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Reproductive experience in female rats modulates cognitive 
processes and behavioral, neuroendocrine, and neurochemical 
function.6,7,9,11,14,16,23-26,30,35,36,39,40,52,56 The maternal brain undergoes 
functional changes during pregnancy and lactation,15,28,42,45,46,52,56 
which are associated with enhanced behavioral repertoire. For 
instance, sensitivity to opiates is reduced and maternal aggression 
is increased in pregnant and lactating animals, respectively.29,39,40,42 
In addition, both the intensity of striatal dopaminergic responses 
and basal serum prolactin levels are reduced in maternally-ex-
perienced female rats.5,7,8,11,23,24,45,46 Some acquired behaviors and 
functional neuroadaptations are long-lasting and suggest a pow-
erful effect associated with reproduction and care of young.

Over the past decade, reproductive experience has been re-
ported to modify spatial learning and memory processes20,30,49,50,51 
and hippocampal and olfactory bulb neurogenesis.17,48,50,55 These 
changes are likely due to a combination of hormonal exposure 
during pregnancy, coupled to maternal–offspring interactions 
during lactation; the modifications to brain enhance the requi-
site tasks performed during motherhood, such as those related to 
providing food and protecting the offspring.16,30,33,49-51 Multiparous 
and primiparous (PRIM) female rats exhibit better performance in 
the radial-arm maze compared with nulliparous (NULL) female 

rats.48,49 Other evidence indicates that the initial reproductive ex-
perience may stimulate greater memory-related changes than 
subsequent maternal experiences,49-51 and the effects are long-
lasting.21,39

The parity-induced modifications in learning and memory are 
tied to pregnancy and lactational hormonal profiles, especially 
estrogen and progesterone, oxytocin, and possibly prolactin, 
which can trigger modulations related to nervous system plastic-
ity.15,17,49-51,59 The combination of pregnancy and lactation appears 
to be more effective at inducing changes in learning and memory 
processes than pregnancy alone.30,28,33,49-51 Acquired maternal be-
haviors are retained for future mothering, referred to as maternal 
memory, such that one-time mothers can be induced more rap-
idly. In addition, hippocampal modifications, including neuro-
genesis17 and synaptogenesis,37 and increased oxytocin-induced 
long-term potentiation59 have been shown to affect spatial learn-
ing and memory in parous female rats.

Sex hormones also have been implicated in reference and work-
ing memory processes. For example, female rats exhibit better 
performance in a nonspatial cue version of the Morris water maze 
(MWM) when tested during proestrus compared with estrus; in 
contrast, when tested in a spatial version of the task, female rats 
showed better performance when tested during estrus compared 
with proestrus.61 However, the stage of the estrous cycle did not 
affect the results obtained in working and reference memory tests 
using a dry-land maze.49-51 High circulating levels of estradiol may 
impair working memory, and low circulating levels may facilitate 
it.22 There have been reports that female rats in proestrus exhibit 
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8) female rats were included. AGD PRIM rats were mated at the 
same time as were YNG rats; however, behavioral testing of AGD 
PRIM rats did not begin until they were approximately 18 mo old. 
These rats received the same treatment as that given to the YNG 
NULL and PRIM.

The animals used in this study were maintained in accordance 
with the guidelines of the Committee on the Use of Laboratory 
Animals of the College of Veterinary Medicine of the University 
of São Paulo and the Guide for the Care and Use of Laboratory Ani-
mals.27

Estrous cycle. Daily vaginal smears allowed identification of 
the estrus cycle phase, thereby enabling us to identify normal 
cyclicity and take it into account as a possible source of variation; 
this manipulation was performed at least 4 h before experimental 
procedures to account for its possible interaction with behavioral 
testing. Female rats that were 18 mo old with irregular cyclicity 
were considered to be AGD instead of old, because reproduc-
tive senescence occurs later in Wistar rats compared with other 
rat strains.53 Cells were collected through vaginal lavage with 20 
μL saline, by using an automated pipette with disposable tips. 
A drop of vaginal lavage solution containing cells was placed 
on a glass slide and immediately examined under a microscope 
(10×). The estrus cycle phase was determined according to cell 
characteristics: epithelial, round nucleated, in proestrus; epithelial 
keratinized in estrus; and polymorphonuclear cells in metestrus.41

Apparatus. A black fiberglass swimming pool (diameter, 200 
cm; height, 50 cm; water depth, 25 cm; 26 ± 1 °C), with water 
rendered opaque by the addition of 200 mL milk, was used as 
the water maze apparatus. A movable, transparent, 9-cm diam-
eter platform was placed in the pool about 2 cm below the water 
surface; the platform location depended on the behavioral proce-
dure. A video camera connected to a microcomputer by an image 
interface device (VP112, HVS Image, Hampton, UK) allowed col-
lection and analysis of the rat’s swim path. The experimenter run-
ning the session placed the rats individually into the swimming 
pool, started and ended the data collection recording system at 
the beginning and end of each trial, respectively, and then trans-
ferred the subjects back to their cages. The swimming pool water 
was changed daily.

For descriptive data analyses, the pool was divided into 4 equal 
quadrants and 3 concentric 33-cm wide rings (inner, intermediate, 
and outer rings). In addition, four 27-cm-diameter counter areas, 
each of them located in the center of each quadrant, therefore 
concentric with each possible platform locations, were defined. 
The time spent within these areas, named critical counters when 
the platform was located within them, provided specific indices 
of spatial location. The MWM was located in a 3.13-m × 4.5-m 
room with several salient cues hanging on the walls (for example, 
a 40-cm red square).

Behavioral procedure. A trial in both the reference and working 
memory versions of the MWM began by introducing the rat to 
the pool in a location close to the maze wall, facing the wall, and 
allowing the rat to swim until it found the platform. If the rat did 
not find the platform within 120 s, the experimenter manually 
guided it onto the platform, where the rat remained for 10 s. The 
rat then was transferred to its home cage until the next trial.

For the MWM reference memory task, the platform was posi-
tioned in a single, fixed location in the center of one of the quad-
rants. Each rat received 2 trials per session and one session per 
day. The training proceeded until the subjects achieved an as-

more spatial errors;61 however, there are also reports showing 
that estrus cycle does not interfere with learning and memory 
processes.49,51 Corticosterone and stress also can influence work-
ing memory processes,13,18,19,34,58 and parity affects stress and stress 
hormones.4 In addition, when it occurs during pregnancy, stress 
can abolish memory improvements attributed to motherhood.34 
In addition, oxytocin plays a role in maternal experience and can 
facilitate long-lasting spatial learning during motherhood by in-
creasing oxytocin synthesis and receptor expression in the hip-
pocampus.43,59

Motor and motivational processes influence learning and 
memory acquisition as a function of reproductive experience 
in rats.24,30,49-51 There have been demonstrations that learning 
and memory processes in female rats exposed to reproductive 
experience are facilitated30,34,51 and that these changes may be 
related to hippocampal plasticity,17,31,48-51,55 monoaminergic activ-
ity,11,23,24,26,35,36,56 anxiety and stress.10,34,62 These modifications are 
reported to be long-lasting after lactation, including reduced open 
field activity.11,24

The present study investigated the effects of parity on learn-
ing and memory by using the MWM, a paradigm that involves 
different stress and motivational stimuli compared with the dry-
land mazes applied in prior studies (for example, references 30 
and 49 through 51). The MWM assesses long-term spatial ref-
erence memory by keeping the hidden platform location con-
stant throughout all training sessions; using a probe test, with 
the platform removed, evaluates the spatial bias toward the 
platform’s prior location and extinction of the memory for the 
missing platform.12,44 Spatial working memory is evaluated by 
moving the hidden platform to a different location on each day 
of training. This modification requires that novel spatial informa-
tion is acquired each day and remains valid only for the trials of 
a single session (for details, see reference 63). Age-matched adult 
NULL and PRIM female rats were tested on day 15 after weaning 
(group YNG); middle-aged (AGD) PRIM dams (which experi-
enced motherhood at the same age as the YNG PRIM) and NULL 
female rats were tested when then they were 18 mo old. The hy-
pothesis under evaluation was that a single reproductive experi-
ence induces long-lasting changes in both mnemonic processes 
and behavioral strategies of female rats and that these changes 
might be revealed by testing these subjects in both reference and 
working-memory versions of the MWM task.

Materials and Methods
Animals housing and breeding. Wistar rats (n = 34; 80 to 90 d old 

at the beginning of the experiment) were individually housed in 
polypropylene cages (45 cm × 25 cm × 20 cm) with a controlled 
light:dark cycle (lights on, 0600 to 1800). Rats were provided by 
the Animal Facilities of the School of Veterinary Medicine of the 
Universidade de São Paulo. Water and food were available ad 
libitum. Rats were assigned randomly to 1 of 2 groups. Initially, 
one group of rats was mated. After mating, pregnant females 
were again individually housed and allowed to give birth. Their 
neonates were culled to 6 (3 male, 3 female) pups on the day af-
ter parturition, and these dams (PRIM) raised their litters until 
weaning on postpartum day 21. The second group of female rats 
(NULL) remained unmated for the same period of time. Approxi-
mately 2 to 3 wk after weaning, both the YNG PRIM (n = 8) and 
NULL (n = 9) female rats underwent daily behavioral testing. 
Corresponding middle-aged (AGD) NULL (n = 9) and PRIM (n = 
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Figure 1. Effects of reproductive experience on the acquisition of reference memory in adult nulliparous (n = 9, dashed lines) and primiparous (n = 8, con-
tinuous lines) female rats along 14 training sessions. (A) Latency to find the platform (s). (B) Path length (cm). (C) Swim speed (cm/s). (D) Heading angle 
relative to platform location (degrees). (E) Number of entries within the training counter. (F) Percentage of time spent within the training quadrant. (G) 
Percentage of time spent in the inner ring. (H) Percentage of time spent in the intermediate ring. (I) Percentage of time spent in the outer ring. (J) Percentage 
of time spent in the training counter. Data are expressed as mean ± SEM of 4 trials daily. *, Significant (P < 0.05) difference between groups.
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Figure 2. Effect of reproductive experience on working memory in adult nulliparous (n = 9, dashed lines) and primiparous (n = 8, continuous lines) 
female rats when the ITI was 10 min (ITI 10) and 60 min (ITI 60). (A) Latency to find platform (s). (B) Path length (cm). (C) Swim speed (cm/s). (D) 
Number of entries within the day before critical counter. (E) Percentage of time spent within the quadrant in which the platform was located on the 
previous day. (F) Percentage of time spent in the inner ring. (G) Percentage of time spent within the intermediate ring. (H) Percentage of time spent in 
the outer ring. (I) Percentage of time spent in the previous day’s critical counter. Data are expressed as mean ± SEM for trials across days 1 through 8 
(ITI 10) and days 9 through 13 (ITI 60). *, Significant (P < 0.05) difference between groups.
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For the 180-s probe test, the parameters analyzed included the 
numbers of entries and percentages of time spent by the subjects 
in the critical counters; path length; percentage of time spent in 
the quadrant of the platform; percentages of time spent in inner, 
intermediate, and outer rings; and swim speed. For presentation 
purposes, the scores recorded in the trials of each session were 
averaged of time bins of 60 s; statistical analysis also included trial 
scores separately.

For working memory scores, the means of latency; path length; 
percentage of time spent in the critical quadrant on the preceding 
day; percentages of time spent within the inner, intermediate, 
and outer rings; numbers of entries and percentage of time spent 
within the previous day’s critical platform counter; and swim 
speeds scores for the 4 trials across the 8 d with a 10-min ITI (days 
1 to 8) and for the 3 trials across the 5 d with a 60-min ITI (days 9 
to 13) were calculated.

A 3-way ANOVA was performed for the MWM reference mem-
ory data, with group (NULL versus PRIM) as the between-sub-
jects factor and sessions (either 14 sessions for YNG subjects or 19 
sessions for AGD subjects) and trials (first and second) as within-
subjects factors. A 2-way ANOVA was used to analyze probe test 
results, with group (NULL versus PRIM) as the between-subjects 
factor and time bin (first, second, and third minute) as the within-
subjects factor. Finally, a 3-way ANOVA was performed for the 
MWM working memory data, with group (NULL versus PRIM) 
as the between-subjects factor and ITI (10 versus 60 min) and trial 
(first, second, and third) as within-subjects factors. In every case, 
separate ANOVA were used for each measure.

We also conducted a Bartlett test for homogeneity of variance 
on these variables. To determine the effects of estrous cycle, inter-
actions between variables and estrous cycle phase were evaluated 
as covariates. Significant effects were analyzed with Fisher least 
significant difference (LSD) and Dunnett posthoc tests. All analy-
ses were done by using SAS software (SAS Institute, Cary, NC). 
Statistical significance was defined as a P value of less than 0.05.

Results
The results show differences between NULL and PRIM rats in 

both mnemonic processes and behavioral strategies. These dif-
ferences were not influenced by estrous cycle (P > 0.05), a finding 
that is consistent with earlier studies.50,51

YNG female rats. Reference memory. With regard to latency, 
path length, and percentage of time within the training quadrant 
(Figure 1), ANOVA revealed significant effects of day (F13,195 = 4.29 
to 23.02, P < 0.0001 [note that the minimal and maximal F values 
for the referred parameters were presented in association with the 
P value of the minimal F value and thus are conservative]) and 
trial (F1,15 = 21.50 to 51.97, P < 0.0003) and a significant day × trial 
interaction (F13,195 = 1.79 to 9.47, P < 0.04) but no effect of Group 
(F1,15 = 0.01 to 1.47), indicating that both NULL and PRIM adult 
female rats learned the MWM reference memory task. ANOVA 
also revealed a significant day × group interaction for path length 
(F13,195 = 3.05, P = 0.0009) and swim speed (F13,195 = 4.38, P = 0.0005) 
and a trial × group interaction for swim speed (F1,15 = 4.71, P = 
0.046). The posthoc contrast analysis revealed that these effects 
were related to shorter path lengths and slower swim speeds by 
the NULL adult female rats compared with PRIM adult female 
rats during early reference memory training (Figure 1), particu-

ymptotic level of performance (14 d for YNG rats and 19 d for 
AGD). Each trial lasted 2 min; the intertrial interval (ITI) was 10 
min. This approach renders the acquisition of the task more dif-
ficult relative to procedures that include more trials per day but 
with shorter ITIs;12,42,61 we thereby maximized the chances of dis-
tinguishing groups’ performances. Training occurred between 
1400 and 1700 h. The starting point varied randomly from trial to 
trial to minimize the adoption, by the subjects, of strategies other 
than spatial. If a rat did not find the platform within 2 min, it was 
placed onto the platform where it stayed for 10 s. The rat then was 
transferred to and maintained in its home cage until the next trial. 
Acquisition was assessed by the latency to find the platform, path 
length, percentage of time in the quadrant where the platform 
was located, and percentage of time spent in the inner, intermedi-
ate (which contained the platform), and outer rings. The heading 
angle (a measure of initial divergence from the direct path to the 
platform) provided another measure of spatial bias. Swimming 
speeds were calculated by dividing the path length by the cor-
responding latency.

A 180-s probe test, with the platform removed, was conducted 
24 h after the reference memory training phase. During this test, 
the rats were allowed to swim freely in the pool. The number of 
entries and percentage of time spent, in time bins of 60 s, in the 
critical counters allowed assessment of both long-term memory 
for the platform location and the rate of extinction of searching 
behavior along the 3 consecutive time bins. In addition, path 
length; percentage of time spent in the quadrant of the platform; 
percentages of time spent in inner, intermediate, and outer rings; 
and swim speed were recorded also.

Training in the MWM working memory task began 24 h after 
the probe test. On days 1 through 8, subjects were exposed to 4 
trials daily, with an ITI of 10 min. On days 9 to 13, subjects were 
exposed to 3 trials daily, with an ITI of 60 min, thereby increasing 
the difficulty of the test. Different starting points were used for 
each trial. During the ITI, rats remained in their home cages. The 
platform location changed every day; therefore, in the first trial, 
the rats reached it by chance and scanning (so that latencies and 
path lengths reflect a lack of knowledge of the platform location). 
At the end of the first trial, however, the rats received information 
about the platform location on that specific day; therefore, they 
should have benefitted from this information during the second 
and remaining trials of that particular day, because the task re-
quires matching-to-position for that day. In addition, rats tended 
to search for the platform within the area (quadrant and counter) 
where it was located on the previous day, indicating that they re-
tained information about the platform location for at least 24 h.63

Swim speed was determined by dividing swim path length by 
latency, thus providing an index of motivation. The analyzed pa-
rameters were the same as those assessed in the reference memo-
ry and extinction tests.

Data analysis. The parameters analyzed for reference memory 
included latency to find the platform; path length; percentage 
of time spent within the platform quadrant; percentage of time 
within the inner, intermediate, and outer rings; heading angle; 
swim speed; and time spent in the counter that contained the 
platform. For presentation purposes the scores recorded in the 
trials of each session were averaged thus facilitating visualization 
of the results; however, statistical analysis included trial scores 
separately.
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Figure 3. Effects of reproductive experience on the acquisition of reference memory in middle-aged nulliparous (n = 9, dashed lines) and primiparous (n = 8, con-
tinuous lines) female rats along 19 training sessions. (A) Latency to find the platform (s). (B) Path length (cm). (C) Swim speed (cm/s). (D) Heading angle relative 
to platform location (degrees). (E) Number of entries within the training counter. (F) Percentage of time spent within the training quadrant (G) Percentage of 
time spent within the inner ring. (H) Percentage of time spent within the intermediate ring. (I) Percentage of time spent within the outer ring. (J) Percentage of 
time spent within the training counter. Data are expressed as mean ± SEM of 4 trials per day for each group. *, Significant (P < 0.05) difference between groups.
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larly during the first trial (data not shown). As training proceeded 
and the subjects learned the task, the apparent differences dis-
appeared. ANOVA did not reveal any significant differences in 
percentages of time in the inner, intermediate, and outer rings; 
heading angle; entries in the training counter; or percentage of 
time in the training counter.

Probe test. As mentioned earlier, the probe test assesses long-
term memory of platform location and the rate of extinction of 
search behavior during 3 consecutive time bins. The ANOVA re-
vealed no effect of group (F1,15 = 0.0 to 1.55, P > 0.23) or time bin 
(F2,30 = 0.12 to 1.57, P > 0.22) or group × time bin interaction (F2,30 = 
0.05 to 1.80, P > 0.18) for path length; percentage of time within 
the training quadrant; percentages of time within the inner, inter-
mediate, and outer rings; entries in the training counter; percent-
age of time in the critical counter; or swim speed. The probe test, 
therefore, did not reveal any significant differences between the 
performances of PRIM and NULL adult rats.

Working memory. In the working memory task, rats were re-
quired to learn a new platform location each day, in which they 
were exposed to a matching-to-place procedure. In this way the 
critical location of the platform on each day was acquired during 
the first trial, allowing the rat to make use of this information to 
reach the platform more quickly when the ITI was 10 min (Figure 2, 
left panels) or 60 min (Figure 2, right panels).

ANOVA of latency, path length, and swim speed scores when 
the ITI was 10 min revealed significant effects of trial (F3,45 = 12.22 
to 44.98, P < 0.0001), a nonsignificant trend for effect of group (F1,15 = 
1.39 to 3.23, P > 0.09), and no group × trial interaction (F3,45 = 0.20 
to 0.56, P > 0.64). Similarly, ANOVA for latency, path length, and 
swim speed scores when the ITI was 60 min revealed significant 
effects of trial (F2,30 = 4.86 to 35.98, P < 0.02), no effect of group (F1,15 = 
0.02 to 1.30, P > 0.27), and no group × trial interaction (F2,30 = 0.30 
to 0.55, P > 0.58). Together, these data indicate that both PRIM 
and NULL adult female rats acquire the spatial working memory 
version of the MWM task at similar rates and maintained similar 
levels of performance independent of the requirement to retain 
critical information for either 10 or 60 min.

With regard to the number of entries (Figure 2 D) and percent-
age of time spent in the prior day’s critical counter (Figure 2 I), 
indexes reflecting the subject’s memory of the platform location 
used on the previous day and the extinction of their search within 
this location over trials, ANOVA revealed a significant effect of 
group (F1,15 = 4.96, P = 0.0417) when the ITI was 10 min (Figure 
2 I, left curves) and a group × trial interaction effect when the 
ITI was 60 min (Figure 2 D, right curves; F2,30 = 3.48, P = 0.0436). 
Figure 2 D shows that during the first trial, whereas NULL female 
rats promptly redirected their behavior to look for the platform 
in other locations as soon as they could not find it in the prior 
day’s location, PRIM female rats persisted in entering the counter 
where the platform had been placed on the day before, particu-
larly during trials 1 (Figure 2 D, right curves) and 2 (Figure 2 I, left 
curves). However, when the ITI was 60 min, NULL female rats 
entered the quadrant for the previous day’s location of the plat-
form (Figure 2 D) more often, especially on the first trial, than did  
PRIM rats. ANOVA did not reveal any significant differences  
(P > 0.05) in percentages of time spent in the previous day’s criti-
cal quadrant or in the inner, intermediate, and outer rings.

AGD female rats. Reference memory. Middle-aged PRIM and 
NULL rats were exposed to the MWM reference memory test for 
19 consecutive days. ANOVA revealed a significant effect of day 

Figure 4. Effects of reproductive experience on retrieval of the informa-
tion about the platform location and extinction of reference memory in 
middle-aged nulliparous (n = 9, dashed lines) and primiparous (n = 8, 
continuous lines) female rats along 3 consecutive time bins of 60 min 
each, during the probe test. (A) Path length (cm). (B) Percentage of time 
spent within the training quadrant. (C) Swim speed (cm/s). Data are 
expressed as mean ± SEM along 3 consecutive time bins of 60 s each. *, 
Significant (P < 0.05) difference between groups.
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Figure 5. Effects of reproductive experience on working memory in middle-aged nulliparous (n = 9, dashed lines) and primiparous (n = 8, continuous 
lines) female rats when the ITI was 10 min (ITI 10) or 60 min (ITI 60). (A) Latency to find platform (s). (B) Path length (cm). (C) Swim speed (cm/s). (D) 
Number of entries into the previous day’s critical counter. (E) Percentage of time spent within the quadrant in which the platform was located on the 
previous day. (F) Percentage of time spent within the inner ring. (G) Percentage of time spent within the intermediate ring. (H) Percentage of time spent 
within the outer ring. (I) Percentage of time spent within the previous day’s critical counter. Data are expressed as mean ± SEM for the trials across days 
1 through 8 (ITI 10) and days 9 through 13 (ITI 60).
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for latency, path length, swim speed, and percentage of time with-
in the training quadrant (F18,342 = 5.52 to 20.54, P < 0.0001; Figure 
3 A through C and E) and a significant effect of trial for latency, 
path length, and swim speed (F1,19 = 9.60 to 18.57, P < 0.005). The 
data indicate that both AGD PRIM and NULL rats acquired the 
MWM reference memory version of the task and did not differ 
from each other. In addition, ANOVA revealed significant day × 
group interactions for percentage of time within the intermediate 
(F18,342 = 1.80, P = 0.0245) and outer (F18,342 = 1.68, P = 0.0407) rings 
of the pool (Figure 3 G and H). Posthoc analysis revealed that 
although PRIM rats spent significantly (P < 0.05) longer in the in-
termediate ring of the pool on days 4 through 8, NULL rats spent 
significantly (P < 0.05) longer within the outer ring of the pool 
on those same days. These results suggest that although AGD 
PRIM and NULL rats learned the reference memory version of 
the MWM task, they adopted different search strategies during 
the acquisition phase.

Probe test. ANOVA revealed no effect of group for path length, 
percentage of time within the training quadrant, swim speed, or 
percentage of time spent within the training counter (F1,19 = 0.08 to 
2.05, P > 0.16) but a significant effect of time bin for percentage of 
time within the training quadrant (F2,38 = 4.69, P = 0.0151; Figure 
4 B). In addition, ANOVA revealed significant group × time bin 
interactions for path length, percentage of time within the train-
ing quadrant, and swim speed, (F2,38 = 3.21 to 3.66, P < 0.05; Figure 
4 A through C), suggesting that AGD PRIM and NULL female 
rats adopted different strategies in the MWM: AGD PRIM rats 
exhibited a more consistent search strategy when attempting to 
find the missing platform early in the probe test (Figure 4 A and 
C) and persisted longer over time bins in the search (Figure 4 B).

Working memory. When the ITI was 10 min, ANOVA revealed a 
significant effect of trial for latency, path length, and swim speed 
(F3,57 = 11.24 to 19.52, P < 0.0001) but no effect of group (F1,19 = 0.05 
to 2.61, P > 0.12; Figure 5). Moreover, ANOVA revealed no group × 
trial interaction for latency or path length (F3,57 = 1.38 to 1.85, 
P > 0.15) but a significant group × trial interaction for swim speed 
(F3,57 = 3.79, P < 0.0176). These findings indicate that both AGD 
PRIM and NULL rats learned the working memory version of the 
MWM task at similar rates when the ITI was 10 min but differed 
in their search strategies.

For the 60-min ITI data, ANOVA revealed no significant ef-
fect of trial for latency, path length, or swim speed (F2,38 = 1.35 
to 2.49, P > 0.09), no significant effect of group for path length or 
swim speed, (F1,19 = 0.49 to 1.60, P > 0.22) but a trend toward a sig-
nificant effect of group for latency (F1,19 = 3.95, P = 0.0615). There 
was no group × trial interaction for latency or path length (F2,38 = 
0.09 to 0.35, P > 0.70) but a significant group × trial interaction for 
swim speed (F2,57 = 3.76, P = 0.0324). Therefore, AGD PRIM and 
NULL rats did not differ in the expression of the acquisition and 
maintenance of working memory when the ITI was 60 min.

Both AGD PRIM and NULL rats improved their performance 
over trials in the MWM when the ITI was 10 min but not when 
the ITI was 60 min. In YNG rats, improvements in performance 
in the working memory task were detected independent of the 
ITI, indicating the sensitivity of this task for detecting difficulties 
in spatial working memory in older rats with longer ITI. With 
regard to the percentage of time spent in the prior day’s critical 
counter, ANOVA revealed a significant effect of trial (F3,57 = 8.59, 
P = 0.0002) but no effect of group (F1,19 = 1.92, P = 0.18) and no 
group × trial interaction (F3,57 = 0.40, P = 0.72) when the ITI was 10 

min (Figure 5 I, left panel). Moreover, ANOVA revealed no effect 
of trial (F2,38 = 0.83, P = 0.44) or group (F1,19 = 2.22, P = 0.15), and 
no group × trial interaction (F2,38 = 1.24, P = 0.29) when the ITI was 
60 min (Figure 5 I, right panel). Together, these results indicate 
that both AGD PRIM and NULL female rats exhibited more con-
sistent searching for the prior day’s critical counter when the ITI 
was shorter.

Discussion
The present data revealed differences in learning and memory 

processes and behavioral strategies as a function of reproduc-
tive experience. Although both groups of rats could learn and 
remember the task, YNG PRIM rats exhibited a proactive behav-
ior pattern, whereas YNG NULL female rats tended toward cau-
tion. YNG PRIM rats adopted a different search strategy from 
YNG NULL after the 10th experimental day during the reference 
memory test. Compared with YNG NULL rats, YNG PRIM rats 
swam slower yet found the platform with shorter latency and 
shorter path length. These data suggest that YNG PRIM rats con-
tinued learning after the 10th day, resulting in stronger memory 
consolidation. In addition, although YNG PRIM rats could find 
the platform after the 10th experimental day, they did not rush to 
reach it, revealing behavioral modification.

Reproductive experience was associated with increased per-
formance by rats in learning and memory tasks and in a dry-land 
maze and the MWM.30,34,50,51 Our results consistently show the ef-
fects of reproductive experience on MWM in spatial reference and 
working memory and suggest behavioral strategy modifications 
associated with aging20. The main difference between the dry-
land maze and MWM is that stress and the motivational stimuli 
are quite different, and this difference may have influenced the 
results.21 Stress can modify performance that depends on cogni-
tive function, particularly during early training in a water-maze 
task (when subjects are still learning that a safe refuge, the plat-
form, exists; the effect of stress on cognitive function exhibits a 
U-shaped curve, depending on corticosterone levels.2,54 The del-
eterious effects of stress affect learning and memory throughout 
life.34 Chronic stress is associated with increased corticosterone 
and facilitates working memory.4 Therefore, the MWM can be 
adapted to selective visual and spatial factors in learning and 
working memory but may be less suitable for repeated measures 
or for assessing long-term memory deficits. In contrast, a dry-
land maze, such as the radial arm maze, detects steady-state ref-
erence and working memory deficits and is suitable for repeated 
measures, leading to better analysis of involved processes.21

The effects of reproductive experience on modulation of both 
learning and memory processes20,30,31,49,51 and stress sensitivity 
may be considered an important adaptation because they are like-
ly to contribute to offspring survival, protection, and nutrition. 
In addition, as mentioned earlier, the interaction of stress and 
motherhood may explain long-lasting effects on memory.4,10,34,54,62 
Decreased swim speed suggests habituation to the maze and per-
haps reflects less anxiety-like behavior expressed by the YNG 
PRIM females.60 Similarly, YNG PRIM female rats have been re-
ported to express less anxiety-like behavior by staying longer in 
the open arms of an elevated plus maze.10,38 In addition, a prior 
study from our laboratory revealed motor activity differences 
between YNG PRIM and YNG NULL female rats exposed to the 
open field test.25 In the current study, reproductive experience 
had no effect on extinction of reference memory in adult female 
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tistically, we noted no interactions between estrous cycle and the 
results obtained in the water maze in the present study.

The behavioral effects could have been affected by motor activ-
ity as a consequence of parity,24 because parous female rats exhibit 
less locomotor activity.10,24 This change could be related to the 
lower swim speed of both YNG and AGD experienced rats in the 
MWM reference memory task. PRIM rats may have shown dif-
ferent behavioral strategies than NULL rats because of subtle dif-
ferences in locomotor function.24,30 More likely, these differences 
are a consequence of mnemonic and cognitive processes, but the 
interaction cannot be ruled out. Slower swim speed and heading 
angle related to the platform may suggest that once the task is 
learned and memorized, the experienced animals take the best 
(fastest) route. In addition, as suggested by the present results 
and earlier studies,60 experienced female rats may present less 
anxiety-like behavior; they therefore may ‘use’ this alteration to 
their advantage by enhancing their behavioral strategies. There-
fore, because performance in PRIM female rats is more precise 
and direct, their strategies might be more successful, efficient, or 
economical. Improvements in mothers compared with nonmoth-
ers have been viewed in neuroeconomic terms: efficiencies trans-
lated into advantages.32 This possibility appears to apply to both 
reference and working memory.

In conclusion, the present study differentiated mnemonic and 
cognitive improvements; suggested modifications in anxiety-like 
behavior; found effects of age in parous rats; and demonstrated 
long-lasting differences in behavioral strategies as a function of a 
single reproductive experience both in young adult and middle-
aged rats.
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