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The present experiments demonstrate the existence of sex
differences in the rate of development and the magnitude of
age-dependent impairments in cognitive and sensorimotor
abilities. Although no sex differences were found in spatial
reference memory at a young age, the mnemonic ability of
female rats deteriorated more rapidly than that of male rats. A
major drop in reference memory of the females occurred at the
age of 12 months, whereas in the males the onset of impair-
ments occurred later, at the age of 18 months. In spatial work-
ing memory, on the other hand, the magnitude of decline was
greater in females than in males, although the onset of these
impairments occurred at the age of 24 months in both sexes. A
sexual dimorphism–aging interaction also was observed in sen-

sorimotor performance. Up to the age of 18 months the females
outperformed the males. Subsequently, by the age of 24
months, the performance of the females declined to a level
similar to that of the males. The deficits observed in reference
and working memory seem to be cognitive in origin and not
attributable to alterations in sensory and motor abilities. In
addition, the earlier onset of reference memory impairments in
females generally coincides with the onset of alterations in the
estrous cycle, suggesting that a decline in the estrogenic milieu
of the females could be a factor in accelerating the rate of
age-related cognitive impairments in the female rat.
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Sex differences in the performance of spatial tasks in humans,
although small, are among the more reliably documented differ-
ences in cognitive ability. Several studies indicate that women
outperform men in verbal and memory tasks, whereas men excel
in tasks that require spatial ability, including simple perception or
spatial rotation tests (Jarvik, 1975; Linn and Petersen, 1985;
Halpern, 1986; Kimura and Hampson, 1994; Delgado and Prieto,
1996; Collins and Kimura, 1997). Similarly, among rodents, males
tend to perform better than females in a variety of spatial tasks
(Krasnoff and Weston, 1976; Beatty, 1979; Williams et al., 1990;
Williams and Meck, 1991; Roof, 1993; Maren et al., 1994; Markus
and Zecevic, 1997). Some of these differences can be attributed to
variations in other behavioral processes, such as the greater
locomotor activity of the females (Archer, 1979; Beatty, 1979;
Gaulin et al., 1990), which, in turn, could account for the greater
incidence of error for the females in a maze situation. In addition,
sex differences have not been documented consistently or re-
ported to be very modest in the performance of the radial maze
task (Juraska et al., 1984; van Haaren et al., 1987; Luine and
Rodriguez, 1994), a task assessing spatial working memory, which
depends primarily on choice accuracy rather than on the level of
activity (Olton and Papas, 1979). However, superiority of the
males over the females was observed more reliably in a version of
the radial maze task in which the memory demands were in-
creased and response strategies were discouraged (Mishima et al.,
1986; Williams et al., 1990; Williams and Meck, 1991). Similarly,
numerous studies have used the Morris water maze to assess

spatial memory and have found that, at a young age, males
outperformed females (Roof, 1993). However, other studies also
conducted on young rats did not confirm these observations,
suggesting instead the absence of sex differences in the water
maze performance (Roof, 1993; Berger-Sweeney et al., 1995;
Bucci et al., 1995; Warren and Juraska, 1997).

Aging also influences spatial memory (Crook et al., 1986;
Zola-Morgan et al., 1986; Rapp et al., 1997). Although age-
related deficits in spatial memory have been observed in both
male (Gallagher and Pelleymounter, 1988; Davis et al., 1993;
Markowska et al., 1994, 1996; Frick et al., 1995) and female rats
(Fischer et al., 1991), none of the studies has compared directly
the effects of aging on the two genders in rats. The evidence of a
sexual dimorphism in spatial memory at young ages (Williams et
al., 1990; Roof, 1993; Maren et al., 1994; Markus and Zecevic,
1997) raises the question of whether the process of aging interacts
with gender in the development of a decline in spatial memory.

It is well established that estrogens affect the brain throughout
the life span. Moreover, the effects of those hormones are not
limited to the areas primarily involved in reproduction but also
include areas relevant to memory, such as the basal forebrain, the
hippocampus, and the cortex (for review, see Luine, 1997;
McEwen et al., 1997). Many of these same regions influenced by
gonadal hormones also are affected strongly by aging (Geinisman
et al., 1986) and are the sites of extensive neural degeneration in
dementing illnesses, such as Alzheimer’s disease (Terry and
Katzman, 1983; Perry, 1986; Price and Sisodia, 1994). Substantial
alterations in the hormonal milieu occur with aging and particu-
larly at the time of menopause, which could alter the effects of
aging on cognitive performance. Some aspects of this memory
decline are prevented or reversed with estrogen supplementation
(Sherwin, 1994, 1997, 1998a,b; Kampen and Sherwin, 1996;
Sherwin and Tulandi, 1996; Espeland et al., 1998). This in turn
strongly suggests a link between estrogen deficiency and memory
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impairment with age. Further, there is extensive evidence that
estrogen levels are correlated positively with dendritic spine den-
sities and synapse numbers within the CA1 region of the hip-
pocampus (Gould et al., 1990; Woolley et al., 1990; Woolley and
McEwen, 1993) and that estrogen administration ameliorates
learning deficits and cholinergic abnormalities in ovariectomized
rats (Simpkins et al., 1994; Singh et al., 1994; Grinnell and
Markowska, 1998).

In addition, ovarian hormones interact with neurotrophic
mechanisms (Gibbs and Pfaff, 1992; Garcia-Segura et al., 1994;
Gibbs et al., 1994; Simpkins et al., 1994; Gibbs, 1996; Toran-
Allerand, 1996) and upregulate hippocampal NMDA receptor
protein levels (Gazzaley et al., 1996). Taken together, these lines
of evidence indicate that there is a variety of mechanisms by
which alterations of the cyclic hormones production during estro-
pause might compromise memory capacities of the aged brain.
On the basis of these considerations, we hypothesize that the
dynamics of age-related changes in spatial memory may have a
different time course in male and female rats and that the onset of
the cognitive impairments in female rats may reflect additive or
interactive deficits from both aging and the alterations in the
estrogen milieu.

MATERIALS AND METHODS
Subjects
Sixty-two Fischer-344 male (m) and 49 female (f) rats were acquired
from the colony at the National Center for Toxicology Research (Jeffer-
son, AK). They were of multiple ages—6, 12, 18, and 24 months—chosen
to determine patterns of behavioral changes (Coleman et al., 1990) in
males and females throughout life. The rats were housed on a 12 hr
light /dark cycle, three to four rats per cage to stimulate social interac-
tions (Wade and Maier, 1986), and were matched by sex and age. The
number of animals in each group is indicated in parentheses: 6-month-
old m (10), 6-month-old f (12), 12-month-old m (20), 12-month-old f (12),
18-month-old m (10), 18-month-old f (11), 24-month-old m (22), and
24-month-old f (14). Food and water were provided ad libitum. Animals
with obvious health problems (e.g., cataracts, glaucoma, or debilitating
tumors) were eliminated from the study.

Experimental design
Each rat was handled for 5–10 min per day over the 5 d before the
behavioral testing. After handling, the rats were tested in the following
order: straight swim (SS) in the water maze (2 sessions/1 d), place
discrimination (PD) in the water maze (4 sessions/2 d), sensorimotor
tasks (SM; 1 session/1 d), repeated acquisition (RA) in the water maze
(4 sessions/2 d), and cued learning in the water maze (1 session/1 d). The
procedures conducted for two sessions a day used an inter-session inter-
val of 2 hr. All behavioral testing was conducted in six batches of ;20
animals each. To control for neuroendocrine status, we obtained daily
smears to determine the regularity of the estrous cycle in the female rats.
The body weight was recorded twice weekly.

Water maze procedures
Apparatus. The water tank has been described in detail previously
(Markowska et al., 1993). Briefly, the tank was 1.8 m in diameter. The
collapsible escape platform (Lucite, 10 3 10 cm) was 1 cm below the
surface of the water and accessible to the rat. In its lowered position the
platform was unavailable at 19 cm beneath the surface of the water.
Performance in the water maze was recorded by an automated tracking
system (HVS Image Analysis VP-112, HVS Image, Hampton, England),
which acquired images through a camera (Burle Security Products,
Lancaster, PA) mounted 1.4 m above the surface of the water. Two
identical water maze tanks located in different rooms with different
spatial cues were used for place discrimination and repeated acquisition
procedures. The straight swim and cue tasks were conducted in the tank
used for place discrimination. However, for those procedures the tank
was surrounded by black curtains to prevent the rats from using spatial
cues.

Straight swim (SS). This test, described in detail previously

(Markowska et al., 1993), assessed the swimming ability of the rat and
trained the rat to swim down to and climb onto the platform at the end
of a narrow alley. Without this previous shaping, swim performance
could influence the first few trials of acquisition in the discrimination
tasks. Before the first trial the rat initially was placed on the escape
platform for 10 sec. For the trial itself the rat was placed in the alley and
allowed to swim to the platform. Two sessions consisting of five trials
each were conducted for each rat. Swim Time, the time needed to reach
the platform, was recorded.

Place discrimination (PD). Place discrimination assessed the rat’s abil-
ity to identify the location of the hidden platform (constant across all
sessions) from several different starting locations. The variable interval
(VI) probe trial (Markowska et al., 1993) was used to provide measures
of spatial memory different from those obtained from the platform trial.

For each platform trial, the platform was placed in the same location
across all trials at 1 cm below the surface of the water. The start locations
varied across the trials. If the rat had not reached the platform within 1
min after the start of the trial, the experimenter guided the rat to the
platform. After reaching the platform, the rat was allowed to remain on
it for 10 sec and then was returned to the holding cage for an inter-trial
interval (ITI) of ;3 min.

For each VI probe trial, all procedures were identical to those of the
platform trials, with two exceptions. (1) At the beginning of the trial the
platform was in its lowered position so that it was unavailable to the rat.
(2) At some variable interval from the start of the trial (10, 40, 20, or 30
sec) the platform was raised so that it was available to the rat.

Before the first platform trial the rat was placed on the platform for 10
sec. Each session consisted of five platform trials, followed by one probe
trial. For 2 d two sessions were given each day, with an inter-session
interval (ISI) of 2 hr (a total of four sessions).

For the platform trials’ measures of performance (Swim Time, Swim
Distance, and Heading Angle), lower scores indicated a better perfor-
mance. For the VI probe trials’ measures of performance [Target Quad-
rant (percentage of time spent in the quadrant containing the platform),
Annulus-40 (percentage of time spent in a circle with a diameter of 40 cm
centered on the location of the platform), and Platform Crossings (num-
ber of times the rat crossed over the platform location)], higher scores
indicated a better performance.

Repeated acquisition (RA). This procedure was designed to measure
spatial working memory and was conducted in the water maze in a
manner similar to PD, except that the location of the escape platform
differed between sessions [i.e., the platform location differed so that the
platform was in various quadrants and at different distances from the
edge of the tank (18, 30, or 42 cm)]. Within one session the platform
location was constant. A session consisted of five platform trials and one
probe trial, as it had in PD. The duration of each trial and ITI was the
same as in PD. Because the platform location changed as of Trial 1 of
each session, the measures taken during this trial reflected a search
strategy that did not use any previous information as to the platform
location. The improvement from Trial 1 to Trial 2 (a case in which the
animals have to use their memory for the platform location obtained
during Trial 1 and then match-to-location) reflected their spatial working
memory. The Ratio Score was calculated for Swim Time and Swim
Distance for each rat according to the following formula: (Trial 1 2 Trial
2)/Trial 1. Because Trials 3–6 of repeated acquisition did not assess
working memory, but rather reference memory (Frick et al., 1995), those
results were not reported and were viewed as redundant to the place
discrimination task.

Cued learning (CL). Cued learning was performed as a test of visual
acuity. A session consisted of six platform trials, each with different
platform locations in one of the four quadrants and at one of three
distances from the wall of the tank: 18, 30, or 42 cm. A visible platform
(0.5 cm above the water surface) was used, and a proximal cue hung
directly above the platform. The start locations were on the three axes
that did not include the platform. Swim Time and Swim Distance were
measured.

Sensorimotor procedures (SM)
Performance in any behavioral task can be affected by changes in such
nonmnemonic abilities as motor; therefore, some measures of place
discrimination may be affected if the treatment alters sensorimotor
rather than mnemonic ability (Ingram, 1988; Gage et al., 1989; Gallagher
and Burwell, 1989; Markowska et al., 1989; Olton et al., 1991; Davis et al.,
1993). SM tests were used to assess muscle strength, coordination, and
body balance of the rat. The latency to turn in an enclosed alley was a
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measure of coordination. Tests that measure both body balance and
muscle strength were conducted by using two platforms connected with
various types of bridges. The latency to escape to one of the two
platforms was recorded, as well as the fall time when necessary. There
were two rectangular bridges (6 and 2 cm in width), a round bridge, and
a wire from which the rats were not permitted to escape via a platform.
All sensorimotor tests have been described in detail previously
(Markowska et al., 1994). The maximum latency for all tasks was 2 min.
One trial of all tasks was given to each rat with an inter-trial interval of
;2 hr.

Turning in an alley. The rat was placed facing the back wall of an alley.
The dependent measure was the amount of time, in seconds, that elapsed
before the rat turned and faced the open end of the alley.

Bridges. The animal was placed on the escape platform of the bridge
apparatus for 10 sec and then placed in the middle of the bridge. If the
rat reached the platform in under 120 sec, the latency to reach the
platform was recorded and the rat was assigned a maximum latency (120
sec) to fall. Otherwise, the latency to fall was recorded, if necessary, and
rat was assigned 120 sec latency to escape. These were measured for each
of the bridges: the 6 and 2 cm rectangular bridges and a 2-cm-in-diameter
round bridge.

Wire suspension. The rat was placed, hanging by its front paws, on a
horizontal wire (0.3 cm in diameter), and the time until the rat fell on to
a cushion was recorded.

An overall Z-score was computed for each rat to summarize the
sensorimotor performance.

Estrous cycle determination
The cytology of a vaginal sample was used to distinguish the different
phases of the estrous cycle. A sample of the vaginal epithelium was
obtained by lavage daily between 9:00 and 10:00 A.M. The smears were
air-dried on gelatin-coated microscope slides, and the epithelial cells
were stained with a commercially available Lucostat Kit (Fisher Scien-
tific, Pittsburgh, PA). The stained samples were examined with low-
power light microscopy. Vaginal proestrous was characterized by the
presence of primarily large, round, nucleated cells. Vaginal estrous was
characterized by the homogeneous presence of cornified cells in the
smears. Diestrus-1 was defined as the presence of leukocytes, some
cornified cells, and almost no nucleated cells. Diestrus-2 was defined by
the presence of no cornified cells, a predominance of leukocytes, and
some nucleated cells. The frequency of the estrous cycle was divided into
three categories: (1) regular, indicating cyclicity every 4–5 d, meaning
that an estrus phase or a transitional phase between proestrus and estrus
was observed four or more times in a 3 week sampling period; (2)
irregular, indicating longer duration of the cycle, defined as two to three
instances of estrus or proestrus/estrus observed in the sample period.
Females in whom the cycle lengths increased or had short and long
interspersed cycles were included in this category; (3) acyclic, in which
there was one/none incidence of estrus and diestrus-like smears with an
increasing number of leukocyte cells or in which a constant estrus with
persistent vaginal cornification was observed during the sampling period.

Data analyses
Several strategies for analyses were used to fully characterize the ob-
tained results. First, for each task an omnibus three-way ANOVA, with
repeated measures on one factor, was conducted to analyze the perfor-
mance of males and females across four different ages. These 4 3 2 3 5
mixed-model ANOVAs compared Age (4 vs 12 vs 18 vs 24 months) 3 Sex
(male vs female) 3 Session (4 sessions for PD, 10 trials for SS, an average
Ratio Scores across 4 sessions for RA, an average across all trials for CL,
and an average Z-score for SM). Second, two focused ANOVAs were
conducted to analyze the age effects for males and females separately,
followed by post hoc tests. These analyses were justified by the presence
of several interactions between age and sex. Third, four focused ANO-
VAs (Sex 3 Session) were conducted for each age group to compare the
males and females within each age category. Fourth, separate ANOVAs
(Cycling Status 3 Session) were conducted for each age group of females
to compare performance among females with a different cyclic status.
Fifth, the between-group differences in performance were analyzed
further with ANCOVAs, using body weight as a covariate. In addition,
the Pearson correlation was applied to analyze the relationship between
body weight and sensorimotor performance. Sixth, Principal Component
Analysis (PCA) and a Varimax rotation were applied into the factors
with eigenvalues .1 to differentiate among measures of different neural
systems.

Straight Swim was analyzed on swim time measures. For PCA the mean
of all trials for each rat was calculated and entered as a variable. For
platform trials of Place Discrimination the mean of Trials 1–5 for each of
the sessions was calculated for each rat, yielding four values (one per
session) for each measure and used as a repeated measure in ANOVA.
For probe trials the individual probe trial measures obtained in each
session were used in a data analysis. For PCA the mean of four sessions
was calculated for Swim Time, Distance, Target Quadrant, Annuli-40,
and Platform Crossings and was entered into the analysis. For Repeated
Acquisition the Swim Time and Swim Distance ratios were averaged
across all four sessions and used for all analyses. Cued Learning analyses
were performed on averaged values for Swim Time and Swim Distance
across all trials. Sensorimotor Skills were analyzed with a one-way
ANOVA and ANCOVA, and Z-score values were used for PCA. The
differences in the regularity of estrous cycle among groups were analyzed
with a nonparametric test (x 2).

RESULTS
Subjects
Two 24-month-old male, one 18-month-old female, and two 24-
month-old female rats were excluded from the study for a com-
bination of reasons, including cataracts, tumors, or extensive
weight loss. All other rats did not have observable health prob-
lems that could have interfered with testing; thus they completed
all behavioral testing. One 24-month-old male rat was diving at
the beginning of straight swim, and one 12 month-old male did
not complete all of the sensorimotor tests; therefore, their data
were excluded from the analyses.

Water maze procedures
Straight swim
A significant effect of Age (F(3,97) 5 6.3; p , 0.001), Sex (F(1,97)

5 13.6; p , 0.001), Age 3 Trial (F(27,873) 5 1.8; p , 0.01), and
Age 3 Sex 3 Trial (F(27,873) 5 1.9; p , 0.01) interactions reflected
age- and sex-related differences. These effects were attributable
mainly to differences in the initial trials in the 18-month-old and
24-month-old males (Fig. 1). The separate ANOVAs performed
for each sex (Age 3 Trials) indicated a longer Swim Time in the
initial trials for the 18-month-old males (Trials 1–3; p values ,
0.05) and a longer Swim Time for the 24-month-old males (Trials
1–2; p , 0.05) when compared with the 6-month-old males. There
was no Age effect in Swim Time for females across all trials.

The post hoc tests performed on each of the sexes revealed no
sex differences in Swim Time within each age group, except for
initial trials in the 18-month-old rats in which the males had
longer latencies than the females during Trials 1–3 ( p values ,
0.05). There was neither an Age nor a Sex effect during Trials
6–10 ( p values . 0.1), suggesting no differences in swimming
ability among the groups by the end of the testing.

Spatial reference memory
All groups improved their performance with training (Fig. 2,
Session effect; Tables 1, 2). However, a differential rate of learn-
ing among the different age and sex groups was indicated by the
presence of significant Age 3 Session interactions in Swim Time,
Swim Distance, and all three probe trial measures.

The pattern of age-related decline in the intermediate ages was
different for females than for males. The 12-month-old females
performed significantly worse than the 6-month-old females in all
measures, although they were not significantly different from the
18-month-old females in any of the measures (6 vs 12 and 12 vs 18;
Table 2). Some additional deterioration of performance in fe-
males was observed at the age of 24 months, as compared with the
18-month-old (18 vs 24; Table 2), but only in two of the six
measures (Swim Time, Swim Distance). Thus, this pattern of
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change indicates that a major age-related impairment in the
performance of females occurred at the age of 12 months, while
no further impairment took place over the next 6 months (i.e., at
the age of 18 months), with a very mild impairment at the age of
24 months.

Conversely, the performance of the 12-month-old males did
not differ from that of their 6-month-old counterparts (6 vs 12
month; see Table 2) in any of the measures (except for the
Platform Crossings), indicating a more preserved spatial memory
ability in the 12-month-old males at an age at which the females
had shown a major drop in performance. The difference in
Platform Crossings was mild, although it did reach significance
( p , 0.05). A major drop in the performance of the males
occurred later in life, at the age of 18 months, and was significant
in all measures of the probe trial (Target Quadrant, Annuli-40,
and Platform Crossings) and in one measure of the platform trial
(Distance; see Table 2). This impairment developed further, and
at the age of 24 months it also appeared in the remaining two
measures: Swim Time and Heading Angle. The 24-month-old
males and females were impaired significantly in relation to their
6-month-old counterparts of respective sexes in all six measures
(Table 2; Figs. 2, 3).

The delayed onset of the age-related changes in spatial refer-
ence memory of males was analyzed explicitly and confirmed in
repeated measure ANOVAs conducted separately for each age
category (Sex 3 Session). These analyses revealed a superior
performance of males over the females in all measures, except for
Swim Time (F(1,30) 5 3.6–10.4; 0.01 , p , 0.05) at the age of 12

months (Fig. 3). Interestingly, males outperformed females in
Distance (Table 3, shaded area) across all ages (F(1,18–30) 5
4.9–13.3; 0.001 , p , 0.05). A closer examination of the sex
differences of Distance revealed different rates of improvement
for males and females (see Fig. 2). Although the females of all
ages used a longer path length than the age-matched males during
the initial session, they quickly improved and during the last
sessions were not different from the males. In contrast to these
consistent sex differences in Swim Distance, which were indepen-
dent of age, the Swim Time was not different between males and
females of any age group. This indicated that the females swam
faster (to cover a longer distance) than did the males in the initial
sessions irrespective of their age.

Spatial working memory
The age-related deficits as measured by the Swim Time and
Distance ratios were present only at the age of 24 months in both
males and females (Fig. 4). Although the time of onset of the
impairment in spatial working memory was the same for males
and females, the magnitude of the impairment was greater in
females than in males. The Swim Time and Swim Distance ratios
decreased with Age (F(3, 98) 5 5.0 and p , 0.001; F(3, 98) 5 5.3 and
p , 0.001, respectively) and were affected by Sex (F(1,98) 5 4.3
and p , 0.05; F(1,98) 5 6.3 and p , 0.01, respectively). ANOVAs
performed separately on each age group demonstrated the sig-
nificantly superior performance of males over the females in
Swim Time and Distance ratios ( p , 0.05 and p , 0.01, respec-
tively) only at the age of 24 months. There were no sex differences
at the ages of 6, 12, and 18 months. Independently of the rat’s
ability to swim (slowly or quickly), the formula for Ratio Score
used the difference between the two time points and controlled
for alterations in Swim Time and/or Distance to reach the plat-
form. Therefore, the working memory impairment observed in
24-month-old rats could not be attributed to the compromised
swimming ability but rather to cognitive deficits. The later onset
of the working memory impairment rather than the reference
memory impairment was reported previously in the repeated
acquisition procedures (van der Staay and de Jonge, 1993; Frick
et al., 1995) and the delayed match-to-sample in the water maze
(Means and Kennard, 1991).

Cued learning
There were no Age, Sex, nor Age 3 Sex effects in Swim Distance.
Swim Time was affected by Age (F(1,98) 5 11.1, p , 0.01), but not
by Sex. The Age 3 Sex interaction was not significant, suggesting
that age-related changes in Swim Time were parallel in males and
females. The post hoc tests revealed that the 24-month-old males
and females had longer Swim Times than the three younger
groups ( p values , 0.05), although their Swim Distance was not
significantly different from that of their younger counterparts
(Table 4). This pattern of results suggests that older rats were able
to reach the platform within the shortest paths. Alternatively, the
old rats were slower because of a “decision-making” or an
“energy-conserving” strategy. Nevertheless, a clarification of this
finding requires further study. More importantly, the deficit in
Swim Time observed in the 24-month-old rats could not contrib-
ute to the pattern of age-related alterations in the spatial refer-
ence memory and spatial working memory, because the major
drop in performance in the reference memory task was observed
earlier, whereas in the working memory task the measures were
independent of swimming abilities (Ratio Scores).

Figure 1. Straight Swim test; a comparison of the mean swim time (6
SEM) of males and females at four different ages.
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Sensorimotor skills
Performance in sensorimotor tasks (Fig. 5) declined with age
(F(3,97) 5 3.8–30.8; 0.01 , p , 0.001). The females outperformed
the males in the majority of sensorimotor tasks, and these effects
reached significance as indicated by the Sex Effects (F(1,97) 5
2.0–36.7; 0.08 , p , 0.001) and Sex 3 Age interactions (F(3,97) 5

2.5–3.8; 0.05 , p , 0.01). At an age as young as 6 months the
superior performance of females was already evident in a major-
ity of the tasks, and this superiority was maintained until the age
of 24 months. At 24 months of age the performance of both
females and males further declined and reached similar levels, as
judged by the overall Z-score computed from all of the tasks.

Figure 2. Place discrimination in the water maze; a comparison of the mean performance (6 SEM) of males ( filled symbols) and females (open symbols)
across sessions in platform trial measures (two lef t columns): swim time (top), swim distance (center), and heading angle (bottom) and in probe trial
measures (two right columns): target quadrant (top), annulus-40 (center), and platform crossings (bottom).

Table 1. Omnibus ANOVA (Age 3 Sex 3 Session) results for the place discrimination task

Variable

Age Sex Age 3 Sex Sessions Age 3 Session Sex 3 Session Age 3 Sex 3 Session

F3,98 F1,98 F3,98 F3,294 F9,294 F3,294 F9,294

Swim time 20.4 xxx 1.1 0.3 175.5 xxx 5.0 xxx 0.7 0.9
Swim dist 2.1 29.5 xxx 0.2 240.1 xxx 15.7 xxx 7.1 xxx 1.3
Head ang 13.8 xxx 0.1 4.4 xx 71.6 xxx 0.4 0.2 1.4
Targ. quad. 34.3 xxx 0.8 1.9 91.1 xxx 1.9 x 0.8 1.4
Annuli-40 31.5 xxx 1.6 1.2 116.6 xxx 3.9 xxx 1.7 0.9
Plat cross 21.8 xxx 2.5 0.7 25.8 xxx 1.8 x 0.9 0.4

xxx , xx , x represent a difference at p , 0.001, p , 0.01, p , 0.05, respectively.
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However, sex differences, although much milder, were still
present in a couple of individual sensorimotor tasks: Turn in an
Alley and Fall from the 2 cm Bridge. Performance in these tasks,
which assessed coordination and body balance, was better in
24-month-old females than in males. However, when the tasks
became more demanding and required muscle strength, such as a
Wire Suspension or a Round Bridge, the females were not dif-
ferent from the males.

This pattern of age-dependent and sex-dependent changes was
reflected by the Z-scores, indicating that, although the overall
sensorimotor performance declined with age (F(3,97) 5 32.7; p ,
0.001), the pattern of this decline differed between sexes, as
suggested by the Sex Effect (F(1,97) 5 34.8; p , 0.001) and the
Sex 3 Age interaction (F(3,97) 5 3.4; p , 0.01). The overall
superior performance of females was significant at 6 months ( p ,
0.001), 12 months ( p , 0.001), and 18 months ( p , 0.01), but not
at 24 months of age, at which point the males and females
performed at a similar level. More importantly, at the age of 12
months the females did not have any impairment in sensorimotor
skills and were superior to males, yet they were inferior in
reference memory performance, suggesting that this cognitive
deficit was not attributable to nonmnemonic factors. Similarly, at
24 months of age, the females were not worse than the males in
overall sensorimotor scores, although they were inferior in work-
ing memory tasks.

The body weight of males was greater than that of the females
across the entire life span [Fig. 6, Sex Effect (F(1,98) 5 1040.5; p ,
0.001)]. Body weight changed with age (Age Effect, F(3,98) 5 25.9;
p , 0.001). However, whereas the body weights of females in-
creased gradually, the males reached a plateau at the age of 12
months, and their body weights generally did not change
afterward.

After the body weight was factored out in ANCOVA (Age 3
Sex), the sex differences decreased and became nonsignificant,
suggesting that body weight contributed as a factor in a majority
of the sensorimotor tasks. Only sex differences in two tasks, Turn
in an Alley and Fall from a 6 cm Bridge, were still significant,
indicating that they were independent of the body weight. Inter-
estingly, the performance deteriorated somewhat faster in the
females so that by the age of 24 months it did not differ from that

Table 2. Focused ANOVA (Age 3 Session) results for the place discrimination task

Variable Sex

Age Sessions
Age 3
Session Post hoc comparisons

F3,56 (m)
F3,42 (f)

F3,168 (m)
F3,126 (f)

F9,168 (m)
F9,126 (f) 6 vs 12 6 vs 18 6 vs 24 12 vs 18 12 vs 24 18 vs 24

Swim time m 14.0 xxx 110.4 xxx 4.5 xxx xxx xxx x
f 8.1 xxx 69.4 xxx 2.2 x x x xxx xxx xx

Swim distance m 0.8 135.9 xxx 12.8 xxx xxx xxx xx xxx
f 1.3 105.2 xxx 6.0 xxx x x xxx xxx xx

Head angle m 8.0 xxx 1.5 0.6 xx xx xx
f 1.0 5.8 xxx 1.9 x x

Targ quad m 27.9 xxx 47.3 xxx 2.3 x xxx xxx xxx xxx x
f 12.5 xxx 46.6 xxx 1.1 x xxx xxx

Annuli-40 m 20.3 xxx 61.0 xxx 2.6 xx xx xxx x xxx
f 15.7 xxx 61.9 xxx 2.7 xx xx xxx xxx x

Plat cross m 12.9 xxx 9.3 xxx 1.4 xx xxx x xx
f 10.7 xxx 19.2 xxx 1.1 xx xx xxx

xxx, xx , x represent a difference at p , 0.001, p , 0.01, p , 0.05, respectively.
m 5 males; f 5 females.

Figure 3. Place discrimination in the water maze; a comparison of the
session averages (6 SEM) of males (solid line) and females (dashed line)
across four different ages. Shown are significant sex differences at ***p ,
0.001, **p , 0.01, *p ,0.05.
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of the males, whereas the differences in the body weight still
persisted. Importantly, at the age of 24 months the performance
did not yet reach the minimum level. Therefore, this effect could
not be related to the floor effect. Most likely, at this point the
lower body weight of the females was no longer advantageous to
the performance in the sensorimotor tasks. The results of the
Pearson correlation (Fig. 7) between the overall sensorimotor
performance (Z-score) and standardized body weight suggested a
similar significant relationship in both sexes ( p values , 0.001)
yet a less robust correlation in males (r 5 20.31) than in females
(r 5 20.66). Taken together, the differences in body weight
contributed to the superior performance of the females. Never-
theless, other factors, including body mass composition and mus-
cle strength, should not be ruled out completely, because they
could have contributed to sex differences as well.

Estrous cycle
During the aging process the female rat’s regular 4–5 d estrous
cycle was replaced by an irregular cycle, which was followed by
acyclicity, when the female ceases to cycle (Fig. 8). The transition
to lengthening cycles was apparent at the age of 12 months. The
decreasing frequency and increasing variability of the estrous
cycle is a characteristic of aging in rats (Finch et al., 1984). At 6
months of age all of the females cycled, with a majority of them
(83%) going into the cycle regularly, every 4–5 d, whereas the
remaining 17% showed a less regular pattern of cycling. As the
females grew older, this irregular cycle became predominant, as
observed in the 12-month-old females: only 30% cycled regularly,
whereas 60% had a prolonged duration of cycles. The incidence
of longer cycles increased with age during the approach to acy-
clicity. Shorter cycles occurred sporadically, even just before
acyclicity; very often the short and long cycles were interspersed.
While acyclicity approached, constant estrous, followed by per-
sistent diestrus or persistent diestrus only, was observed. In one
12-month-old female rat, persistent vaginal cornification was ob-
served for a prolonged period of time, and this female was
qualified as acyclic. At 18 months of age none of the females
exhibited regular cycles; 40% qualified as acyclic, with a majority
of them exhibiting the diestrus-type of smear and one case ex-
hibiting constant estrus (all 21 d). At 24 month of age, 75% of the
females’ estrous cycling ceased completely, whereas irregular
cycling was observed in the remaining 25% of the animals. The
nonparametric x2 test, comparing the percentage of rats in each
cyclic category, revealed a significant difference among the four
age groups (x2 5 310.5; df 5 6; p , 0.0001). The general pattern
of reproductive senescence observed in the present study was
consistent with previous findings (LeFevre and McClintock,
1988, 1991).

Separate ANOVAs were conducted to compare performance
in Place Discrimination among females with a different cyclic
status (Session 3 Cyclic Status). The effect of Cyclic Status did
not reach a significant level ( p . 0.05). This was partially attrib-
utable to the fact that the number of animals representing each of
the cyclic categories was low, thus decreasing the sensitivity of
statistical analyses. In addition, not all of the cyclic categories
were represented in each of the age groups, therefore impeding
the execution of a more powerful overall analysis with all of the
age groups. Although differences in performance among females
exhibiting a different cyclic category did not reach a significant
level, there were some trends (Fig. 9). For instance, in the group
of 12-month-old females the best performance as judged by the

Table 3. Focused ANOVA (Sex 3 Session) results for the place discrimination task

Variable

6 Month old 12 Month old 18 Month old 24 Month old

Sex Session
Sex 3
Session Sex Session

Sex 3
Session Sex Session

Sex 3
Session Sex Session

Sex 3
Session

F1,20 F3,60 F1,30 F1,30 F3,90 F3,90 F1,18 F3,54 F3,54 F1,30 F3,90 F3,90

Time 1.2 72.5 xxx 0.3 1.1 83.8 xxx 1.5 0.6 43.9 xxx 0.7 0.1 21.6 xxx 0.9
Dist 4.9 x 93.2 xxx 0.8 10.4 xx 109.6 xxx 4.0 xxx 13.3 xxx 39.8 xxx 3.0 x 6.0 x 23.1 xxx 3.8 x
Ang 2.1 21.8 xxx 0.9 4.2 x 22.6 xxx 0.8 0.2 15.8 xxx 1.5 4.9 x (f) 18.8 xxx 1.3
QQ 0.1 39.1 xxx 0.8 4.9 x 36.2 xxx 1.7 0.3 15.6 xxx 1.6 1.0 14.3 xxx 1.4
PAB 0.2 43.7 xxx 0.5 3.6 x 50.2 xxx 1.7 0.3 20.4 xxx 1.8 0.2 16.7 xxx 0.6
ONC 0.3 5.3 xx 0.5 4.0 x 16.9 xxx 0.4 0.01 3.2 x 0.6 1.1 7.1 xxx 0.12

Bold areas represent a superior performance of males over females.
xxx , xx , x represent a difference at p , 0.001, p , 0.01, p , 0.05, respectively.

Figure 4. Repeated acquisition in the water maze; a comparison of the
session averages (6 SEM) from swim time ratio and swim distance ratio
of males and females across four different ages. ***Sex differences at p ,
0.001 between 14-month-old males and females.
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time in the Target Quadrant was attributed to the females with
regular estrous cycles. The worst, on the other hand, was seen in
the acyclic female, whereas females with an irregular cycle were
intermediate performers. Similar trends were observed in each of
the age groups of the females, suggesting that, within each age

group, females with less compromised endocrine status per-
formed somewhat better than the ones experiencing greater hor-
mone alterations.

Principal component analysis
The Principal Component Analysis yielded four significant fac-
tors with eigenvalues .1; the percentage of variance explained by
the components was 42, 17, 14, and 9%, respectively. The pattern
of rotated loadings onto the same factor allowed for the detection
of variables that measured similar aspects of behavior. Measures
of cued tasks, latency and distance, loaded highly onto Factor 1
(0.94, 0.88). Body weight, Swim Time in SS, and Z-scores from

Table 4. F-344: Summary of results from cued learning for each age group

Age n

Swim time (sec) Distance (cm)

Male Female Male Female

6 month old 22 5.3 6 0.3 5.9 6 0.5 168.3 6 12.4 180.9 6 15.7
12 month old 32 5.2 6 0.2 5.5 6 0.3 172.7 6 43.1 170.8 6 10.4
18 month old 20 7.2 6 0.3 7.3 6 1.1 162.4 6 11.6 197.4 6 29.3
24 month old 32 14.6 6 2.1 x 11.5 6 2.8 x 182.0 6 18.9 241.4 6 74.7

Values represent the mean 6 the SEM.
x represents a difference at p , 0.05 between 24 month old and three other age groups within each sex category.

Figure 5. Sensorimotor skills; a comparison of the mean performance
(6 SEM) of males (solid line) and females (dashed line) across four
different ages. Shown are significant sex differences at ***p , 0.001, **p ,
0.01, and *p , 0.05, respectively, in the ANOVA and (J) at p , 0.05 in
the ANCOVA.

Figure 6. Comparison of the mean body weight (6 SEM) of females and
males across four ages. Shown are significant sex differences at ***p ,
0.001.

Figure 7. Relationship between body weight and performance in senso-
rimotor tasks in males (solid line) and females (dashed line). The lines
represent results from Pearson correlations, significant at p , 0.001.
Symbols in the scatter plots represent the data for the individual animals.
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SM loaded onto Factor 2 (0.76, 20.75, 0.67). Working memory
measures, Swim Ratio and Distance Ratio, loaded very highly
onto Factor 3 (0.96, 0.96). All measures of spatial reference
memory except for Swim Distance loaded onto Factor 4:
Annuli-40 (0.88), Platform Crossings (0.86), Target Quadrant
(0.85), and Swim Time (20.75). Swim Distance did not load
highly onto any of the factors, with loadings onto Factor 1 (0.51),
Factor 2 (0.48), and Factor 4 (20.57). This separation of mea-
sures from different tasks loading onto different factors indicates
that, indeed, they do reflect different aspects of behavior. The
measures that were loading highly onto the same factor were
considered related and seen as reflecting similar aspects of
behavior.

DISCUSSION
The results of the present experiment documented a differential
effect of the aging process on different types of spatial memory
and sensorimotor skills in male and female rats. In each of these
domains a distinct pattern of age-related interactions with sex
differences emerged, suggesting a different sensitivity to the aging
processes of the neural mechanisms involved in their function.
The results of the principal component analyses, which indicated
that measures from the reference memory task, the working
memory task, and the sensorimotor tasks loaded primarily onto
different factors, supported this view, thereby suggesting that each

Figure 8. Regularity of estrous cycle at four different age groups.

Figure 9. Place discrimination in the water maze (Target Quadrant
measure); a comparison of the session averages (6 SEM) of females with
a different cyclic status at four different age groups.
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of these tasks measured different aspects of behavior maintained
by different neural processes.

In particular, the present study found sex differences in the rate
of development and the magnitude of age-related impairments in
spatial reference memory. Although there were no sex differences
at the age of 6 months, the onset of age-related decline took place
earlier in the females, resulting in sex differences at the age of 12
months. The onset of age-related changes occurred more gradu-
ally in males, with a very mild impairment at the age of 12 months
and progressively greater decline at the age of 18 months to an
even more severe impairment at the age of 24 months. Overall,
aging significantly affected the performance of both males and
females with a different time of onset and magnitude. However, at
the age of 18 months and older, animals of both sexes experienced
severe memory deficits and were not different from each other.

Several studies previously have reported age-related impair-
ments in spatial memory tested in the Morris water maze in male
(Markowska et al., 1989, 1994; Frick et al., 1995; Markowska,
1999; Markowska and Breckler, 1999) as well as in female rats
(Gage et al., 1989; Fischer et al., 1991). However, none of these
studies has compared systematically the age dependence and
dynamic of these changes between the two sexes. Previously, in a
study on Fischer-344, we reported a similar pattern of age-related
changes in spatial reference memory, but that study did not
include female rats (Frick et al., 1995). Although several studies
have reported somewhat different degrees of impairment or var-
ied rates of decline in other strains of rats (Fischer et al., 1991),
it seems likely that some differences reflected the relatively
shorter life span of the Fischer-344 when compared with Sprague
Dawley rats, for example. Several other factors also could con-
tribute to some of the discrepancies, including previous experi-
ence of females (virgin vs retired breeders) and, in particular,
procedural differences between the studies (e.g., different types of
probe trial).

The results of the present study are consistent with findings
reporting a lack of sex differences in water maze performance in
young Long–Evans rats (Bucci et al., 1995; Warren and Juraska,
1997). On the other hand, the present data contradict the finding
obtained from young Sprague Dawley rats, which reported the
superior performance of males in the water maze (Roof, 1993). In
the present study the lack of sex differences in young 6-month-old
F-344 rats was observed in both types of spatial memory. At 6
months of age the only sex difference in performance of the place
discrimination task was observed in Swim Distance. Males per-
formed better in the early sessions and maintained their superi-
ority across all tested ages, indicating that they consistently took
a shorter path to the platform from the very beginning of testing,
whereas the females did not. Conceivably, the females were less
focused in reaching the platform at the beginning of training.
However, they gradually learned to minimize their Swim Dis-
tance, and by the end of training their Distance to reach the
platform was similar to that of the males. While navigating
through the maze, the males and females might have used differ-
ent spatial cues: geometry of the room or both landmarks and
geometry cues, respectively (Williams et al., 1990). Perhaps the
differences in associational–perceptual processes, which guide the
spatial ability, contributed to the initial sex differences in Swim
Distance.

Other studies suggested that female rats could rely more
heavily than the males on the available odor trails, even in the
water maze situation (Means et al., 1992). In that light, the
females could have been more distracted during the early ses-

sions, if they indeed tried to use the preferable but ambiguous
cues of odor trails for locating the escape platform. This rather
inefficient strategy in the present experimental situation perhaps
could result in the longer Swim Distances to find the platform. In
this respect, this result is consistent with the view that the Swim
Distance in the Morris water maze is not a pure measure of
cognitive function (Lindner, 1997). In any case, sex differences in
Swim Distance in young F-344 rats are more likely to reflect some
differences in performance, perhaps related to the different strat-
egies, rather than to cognition. The finding, that by the end of
everyday training both males and females were covering a similar
Distance to get to the platform, indicates that females did have
the capability of using the most efficient spatial strategy, but
clearly they required more training to develop it. More impor-
tantly, in the present study the probe trial measures more accu-
rately reflected sex differences in cognition, because these mea-
sures were not confounded by the nonmnemonic factors and were
more sensitive to the aging process (Markowska et al., 1993; Frick
et al., 1995). In both sexes all probe trial measures were affected
by the aging process earlier in life and to a greater degree than the
platform trial measures. This finding is consistent with our pre-
vious observations (Markowska et al., 1993; Frick et al., 1995).
The suggestion that the Swim Distance is the most appropriate
measure of cognitive function in the Morris water maze (Lind-
ner, 1997) is not confirmed by the present study. In addition, all
measures from the probe trial loaded very highly onto the sepa-
rate factors (PCA) than the nonmnemonic measures, including
sensorimotor skills, body weight, and swimming ability, indicating
that indeed the probe trial measures were independent from
nonmnemonic ones. Furthermore, the superiority of the probe
trial in measuring cognitive function also may be related to the
fact that the platform trials offered the rat a number of strategies,
not necessarily spatial ones, to find the platform. Such strategies
might include circling the tank at a certain distance from the edge
of the tank to locate the platform, velocity of swim, etc. In
contrast, none of the probe trial measures was confounded by
swim speed simply because an accurate rat with slow swim speed
could still score well on any of the probe trial measures. More-
over, the probe trials do not offer alternatives to the spatial
strategy. Thus, these measures assess the accuracy of spatial
memory rather than the effectiveness of strategies in finding the
platform (Markowska et al., 1993).

The present study also revealed the existence of sex differences
in spatial working memory as assessed in the repeated acquisition
task. However, it cannot be ruled out that a more demanding
working memory task would have detected an impairment earlier
than at 24 months (Kadar et al., 1990; Olton and Shapiro, 1992).
The deficit in Swim Time observed in the 24-month-old rats in
the cued task could not contribute to the pattern of age-related
alterations in spatial reference and spatial working memory for
two reasons: first, because the decline in reference memory was
observed much earlier; second, because measures of working
memory were independent from speed/distance (Ratios). In ad-
dition, the pattern of sex differences in sensorimotor function
indicated opposite superiority: females outperforming the males
in a majority of the tasks. Taken together, the greater deficits
observed in reference and working memory in the females seem
to be cognitive in origin and not attributable to alterations in
sensory and motor abilities as assessed by the straight swim, cued
task, and sensorimotor tasks.

It is important to emphasize that the body weight of males was
greater than that of the females across the entire life span. After
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the body weight was covaried (ANCOVA), the sex differences in
sensorimotor performance were no longer significant, as ex-
pressed by the overall Z-score. This suggests that the lower body
weight contributed to the superior performance of the females.
However, at 24 months of age, despite the greater body weight of
the males, the performance of the females was no longer superior,
indicating that the decline in sensorimotor skills reached a similar
level in both sexes. In addition, a stronger negative correlation
between body weight and sensorimotor performance was de-
tected in females rather than in males, pointing to other factors
that also could contribute to these differences, such as body mass
composition or muscle strength.

The female brain reacts rapidly to variations in ovarian hor-
mones (Gould et al., 1990; Woolley et al., 1990; Woolley and
McEwen, 1993; McEwen et al., 1997). As the estrous cycle be-
comes less regular with reproductive senescence, natural fluctu-
ations of estrogen are altered in both plasma levels and brain
uptake (LeFevre and McClintock, 1988). In the present study,
alterations in the estrous cycle regularity were revealed as early as
the age of 12 months. These data are consistent with other studies
demonstrating that estropause in the rat begins at ;9–12 months
of age (Finch et al., 1984). Later, the females enter either persis-
tent estrus or persistent diestrus, followed by anestrus (Dudley,
1982). Because the onset of reference memory impairment oc-
curred in the females at the age of 12 months, it is a possibility
that at least some of the alterations in neural processes implicated
in memory that occur as a consequence of aging were accelerated
by altered estrogen levels. Consequently, estrogen disturbances
and the subsequent decline in levels may well contribute to the
earlier onset and a more pronounced deficit of memory seen in
the females. This is in line with the observation that females with
less compromised endocrine status performed somewhat better
than the ones experiencing greater hormone alterations. Simi-
larly, the finding indicating that in aged female monkeys, repro-
ductive senescence predicted cognitive decline (Roberts et al.,
1997) is consistent with the outcome of the current study. Thus,
results showing sex differences in the rate of age-related cognitive
impairments might reflect additive or interactive deficits from
both aging and the alterations in the hormonal milieu. However,
the degree to which hormonal alterations affect age-related de-
clines in cognitive performance and whether the observed corre-
lations are causal in origin require further study.
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