal cycle (see Meaney et al., 1989, 1992) to verify
the effects of the social stress manipulation on HPA activity. At the end
of the stress treatment all animals were housed in stable groups of four
animals per cage for a 3 week period prior to behavioral testing in the
Morris water maze.

Corticosterone radioimmunoassay. Plasma corticosterone was mea-
sured using the radioimmunoassay of Krey et al. (1975), using 1 ul of
plasma and a highly specific corticosterone antiserum (B3-163, Endo-
crine Sciences, Tarzana, CA), with 3H-corticosterone (88.0 Ci/mmol;
New England Nuclear) as tracer. The minimum level of detection of
the assay was 10 pg/ml. The antiserum cross-reacts slightly with de-
oxycorticosterone (~4%), but not with cortisol, aldosterone, and pro-
gesterone (< 1%). The intra- and interassay coefficients of variation were
8.9% and 11.2%, respectively.

Morris water maze. A description of the behavioral apparatus has
been described previously (Issa et al., 1990). Briefly, the animals were
required to find a submerged platform in a 1.6-m-diameter pool of
opaque water using only distal spatial cues available within the testing
room. The animals were given 20 trials over 10 consecutive days (2
trials per day, 10 sec intertrial interval) with the platform submerged.
At the end of the testing period rats were given a 30 sec probe trial, in
which the platform was removed, to determine spatial bias for the
platform location. Finally, all animals were given five trials in which
the platform was raised 2 cm above the water level (visually cued con-
dition). Visible platform training was used to ensure that impairments
were not related to sensorimotor impairments. For all tests, the swim
paths were recorded with a digitized television system mounted over
the center of the pool and connected to a Videomex-V Image Motion
Computer (Columbus Instruments, Columbus, OH). Behavioral testing
was performed between 1000 and 1600 hr.

Electrophysiology. Following the completion of behavioral testing, all
rats from experiment 3 were transported in insulated packing crates to
the VA Medical Center in Denver, Colorado, for the electrophysiological
procedures. The animals were given at least 3 weeks to acclimate to
altitude and the new colony room. The day before recording, animals
were taken from the vivarium and brought to the testing room. Food
and water were removed overnight to prevent fluid accumulation in the
lungs while under anesthesia. On the recording day, atropine methy!
nitrate was administered (0.2 mg/kg, i.p.) and rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital (50 mg/kg in
0.9% NaCl). Supplemental injections of anesthetic were given as nec-
essary throughout the experiment to maintain a stable surgical plane.
The rats were placed in a stereotaxic apparatus with the skull oriented
in the horizontal plane. The skin overlying the skull was retracted, and
the bone and dura above the right dorsal hippocampus and the left side
of the ventral hippocampal commissure were removed.

Extracellular recordings of stimulus evoked field potentials in the right
dorsal hippocampus were made using capillary glass micropipettes filled
with 2 M saline (0.75-1.25 MQ), which were lowered into the CAl
pyramidal cell layer (coordinates from bregma: AP —4.0 mm, ML 2.5
mm, DV 1.8-2.3 mm). A stimulating electrode, consisting of a 125-
um-diameter stainless steel wire insulated with Teflon except at the tip,
was lowered into the ventral hippocampal commissure (AP —2.0 mm,
ML —1.0 mm, DV 2.8-3.2 mm) to activate commissural afferents to
the hippocampus. Stimulus pulses were 150-usec-duration, cathodal
constant current pulses delivered with respect to an indifferent electrode
wire located over the posterior cortex (AP —8.0 mm, ML —4.0 mm).
A separate recording reference wire, connected to ground, was placed
over the frontal cortex (AP 4.0 mm, ML 3.0 mm). Electrode positions
were optimized electrophysiologically to record the maximal positive
field excitatory postsynaptic potential (EPSP) with superimposed pop-
ulation spike (PS). PS amplitude, measured at the midpoint of a tangent
connecting the preceding and following positivity of the field EPSP, was
automatically recorded by a microcomputer.
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The stability of baseline recording was monitored for a least 10 min
before initiating data acquisition procedures. Following this period,
population spike measurements were taken from responses evoked by
single pulse stimuli given at 30 sec intervals for 5 min. After this, a
patterned stimulus train was delivered. This treatment, termed primed
burst (PB) stimulation, consisted of a single “priming” stimulus followed
170 msec later by four pulses at 200 Hz (five pulses total). PB simulation
was designed to mimic the complex spike and theta rhythm activity
that occurs in the hippocampus (Rose and Dunwiddie, 1986). PB stim-
ulation was applied using the same pulse duration and stimulation in-
tensity as was used to evoke baseline responses. Population spike am-
plitude was monitored for 20 min following the PB stimulation.

Hippocampal cell counting. Following behavioral and electrophysi-
ological evaluation, the rats were given a lethal injection of sodium
pentobarbital and were perfused intracardially with 0.9% NaCl, followed
by 10% formalin. The brains were removed and stored in 10% formalin
for 1 week, and then placed into a 20% sucrose/formalin solution for
cryoprotection. Cell counting was performed on 30-um-thick, cresyl
violet-stained sections of dorsal hippocampus as previously described
(Issa et al., 1990). Briefly, raw cell counts were obtained using a 250 x
250 um grid over a 400x magnified section with a light microscope.
Three to five sections of dorsal hippocampus (corresponding to Plates
21 or 22 of the rat brain atlas of Paxinos and Watson, 1982) were
analyzed for each animal. Raw cell counts of the pyramidal cell fields
were transformed into measures of neuron density per 0.1 mm? using
the method of Abercrombie (1946) to correct for split cell artifacts. Cell
size was estimated by measuring the diameter of randomly selecting
neurons from both areas CAl and CA3. The length of the cell fields
was determined using camera lucida tracings, and the rostrocaudal ex-
tent of the dorsal hippocampus was estimated by counting the number
of sections necessary to span between Plates 19 and 23 of the Paxinos
and Watson atlas. These measurements were made to provide infor-
mation as to whether potential differences in neuronal density were due
to changes in the dimensions of the cell fields.

Statistical analysis. Unless otherwise stated, the behavioral data were
analyzed using a repeated-measures analysis of variance with Tukey
post hoc tests performed when appropriate. Statistical analyses of the
clectrophysiological data were performed using a multivariate analysis
of variance (MANOVA) with repeated measures with Tukey post hoc
tests.

Results

Experiment 1: chronic corticosterone in young and mid-aged
rats

Morris water maze. In these experiments, the data were analyzed
over days by collapsing across blocks of two trials within days.
For the 1 month treatment groups, analysis of the latency (Fig.
la) and distance (Fig. 15) traveled in locating the submerged
platform resulted in a significant effect of days (F = 26.48, df
=9,261, p < 0.001 and F = 31.76, df = 9,252, p < 0.001 for
both the latency and distance data, respectively). Neither the
main effects of age or treatment, nor any interaction was sig-
nificant for either the 1 month or the 3 month intervention.
Similarly, a single 30 sec probe trial revealed no significant effect
of age, treatment, or age by treatment interaction. Thus, 1 month
of elevated serum corticosterone had no effect on learning or
memory in either age group.

In the 3 month treatment group, analysis of the latency (Fig.
2a) and distance (Fig. 2b) data revealed effects of corticosterone
treatment (F = 8.41, df = 1,30, p < 0.01 and F = 6.86, df =
1,30, p < 0.01 for the latency and distance data, respectively),
days (F = 22.82, df = 9,270, p < 0.001 and F = 23.88, df =
9,270, p < 0.001), and an age x treatment x days interaction
(F=1.95,df=9,270,p < 0.04 and F = 2.07,df = 9,270, p <
0.03). Post hoc analysis revealed significant differences between
mid-aged, corticosterone- and cholesterol-treated rats on days
5 and 6 for the latency measure and on days 5-7 for the distance
measure (see Fig. 2a,b). Neither the main effect of age nor any
of the simple interactions were significant. The probe trial, per-
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Figure 1. Mean (+=SEM) latency (a) and distance (b) to locate a sub-

merged platform, following a 1 month treatment period in young adult
(Y) and mid-aged (MID), cholesterol (CHOL), or corticosterone (B)-
treated animals over days (# = 8-10/per group).

formed at the end of testing, revealed no differences between
the groups for either the 3 month treatment period. Thus, 3
month treatment with corticosterone retarded learning in mid-
aged, but not young adult, animals.

Visible platform training produced swim latencies of under
10 sec in all groups. There were no significant differences be-
tween any of the groups.

Experiment 2: chronic stress and spatial learning in mid-aged
rats

Diurnal corticosterone levels. Diurnal corticosterone levels fol-
lowing 6 months of social stress or control conditions are shown
in Figure 3. There was a significant group effect (F = 38.5, df
= 2,19, p < 0.0001), as well as a significant effect of time of
day (F = 13.0, df = 5,95, p < 0.0001). Post hoc analysis of the
simple main effects showed that the social stress group had
significantly (p < 0.05) higher plasma corticosterone levels com-
pared with the controls. Integrated corticosterone levels, cal-
culated using the Trapezoidal Rule, showed that basal corti-
costerone levels were about twice as high in the stressed animals
compared with controls (controls, 9.3 + 1.5; ADX + B, 6.8 +
1.2; social stress, 16.0 = 1.8 ug/dl/hr—'). The largest effects of
chronic social stress were observed in the samples taken during
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Figure 2. Mean (=SEM) latency (a) and distance () to locate a sub-
merged platform, following a 3 month treatment period in young adult
(Y) and mid-aged (MID), cholesterol (CHOL), or corticosterone (B)-
treated animals over days (*, B-MID differs significantly from all other
groups at p < 0.05; n = 8--10/per group).

the lights-on portion of the light cycle, when corticosteroid levels
are usually lowest. This finding is consistent with several earlier
reports (reviewed in Dallman et al., 1992) on the effects of more
severe forms of chronic stress on basal corticosterone levels over
the diurnal cycle, and serves to confirm the efficacy of this chron-
ic stress manipulation.

Morris water maze. Figure 4, a and b, shows the mean latency
and distance data (collapsed across blocks of two trials per day)
for the Morris water maze. There was a significant effect of days
(F=46.9, df = 9,198, p < 0.0001), a group effect (F = 3.2, df
= 2,22, p < 0.01), and a group X days interaction (F = 3.2, df
= 18,198, p < 0.0001) on the latency measure. Post hoc analysis
revealed that the social stress group was significantly impaired
with respect to the control groups (p < 0.05) on days 2-6 of
testing (see Fig. 4a).

Analysis of the measures of distance traveled prior to locating
the platform (see Fig. 4b) also showed a significant effect of days
(F=35.3,df = 9,198, p < 0.0001), a significant effect of group
(F=10.4, df = 18,198, p < 0.001), and a significant group x
days interaction (F = 2.2, df = 18,198, p < 0.01). Post hoc
analysis showed that the social stress group differed significantly
(p < 0.05) from controls on days 2-5 of hidden platform learn-
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Figure 3. Mean (+£SEM) plasma corticosterone levels (ug/dl), taken at
six consecutive 4 hr intervals over the diurnal cycle, following 6 months
of social stress (STRESSED), social stress + adrenalectomy with cor-
ticosterone replacement (ADX + B + STRESS), or control conditions
(CONTROL). *, corticosterone value that is significantly higher than
other groups (p < 0.05); 1, corticosterone value that is significantly
higher than ADX + B + STRESS group; n = 8-9/per group). The
horizontal open bar indicates the period of lights out.

ing. No differences between groups were observed in subsequent
visible platform training.

Experiment 3: chronic corticosterone, spatial learning,
hippocampal plasticity, and morphology

Morris water maze. In experiment 3, we examined young adult
as well as mid-aged control animals. The performance of these
animals did not differ on any measure; hence, the data were
pooled into a single control group. Analysis of the latency and
distance data (Fig. 5a,b) indicated a significant effect of corti-
costerone treatment (F = 5.97, df = 2,38, p < 0.006 and F =
4.37,df = 2,38, p < 0.02), but no treatment x days interaction.
Analysis of the simple main effect of treatment indicated that
the high-B rats were significantly (p < 0.05) impaired with
respect to both medium-B and controls from days 4 to 10. In
this experiment, the performance of the high-B animals never
equaled that of the controls.

The results of the probe trial revealed that high-B rats spent
significantly less time in the original training quadrant compared
with medium-B and control animals (mean percentage of time
in original quadrant: 25 + 4%, 40 + 4%, and 41 = 4%, re-
spectively, F = 4,94, df = 2,38, p < 0.05). In contrast, perfor-
mance on the visually cued trials did not differ between the
groups, with all rats finding the elevated platform in less than
12 sec.

Electrophysiology. Recordings were obtained from 11 control
(four untreated young adults and seven mid-aged, cholesterol-
treated controls), seven medium-B, and nine high-B animals.
No differences were observed between the young and mid-aged
control rats for any electrophysiological measurement. Thus,
these two groups were pooled for subsequent analyses. For all
the rats, the response to commissural stimulation recorded in
the CA1 pyramidal cell layer consisted of a typical positive field
EPSP with superimposed population spike (PS). Neither the
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Figure 4. Mean (£SEM) latency (a) and distance (b) to locate a sub-
merged platform following 6 months of social stress (STRESS), social
stress + adrenalectomy with corticosterone replacement (4DX + B +
STRESS), or control conditions (CONTROL). For each of the trials
indicated by the horizontal bar, the performance of the STRESS animals
differed significantly, p < 0.05, from each of the other groups (n = 8-
9/per group).

baseline PS amplitude nor the stimulus intensity necessary to
evoke the baseline PS differed among the groups (p > 0.2 for
both measures).

Following PB stimulation, the incidence of enhancement for
individual rats was determined by comparing the response ob-
tained in the last 5 min of the baseline period with those recorded
during the interval 16-20 min after the PB train had been de-
livered (Student’s ¢ test). Using this analysis, the incidence of
enhancement following PB stimulation was, for control, 11 of
11 cases; medium-B, 5 of 7 cases; high-B, 6 of 9 cases. Figure
6 presents time course data for the three groups. Overall, there
was a significant effect of treatment (F = 6.99, df = 2,24, p <
0.004) and a treatment by time interaction (F = 4.75,df 18,216,
p < 0.001). Post hoc analyses showed that control animals ex-
hibited significantly greater PB potentiation than both medium-B
(p < 0.05) and high-B (p < 0.01) animals, which did not differ
significantly from each other (p > 0.1). High-B animals also
showed significantly less short-term plasticity (measured 1 min
after PB simulation; F = 4.44, df = 2,24, p < 0.02 vs controls
and medium-B). Hormone analysis on blood samples taken
from the tail following the termination of the electrophysiolog-
ical recording revealed that there were no differences between
the groups in plasma corticosterone levels (p > 0.4).
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Figure 5. Mean (=SEM) latency (a) and distance (b) to locate a sub-
merged platform over testing days, in mid-aged animals treated for 3
months with a medium (Medium-B) or high (High-B) corticosterone
levels, or controls. For each of the trials indicated by the horizontal bar,
the performance of the high-B animals differed significantly, p < 0.05,
from ¢ach of the other groups (» = 12-14/per group).

Hippocampal cell counting. Table 1 shows the mean number
of corrected CA1 and CA3 neurons/0.1 mm? in mid-aged cho-
lesterol-treated, medium-B and high-B rats randomly selected
from experiment 3. There were no significant differences be-
tween the treatment groups with respect to neuron density in
either CAl (p > 0.5) or CA3 (p > 0.15). Moreover, there were
no group differences with respect to cell size (p > 0.8 for CAl,
p > 0.9 for CA3). Finally, no differences in the overall dimen-
sions of the cell fields were detected.

Table 1. Density and cell diameter of CA1 and CA3 hippocampal
neurons in mid-aged cholesterol-treated, medium-B and high-B Rats

CAl CA3

Density Diameter Density Diameter

(/0.1 mm?» (um) (/0.1 mm?) (um)
Cholesterol 400 +09 11.5+08 225+08 19407
Medium-B 380+24 12605 245=+11 195=+05
High-B 401 +09 120x05 223x0.6 19506

Numbers are means (+SEM) calculated from three to five sections per rat. n =5
rats for each group.
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Figure 6. Mean (+SEM) percentage change from baseline (time —5
to 0) of the population spike amplitude during the 5 min prior to and
the 20 min following PB stimulation (time 0) in mid-aged animals
treated for 3 months with a medium (MED-B) or high (HIGH-B) cor-
ticosterone levels, or controls (CONTROL). Both medium-B and high-B
rats showed significantly reduced PB potentiation (measured 16-20 min-
utes after the PB train) compared to the controls. High-B rats also had
a significant reduction in short-term plasticity measured | min after PB
stimulation. Each point indicates 1 min mean (+SEM) values; n = 7—
11 per group.

Discussion

The primary findings of the present study were that 3 month,
but not 1 month, treatment with corticosterone, or a 6 month
period of social stress, caused a lasting impairment in hippo-
campus-dependent spatial learning in mid-aged Long-Evans rats.
In young adult rats, even the 3 month treatment regimen with
high levels of corticosterone had no effect upon the acquisition
of a spatial learning task compared with controls. Mid-aged rats
with learning deficits also showed impaired hippocampal plas-
ticity. Hippocampal pyramidal neuron density was unaffected
by chronic corticosterone treatment, suggesting that both the
learning and plasticity defects were present in the apparent ab-
sence of hippocampal neuron loss.

To date there have been somewhat contradictory findings in
young, glucocorticoid-treated rats. Bardgett et al. (1994) re-
ported that 2-month treatment with stress levels of corticoste-
rone in Long-Evans rats impaired spontaneous alternation.
However, in this study the treatment was continued throughout
the behavioral testing period. Acutely elevated levels of corti-
costerone can interfere with learning (Bohus et al., 1970; De
Weid and Croiset, 1991; Mondadori et al., 1992). Therefore, it
is unclear whether the glucocorticoid mediated changes in be-
havior described by Bardgett et al. (1994) would be apparent in
the absence of these elevated levels of corticosterone. In work
more similar to our own, Dachir et al. (1993) observed delayed
acquisition of a radial arm maze task by young F344 rats tested
1 week following the termination of a 9 week corticosterone
treatment regimen. In this report, an effect of corticosterone
treatment was no longer observed in the later stages of training.
Similar findings were recently reported by Luine et al. (1994),
who observed a transient impairment in radial arm maze ac-
quisition in young Sprague-Dawley rats tested after 3 weeks of
restraint stress. Thus, consensus on the behavioral sequelae of
chronic corticosterone treatment in rats has yet to be reached.



In contrast to the absence of a behavioral impairment in
young rats, in the mid-aged rats a 3 month treatment period
with stress-like levels of corticosterone significantly impaired
spatial memory performance in the Morris water maze. While
both mid-aged, corticosterone-treated (experiment 1) and the
high-B (experiment 3) animals did exhibit a significant learning
curve, they differed from age-matched controls during the mid-
dle days of training. However, the magnitude of the acquisition
deficit differed between these two groups. For example, the glu-
cocorticoid-treated rats in experiment 1 showed a slower rate
of acquisition but eventually reached asymptotic performance
that did not differ from controls. In contrast, in experiment 3
the performance of the high-B rats during both acquisition and
retention (i.e., probe trial) never reached that of the controls.
Although the reason for the difference between the two exper-
iments is not entirely clear, it may be related to differing effects
of the two types of corticosterone pellets employed. Although
the average levels were not different, in experiment 1 the treat-
ment resulted in slowly (over days) oscillating levels of corti-
costerone, while in experiment 3 the levels remained stable over
the entire treatment period.

This study has provided evidence for the importance of ele-
vated glucocorticoid titers in stress-induced cognitive impair-
ments. Six months of chronic social stress produced spatial
memory impairments in mid-aged rats. This finding is consis-
tent with the report of Kerr et al. (1991), who reported that 6
months of chronic stress reduced hippocampal LTP. Adrenalec-
tomy (with low-level corticosterone replacement) of animals
chronically exposed to social stress completely blocked the ef-
fects of the stressor on spatial learning (see Fig. 4). These results
provide direct evidence for the importance of elevated gluco-
corticoid levels in mediating the effects of chronic stress on
hippocampal aging. These results are consistent with the pre-
vious study of Landfield et al. (1981) who demonstrated that
adrenalectomy at mid-life (with low level corticosterone re-
placement) could attenuate hippocampal damage with aging.

The corticosterone-induced cognitive deficits observed in these
experiments did not appear to have resulted from the loss of
hippocampal pyramidal neurons. However, other authors have
reported more subtle morphological changes in the hippocam-
pus following corticosterone treatment (Wooley et al., 1990;
Watanabe et al., 1992). Nevertheless, the absence of gross neu-
ropathology in the present study offered an opportunity to ex-
plore further a potential mechanism underlying the behavioral
impairment. While the suppressive effects of acute elevations
of corticosterone upon hippocampal synaptic plasticity have
been well documented (Bennett et al., 1991; Diamond et al.,
1992; Pavlides, 1993), the consequences of long-term gluco-
corticoid administration (following the termination of the treat-
ment) upon this measure had not been previously examined.
Using a primed burst potentiation paradigm, we found that
prolonged exposure to elevated glucocorticoid levels dampened
potentiation, and that the effect was generally dose related. An-
imals maintained on steroid levels that mimicked either ele-
vated basal corticosterone (medium-B) or stress-like corticoste-
rone levels (high-B) both showed impaired potentiation, and
the effect was greatest in the high-B animals. These data are
consistent with previous in vivo and in vitro studies correlating
PB potentiation or LTP with age-related memory deficits (Land-
field and Lynch, 1977; Landfield et al., 1978a; Barnes, 1979;
Moore et al., 1993).

Although a measurable behavioral deficit was not apparent
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in the medium-B animals, the glucocorticoids did have an effect
on hippocampal function as measured electrophysiologically.
This incongruity between the behavioral and electrophysiolog-
ical findings might suggest that there is a threshold of plasticity
necessary to observe intact performance in the Morris water
maze and that this level of plasticity did not occur in the high-B
rats. However, there was also a qualitative difference in the
topography of the response between the two groups. While the
early-phase, posttetanic potentiation (PTP) response of the
medium-B rats was equivalent to controls, high-B rats dem-
onstrated a nondecaying (i.e., flat) response to tetanic stimula-
tion. The latter finding was similar to that described by Deupree
et al. (1991), who reported a correspondence between impaired
performance in the Morris water maze and significantly reduced
PTP and LTP. Thus, based upon the “normal” PTP response
observed in the medium-B rats, a behavioral deficit in the Mor-
ris water maze would not be expected, while the absence of an
enhanced PTP response in the high-B rats would predict im-
paired performance. What is apparent from the PB potentiation
study is that the Morris water maze may not be the most effective
tool for assessing subtle changes arising from long-term gluco-
corticoid exposure, such as were seen at the level of hippocampal
synaptic potentials. Our present results suggest that the degree
of hippocampal impairment must be severe before a behavioral
deficit becomes apparent.

What are the potential mechanisms that might explain the
enduring effects of glucocorticoids upon synaptic plasticity? Since
plasma corticosterone levels at the time of the electrophysio-
logical recordings did not differ between the groups, the sup-
pressive effects of acute elevation of glucocorticoids can be ruled
out. Instead, it is conceivable that prolonged exposure to cor-
ticosterone initiates a chain of events that eventually result in
the decreased excitability of hippocampal neurons. It has long
been known that acute administration of glucocorticoids alters
the excitability of hippocampal neurons (Pfaffetal., 1971; Mich-
al, 1974; Reiheld et al., 1984; Vidal et al., 1986). More recently,
Joéls and DeKloet (1989, 1990) have shown that glucocorticoid
treatment increases the duration and amplitude of the calcium-
mediated slow afterhyperpolarization (AHP) in hippocampal
neurons. The AHP is a potent inhibitor of neuronal excitability
(Alger and Nicoll, 1980; Schwartzkroin and Stafstrom, 1980).
In addition, we have previously argued that the AHP may par-
ticipate in regulating the induction of primed burst potentiation
(Bennett et al., 1991). It is possible that prolonged administra-
tion of glucocorticoids could initiate a permanent alteration in
the AHP.

An interesting feature of these studies was the presence of
glucocorticoid-induced spatial memory deficits in the apparent
absence of hippocampal neuron loss. Neither the number nor
the size of the pyramidal neurons of CA1 or CA3 region, or the
extent of the cell fields measured in the dorsal hippocampus,
was affected by the corticosterone treatment. These findings are
consistent with those described by Bardgett et al. (1994), who
also used Long-Evans rats, but not Dachir et al. (1993), who
used F344 rats. Thus, hippocampal neuron loss does not appear
to be an inevitable consequence of chronically elevated gluco-
corticoid levels. However, the phenomenon of neuron loss may
be strain specific. The absence of detectable changes in hippo-
campal morphology following chronic corticosterone treatment
conflicts with the original findings of Sapolsky et al. (1985).
However, these authors, like Dachir et al. (1993), employed
F344 rats in their studies. Sapolsky et al. (1985) reported a 50%
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mortality rate with glucocorticoid treatment. Using Long-Evans
rats, we found no deaths due to the treatment. Thus, glucocor-
ticoids appeared to be more toxic to the Fischer strain.

What factors might account for this apparent strain difference
in susceptibility to glucocorticoid-induced neurotoxicity in F344
rats? A potential contributor could be related to calcium levels
in these animals. Calcium homeostasis is of interest given the
evidence demonstrating the cytotoxic effects of elevated intra-
cellular calcium (Farber, 1981; Choi, 1988), and the demon-
stration that glucocorticoids can contribute to calcium dysregu-
lation (Landfield et al., 1992). A study of McBroom and Weiss
(1973) has shown that F344 rats exhibit a rapid and marked
increase in cortical calcium levels late in life, suggesting that
there is an age-related breakdown in brain calcium equilibrium
in this strain. Although the issue has not been studied directly,
one might hypothesize that this phenomenon is not as marked
in Long-Evans rats. The link between elevated glucocorticoids
and increased extracellular calcium levels appears to be related
to the activation of NMDA receptors by glutamate. Glucocor-
ticoids inhibit glutamate uptake by glial cells (Virgin et al., 1991).
Glial uptake represents a major route for elimination of gluta-
mate from the synapse (Hertz et al., 1983). Therefore, elevated
levels of glutamate in the presence of glucocorticoids could re-
move the voltage-gated Mg?* block on the NMDA receptor,
thereby resulting in a persistent influx of Ca?+ that could lead
to neuron death. This hypothesis is supported by the observation
that NMDA antagonists also block the endangerment of hip-
pocampal neurons by glucocorticoids (Armanini et al., 1990).

These findings might also bear on another question that
emerges from our data: Why are the behavioral and electro-
physiological effects of chronic stress or elevated corticosterone
levels more prominent in mid-aged rats than in young rats?
Sapolsky et al. (1986) hypothesized that glucocorticoids pro-
mote ongoing neurotoxic processes, but alone are not toxic to
hippocampal neurons. The question then concerns the nature
of the ongoing neurotoxic process. There is emerging evidence
that disruption of mitochondrial energy generation may play a
central role in age-related cognitive dysfunction (Blass et al.,
1988; Kish et al., 1992). We have recently shown that, in an
animal model of this process, glucocorticoids significantly po-
tentiate the effect of a mitochondrial metabolic inhibitor (Ben-
nett et al., 1993). Thus, the interaction of stress hormones with
an ongoing deterioration of mechanisms of energy metabolism
could play a central role in the gencration of age-related cog-
nitive deficits.
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