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Nine young and 11 elderly men participated in this placebo-controlled, double-blind, crossover study (0.5
mg/kg cortisol or intravenous placebo). Participants learned a word list before cortisol administration,
and delayed recall was then tested. A 2nd word list was learned and recalled after drug administration.
In addition, the Paragraph Recall Test and tests measuring working memory (Digit Span), attention
(timed cancellation), and response inhibition (Stroop Color and Word Test) were administered at 2 time
points after drug administration. Cortisol reduced recall from the word list learned before treatment in
both groups but did not influence recall of the list learned after treatment. In contrast, Digit Span
performance was decreased by cortisol in young but not elderly participants. The possibility that
differential age-associated brain changes might underlie the present results is discussed.

Studies in rats have established that glucocorticoids (GCs) mod-
ulate memory (De Kloet, Oitzl, & Joels, 1999; Lupien & McEwen,
1997; Roozendaal, 2000). GCs have beneficial or detrimental
effects on hippocampus-mediated spatial memory depending on
the timing of the treatment and the specific type of task used (de
Quervain, Roozendaal, & McGaugh, 1998; Diamond, Fleshner,
Ingersoll, & Rose, 1996; Diamond, Park, Herman, & Rose, 1999;
Roozendaal, 2000; Sandi, Loscertales, & Guaza, 1997).

When given acutely in the human, GCs impair hippocampus-
mediated declarative memory and frontal lobe-mediated working
memory (Kirschbaum, Wolf, May, Wippich, & Hellhammer,
1996; Lupien, Gillen, & Hauger, 1999; Wolkowitz et al., 1990).
These effects also apply when GCs are given over a longer period
(4-10 days; Newcomer, Craft, Hershey, Askins, & Bardgett, 1994;
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Newcomer et al., 1999; Schmidt, Fox, Goldberg, Smith, & Schul-
kin, 1999; Young, Sahakian, Robbins, & Cowen, 1999). de Quer-
vain, Roozendaal, Nitsch, McGaugh, and Hock (2000), in com-
paring the effects of GCs on learning versus recall components,
tried to disentangle at what stage in the declarative memory
process the effect occurred. They reported that, for a word list
learned 24 hr earlier, cortisol administered just before list recall
impaired recall, whereas cortisol administration pre- or immedi-
ately postlearning had no effects on list recall (de Quervain et al.,
2000).

In vitro studies have demonstrated that GCs inhibit glucose
transport into neurons (Horner, Packan, & Sapolsky, 1990). The
effects of GCs on specific cognitive tasks have led to speculations
about the brain structures and the mechanisms responsible for
mediating those effects. Neuroimaging techniques allow a more
direct assessment of GC action on specific brain structures. Using
fluorodeoxyglucose-positron emission tomography (FDG-PET),
we demonstrated that cortisol selectively reduces hippocampal
glucose uptake in healthy elderly participants (de Leon et al.,
1997). Apart from highlighting the site of GC action, this sug-
gested a mechanism for the effects of cortisol on declarative
memory, because sufficient glucose metabolism is necessary for
neuronal functioning (Gold, 1995).

Aging in both humans and animals is accompanied by increases
in basal cortisol levels and reductions in feedback sensitivity of the
hypothalamus—pituitary—adrenal (HPA) axis (Sapolsky, 1992;
Sapolsky, Krey, & McEwen, 1986; Seeman & Robbins, 1994; Van
Cauter, Leproult, & Kupper, 1996). Furthermore, increased GC
levels during aging are associated with a worsening of declarative
memory and structural hippocampal damage (Issa, Rowe, Gau-
thier, & Meaney, 1990; Lupien et al., 1994, 1998; Sapolsky et al.,
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1986; Seeman, McEwen, Singer, Albert, & Rowe, 1997). The
effects of age-related HPA axis alterations on frontal lobe struc-
tures and functions have not yet been studied. The issue of whether
aging influences the acute or chronic effects of cortisol on different
memory systems also remains unsettled.

The present placebo-controlled double-blind experiment was
conducted to address the following questions: Which cognitive
domains (attention, working memory, declarative memory) are
affected by cortisol? Are learning and recall of declarative material
differentially affected by cortisol? Do cortisol effects occur rapidly
(within minutes) or are they delayed (within hours)? Is age a factor
in the response to cortisol?

Method

Participants were 9 young and 11 elderly men recruited through the
Center for Brain Health, Neuroimaging Laboratory of the New York
University School of Medicine. The study was approved by the Institu-
tional Review Board of the New York University School of Medicine. All
participants gave written informed consent and were compensated for their
time. Participants underwent a thorough screening protocol. The psychiat-
ric screening consisted of the National Institute of Mental Health Quick
Diagnostic Interview Schedule (Marcus, Robins, & Bucholz, 1998), Global
Deterioration Scale (Reisberg, Ferris, de Leon, & Crook, 1982, 1988),
Mini-Mental State Examination (MMSE; Folstein, Folstein, & McHugh,
1975), and Hamilton Psychiatric Rating Scale for Depression (Hamilton,
1967). Participants also underwent a neurological and medical evaluation,
which included a complete blood analysis after an overnight fast. The
neuropsychological screening included parts of the Wechsler Adult Intel-
ligence Scale—Revised, Wechsler Memory Scale, and the Guild Memory
Test (Gilbert, 1996; Gilbert, Levee, & Catalano, 1968; Wechsler, 1981,
1987). Participants with Alzheimer’s disease or current or past psychiatric,
neurological, or endocrine disorders or those currently taking psychoactive
medications were excluded. Demographic data are shown in Table 1. The
two groups did not differ in years of formal education, MMSE scores, or
body mass index (Bray, 1987). The present experiment studied only men
because gender might modulate the effects of stress or glucocorticoids on
memory functions (e.g., Seeman et al., 1997; Wolf, Kudielka, Hellhammer,
Hellhammer, & Kirschbaum, 1998; Wood & Shors, 1998), and it is likely
that fluctuating estradiol levels might be responsible for these effects.
Accounting for these possible effects would have necessitated increasing
the sample size, rendering the study unfeasible. Women should be studied
separately to account for potential estradiol effects.

The study was designed as a placebo-controlled, double-blind, crossover
study in which, in the first test session, participants randomly received an
intravenous injection of either 0.5 mg/kg cortisol (hydrocortisone sodium
succinate; Pharmacia and Upjohn, Kalamazoo, MI) or placebo. This was
followed by a second test session 7 to 14 days later in which the injection

Table 1
Demographic Data

Young (n = 9) Elderly (n = 11)

Variable M * SEM Range M *+ SEM Range P
Age (years) 240=x12 19-30 6.0+ 18 59-76  <.001
Education

(years) 15509 11-20 158 = 0.6 12-18 ns
MMSE 296 £ 0.3 28-30 28.9 £ 0.4 26-30 ns

BMI (kg/m? 260 * 1.0 21.6-31.7 256=*13 21.0-35.2 ns

Note.  MMSE = Mini-Mental State Examination; BMI = body mass
index.
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(placebo or hydrocortisone) not given in the first test session was admin-
istered. Participants arrived in the laboratory at 8 a.m. after fasting over-
night. See Table 2 for a summary and the timing of the procedures. After
first learning a 10-item shopping list to criterion (see later discussion), a
20-gauge catheter was placed in each forearm, one of which was used to
administer the drug and the other to sample blood. Both sites were kept
patent using heparin locks. The lines were placed at 8:30 a.m., 45 min
before drug administration to allow sufficient time for endogenous cortisol
levels to return to baseline after the stress of catheter insertions. Baseline
blood levels were obtained at 15 and 10 min before injection, and then test
blood samples were taken at 15, 30, 45, 60, 90, 120, 150, and 180 min
postinjection. Six milliliters of blood were collected into chilled EDTA
tubes with each blood draw. Blood samples were kept on ice and then spun
down in a refrigerated centrifuge. Serum was separated into aliquots and
kept frozen at —70°C until assayed.

Hormone Assays

Total blood serum cortisol was measured with a commercial radioim-
munoassay (IBL, Hamburg, Germany). This assay has inter- and intra-
assay coefficients of variance below 10%.

Cognitive Tests

Several cognitive tests were administered twice during each experimen-
tal session (see experimental protocol in Table 2 for details of the timing
of pre- and postinjection test administration). Different versions of each
test were used for the two sessions. Researchers administering and scoring
the cognitive tests were unaware of participants’ treatment.

Shopping list. Ten words from a shopping list containing grocery items
were presented on a computer screen at a rate of one word every 2 s. After
administration of the list, immediate free recall of the list was tested.
Participants were selectively reminded of missed items (Buschke, 1973;
McCarthy, Ferris, Clark, & Crook, 1981). To ensure uniformity of learning
across participants and sessions, a criterion approach was used in which
individuals needed to recall the same 8 of 10 words twice. Delayed free
recall of the list was tested after 2 hr. Two different lists were used during
each session. The timing of the learning and recall of the lists were
designed to differentiate the effects of cortisol on recall (first word list)
from those on learning (second word list). See experimental protocol (see
Table 2). The first list, which was learned (at 8:10 a.m.) before cortisol
administration (at 9:30 a.m.), was recalled (at 10:10 a.m.). This allowed the
assessment of the effects of cortisol on recall. The second list was learned
(at 10:25 a.m.) | hr after drug injection and was recalled at 12:25 p.m.,
thereby allowing assessment of cortisol effects on learning as well as
effects on the recall of material learned while cortisol levels were high. The
number of trials needed to achieve criterion was used as a measure of
learning. The recall performance was evaluated by comparing the perfor-
mance in the criterion trial with that during the delayed recall performance.
Moreover, the number of intrusions during delayed recall was also
evaluated.

Paragraph Recall Test. Wechsler-like short stories, each containing 44
content words, were presented to the participants by headphones. We used
the same paragraphs that have been used by Craft and Newcomer in several
studies investigating the cognitive effect of glucose, insulin, or GCs (e.g.,
Craft et al., 2000; Newcomer et al., 1999). Two different paragraphs were
administered at each session. Immediate and 10-min delayed free recall
were recorded on audiotape. The answers were then transcribed and scored
by a trained rater, who was unaware of the participants’ treatment. The
number of recalled content words was used. See the experimental protocol
in Table 2.

Stroop Color and Word Test.  This test quantifies the ability to inhibit
responses by measuring interference caused by the conflict that arises when
the participant has to name the color of a printed color word, which is
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Table 2
Experimental Protocol Indicating Time of Cognitive Testing
and Blood Sampling

Procedure Time Cognitive measure
Participants arrive  8:00 a.m.
8:15 a.m. First word list (learning phase)
1V insertion 8:30 a.m.
Blood sample 9:15 a.m.
Blood sample 9:20 a.m.
Cortisol or placebo  9:30 a.m.
injection
Blood sample 9:45 a.m. First paragraph (immediate recall)
Stroop Color and Word Test
First paragraph (delayed recall)
Blood sample 10:00 a.m.  Attention test
Digit Span
First word list (delayed recall)
Blood sample 10:15 a.m.  Profile of Mood States questionnaire
Second word list (learning phase)
Blood sample 10:30 a.m.
Blood sample 11:00 a.m.
Blood sample 11:30 a.m.
Blood sample 12:00 p.m.  Second paragraph (immediate recall)
Stroop Color and Word Test
Second paragraph (delayed recall)
12:15 p.m.  Attention test
Digit Span
Second word list (delayed recall)
Blood sample 12:30 p.m.
End of experiment  12:35 p.m.

Note. 1V = intravenous.

different from the content of the word (e.g.. red printed in blue letters).
Two control conditions (reading only and naming colors only) allow the
computation of an interference score (Stroop, 1935). In the version used in
this study, participants read or named as many words as possible during a
trial of 45 s for each of the three cards. An interference score s calculated
using the difference between predicted and actual performance on the third
card, as described by Golden (1978). The stronger the interference, the
more negative is the interference score. The task was administered twice
during the course of the experiment. See the experimental protocol in
Table 2.

Attention. A timed cancellation task was used to assess attention.
Participants were asked to cross out, on a piece of paper, target items (a
three-letter syllable) out of an array of 10 distractors (slightly different
three-letter syllables). Number of errors (omissions and false-positive
responses combined) and time needed to complete the task were assessed
(Convit, Volavka, Czobor, de Asis, & Evangelista, 1994). Selecting dif-
ferent target items, the task was administered twice during the course of the
experiment. See the experimental protocol in Table 2.

Digir Span Test. A series of numbers of increasing length were read to
each participant at the rate of one digit per second. The participant had to
repeat the numbers in the same order (forward condition) or in reverse
order (backward condition). Each set length was tested twice. If the
participant correctly repeated one set of numbers, the next longer set was
administered until he failed a given set length twice, whereupon the task
was terminated. One point was given for each correctly repeated digit set,
and the scores for the forward and backward conditions were combined, as
suggested by Wechsler (1981). The maximum score was 28. This task was
administered twice during the course of the experiment. See the experi-
mental protocol in Table 2.

Profile of Mood States. Some previous studies reported effects of
cortisol or prednisone on mood (Plihal, Krug, Pietrowsky, Fehm, & Born,
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1996; Schmidt et al., 1999; Wolkowitz & Reus, 1999). Therefore, the
Profile of Mood States (POMS) was used to control for possible indirect
effects of cortisol on cognition mediated by mood changes (see Hertel &
Hardin, 1990). The POMS consists of an adjective checklist measuring
mood on six different scales (tension, depression, anger, vigor, fatigue, and
confusion; McNair, Lorr, & Droppelman, 1992). See the experimental
protocol in Table 2.

Statistical Analysis

Data were analyzed with analyses of variance (ANOVAs), with age as
a grouping factor (young vs. old) and placebo versus cortisol administra-
tion as the within-subject factor. For those tests, which were given twice
after drug administration, an additional within-subject factor, time, was
included. Tests using different recall conditions (immediate and delayed
recall of the word list or immediate and delayed recall of the paragraphs)
were analyzed with an additional within-subject factor. This procedure was
chosen to minimize the amount of statistical comparisons. Post hoc testing
of significant results was performed with Newman-Keuls tests. In addition,
for significant ANOVA effects relevant for the present article, the effect
size f2 and w? were calculated (Cohen, 1988, Richardson, 1996; Stevens,
1992). The index w” provides information about the proportion of variance
in the dependent variable that is explained by the independent variable. An
effect explaining only 1% of the variance is considered small, an effect
explaining 6% of the variance medium, and an effect explaining 14% of the
variance large (Cohen, 1988; Richardson, 1996; Stevens, 1992).

Results

Cortisol

Hydrocortisone administration significantly increased total se-
rum cortisol levels both in terms of a significant cortisol main
effect, F(1, 18) = 295.03, p < .01, and a significant Cortisol X
Time interaction, F(9, 162) = 82.83, p < .0}. Relative to baseline,
cortisol levels were significantly elevated 15 min after hydrocor-
tisone injection and declined thereafter (p < .05) but were signif-
icantly elevated from placebo levels during the entire course of the
experiment (p < .05). There was no significant difference between
young and elderly participants in either baseline or hydrocortisone-
induced cortisol levels (p > .10). When cortisol levels on the
placebo day were analyzed separately with an ANOVA, a signif-
icant time effect was observed, F(9, 162) = 9.00, p < .01,
demonstrating the known decline of cortisol levels during the day
(see Figure 1).

Cognitive Data

The results for both age groups and each study condition are
presented in Table 3.

Declarative memory tests.  On the first word list before drug
administration, young participants needed significantly fewer trials
to reach criterion than the elderly, F(1, 18) = 12.20, p < .01.
There was no significant difference in the amount of trials needed
to reach criterion before placebo or cortisol administration (no
significant cortisol day main effect or Cortisol Day X Age inter-
action), F(1, 18) = 1.74, p = .10, for both effects. However,
elderly participants tended to need fewer trials on the cortisol
versus the placebo day, reflecting by chance baseline differences
(see Table 3 and the following analysis).

Cortisol administration led to a reduced recall of items that were
learned before the injection, as seen by a Cortisol X Recall
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Figure 1. Mean (= SEM) plasma cortisol levels in young and elderly
participants after administration of 0.5 mg/kg hydrocortisone.

interaction, F(1, 18) = 8.01, p < .05. There was no Age X
Cortisol interaction or Age X Cortisol X Recall interaction (all
ps > .20; see Figure 2). Post hoc testing revealed that delayed
recall was significantly poorer after cortisol administration in both
the young and elderly groups (p < .05 for both post hoc tests). The
effect size f2 was .088 and w” was .08, indicating that 8% of the
variance in the dependent variable was explained by the interaction
between cortisol and recall. A »* of .08 is considered to be a
medium to large effect size (Cohen, 1988; Richardson, 1996;
Stevens, 1992).
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Figure 2. Mean (= SEM) effects of cortisol on recall of previously
learned words. The 10-item word list was learned 75 min before cortisol
administration. Asterisk indicates significant differences between placebo
and cortisol group, p < .05.

Because there was a trend for elderly participants to need fewer
trials to reach criterion on the morning before cortisol administra-
tion (reflecting by chance baseline differences), we performed an
additional analysis of covariance (ANCOV A) to ascertain whether
these chance differences during the learning phase could account

Table 3
Cognitive Test Results in Young and Elderly Participants Receiving Cortisol or Placebo
Young Elderly
Test Placebo Cortisol Placebo Cortisol

Word List 1

Trials to criterion 23x02 23+02 62=*+10 4.6 = 0.7

Recall at criterion trial 9.6 = 0.2 9.8 0.2 9.2 +0.3 9.3*0.2

Delayed recall 8804 8.1x03 73 +0.6 6.6 + 0.4

Intrusions 0.1 =0.1 0.0 = 0.0 0.5*03 0.0 £ 0.0
Word List 2

Trials to criterion 2.8+04 2.1 =01 6.7 = 0.8 6.5 > 0.9

Recall at criterion trial 9.7 0.2 9.6 0.2 92*+02 89*03

Delayed recall 6.5 *0.6 6.9 *09 6.2 * 0.6 5.7+07

Intrusions 1.7 07 1.4 £ 06 1.1 =03 1.8 0.6
Paragraph Recall Test 1

Immediate recall 25119 271 x29 21315 21414

Delayed recall 21.7£22 25024 19.0 * 1.8 184*15
Paragraph Recall Test 2

Immediate recall 25.1 £2.5 245 %28 225*1.6 204 * 1.8

Delayed recall 24.1 £22 23.7 %29 19.1 =14 20.1 £ 1.6
Attention Test 1

Time needed 38.1 £ 2.8 364 1.2 50.7 £ 3.0 482 £ 2.7

Errors 1.2 04 0803 1.3+x04 0.5+02
Attention Test 2

Time needed 35723 358 £1.7 47536 490 =32

Errors 1.1 £04 07*+02 09+03 14x03
Stroop 1 44*36 4.7 +32 —1.2*2.1 —1.3+14
Stroop 2 9.3+24 93+23 -1.3+ 17 20+ 14
Note. Values represent means (= SEM). Stroop = Stroop Color and Word Test.
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for the observed effects on recall. However, when the number of
trials needed to reach criterion was entered as a covariate in an
ANCOVA model with the same three factors (age, drug, and
recall), almost identical results for the Cortisol X Recall interac-
tion were obtained, F(1, 16) = 10.01, p < .05. Young participants
recalled more words than the elderly during both sessions, main
effect of age F(1, 18) = 6.37, p < .05; Age X Recall interaction,
F(1, 18) = 4.23, p = .05. No drug effect on the amount of
intrusions was detected (p > .10 for main effect and interaction).

The delayed-recall results were also analyzed using change
scores (deltas or percentages). A nearly identical significant cor-
tisol effect on delayed recall was observed using these two other
ways of analyzing the word list results.

In addition to the group comparison analyses just described, we
also evaluated at a descriptive level whether the observed signit-
icant effect could have been driven by some outliers. This was not
the case. Eleven participants performed poorer under cortisol,
whereas only 4 performed better; the remaining 5 performed
identically at both sessions.

For the second word list after drug administration, young par-
ticipants again learned with fewer trials than the elderly, F(1,
18) = 22.20, p < .01. However, no drug main effect or Drug X
Age interaction was observed (both ps > .10).

Regarding list recall 3 hr after cortisol or placebo administra-
tion, there was no significant drug main effect, Drug X Recall
interaction, or Age X Drug X Recall interaction (all ps > .20). No
drug effect was detected on the amount of intrusions (main effect
or interaction; p > .10).

To investigate whether recall of the second list was in general
poorer, an additional ANOVA was performed with age as the
between-group factor and drug (cortisol vs. placebo), list (first vs.
second), and recall (immediate vs. delayed) as the within-group
factors. This analysis revealed a significant main effect of list, F(1,
18) = 23.70, p < .01, as well as a significant List X Recall
interaction, F(1, 18) = 10.50, p < .01. Post hoc testing revealed
that young and elderly participants showed poorer (p < .05)
delayed recall on the second list compared with the first list. The
effect size fZ was .12; thus, w” was .10, indicating that 10% of the
variance in the dependent variable was explained by the interaction
of the two independent variables list and recall. Such an effect is
considered to be medium to large (Cohen, 1988; Richardson, 1996;
Stevens, 1992). The three-way interaction (Drug X List X Recall)
was not significant, F(1, 18) = 2.80, p = .11, thereby demonstrat-
ing that the list order effect was larger than the drug effect.

A similar three-way ANOVA (Age X Drug X List) was per-
formed for trials needed to reach criterion for the list learning.
Significant main effects of age, F(1, 18) = 18.90, p < .01, and list,
F(1, 18) = 5.30, p < .05, were observed. In addition, there was a
trend for an Age X List interaction, F(1, 18) = 3.70, p = .07.
Elderly participants tended to need more trials on the second list.
The three-way interaction (Age X List X Drug) was not signifi-
cant, F(1, 18) = 2.60, p = .12.

Regarding the Paragraph Recall Test, elderly participants tended
to recall fewer content words, F(1, 18) = 3.90, p = .06. However,
no cortisol main effect or Cortisol X Age interaction was observed
in this test (all ps > .10).

Other cognitive tests. On the Digit Span Test, there was a
main effect of cortisol, F(1, 18) = 5.05, p < .05, and also a
significant Age X Cortisol interaction, F(1, 18) = 6.08, p < .05.
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Young participants performed significantly worse after cortisol
administration (p < .05), whereas elderly participants did not
(p > .20). No cortisol interaction with time was observed (p >
.20). Post hoc testing revealed that under cortisol young partici-
pants performed poorer at the second time point (p < .05) but not
at the earlier time point (p = .17; Figure 3). The effect size f* was
.13; thus, o® was .11, indicating that 11% of the variance in the
dependent variable was explained by the Treatment X Age inter-
action. An effect of such size is considered a medium to large
effect (Cohen, 1988; Richardson, 1996; Stevens, 1992). Young
individuals tended to perform better than the elderly during both
sessions, main effect of age F(1, 18) = 2.95, p = .10.

When the data were analyzed with the inclusion of recall (for-
wards vs. backwards) as an additional factor, no significant corti-
sol interactions with this factor were found (all ps > .20).

In addition to the group comparison analysis, we also ascer-
tained at a descriptive level whether the observed significant effect
could have been driven by outliers. This was not the case. Eight
young participants performed poorer under cortisol, and [ per-
formed equally at both sessions.

No drug main effects or Drug X Age interactions were observed
in the attention test (all ps > .10). Elderly participants needed
more time to complete the attention task, F(1, 18) = 11.70, p <
.01, but did not differ from the younger men in the number of
errors committed (p > .10). However, the number of errors
committed was in general very low, suggesting a possible floor
effect for this variable.

No cortisol effects (main effect or interactions) were observed in
the Stroop Color and Word Test (p > .10), although elderly
participants showed stronger interference, F(1, 18) = 7.10, p <
.05. Similarly, no significant cortisol effects were obtained when
the raw test scores (number of words or colors produced for each
card) were used instead of the interference score.

Mood. There were no significant changes in self-reported
mood scores (POMS) after cortisol administration (cortisol main
effect as well as Cortisol X Age interaction; p > .10).

25 1 %
EEE pPl;cebo
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Q
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Time: 10:05 12:20 10:05 12:20
Group: Young Oid
Figure 3. Mean (£ SEM) effects of cortisol on Digit Span scores in

young and elderly participants, measured at two time points after cortisol
administration. Asterisk indicates significant difference between placebo
and cortisol groups, p << .05.
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Discussion

The present study has three interesting findings. First, our data
demonstrate that cortisol administration impairs recall of word lists
learned before drug administration in both young and elderly men.
Second, cortisol seems to have no effect on the learning of word
lists and paragraphs, nor does it appear to affect delayed recall of
word lists and paragraphs learned after cortisol administration.
Third, Digit Span is impaired by cortisol administration in young
but not elderly participants, whereas attention and response inhi-
bition are not affected in either age group.

Cortisol Effects on the Recall of Declarative Material
Learned Before Drug Administration

Our study is unique in showing for the first time that the effects
of elevated cortisol levels on free recall of previously learned
material appear to be relatively independent of age. Recall of
words learned before cortisol administration was impaired after
cortisol administration in both young and elderly participants. This
is in agreement with studies in young rats and humans in which
recall of material learned 24 hr earlier was impaired when GCs
were given before delayed-recall testing (de Quervain et al., 1998,
2000). We confirm and extend these findings by showing that
recall of material learned 75 min before cortisol administration is
also negatively influenced by cortisol. In addition, the results are
also in line with the reductions in recall observed after psychoso-
cial stress-induced cortisol elevations (Lupien et al., 1997; Wolf et
al., 1998). Our design does not allow us to exclude the possibility
that the observed effects were mediated by cortisol effects on
consolidation, which is still ongoing 75 min after the initial learn-
ing (McGaugh, 2000). However, de Quervain et al.’s (1998, 2000)
results suggest that the effects were indeed caused by a specific
cortisol effect on recall.

The word list used in the present study was rather short (10
words) and was learned thoroughly to a criterion. Animal data
suggest that the effects of GCs (or stress) on memory are larger
with increasing task difficulty (Diamond et al., 1999). Therefore, it
is likely that the cortisol effect would have been larger had we used
more words in the list and the training been less intensive. Indeed,
the task used by de Quervain et al. (2000) was more difficult
because these investigators used a larger list (60 words), did not
train to a criterion, and tested recall after a longer delay (24 hr).
This might explain why the cortisol-induced decrease in delayed
recall observed by de Quervain et al. was larger than the one
observed in the present experiment. However, utilization of this
short list still allowed us to detect drug, age, and interference
effects. Therefore, even though the actual differences were small,
the list used had high sensitivity. Although the absolute reduction
in the amount of words recalled was relatively small, the effect size
calculation indicated that cortisol administration explained 8% of
the observed variance, which reflects a medium to large effect
(Cohen, 1988; Richardson, 1996; Stevens, 1992). This effect size
could be of clinical relevance in that it may make the difference
between getting an A or a B on an examination.

We hypothesize that the negative effects of cortisol on recall are
mediated by its effects on the hippocampus. This notion is sup-
ported by two lines of evidence. First, functional neuroimaging
studies, animal lesion experiments, as well as clinical observations
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demonstrate that the hippocampus is important for successful
memory retrieval (Eichenbaum, Otto, & Cohen, 1992; Lepage,
Habib, & Tulving, 1998; Nyberg, McIntosh, Houle, Nilsson, &
Tulving, 1996; Schacter & Wagner, 1999; Squire, 1992). More-
over, healthy young and elderly participants seem not to differ in
their hippocampal activation during memory retrieval (Schacter,
Savage, Alpert, Rauch, & Albert, 1996). The second line of evi-
dence comes from our previous resting FDG-PET study (de Leon
et al.,, 1997), which suggested that a cortisol-induced reduction in
hippocampal glucose metabolism may be the mechanism under-
lying the negative impact of cortisol on retrieval. However, in that
study, only elderly individuals were tested; therefore, it remains to
be shown whether a similar reduction in hippocampal glucose
uptake occurs in young individuals. The role of the hippocampus
in mediating the cortisol-induced recall reduction should be inves-
tigated in the future using a cortisol challenge during a functional
imaging examination of retrieval.

Cortisol Effects on Learning of Declarative Information
and Its Subsequent Recall

High cortisol levels seem to have no effect on the learning of
new material 1 hr after injection or on the recall of that material 3
hr postinjection. The absence of a cortisol effect on the retrieval of
material learned during elevated cortisol levels can be interpreted
in at least three ways. The simplest possibility is that cortisol
effects do not persist over 3 hr. Although cortisol concentrations
significantly declined during the course of the experiment, they
were still significantly elevated 3 hr after administration (as shown
in Figure 2). Moreover, it was during this time that Digit Span was
affected. However, it is possible that different brain structures
(hippocampus vs. frontal lobes) have different cortisol response
profiles. A second explanation invokes the concept of state-
dependent learning (Bustamante, Jordan, Vila, Gonzalez, & Insua,
1970; Gray, 1975; Reus, Weingartner, & Post, 1979; Stewart,
Krebs, & Kaczender, 1967). The recall of material learned under
normal cortisol levels is impaired by high cortisol levels, but the
recall of material learned while cortisol levels are high may not be
influenced by high cortisol levels. Future studies using a design
similar to that of de Quervain et al. (2000) could test this hypoth-
esis by giving cortisol before learning and before recall testing and
contrasting the results with the observed adverse effects achieved
when cortisol is given before recall testing only. It is also possible
that the effect of cortisol on material learned during high cortisol
was masked by nonspecific effects inherent in our design. For
example, we observed that the delayed recall of the second word
list was in general poorer than that of the first list. The size of the
negative effect of the repeated list presentation (comparison of the
first and second lists, irrespective of treatment) was larger than that
of the cortisol administration (comparison of recall of the first list
under cortisol vs. placebo). This decreased performance could be
reflective of rather nonspecific changes during the long experi-
mental session (e.g., increased fatigue) or of proactive interference
from previously learned material. Because participants under cor-
tisol recalled fewer items from the first list, the amount of proac-
tive interference could have been reduced, thereby masking a
possible negative effect of cortisol on recall of the second list.
Preliminary experimental evidence, that cortisol might reduce the
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amount of proactive interference, has been presented (Watson,
Baker, Astana. Peskind, & Craft, 2000).

Learning and recall of paragraphs also were not impaired after
cortisol treatment. State-dependent learning, mentioned previ-
ously, could also be used to explain the absence of a deleterious
effect on Paragraph Recall. However, other explanations are pos-
sible. The relatively short delay time (10 min) could have de-
creased the task difficulty and with it its sensitivity. However, our
findings are in agreement with some previous studies in which
paired associates (Lupien et al., 1999) or Paragraph Recall (New-
comer et al., 1994, 1999} tests were used. One other study ob-
served an increased amount of intrusion after GC administration in
a word list paradigm (Wolkowitz et al., 1990). However, this latter
study used dexamethasone (DEX) instead of cortisol, perhaps
accounting for the observed differences. DEX does not cross the
blood-brain barrier as readily as cortisol (see De Kloet, Vreugden-
hil, Oitzl, & Jogls, 1998; Miller et al., 1992) and suppresses
endogenous cortisol production (Arana, Baldessarini, & Ornsteen,
1985).

In contrast to the absence of an acute cortisol effect on learning,
as demonstrated by this study. prolonged experimental GC expo-
sure seems to impair learning of declarative material in animals
(Conrad, Galea, Kuroda, & McEwen, 1996; Luine, Villigeas,
Martinez, & McEwen, 1994; Ohl & Fuchs, 1998) as well as
humans (Newcomer et al., 1994, 1999. Schmidt et al., 1999;
Young et al.,, 1999). In addition, humans exposed to prolonged
endogenous high cortisol levels also demonstrate impaired learn-
ing (Lupien et al., 1994, 1998; Seeman et al., 1997; Starkman,
Gebarski, Berent, & Schteingart, 1992). These observations sug-
gest different underlying mechanisms for the acute and chronic
effects of GCs. For reviews on this topic, see McEwen (1997,
1999a, 1999b) and De Kloet et al. (1998).

Cortisol Effects on Digit Span: Evidence for Age
Differences

The third and heretofore never reported finding is that cortisol
impaired Digit Span performance in young but not elderly indi-
viduals. Interestingly, the cortisol effect was more pronounced at
the second test point (almost 3 hr after cortisol administration),
suggesting involvement of either genomic or indirect effects. One
could also speculate that cortisol, in part, reduced the practice
effect observed during the placebo session in young individuals
rather than impairing the performance directly. The age-related
differences in the cortisol effects cannot be explained by simple
differences between the groups. The two groups did not differ in
the number of years of formal education, MMSE scores, or cortisol
levels achieved after cortisol administration. However, it is possi-
ble that the baseline differences in test performance between
young and elderly individuals altered the sensitivity of the test to
detect subtle changes. Although the absolute reduction in perfor-
mance for Digit Span under cortisol was relatively small, the effect
size analysis revealed that 11% of the variance was explained by
the experimental condition, which reflects a medium to large effect
(Cohen, 1988; Richardson, 1996; Stevens, 1992). When we de-
signed this experiment, we did not anticipate that cortisol would
have much of an effect on frontal function; Digit Span was being
used as a control task. Therefore, additional studies using more
sophisticated working memory tasks are clearly needed to confirm
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our results. Our finding that cortisol impaired Digit Span perfor-
mance in young individuals is in line with Lupien et al.’s (1999)
study, which found that cortisol among young individuals in-
creased reaction time in the Sternberg paradigm, a measure of
“scanning time” in short-term memory (Sternberg, 1966). Another
study previously reported that cortisol impaired mental rotation
(Kirschbaum et al., 1996), a task also thought to have a working
memory component. Short-term memory storage has long been
ascribed to the frontal lobes, and functional neuroimaging studies
support this notion (Gabrieli, Poldrack, & Desmond, 1998; Smith
& Jonides, 1998; Smith, Jonides, Marshuetz, & Koeppe, 1998).
For example, a systematic increase in working memory load,
similar to that occurring during the Digit Span task, linearly
increases activation of the dorsolateral prefrontal cortex (Braver et
al.,, 1997; Cohen et al., 1997; Rypma, Prabhakaran, Desmond,
Glover, & Gabrieli, 1999). However, the Digit Span Test is not a
pure measure of working memory because it also measures atten-
tion (see Lezak, 1995). Nonetheless, our findings cannot simply be
explained by changes in attention, because we and others did not
find cortisol effects on several more direct measures of attention
(Lupien et al., 1999; Newcomer et al., 1994, 1999; Schmidt et al.,
1999).

The effects of cortisol on the frontal lobes appear to be restricted
to the short-term storage of information in working memory. No
cortisol effect was observed on the Stroop Color and Word Test,
which measures frontal cortex-mediated impulse inhibition. Sim-
ilarly, Young et al. (1999) found cortisol effects on working
memory tasks but not on the Tower of London test, a task mea-
suring logical reasoning. Different structures within the frontal
lobe mediate these different tasks (Cohen et al., 1997; Malloy &
Richardson, 1994; Smith & Jonides, 1998:; R. L. West, 1996), and
it is possible that these regions are differentially affected by
cortisol. The present study had a relatively small sample size.
Therefore, the specificity of the cortisol effects on short-term
storage needs to be confirmed in future studies. In addition, there
is always the possibility that some of the other tasks used might
have been less sensitive to subtle drug-induced changes.

Our findings, if replicated with other working memory tests,
suggest that with normal aging the frontal lobes (probably the
dorsolateral prefrontal cortex), but not the temporal lobes, may
become less responsive to the effects of acute cortisol elevations.
We hypothesize that age-related alterations of the frontal cortex
may account for this lack of responsivity. Previous studies lend
indirect support to this hypothesis. For example, in conditions that
affect particular brain anatomy, as in the case of the hippocampus
in schizophrenia (Lawrie & Abukmeil, 1998) or Alzheimer’s dis-
ease (de Leon et al., 1993), the compromised hippocampus is not
responsive to cortisol effects on memory (Newcomer et al., 1998)
or glucose utilization (de Leon et al., 1997). In contrast to these
pathological conditions, it is known that with normal aging sub-
stantial changes may occur in the frontal lobes (e.g., Coffey et al.,
1992; Coleman & Flood, 1987; De Santi et al., 1995; Haug &
Eggers, 1991; Raz et al., 1997; Salmon et al., 1991; R. L. West,
1996), whereas age-associated changes in the medial temporal
lobes are more subtle (Coffey et al., 1992; Raz et al., 1997; M. J.
West, 1993).

We hypothesize that the lack of frontal lobe sensitivity to the
acute effects of cortisol during normal aging could be analogous to
the absence of hippocampal cortisol effects in clinical conditions
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with hippocampal disease. Age-associated changes in the frontal
dopamine system, which is critically involved in working memory
(Goldman-Rakic, 1998), may explain some of these age differ-
ences. The frontal dopamine system is sensitive to the effects of
stress (Deutch & Roth, 1990) or GCs (Piazza & Le Moal, 1996).
Arnsten and Goldman-Rakic (1998), in their study of monkeys,
demonstrated that stress impaired working memory through a
“hyperdopaminergic” mechanism. Because dopamine concentra-
tions and receptors decrease with age (Goldman-Rakic & Brown,
1981; Wenk, Pierce, Struble, Price, & Cork, 1989), elderly indi-
viduals may be less susceptible to this effect. Supporting this
hypothesis are studies demonstrating age-associated reductions in
the sensitivity to dopamine agonists (Arnsten, Cai, Murphy, &
Goldman-Rakic, 1994; Amsten, Cai, Steere, & Goldman-Rakic,
1995).

To our knowledge, this communication represents the first re-
port of an age-associated differential modulation of two distinct
effects that acute cortisol elevation has on human cognition. First,
cortisol impairs recall of declarative material learned before drug
administration, and this effect is observed in both young and
elderly individuals. Second, short-term storage or working mem-
ory is impaired by cortisol only in young participants. Because
only men were studied in this experiment, it awaits to be shown
whether similar effects are observed in women. A somewhat
speculative explanation for our results is that with normal aging
the sensitivity of the frontal cortex to acute cortisol elevations is
attenuated, whereas the sensitivity of the hippocampus is not.
However, as outlined previously, several other methodological
explanations for the present findings are possible and have to be
ruled out in future studies. The final test of our hypothesis can only
come from functional imaging studies of declarative memory recall
and working memory performance after cortisol administration.

References

Arana, G. W., Baldessarini, R. J., & Ornsteen, M. (1985). The dexameth-
asone suppression test for diagnosis and prognosis in psychiatry. Ar-
chives of General Psychiatry, 42, 1193-1204.

Arnsten, A. F., Cai, J. X., Murphy, B. L., & Goldman-Rakic, P. S. (1994).
Dopamine D1 receptor mechanisms in the cognitive performance of
adult and aged monkeys. Psychopharmacology (Berlin), 116, 143-151.

Armnsten, A. F., Cai, J. X,, Steere, J. C., & Goldman-Rakic, P. S. (1995).
Dopamine D2 receptor mechanisms contribute to age-related cognitive
decline: The effects of quinpirole on memory and motor performance in
monkeys. Journal of Neuroscience, 15, 3429-3439.

Arnsten, A. F., & Goldman-Rakic, P. S. (1998). Noise stress impairs
prefrontal cortical cognitive function in monkeys: Evidence for a hyper-
dopaminergic mechanism. Archives of General Psychiatry, 55, 362-368.

Braver, T. S., Cohen, J. D., Nystrom, L. E., Jonides, J., Smith, E. E., &
Noll, D. C. (1997). A parametric study of prefrontal cortex involvement
in human working memory. Neuroimage, 5, 49-62.

Bray, G. A. (1987). Overweight is risking fate. Definition, classification,
prevalence, and risks. In R. J. Wurtman & J. J. Wurtman (Eds.), Annals
of the New York Academy of Sciences: Vol. 499. Human Obesity (pp.
14-28). New York: New York Academy of Sciences.

Buschke, H. (1973). Selective reminding for analysis of memory and
learning. Journal of Verbal Learning and Verbal Behavior, 12, 543-550.

Bustamante, J. A., Jordan, A., Vila, M., Gonzalez, A., & Insua, A. (1970).
State dependent learning in humans. Physiology & Behavior, 5, 793—
796.

Coffey, C. E., Wilkinson, W. E., Parashos, I. A, Soady, S. A. R., Sullivan,

1009

R. J., Patterson, L. J., Figiel, G. S., Webb, M. C., Spritzer, C. E., &
Dijang, W. T. (1992). Quantitative cerebral anatomy of the aging human
brain: A cross-sectional study using magnetic resonance imaging. Neu-
rology, 42, 527-536.

Cohen, I. (1988). Statistical power analysis for the social sciences. Hills-
dale, NJ: Erlbaum.

Cohen, J. D., Perlstein, W. M., Braver, T. S., Nystrom, L. E., Noll, D. C,,
Jonides, J., & Smith, E. E. (1997, April 10). Temporal dynamics of brain
activation during a working memory task. Nature, 386, 604-608.

Coleman, P. D., & Flood, D. G. (1987). Neuron numbers and dendritic
extent in normal aging and Alzheimer’s disease. Neurobiology of Ag-
ing, 8, 521-545.

Conrad, C. D., Galea, L. A., Kuroda, Y., & McEwen, B. S. (1996). Chronic
stress impairs rat spatial memory on the Y maze, and this effect is
blocked by tianeptine pretreatment. Behavioral Neuroscience, 110,
1321-1334.

Convit, A., Volavka, J., Czobor, P., de Asis, J., & Evangelista, C. (1994).
Effect of subtle neurodysfunction on haloperidol treatment response in
schizophrenia. American Journal of Psychiatry, 151, 49-56.

Craft, S., Asthana, S., Newcomer, J. W., Wilkinson, C. W., Matos, I. T.,
Baker, L. D., Cherrier, M. M., Lofgreen, C., Latendresse, S., Plymate,
S. R., Raskind, M., Grimwood, K., & Veith, R. C. (2000). Enhancement
of memory in Alzheimer disease with insulin and somatostatin, but not
glucose. Archives of General Psychiatry, 56, 1135-1140.

De Kloet, E. R., Oitzl, M. S., & Joels, M. (1999). Stress and cognition: Are
corticosteroids good or bad guys? Trends in Neuroscience, 22, 422-426.

De Kloet, E. R., Vreugdenhil, E., Oitzl, M. S., & Joéls, M. (1998). Brain
corticosteroid receptor balance in health and disease. Endocrine Re-
views, 19, 269-301.

de Leon, M. 1., Golomb, J., George, A. E., Convit, A., Tarshish, C. Y.,
McRae, T., De Santi, S., Smith, G., Ferris, S. H., Noz, M., & Rusinek,
H. (1993). The radiologic prediction of Alzheimer’s disease: The atro-
phic hippocampal formation. American Journal of Neuroradiology, 14,
897-906.

de Leon, M. J., McRae, T., Rusinek, H., Convit, A_, De Santi, S., Tarshish,
C., Golomb, J., Volkow, N., Daisley, K., Orentreich, N., & McEwen, B.
(1997). Cortisol reduces hippocampal glucose metabolism in normal
elderly but not in Alzheimer’s disease. Journal of Clinical Endocrinol-
ogy and Metabolism, 82, 3251-3259.

de Quervain, D. J. F., Roozendaal, B., & McGaugh, J. L. (1998). Stress and
glucocorticoids impair retrieval of long-term spatial memory. Nature,
394, 787-790.

de Quervain, D. J. F., Roozendaal, B., Nitsch, R. M., McGaugh, J. L., &
Hock, C. (2000, August 20). Acute corticosterone administration impairs
retrieval of long-term declarative memory in healthy human subjects.
Nature Neuroscience, 3, 313-314.

De Santi, S., de Leon, M. J., Convit, A., Tarshish, C., Rusinek, H., Tsui,
W. H., Sinaiko, E., Wang, G. J., Bartlet, E., & Volkow, N. (1995).
Age-related changes in brain: II. Positron emission tomography of
frontal and temporal lobe glucose metabolism in normal subjects. Psy-
chiatric Quarterly, 66, 357-370.

Deutch, A. Y., & Roth, R. H. (1990). The determinants of stress induced
activation of the prefrontal cortical dopamine system. Progress in Brain
Research, 85, 367-403.

Diamond, D. M., Fleshner, M., Ingersoll, N., & Rose, G. M. (1996).
Psychological stress impairs spatial working memory: Relevance to
electrophysiological studies of hippocampal function. Behavioral Neu-
roscience, 110, 661-672.

Diamond, D. M., Park, C. R,, Heman, K. L., & Rose, G. M. (1999).
Exposing rats to a predator impairs spatial working memory in the radial
arm water maze. Hippocampus, 9, 552.

Eichenbaum, H., Otto, T., & Cohen, N. J. (1992). The hippocampus—
What does it do? Behavioral and Neural Biology, 57, 2-36.

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). Mini-mental



1010

state: A practical method for grading the cognitive state of patients for
the clinician. Journal of Psychiatry Research, 12, 189-198.

Gabrieli, J. D., Poldrack, R. A., & Desmond, J. E. (1998). The role of left
prefrontal cortex in language and memory. Proceedings of the National
Academy of Sciences, USA, 95, 906-913.

Gilbert, J. G. (1996). Guild Memory Test manual. Newark, NJ: UNICO
National Mental Health Research Center.

Gilbert, J. G., Levee, R. F., & Catalano, F. L. (1968). A preliminary report
on a new memory scale. Perceptual and Motor Skills, 27, 277-278.
Gold, P. E. (1995). Role of glucose in regulating the brain and cognition.

American Journal of Clinical Nutrition, 61, 9875-995S.

Golden, C. J. (1978). Stroop Color and Word Test: A manual for clinical
and experimental uses. Wood Dale, IL: Stoelting.

Goldman-Rakic, P. S. (1998). The cortical dopamine system: Role in
memory and cognition. Advances in Pharmacology, 42, 707-711.

Goldman-Rakic, P. S., & Brown, R. M. (1981). Regional changes of
monoamines in cerebral cortex and subcortical structures of aging rhesus
monkeys. Neuroscience, 6, 177-187.

Gray, P. (1975). Effect of adrenocorticotropic hormone on conditioned
avoidance in rats interpreted as state-dependent learning. Journal of
Comparative Physiology and Psychology, 88, 281-284.

Hamilton, M. (1967). Development of a rating scale for primary depression
illness. British Journal of Social and Clinical Psychology, 6, 278-296.

Haug, H., & Eggers, R. (1991). Morphometry of the human cortex cerebri
and corpus striatum during aging. Neurobiology of Aging, 12, 336-338.

Hertel, P. T, & Hardin, T. S. (1990). Remembering with and without
awareness in a depressed mood: Evidence of deficits in initiative. Jour-
nal of Experimental Psychology, 119, 45-59.

Horner, H. C., Packan, D. R., & Sapolsky, R. M. (1990). Glucocorticoids
inhibit glucose transport in cultured hippocampal neurons and glia.
Neuroendocrinology, 52, 57-64.

Issa, A., Rowe, W., Gauthier, S., & Meaney, M. (1990). Hypothalamic—~
pituitary—adrenal activity in aged, cognitively impaired and cognitively
unimpaired rats. Journal of Neuroscience, 10, 3247-3253.

Kirschbaum, C., Wolf, O. T., May, M., Wippich, W_, & Hellhammer, D. H.
(1996). Stress and treatment induced elevations of cortisol levels asso-
ciated with impaired declarative memory in healthy adults. Life Sci-
ences, 58, 1475-1483.

Lawrie, S. M., & Abukmeil, S. S. (1998). Brain abnormality in schizo-
phrenia: A systematic and quantitative review of volumetric magnetic
resonance imaging studies. British Journal of Psychiatry, 172, 110-120.

Lepage, M., Habib, R., & Tulving, E. (1998). Hippocampal PET activa-
tions of memory encoding and retrieval: The HIPER model. Hippocam-
pus, 8, 313-322.

Lezak, M. D. (1995). Neuropsychological assessment. New York: Oxford
University Press.

Luine, V., Villigeas, M., Martinez, C., & McEwen, B. S. (1994). Repeated
stress causes reversible impairments of spatial memory performance.
Brain Research, 639, 167-170.

Lupien, S. J.,, de Leon, M. I, De Santi, S., Convit, A., Tarshish, C., Nair,
N. P. V., Thakur, M., McEwen, B. S., Hauger, R. L., & Meaney, M. J.
(1998). Cortisol levels during human aging predict hippocampal atrophy
and memory deficits. Nature Neuroscience, 1, 69-73.

Lupien, S. J., Gaudreau, S., Tchiteya, B. M., Maheu, F., Sharma, S., Nair,
N. P. V., Hauger, R. L., McEwen, B. S., & Meaney, M. J. (1997).
Stress-induced declarative memory impairment in healthy elderly sub-
jects: Relationship to cortisol reactivity. Journal of Clinical Endocrinol-
ogy and Metabolism, 82, 2070-2075.

Lupien, S. J., Gillin, C. J., & Hauger, R. L. (1999). Working memory is
more sensitive than declarative memory to the acute effects of cortico-
steroids: A dose—response study in humans. Behavioral Neuroscience,
113, 420-430.

Lupien, S., Lecours, A. R., Lussier, 1., Schwartz, G., Nair, N. P. V., &

WOLF ET AL.

Meaney, M. J. (1994). Basal cortisol levels and cognitive deficits in
human aging. Journal of Neuroscience, 14, 2893-2903.

Lupien, S. J., & McEwen, B. S. (1997). The acute effects of corticosteroids
on cognition: An integration of animal and human model studies. Brain
Research Review, 24, 1-27.

Malloy, P. F., & Richardson, E. D. (1994). Assessment of frontal lobe
functions. Journal of Neuropsychiatry and Clinical Neuroscience, 6,
399-410.

Marcus, S., Robins, L. N., & Bucholz, K. (1998). Quick Diagnostic
Interview Schedule III-R. (version 1.0). Bethesda, MD: National Institute
of Mental Health.

McCarthy, M., Ferris, S. H., Clark, E., & Crook, T. (1981). Acquisition and
retention of categorized material in normal aging and senile dementia.
Experimental Aging Research, 7, 127-135.

McEwen, B. S. (1997). Possible mechanisms for atrophy of the human
hippocampus. Molecular Psychiatry, 2, 255-263.

McEwen, B. S. (1999a). Stress and the aging hippocampus. Frontiers in
Neuroendocrinology, 20, 49-70.

McEwen, B. S. (1999b). Stress and hippocampal plasticity. Annual Review
of Neuroscience, 22, 105-122.

McGaugh, J. L. (2000, January 14). Memory—A century of consolidation.
Science, 287, 248 -251.

McNair, D. M., Lorr, M., & Droppelman, L. F. (1992). Profile of Mood
States (POMS): Manual. San Diego, CA, Edits.

Miller, A. H., Spencer, R. L., Pulera, M., Kang, S., McEwen, B. S., &
Stein, M. (1992). Adrenal steroid receptor activation in rat brain and
pituitary following dexamethasone: Implications for the dexamethasone
suppression test. Biological Psychiatry, 32, 850—869.

Newcomer, J. W., Craft, S., Askins, K., Hershey, T., Bardgett, M. E.,
Csernansky, . G., Gagliardi, A. E., & Vogler, G. (1998). Glucocorticoid
interactions with memory functions in schizophrenia. Psychoneuroen-
docrinology, 23, 65-72.

Newcomer, J. W., Craft, S., Hershey, T., Askins, K., & Bardgett, M. E.
(1994). Glucocorticoid-induced impairment in declarative memory per-
formance in adult humans. Journal of Neuroscience, 14, 2047-2053.

Newcomer, J. W., Selke, G., Melson, A. K., Hershey, T., Craft, S.,
Richards, K., & Alderson, A. L. (1999). Decreased memory performance
in healthy humans induced by stress-level cortisol treatment. Archives of
General Psychiatry, 56, 527-533.

Nyberg, L., Mclntosh, A. R., Houle, S., Nilsson, L., & Tulving, E. (1996).
Activation of medial temporal lobe structures during episodic memory
retrieval. Nature, 380, 715-717.

Ohl, F., & Fuchs, E. (1998). Memory performance in tree shrews: Effects
of stressful experiences. Neuroscience and Biobehavioral Reviews, 23,
319-323.

Piazza, P. V., & Le Moal, M. L. (1996). Pathophysiological basis of
vulnerability to drug abuse: Role of an interaction between stress,
glucocorticoids, and dopaminergic neurons. Annual Review of Pharma-
cology and Toxicology, 36, 359-378.

Plihal, W., Krug, R., Pietrowsky, R., Fehm, H. L., & Born, J. (1996).
Corticosteroid receptor mediated effects on mood in humans. Psycho-
neuroendocrinology, 21, 515-523.

Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J., Briggs,
S. D, Loken, W. J., Thornton, A. E., & Acker, J. D. (1997). Selective
aging of the human cerebral cortex observed in vivo: Differential vul-
nerability of the prefrontal gray matter. Cerebral Cortex, 7, 268 -282.

Reisberg, B., Ferris, S. H., de Leon, M. J., & Crook, T. (1982). The global
deterioration scale for assessment of primary degenerative dementia.
American Journal of Psychiatry, 139, 1136-1139.

Reisberg, B., Ferris, S. H., de Leon, M. J., & Crook, T. (1988). The Global
Deterioration Scale (GDS). Psychopharmacology Bulletin, 24, 661-663.

Reus, V. L., Weingartner, H., & Post, R. M. (1979). Clinical implications
of state-dependent learning. American Journal of Psychiatry, 136, 927~
931.



CORTISOL EFFECTS ON MEMORY IN YOUNG AND ELDERLY MEN 1011

Richardson, J. T. E. (1996). Measures of effect size. Behavior Research
Methods, Instruments and Computers, 28, 12-22.

Roozendaal, B. (2000). Glucocorticoids and the regulation of memory
consolidation. Psychoneuroendocrinology, 25, 213-238.

Rypma, B., Prabhakaran, V., Desmond, J. E., Glover, G. H., & Gabrieli,
J. D. (1999). Load-dependent roles of frontal brain regions in the
maintenance of working memory. Neuroimage, 9, 216-226.

Salmon, E., Maquet, P., Sadzot, B., Degueldre, C., Lemaire, C., & Franck,
G. (1991). Decrease of frontal metabolism demonstrated by positron
emission tomography in a population of healthy elderly volunteers. Acta
Neurologica Belgica, 91, 288-295.

Sandi, C., Loscertales, M., & Guaza, C. (1997). Experience-dependent
facilitating effect of corticosterone on spatial memory formation in the
water maze. European Journal of Neuroscience, 9, 637-642.

Sapolsky, R. (1992). Do glucocorticoid concentrations rise with age in the
rat? Neurobiology of Aging, 13, 171-176.

Sapolsky, R. M., Krey, L. C., & McEwen, B. S. (1986). The neuroendo-
crinology of stress and aging: The glucocorticoid cascade hypothesis.
Endocrine Reviews, 7, 284-301.

Schacter, D. L., Savage, C. R., Alpert, N. M., Rauch, S. L., & Albert, M. S.
(1996). The role of hippocampus and frontal cortex in age-related
memory changes: A PET study. NeuroReport, 7, 1165-1169.

Schacter, D. L., & Wagner, A. D. (1999). Medial temporal lobe activations
in fMRI and PET studies of episodic encoding and retrieval. Hippocam-
pus, 9, 7-24.

Schmidt, L. A, Fox, N. A, Goldberg, M. C., Smith, C. C., & Schulkin, J.
(1999). Effects of acute prednisone administration on memory, attention
and emotion in healthy human adults. Psychoneuroendocrinology, 24,
461-483.

Seeman, T. E., McEwen, B. S, Singer, B. H., Albert, M. S., & Rowe, J. W.
(1997). Increase in urinary cortisol excretion and memory declines:
MacArthur studies of successful aging. Journal of Clinical Endocrinol-
ogy and Metabolism, 82, 2458 -2465.

Seeman, T. E., & Robbins, R. J. (1994). Aging and hypothalamic-pituitary-
adrenal response to challenge in humans. Endocrine Reviews, 15, 233—
260.

Smith, E. E., & Jonides, J. (1998). Neuroimaging analyses of human
working memory. Proceedings of the National Academy of Sciences,
USA, 95, 12061-12068.

Smith, E. E., Jonides, J., Marshuetz, C., & Koeppe, R. A. (1998). Com-
ponents of verbal working memory: Evidence from neuroimaging. Pro-
ceedings of the National Academy of Sciences, USA, 95, 876—882.

Squire, L. R. (1992). Memory and the hippocampus: A synthesis from
findings with rats, monkeys, and humans. Psychological Review, 99,
195-231.

Starkman, M. N., Gebarski, S. S., Berent, S., & Schteingart, D. E. (1992).
Hippocampal formation volume, memory dysfunction, and cortisol lev-

els in patients with Cushing’s syndrome. Biological Psychiatry, 32,
756-765.

Sternberg, S. (1966). High-speed scanning in human memory. Science,
153, 652—654.

Stevens, J. (1992). Applied multivariate statistics for the social sciences
(2nd ed.). Hillsdale, NJ: Erlbaum.

Stewart, J., Krebs, W. H., & Kaczender, E. (1967). State-dependent learn-
ing produced with steroids. Nature, 216, 1223-1224.

Stroop, J. R. (1935). Studies of interference in serial verbal reactions.
Journal of Experimental Psychology, 18, 643-662.

Van Cauter, E., Leproult, R., & Kupper, D. J. (1996). Effects of gender and
age on the levels and circadian rhythmicity of plasma cortisol. Journal
of Clinical Endocrinology and Metabolism, 81, 2468-2473.

Watson, G. S., Baker, L. D., Astana, S., Peskind, E. R., & Craft, S. (2000).
Insulin and cortisol effects on memory in Alzheimer’s disease. Neuro-
biology of Aging, 21 (Suppl. 1), §92.

Wechsler, D. (1981). Wechsler Adult Intelligence Scale—Revised. New
York: Harcourt Brace Jovanovich.

Wechsler, D. (1987). Wechsler Memory Scale—Revised. San Antonio, TX:
Harcourt Brace Jovanovich.

Wenk, G. L., Pierce, D. I., Struble, R. G., Price, D. L., & Cork, L. C.
(1989). Age-related changes in multiple neurotransmitter systems in the
monkey brain. Neurobiology of Aging, 10, 11-19.

West, M. J. (1993). Regionally specific loss of neurons in the aging human
hippocampus. Neurobiology of Aging, 14, 287-293.

West, R. L. (1996). An application of prefrontal cortex function theory to
cognitive aging. Psychological Bulletin, 120, 272-292.

Wolf, O. T., Kudielka, B. M., Hellhammer, D. H., Hellhammer, J., &
Kirschbaum, C. (1998). Opposing effects of DHEA replacement in
elderly subjects on declarative memory and attention after exposure to a
laboratory stressor. Psychoneuroendocrinology, 23, 617-629.

Wolkowitz, O. M., & Reus, V. I. (1999). Treatment of depression with
antiglucocorticoid drugs. Psychosomatic Medicine, 61, 698-711.

Wolkowitz, O. M., Reus, V. L, Weingartner, H., Thompson, K., Breier, A.,
Doran, A., Rubinow, D., & Pickar, D. (1990). Cognitive effects of
corticosteroids. American Journal of Psychiatry, 147, 1297-1303.

Wood, G. E., & Shors, T. J. (1998). Stress facilitates classical conditioning
in males, but impairs classical conditioning in females through activa-
tional effects of ovarian hormones. Proceedings of the National Acad-
emy of Sciences, USA, 95, 4066—4071.

Young, A. H.,, Sahakian, B. J., Robbins, T. W., & Cowen, P. J. (1999). The
effects of chronic administration of hydrocortisone on cognitive function
in normal male volunteers. Psychopharmacology (Berlin), 145, 260~
266.

Received June 30, 2000
Revision received October 23, 2000
Accepted March 12, 2001 =



