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Abstract
memory, tested with the Subject Ordered Pointing Test (SOP),
was worse in older subjects than younger subjects, and there
was no evidence of gender differences at either age. Testosterone supplementation improved working memory in older men,
but a similar enhancement of working memory was not found
in older women supplemented with estrogen. In men,
testosterone and estrogen effects were reciprocalÐwith better
working memory related to a higher testosterone to estrogen
ratio. These results suggest that sex steroids can modulate
working memory in men and can act as modulators of cognition
throughout life. &

A wealth of studies now describe the modifiability of
cognition by sex steroids (estrogen and testosterone) in
humans. However, the effects of sex steroids on cognition have not, in general, been examined in a cognitive
neuroscience framework. That is, studies have not focussed on determining which component cognitive
processes are those affected by sex steroids or the
underlying neural systems and neurobiological bases
for hormone effects. In this study, we examined the
relationships between sex steroids and working memory
in both younger and older subjects and discuss the
findings in relation to the neural system and neurobiological mechanisms that may underlie the effects.
Age-related declines in both working and long-term
memory are common and occur even in healthy people
(Howieson, Holm, Kaye, Oken, & Howieson, 1993; Light,
1991; Salthouse, 1990; Craik & McDowd, 1987). Recently, behavioral studies have shown that sex steroids
can modify memory in aging. Older women on postmenopausal estrogen replacement show improved verbal memory on story or word-list recall tasks (Kampen &
Sherwin, 1994; Sherwin, 1988). Women on estrogen
replacement show greater longevity (Henderson, Paganini-Hill, & Ross, 1991) and are at less risk for Alzheimer's Disease (Barrett-Connor & Kritz-Silverstein, 1993).
Data from studies using animal models suggest that
estrogen can modify synaptic number and efficacy in
the hippocampus (Woolley & McEwen, 1992; Woolley &

McEwen, 1993; Woolley, Weiland, McEwen, & Schartzkroin, 1997) and it is presumed this underlies the effects
of estrogen on memory in women. The effects of sex
steroids in men and on other forms of memory, such as
frontal lobe-mediated working memory, have received
much less attention.
Working memory is the ability to ``hold in mind'' and
flexibly manipulate information over brief periods of
time in order to make a response (Goldman-Rakic &
Friedman, 1991; Baddeley, 1986). Damage to the prefrontal cortex (Brodmann's areas 46 and 9) in humans
and nonhuman primates (Petrides, 1995) impairs working memory performance. Functional neuroimaging
studies show prefrontal activation during working memory tasks (Courtney, Ungerleider, Keil, & Haxby, 1997;
McCarthy et al., 1994; Cohen et al., 1993; Cohen et al.,
1997; Petrides, Alivisatos, Meyer, & Evans, 1993). The
prefrontal cortex is particularly vulnerable to atrophy
with aging (Raz, Gunning, Head, Dupuis, & Acker, 1998;
Raz et al., 1997; Cowell et al., 1994; Salat, Kaye, &
Janowsky, 1999); and at least, in part, it is these agerelated changes in prefrontal function which underlie
the loss of working memory in older people (Boone,
Miller, & Lesser,1993; Daigneault & Braun, 1993). In this
study, we used the Subject Ordered Pointing Test (SOP;
Petrides, 1994) to examine working memory. This task
was chosen because its prefrontal-neural basis has been
well described in human and animal lesion studies and
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& In the last ten years, numerous mechanisms by which sex
steroids modify cortical function have been described. For
example, estrogen replacement improves verbal memory in
women, and animal studies have shown effects of estrogen on
hippocampal synaptogenesis and function. Little is known
about sex steroid effects on other aspects of memory, such as
frontal lobe-mediated working memory. We examined the
relationships between working memory and sex steroid
concentrations and whether sex steroid supplementation
would modify age-related loss of working memory in older
men and women. Before hormone supplementation, working

with functional neuroimaging (Petrides et al., 1993;
Petrides, 1994).
The neurobiological mechanism(s) by which sex steroids could affect cognition is not well understood.
Recently, a host of new biological mechanisms have
been described by which either testosterone or estrogen
could differentially influence the function of particular
cortical systems and, thus, particular cognitive processes. Here, we report the results of a double-blind placebo-controlled study of the role of sex steroids in the
control of working memory, and whether sex hormones
can modify age-related declines in working memory.

Aging and Sex Steroid Concentrations
Aging was associated with the expected changes in sex
steroid concentrations ( Vermeulen, 1991; Korenman,
1982; Table 1). In postmenopausal women, estradiol
levels were more than tenfold lower, and free testosterone concentrations were on average 50% lower than in
young women. Free testosterone levels were approximately 50% lower in older than younger men, but
estradiol levels were similar. Steroid levels were increased in the supplemented older subjects at the time
of the second test session (Table 1). Estrogen treatment
significantly increased estradiol concentrations in the
older women such that their levels did not differ from
those of younger women ( p > .10). Testosterone
treatment in the older men resulted in a significant
increase in circulating testosterone, as well as estradiol
(presumably as a result of aromatization of testosterone
to estradiol). Testosterone and estradiol levels in the
supplemented older men were higher than that in
younger men (t23 > 5.80, p < .001).

Before treatment, older subjects made more errors
on the SOP than younger subjects (F(1,73) = 11.31,
p = .001; see Figure 1), a finding similar to the agerelated decline in working memory reported by others
(Daigneault & Braun, 1993). No sex differences in
performance were found in either the young or elderly
(F(1,73) = .59, p = .45), and the performance of men
and women was similarly affected by age (sex-by-age
interaction F(1,73) = .10, p = .76). Younger men and
women both improved in performance between the two
test sessions (F(1,43) = 28.4, p < .001) without evidence of sex differences in this practice effect (interaction between sex and session (F(1,43) = 1.14, p = .29).
In contrast, older men and women without sex steroid
supplementation showed no improvement in performance across the two test sessions.
Sex Steroid Effects on Working Memory
Sex steroid supplementation resulted in a significant
enhancement in performance in older men but not
older women (F(3,27) = 3.37, p = .03; post hoc
t9 = 4.81, p = .001; Figure 2). In fact, the testosteronesupplemented older men performed approximately as
well in the second session as younger men in the first
test session (8.4 vs. 7.8 errors, respectively).
Analyses of the relationship between serum hormone levels in the second test session and working
memory performance show that testosterone is related
to better, but estrogen worse, working memory in
men. Multiple regression analysis revealed that SOP
performance was positively associated with testosterone levels (t = 2.56, p = .02) and negatively associated with age (t = 3.45, p < .01) and estradiol

Table 1. Hormone Levels
Estradiol (pg/ml)a

Free testosterone (pg/ml)

Session 1

Session 2b

Session 1

Session 2b

Older men
placebo, N = 9

23.5 (14.1 ± 36.4)

26.2 (13.4 ± 53.7)

12.3 (8.1 ± 18.0)

16.6 (10.3 ± 40.4)

Older men
testosterone, N = 10

29.2 (6.3 ± 68.6)

75.3 (19.9 ± 133.9)

12.2 (9.5 ± 14.1)

45.2 (15.3 ± 54.1)

Older women
placebo, N = 7

7.3 (4.9 ± 19.9)

Older women
estrogen, N = 6

12.7 (4.9 ± 41.9)

64.0 (13.8 ± 128.8)

Younger men, N = 18

23.6 (10.0 ± 37.5)

26.7 (9.5 ± 50.5)

126.3 (38.6 ± 248.9)

108.1 (23.6 ± 260.9)

Younger women, N = 29

7.2 (4.9 ± 19.9)

.81 (.54 ± 1.30)

.81 (.54 ± 1.20)

.70 (.65 ± .80)

.64 (.54 ± .66)

26.5 (15.7 ± 43.4)

24.2 (12.5 ± 34.2)

1.40 (.65 ± 3.40)

1.54 (.65 ± 3.60)

Younger subjects did not have hormone supplementation.
a
Estradiol levels are unavailable for one male and one female younger subject Session 2 only due to lipemic sample.
b
Post-supplementation; testosterone for the older men and estrogen for older women, or placebo.
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RESULTS

Age Effects on Working Memory

DISCUSSION

levels (t = 2.27, p = .03) in men. Similar results
were found when the data from older men was analyzed alone. The ratio of serum estradiol to testosterone was related to errors in SOP performance (R = .61,
p < .001).
In older women, estrogen supplementation did not
affect performance. However, the multiple regression
analysis revealed that testosterone concentrations
were negatively related to working memory performance in older women (t = 2.30, p = .05). When
considered in all women, estradiol/testosterone ratio
was positively related to working memory performance (R = .31, p = .05); however, when each
group was considered individually, neither sex steroid
was significantly related to performance in women (all
p > .15).
The enhancement of performance in the supplemented older men was not due to awareness of their treatment, as the subjects did not accurately predict their
assigned treatment group at the end of the study. In
addition, the effects of testosterone supplementation
in men was not due to a general enhancement of
mood, as there were no significant changes on any
subscale or the total score on the Profile of Mood
States (POMS; t < 1.80, p > .10). In addition, there
were no differences between the placebo- and testosterone-treated group in mood ratings from Session 1
to Session 2 (t < 1.10, p > .10).

Figure 2. Change in performance after a month of placebo or
hormone supplementation (older subjects; striped bars) or no
treatment (younger subjects). Older men on testosterone supplementation showed an improvement in performance (fewer errors).
Younger subjects showed the expected improvement on the task due
to practice; whereas older subjects, without hormone supplementation
or with estrogen supplementation, did not. Brackets show standard
error of the mean.
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Figure 1. Performance (number of errors) on the SOP in men and
women in Session 1, before hormone supplementation in the older
subjects. Older subjects made more errors than younger subjects,
suggesting an age-related decrement in performance; however, no sex
differences in performance were found. Brackets show standard error
of the mean.

Working memory is considered a critical, ``gateway''
cognitive function. The ability to maintain information
in mind and flexibly manipulate or update it is a hallmark feature of most mental abilities. Thus, subtle
modulation of working memory could affect a wide
range of cognitive abilities. Our data suggest that sex
steroids can modulate working memory in men
throughout life. Testosterone supplementation enhanced working memory performance in older men
and was positively related to working memory performance in younger men. Estrogen may inhibit working
memory in men as shown by the negative relationship
between working memory and estrogen in men in the
multiple regression analysis. While younger subjects
showed improvement in performance with repeated
testing, older subjects did not. Testosterone supplementation in men resulted in an improvement in performance that was even larger than the practice effects
found in younger subjects. From these data, we cannot
be certain whether the improvements are due to better
working memory within a session or savings across
sessions (e.g., long-term memory). Inspection of the
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in the rat (Sumner & Fink, 1995). Of note, however, is
that testosterone receptors upregulate with androgen
exposure but estrogen receptors downregulate with
estrogen exposure. Thus, even with aromatization,
testosterone and estrogen may have opposite effects.
In addition, there is a significant decline in nuclear
estrogen receptors (estrogen receptor a) in prefrontal
cortex in adulthood as opposed to during development
(McEwen, 1991a, b; Michael, Rees, & Bonsall, 1989)
making it less likely that aromatized testosterone is
working via estrogen receptors in prefrontal cortex.
Thus, there are multiple mechanisms by which sex
steroids could differentially affect men and women.
One other possibility is that the effects of testosterone
on working memory described here could be due to
actions on the striatal dopamine system with secondary
effects on prefrontal function (van Hartesveldt & Joyce,
1986; Goldman & Nauta, 1977). Estradiol modulates
dopamine-mediated striatal sensorimotor function despite the fact that there are few or no estrogen receptors
in the striatum (Becker & Beer, 1986; Becker, Snyder,
Miller, Westgate, & Jenuwine, 1987). If testosterone acts
via aromatization to estrogen then it can act through the
modulation of calcium channels at the neural membrane
in striatum to increase dopamine (Mermelstein, Becker,
& Surmeier, 1996). We recently showed that estrogen
can modify sequential movement in women and this is
likely due to estrogen's effect on dopamine in basal
ganglia ( Jennings, Janowsky, & Orwoll 1998).
Estrogen replacement in older women apparently
causes a specific enhancement of long-term verbal
memory (Kampen & Sherwin, 1994; Sherwin, 1988),
and several studies using animal models suggest these
mnemonic effects result from estrogen-induced changes
in both the number and function of synapses in the
hippocampus and temporal cortex (Woolley et al.,
1997). To date, the kinds of estrogen-induced changes
in long-term memory, or medial temporal lobe synaptic
organization, have not been reported to occur with
testosterone, and our data suggest that estrogen does
not have the same effects on memory functions of the
prefrontal cortex as it does on hippocampally mediated
memory.
It is clear that sex steroids modulate cognition in
adulthood (Hampson & Kimura, 1988; Hampson &
Kimura, 1992). Previous reports have focused on aspects
of cognition in which there are sex differences in
performance. For instance, men tend to be advantaged
on tasks that require mental rotation (for review, see
Halpern, 1986) and performance on mental rotation
tasks varies across the menstrual cycle in young women
(Hampson, 1990). However, there is no reason to presume that the effects of sex steroids are necessarily
limited to tasks tapping cognitive domains for which
there are sex differences. The data we report here is on a
task for which sex differences in performance have not
been identified, and men and women performed simiVolume 12, Number 3
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data suggests similar slopes of the error curve from the
6-item to the 12-item card sets for both the placebo and
treated groups, with the treated group having fewer
errors than the placebo group on each card set. From
this, it is not possible to disentangle a performance
improvement due to savings across session from enhanced working memory within a session. On the other
hand, if testosterone had a more general effect of
preserving learned information across sessions, we
might expect testosterone effects on all measures. This
was not found in this study nor a previous double-blind
placebo-controlled study of testosterone effects on cognition ( Janowsky, Oviatt, & Orwoll, 1994). Therefore, we
suspect the improvement in performance in this study is
working memory specific. We do not know if there is a
critical or threshold level of steroid concentration for
these effects.
The effects of estrogen and testosterone on working
memory in women is less clear. Older women on estrogen supplementation did not show an improvement in
performance, although the supplementation did not
raise estrogen levels as high as testosterone levels were
raised in the men. Thus, it is not known whether even
greater supplementation would result in improved
working memory in older women. In general, it appeared that estrogen and testosterone have opposite
effects in women than men; however, the effects were
much weaker and should likely be considered tentative.
Working memory is mediated, in part, by the prefrontal cortex; thus, our results suggest that testosterone
can modify the function of the prefrontal cortex in men.
The neurobiological mechanism for this is not known.
Sex steroids have two established functions in the
central nervous system: participation in brain organization during neural development, and activation of sexual
behavior at maturity (McEwen, 1991a, b; Phoenix, Goy,
Gerall, & Young, 1959). The traditionally described
mechanism for sex steroid action is that they bind to
specific intracellular genomic receptors and influence
transcription of proteins (for review, see Brown, 1994).
For example, the hypothalamus is rich in estrogen and
androgen receptors and these hormones influence sexual behavior throughout life. Androgens can modify the
development of the prefrontal cortex in rats and monkeys (Kolb & Stewart, 1995; Bachevalier & Hagger, 1991;
Goldman & Brown, 1975), but our data suggest that
testosterone continues to play a modulatory role in the
function of the prefrontal cortex, particularly working
memory, throughout life. Mechanisms for androgen
effects in adulthood in cortex include effects via genomic receptors distributed throughout cortex (Simerly,
1993). It is also possible that the effects described are
not mediated through androgen receptors but through
the aromatization of testosterone to estrogen and then a
subsequent effect via estrogen receptors and/or on
synaptic morphology or function. For instance, estrogen
affects one class of serotonin receptors in frontal cortex

METHODS
Subjects
Eighteen younger men, nineteen older men, thirty
younger women, and thirteen older postmenopausal
women participated in the study (Table 2). Subjects
were recruited via advertisements in a university newsletter, a senior adult newsletter, and radio and newspaper advertisements. Health questionnaires (Cornell
Medical Index, 1974) and laboratory testing (multichem-

istry battery, complete blood count) were used to
exclude volunteers with conditions known to affect
cognitive, neurological or gonadal function. In older
men, measures of serum prostate-specific antigen
(PSA) and a manual prostate examination were normal.
Older women had a normal breast and gynecological
exam within the past year, and younger women had
normal menstrual function (normal hormone levels and
menstrual cycle 25 ±35 days in length). Serum levels of
estradiol and free testosterone were within sex and agespecific normal ranges in all subjects. Older and younger
subjects had similar levels of education and performance
on the vocabulary subtest of the WAIS-R (Wechsler,
1981) as an index of intellectual functioning ( p > .10;
Table 1). The relationship between sex steroids and
performance on a variety of other cognitive measures
in the younger subjects has been reported elsewhere
(Janowsky, Chavez, Zamboni, & Orwoll, 1998; Jennings
et al., 1998). Participants were aware that this was a
study of the role that sex steroids play on cognition,
although they were not aware of specific hypotheses
regarding the effects of hormones on the cognitive
measures studied. Each subject received compensation
of $10/hr for his or her participation in the study.
The study was approved by the Institutional Review
Board of Oregon Health Sciences University. All subjects
gave written informed consent for the study.
Procedure
In older subjects, working memory performance was
tested before and after sex steroid supplementation.
Using a double blind procedure, half of the older
subjects were randomly assigned to receive either
hormone supplementation (.625 mg/day conjugated
estrogen taken orally for older women, and 150 mg
testosterone enanthate/week (Tenover, 1992) by intramuscular injection for older men) or placebo for 1
month following the first test of memory performance.
The second test of memory occurred within 2 days of
the last testosterone injection or in the last week of
estrogen supplementation. In young subjects, memory
was tested twice approximately 1 month apart (with no
hormone supplementation). In younger women, tests

Table 2. Subject CharacteristicsÐMeans; Ranges in Parentheses
Older men
placebo
N=9

Older men
testosterone
N = 10

Older women
placebo
N=7

Older women
estrogen
N=6

Younger
mena
N = 18

Younger
womena
N = 29

Age

67.4 (64 ± 71)

67.5 (61 ± 75)

69.1 (61 ± 74)

69.0 (65 ± 73)

28.5 (23 ± 34)

30.0 (25 ± 34)

Education

15.3 (11 ± 18)

16.6 (10 ± 25)

13.9 (12 ± 19)

16.0 (12 ± 21)

16.0 (14 ± 19)

16.4 (12 ± 24)

55.7 (39.0 ± 68.0)

56.6 (50.0 ± 64.0)

54.0 (36.0 ± 64.0)

58.2 (43.0 ± 64.0)

56.8 (42.0 ± 66.0)

WAIS-R
55.7 (36.0 ± 64.0)
vocabulary
a

Younger subjects did not have hormone supplementation.
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larly, regardless of age. Nevertheless, our finding of
relationships between sex steroid levels and working
memory and the improved performance in older men in
response to testosterone administration indicate that
gonadal steroids can modulate working memory. The
complex interactions between sexual dimorphisms in
brain systems and circulating sex steroids require further
evaluation.
Aging has profound effects on cognition with particular effects on working memory. To our knowledge, this
is the first study to demonstrate that these effects can be
modified by sex steroids in men. Additional data are
needed to better understand the effects of testosterone
administration on cognition, as well as on a variety of
other functional correlates of aging. It is premature to
suggest testosterone as a potential cognitive enhancer
for older men. The positive and negative effects of
chronic testosterone on a variety of other organ systems
require further study.
In sum, these data, and the recent findings of both
genomically mediated and neuromodulatory mechanisms for hormone action, suggest that sex steroids may
affect multiple neural systems and, thus, have the potential to modify many cognitive processes throughout
life. Furthermore, sex steroids may act on aspects of
cognition, and brain systems, that are not obviously
sexually dimorphic. Therefore, sex steroid replacement
or supplementation in the aged may have pleiotropic
effects on cognition. We expect that sex steroid replacement will have different effects in men and women and
could either enhance or decrease selected aspects of
cognition, depending on the neurobiological mechanism underlying the cognitive effect.

card (Figure 3). The subject was to touch one drawing on
each card in any order, but not touch the same drawing
on subsequent cards in the set. Subjects erred when they
touched a drawing that had been touched on a previous
card in the set. Therefore, the subject had to remember
previous drawings touched while planning a future response. Subjects repeated each 6, 8, 10, and 12 card set
three times. The total number of errors across all card
sets was the measure of interest. The examiner explained
the task, then showed the subjects on two consecutive
practice cards what would be the correct responses.
Subjects were instructed to do the task at their own
pace, and to try to not go too quickly or too slowly.
In order to insure that cognitive changes were not
due to nonspecific effects of hormone administration
on mood, the POMS (McNair, Lorr, & Droppleman,
1971) scale was administered in each session. The
standard manner of administration and scoring was
used. The scale asked the subject to rate how they
were feeling in the last week and responses were
categorized into six subscales (tension-anxiety, depression, anger, vigor, fatigue, and confusion). In addition,
subjects in the placebo and hormone groups were
asked to assess whether they thought they were on
hormone or placebo using a five-point Likert scale
(surely on hormone, maybe on hormone, no idea,
maybe on placebo, surely on placebo).
Statistical Analysis
Performance (total errors) for young and old men and
women in each session was assessed with factorial
repeated measures analysis of variance (ANOVA) with
session as the repeated measure. A one-way ANOVA
on the difference in number of errors (Session 1 ±
Session 2) with post hoc Tukey test was used to
assess which groups showed a significant change in
performance from the first to second session. The
relationships between sex steroids and performance
were assessed with Pearson R correlations and with
multiple regression using age, estradiol and free testosterone as factors in the model. Significance levels
were calculated with two-tailed tests.
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Figure 3. Example stimuli from the SOP working memory task. Darkly
outlined figures are examples of possible responses. Choices for cards
1 ± 3 are correct responses. Repeating a previously chosen figure is an
error (Card 4).
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were scheduled in the midluteal phase of the menstrual
cycle (6 ±10 days before menses). All test sessions were
in the morning. Serum was obtained immediately before both test sessions to determine sex steroid levels
(estradiol and free testosterone). Serum sex steroid
levels were analyzed by the Clinical Research Center
Laboratory at Oregon Health Science University by
radioimmunoassay (Diagnostic Products, Los Angeles,
CA). All samples from each subject were analyzed in the
same assay. The interassay mean coefficients of variation were 8.0% for estradiol assays, and 11.0% for free
testosterone assays.
Stimuli and procedures for the working memory task
(SOP) were performed as in a previous report (Petrides &
Milner, 1982). Briefly, the subjects were presented with
stacks of cards, (6, 8, 10, or 12 cards/set). Each card
showed a regular array of abstract drawings, but the
drawings were in a different spatial arrangement on each

REFERENCES

Janowsky et al.

413

Downloaded from http://direct.mit.edu/jocn/article-pdf/12/3/407/1758729/089892900562228.pdf by guest on 18 May 2021

Bachevalier, J., & Hagger, C. (1991). Sex differences in the
development of learning abilities in primates. Psychoneuroendocrinology, 16, 177 ± 188.
Baddeley, A. D. (1986). Working memory. New York: Oxford
University Press.
Barrett-Connor, E., & Kritz-Silverstein, D. (1993). Estrogen
replacement therapy and cognitive function in older women. Journal of the American Medical Association, 269,
2637 ± 2641.
Becker, J. B., & Beer, M. E. (1986). The influence of estrogen
on nigrostrital dopamine activity: Behavioral and neurochemical evidence for both pre- and postsynaptic components. Behavioral Brain Research, 19, 27 ± 33.
Becker, J. B., Snyder, P. J., Miller, M. M., Westgate, S. A., &
Jenuwine, M. J. (1987). Influence of estrous cycle and intrastriatal estradiol on sensorimotor performance in the
female rat. Pharmacology, Biochemistry and Behavior,
27, 53 ± 59.
Boone, K. B., Miller, B. L., & Lesser, I. M. (1993). Frontal lobe
cognitive functions in aging: Methodologic considerations.
Dementia, 4, 232 ± 236.
Brown, R. E. (1994). An introduction to neuroendocrinology.
New York: Cambridge University Press.
Cohen, J. D., Forman, S., Braver, T. S., Casey, B. J., ServanSchreiber, D., & Noll, D. C., (1993). Activation of prefrontal
cortex in a nonspatial working memory task with functional
MRI. Human Brain Mapping, 1, 293 ± 304.
Cohen, J. D., Perlstein, W. M., Braver, T. S., Nystrom, L. E.,
Noll, D. C., Jonides, J., & Smith, E. E. (1997). Temporal
dynamics of brain activation during a working memory
task. Nature, 386, 604 ± 607.
Cornell Medical Index. (1974). New York: Cornell University
Medical Center.
Courtney, S. M., Ungerleider, L. G., Keil, K., & Haxby, J. V.
(1997). Transient and sustained activity in a distributed
neural system for human working memory. Nature, 386,
608 ± 611.
Cowell, P. E., Turetsky, B. I., Gur, R. C., Grossman, R. I., Shtasel, D. L., & Gur, R. E. (1994). Sex differences in aging of the
human frontal and temporal lobes. Journal of Neuroscience, 14, 4748 ± 4755.
Craik, F. I. M., & McDowd, J. (1987). Age differences in recall
and recognition. Journal of Experimental Psychology:
Learning, Memory and Cognition, 13, 474 ± 479.
Daigneault, S., & Braun, C. M. J. (1993). Working memory and
the self-ordered pointing task: Further evidence of early
prefrontal decline in normal aging. Journal of the International Neuropsychological Society, 15, 881 ± 895.
Goldman, P. S., & Brown, R. M. (1975). The influence of
neonatal androgen on the development of cortical function in the rhesus monkey. Society Neuroscience Abstracts,
1, 494.
Goldman, P. S., & Nauta, W. J. H. (1977). An intricately patterned prefronto-caudate projection in the rhesus monkey.
Journal of Comparative Neurology, 171, 369 ± 386.
Goldman-Rakic, P. S., & Friedman, H. R. (1991). The circuitry of
working memory revealed by anatomy and metabolic imaging. In H. S. Levin, H. M. Eisenberg, & A. L. Benton (Eds.),
Frontal lobe function and dysfunction. New York: Oxford
University Press.
Halpern, D. F. (1986). Sex differences in cognitive abilities.
Hillsdale, NJ: Lawrence Erlbaum.
Hampson, E. (1990). Estrogen-related variations in human
spatial and articulatory-motor skills. Psychoneuroendocrinology, 15, 97 ± 111.
Hampson, E., & Kimura, D. (1988). Reciprocal effects of hor-

monal fluctuations on human motor and perceptual-spatial
skills. Behavioral Neuroscience, 102, 456 ± 459.
Hampson, E., & Kimura, D. (1992). Sex differences and hormonal influences on cognitive function in humans. In J. B.
Becker, S. M. Breedlove, & D. Crews (Eds.), Behavioral
endocrinology (pp. 357 ± 398). Cambridge: MIT Press.
Henderson, B. E., Paganini-Hill, A., & Ross, R. K. (1991). Decreased mortality in users of estrogen replacement therapy.
Archives of Internal Medicine, 151, 75 ± 78.
Howieson, D., Holm, L., Kaye, J., Oken, B., & Howieson, J.
(1993). Neurologic function in the optimally healthy oldest old: Neuropsychologic evaluation. Neurology, 43,
1882 ± 1886.
Janowsky, J. S., Chavez, B., Zamboni, B. D., & Orwoll, E. (1998).
The cognitive neuropsychology of sex hormones in men and
women. Developmental Neuropsychology, 14, 421 ± 440.
Janowsky, J. S., Oviatt, S. K., & Orwoll, E. S. (1994). Testosterone influences spatial cognition in older men. Behavioral
Neuroscience, 108, 325 ± 332.
Jennings, P. J., Janowsky, J. S., & Orwoll, E. (1998). Estrogen
and sequential movement. Behavioral Neuroscience, 112,
154 ± 159.
Kampen, D., & Sherwin, B. B. (1994). Estrogen use and verbal
memory in healthy postmenopausal women. Obstetrics and
Gynecology, 83, 979 ± 983.
Kolb, B., & Stewart, J. (1995). Changes in the neonatal
gonadal hormonal environment prevent behavioral sparing and alter cortical morphogenesis after early frontal
cortex lesions in male and female rats. Behavioral Neuroscience, 109, 285 ± 294.
Korenman, S. G. (1982). Menopausal endocrinology and management. Archives of Internal Medicine, 142, 1131 ± 1136.
Light, L. L. (1991). Memory and aging: Four hypotheses
in search of data. Annual Review of Psychology, 42,
333 ± 376.
McCarthy, G., Blamire, A. M., Puce, A., Nobre, A. C., Bloch, G.,
Hyder, F., Goldman-Rakic, P., & Shulman, R. G. (1994).
Functional magnetic resonance imaging of human prefrontal
cortex activation during a spatial working memory task.
Proceedings of the National Academy of Sciences, U.S.A., 91,
8690 ± 8694.
McEwen, B. S. (1991a). Our changing ideas about steroid
effects on an ever-changing brain. Seminars in Neuroscience, 3, 497 ± 507.
McEwen, B. S. (1991b). Non-genomic and genomic effects of
steroids on neural activity. Trends in Pharmacological
Sciences, 12, 141 ± 147.
McNair, D. M., Lorr, M., & Droppleman, L. F. (1971). Profile of
mood states manual. San Diego, CA: Educational and Industrial Testing Service.
Mermelstein, P. G., Becker, J. B., & Surmeier, J. D. (1996).
Estradiol reduces calcium currents in rat neostriatal neurons via a membrane receptor. Journal of Neuroscience,
16, 595 ± 604.
Michael, R. P., Rees, H. D., & Bonsall, R. W. (1989). Sites in the
male primate brain at which testosterone acts as an androgen. Brain Research, 502, 11 ± 20.
Petrides, M. (1994). Frontal lobes and behaviour. Current
Opinion in Neurobiology, 4, 207 ± 211.
Petrides, M. (1995). Impairments on nonspatial self-ordered
and externally ordered working memory tasks after lesions
of the mid-dorsal part of the lateral frontal cortex in the
monkey. Journal of Neuroscience, 15, 359 ± 375.
Petrides, M., Alivisatos, B., Meyer, E., & Evans, A. (1993).
Functional activation of the human frontal cortex during the
performance of verbal working memory tasks. Proceedings
of the National Academy of Sciences, U.S.A., 90, 878 ± 882.
Petrides, M., & Milner, B. (1982). Deficits on subject-ordered

414

Journal of Cognitive Neuroscience

Sumner, B. E. H., & Fink, G. (1995). Estrogen increases the
density of 5-hydroxytryptamine2A receptors in cerebral cortex and nucleus accumbens in the female rat. Journal of
Steroid Biochemistry and Molecular Biology, 54, 15 ± 20.
Tenover, J. S. (1992). Effects of testosterone supplementation
in the aging male. Journal of Clinical Endocrinology Metabolism, 75, 1092 ± 1098.
van Hartesveldt, C., & Joyce, J. N. (1986). Effects of estrogen on
the basal ganglia. Neuroscience and Biobehavioral Reviews,
10, 1 ± 14.
Vermeulen, A. (1991). The aging male. Journal of Clinical
Endocrinology and Metabolism, 73, 221 ± 224.
Wechsler, D. A. (1981). The measurement and appraisal of
adult intelligenceÐRev. ed. Baltimore: Williams & Wilkins.
Woolley, C. S., & McEwen, B. S. (1992). Estradiol mediates
fluctuations in hippocampal synapse density during the estrous cycle in the adult rat. Journal of Neuroscience, 12,
549 ± 554.
Woolley, C. S., & McEwen, B. S. (1993). Roles of estradiol and
progesterone in regulation of hippocampal dendritic spine
density during the estrous cycle in the rat. Journal of
Comparative Neurology, 336, 293 ± 306.
Woolley, C. S., Weiland, N. G., McEwen, B. S., & Schwartzkroin,
P. A. (1997). Estradiol increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-mediated
synaptic input: Correlation with dendritic spine density.
Journal of Neuroscience, 17, 1848 ± 1859.

Volume 12, Number 3

Downloaded from http://direct.mit.edu/jocn/article-pdf/12/3/407/1758729/089892900562228.pdf by guest on 18 May 2021

tasks after frontal- and temporal-lobe lesions in man. Neuropsychologia, 20, 249 ± 262.
Phoenix, C. H., Goy, R. W., Gerall, A. A., & Young, W. C. (1959).
Organizing action of prenatally administered testosterone
propionate on the tissues mediating mating behavior in the
female guinea pig. Endocrinology, 65, 369 ± 382.
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 vulnerability of the prefrontal gray
matter. Cerebral Cortex, 7, 268 ± 282.
Raz, N., Gunning, F. M., Head, D., Dupuis, J. H., & Acker, J. D.
(1998). Neuroanatomical correlates of cognitive aging: Evidence from structural magnetic resonance imaging. Neuropsychology, 12, 95 ± 114.
Salat, D. H., Kaye, J. A., & Janowsky, J. S. (1999). Prefrontal
white matter atrophy with aging but not Alzheimer's disease.
Archives of Neurology, 56, 338 ± 344.
Salthouse, T. A. (1990). Working memory as a processing
resource in cognitive aging, Developmental Review, 10,
101 ± 124.
Sherwin, B. B. (1988). Estrogen and/or androgen replacement
therapy and cognitive functioning in surgically menopausal
women. Psychoneuroendocrinology, 13, 345 ± 357.
Simerly, R. B. (1993). Distribution and regulation of steroid
hormone receptor gene expression in the central nervous
system. Advances in Neurology, 59, 207 ± 226.

