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Learning during middle age: A resistance to stress?
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bstract

Acute stressful experience enhances subsequent learning in males and impairs learning in females. These sex differences emerge soon after
uberty in adulthood. Whether these opposite effects of stress on learning extend into older age is unknown. To examine this, young adult (2–3
onths) and middle aged (17–18 months) Fischer 344 rats of both sexes were exposed to an acute stressor of brief tailshocks and trained 24 h later
ith classical eyeblink conditioning using a trace paradigm. Whereas stressful experience enhanced conditioning in adult males and impaired
onditioning in adult females, it had no effect whatsoever on conditioning in the aging animals of either sex. There was no effect of aging itself on
cquisition of the conditioned response, suggesting that trace conditioning is not necessarily compromised during this period of life. Together,
hese data indicate that associative learning in the aging animal is resistant to both the negative and positive consequences of stressful experience.

2006 Elsevier Inc. All rights reserved.
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. Introduction

Stressful life experiences affect learning differently in
ales versus females. In a series of studies, it has been shown

hat exposure to an acute stressful event increases classical
yeblink conditioning in males, but exposure to the same
tressful event impairs conditioning in females [16,21,22].
hese effects emerge after puberty. Thus, learning in animals

hat are exposed to the stressor and trained prior to puberty
s unaffected. During puberty, learning in both males and
emales is facilitated by exposure to the stressful event [4].
he effects of stress on learning also fluctuate across the lifes-
an of the adult, at least in females. For example, learning is
naffected by exposure to the stressor in postpartum females
hat are lactating or in virgins that are induced to behave

aternally after exposure to another females offspring [7].
his suppression of the stress effect is in contrast to the
mpairment observed in females that are cycling. Overall, the
ata indicate that the effects of stress on associative learning
merge with sexual maturation and are evident when females
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re receptive to and capable of reproduction. In males, the
ata suggest the enhanced effect of stress on learning emerges
ith puberty and is maintained throughout adulthood. How-

ver, we do not know whether the effects of stress on learning
ccur in aged animals.

The effects of stress on learning are usually mediated or at
east influenced by the presence of hormones. For example,
he effect of stress on learning in females is most pronounced
f females are stressed during diestrus and trained 1–2 days
ater during proestrus when the concentration of estrogen and
rogesterone in the blood is increased [16,21,22]. It has also
een shown that either removal of the ovaries or treatment
ith the estrogen antagonist Tamoxifin blocks the detrimen-

al effects of stress on conditioning. Together, these findings
ndicate that the detrimental effect of stress on learning in
emales is dependent on the presence of estrogen [21]. In
ales, the effect of stress is not dependent on the presence

f reproductive hormones, i.e. testosterone [17], but rather is
ependent on the presence of corticosterone. Interestingly

nough, the effect of stress on learning in females is not
ependent on the presence of corticosterone, despite the fact
hat female rats have elevated levels of glucocorticoids under
oth basal and stress conditions when compared to adult male
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ats. Thus, learning in male rats without an adrenal cortex is
ot enhanced after exposure to an acute stressor, whereas that
n males with adrenals is enhanced; learning in females with-
ut their adrenals is reduced after exposure to the stressful
vent, just as it is in females that are intact [1,22]. In sum-
ary then, exposure to a stressful event has opposite effects

n learning the classically conditioned eyeblink response in
ales versus females and these effects are mediated by dif-

erent hormonal systems.
It is well established that hormones fluctuate with age.

ged male rats tend to experience elevated basal levels
f glucocorticoids, lower levels of testosterone, as well as
isrupted feedback of the hypothalamic–pituitary–adrenal
xis [3,5,12,14,19]. By middle age (17 months) female
ats also experience increased basal concentrations of cor-
icosterone and a prolonged glucocorticoid response to
CTH [8]. Their estrogen levels begin to decline in mid-
le age, with cessation of the estrous cycle by 12 months
10,18].

In the present studies, we examined the effects of acute
tress on new learning in aged animals of both sexes. One con-
ern that we had in attempting these studies is that learning
tself would be impaired with age. Many cognitive abilities
ecline with age, including those assessed during classical
yeblink conditioning [2,20]. In fact, it is reported that per-
ormance begins to decline as early as middle age in both
umans and rats [23], although the effect in rats may be lim-
ted to strains with a shorter lifespan [6,20]. We thereby chose
o study middle-aged animals, because they would likely be
ble to perform the conditioned response and also because
he females would have recently ceased to have an estrous
ycle. Provided that the aged animals could learn the condi-
ioned response, it was hypothesized that the effects of stress
n that learning would be different in the middle aged animal
han in the young adult.

. Methods

.1. Subjects

Adult (2–3 months) and middle aged (17–18 months) male
nd female Fischer 344 rats (n = 59) were obtained from
he colony of the National Institute on Aging maintained
y Harlan (Indianapolis, IN). For the study, groups con-
isted of young males (stress = 7; no stress = 5), middle-aged
ales (stress = 8; no stress = 7), young females (stress = 8; no

tress = 8) and middle-aged females (stress = 8; no stress = 8).
ats were housed in wire rack cages for at least 1 week prior

o testing, provided food and water ab libitum and maintained
n a 12:12 h light/dark cycle with lights on at 8 a.m.
.2. Surgery

Subjects were anesthetized with sodium pentobarbital
females 8 mg/kg; males 12 mg/kg) and then maintained

a
s
(
v
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hroughout surgery with isoflurane and oxygen. Head stages
ere attached to the skull using anchoring screws and den-

al acrylic. Four electrodes (insulated stainless steel wire
.013 cm) were implanted in the upper eyelid (obicularis
culi) and the insulation was removed. All rats were provided
t least 1 week of recovery.

.3. Vaginal cytology

To assess stages of the estrous cycle, vaginal swabs were
aken daily. Cotton Q-tips immersed in saline were inserted
nto the vaginal track. Cells were removed and placed onto
lides which were stained with 1% toluidine blue. Stage of
he estrous cycle was verified by visualization under 10×

agnification. The stages of the cycle were characterized
s follows—Estrus: large blue staining cornified cells,
iestrus 1: small dark staining leukocytes with scattered
pithelial cells, diestrus 2: similar appearance to diestrus 1
ut with a lesser density of cells, proestrus: round clumped
ucleated purple stained cells. Only young adult females
hat demonstrated two 4–5-day cycles with all stages of the
strous cycle were included in the study. All of the aged
emales presented with a persistent stage of diestrus through-
ut the experiment, i.e. they did not possess an estrous
ycle.

.4. Eyeblink conditioning and stressor exposure

One day prior to training, rats were acclimated to the
onditioning environment, which consisted of 10 separate
it (7.5 wt bulb) conditioning chambers (22 cm × 26 cm ×
5 cm) with metal and Plexiglas walls and a metal floor
rid. The conditioning chambers were housed within sound
ttenuating chambers (51 cm × 52 cm × 35 cm). After accli-
ation, half of the subjects were returned to their home

ages. The others were taken into a different context,
estrained in Plexiglas chambers and exposed to 30, 1 mA,
0 Hz, 1 s, shocks, delivered 1 per min to two electrodes
n each side of the tail. The young adult females were
xposed to the stressor during the diestrus 2 stage of
heir cycle and then trained 24 h later in proestrus. After
tressor exposure all rats were returned to their home
age.

Twenty-four hours after stressor exposure, rats were
eturned to the conditioning chambers (9 a.m.–12 p.m.). First
pontaneous blinks were recorded for 10 min (30 trials with
o stimuli and a total of 15 s recording time). Then rats were
xposed to 10 presentations of the white noise (84 dB, 250 ms,
5 ms rise/fall time) in order to assess age or sex differences in
yeblink responses to the conditioned stimulus (CS) prior to
ny training. Animals were then trained with 200 trials a day
or 3 days of trace eyeblink conditioning. In this paradigm

white noise CS (84 dB, 250 ms, 25 ms rise/fall time) was

eparated from an eyelid stimulation unconditioned stimulus
US—0.70 mA, 60 Hz, AC, 100 ms) by a 500 ms trace inter-
al. Trials were administered in sets of 10 in the following

uring middle age: A resistance to stress?, Neurobiology of Aging
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rder: one CS alone trial, four paired trials, one US alone
rial, four paired trials. Intertrial intervals were randomized
t 25 ± 5 s.

Eyeblinks were detected using EMG activity as recorded
rom the obicularis oculi muscle. Eyelid electrodes were
onnected via a headstage to a differential amplifier with a
00–500 Hz band pass filter and amplified by 10 K. EMG
ignals were digitized at 1 kHz with a 16 bit A/D card
Keithley-Metrabyte, Taunton, MA) and relayed for anal-
sis via computers. Changes in the EMG were considered
yeblinks if they persisted for >3 ms and were >4 times the
tandard deviation of baseline responses recorded during a
50 ms stimulus-free period at the beginning of each trial.
yeblinks were considered CRs if they occurred during the
00 ms trace interval.

.5. Necropsy
One day after the end of training, animals were injected
ith a lethal dose of pentobarbital. Rats were necropsied for
ross abnormalities. Any subjects with tumors were elimi-
ated from the analysis.

a
y
d
a

ig. 1. Effects of stress on trace eyeblink conditioning in young adult and middle-ag
f CRs averaged in six blocks (100 trials each) for a total of 600 trials of trace ey
ats were exposed to the stressful event and trained 24 h later. They emitted a grea
iddle-aged males that were exposed to the same stressor did not express any ch

xposed to the stressful event and trained 24 h later. As shown, they emitted a smalle
ot exposed to the stressor. (D) Exposure to the stressful event did not alter the perc
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. Results

The data were analyzed using a four-way ANOVA with
ex, age, stressor exposure as the independent measures
nd percentage of conditioned responses as the dependent
epeated measure (6 blocks of 100 trials each). There was a
hree-way interaction between stressor exposure (stress ver-
us no stress), age (young adult versus middle aged) and
ex (male versus female) [F(1,51) = 5.06, p < 0.05]. Post hoc
nalysis with planned comparisons indicated that the stressed
dult males emitted a greater percentage of CRs (59% ± 8)
hen averaged across six blocks of trials than the other groups

no stress/young adult male = 40% ± 15; stress/middle age
ales = 29% ± 15; no stress/middle aged males = 31% ± 13;

tress/young adult females = 24% ± 6; no stress/young adult
emales = 38% ± 15; stress/middle aged females = 33% ±
3; no stress/middle aged females = 38% ± 12) (p < 0.001)
Fig. 1A). Stressed young adult females emitted fewer CRs

veraged across six blocks, than both stressed and unstressed
oung males. In addition stressed young adult females pro-
uced fewer averaged CRs than unstressed females of both
ges (p values < 0.05) (Fig. 1C). Conditioning in middle-aged

ed male and female rats. The graph depicts the mean (±S.E.M.) percentage
eblink conditioning for stressed and unstressed subjects. (A) Adult male
ter percentage of CRs across the blocks of training trials. (B) In contrast,
ange in the percentage of conditioned responses. (C) Adult females were
r percentage of conditioned responses when compared to females that were
entage of conditioned responses in middle-aged females.

uring middle age: A resistance to stress?, Neurobiology of Aging
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Fig. 2. The graph depicts the mean (±S.E.M.) number of trials that were
necessary to reach a criterion of 60% conditioned responses in 100 trials.
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s a group, the young adult males required fewer trials to reach criterion.
his effect is attributed to the rapid learning in those that were exposed to

he stressor before training.

ales that had been exposed to the stressor was not dif-
erent from conditioning in unstressed middle-aged males
r middle-aged females of either condition (p values > 0.05)
Fig. 1B). Conditioning in stressed middle-aged females did
ot differ from unstressed females that were young or middle
ged (p values > 0.05) (Fig. 1D).

As a further measure learning, we subjected the data to an
rbitrary criterion. The criterion was determined to be 60%,
hich equals 54 blinks during the trace interval of a trial out
f the 90 paired trials that occurred in a block [15]. Rats that
id not achieve that criterion within six blocks of 100 trials
ach were awarded a score of 600. ANOVA on this measure
ndicated an interaction between stressor exposure (stress ver-
us no stress) and sex (male versus female) [F(1,51) = 4.18,
< 0.05]; stressed males required fewer training trials to

each the criterion than did stressed females. There was also
n interaction between age (young versus middle aged) and
ex (male versus female) [F(1,51) = 4.18, p < 0.05]; the group
f young adult males required fewer training trials to reach
riterion than all other groups. The interactions between
ondition, sex and age were not below the 0.05 level of
robability (p = 0.057), but the trend suggests that the young
dult males that had been exposed to the stressor required
ewer trials to reach criterion than all the other groups
Fig. 2).

A number of performance measures were used to assess
onspecific changes in performance because of age or sex
ifferences. The number of spontaneous blinks prior to any
raining was examined using an ANOVA with three indepen-
ent variables (sex × age × stressor exposure). Post hoc anal-
sis indicated that young adults (M = 1.7/S.D. = 1.4) blinked

ewer times than did the middle-aged animals (M = 2.6,
.D. = 1.7) over a 10 min session (15 s total recording time)
F(1,51) = 5.91, p < 0.05]. Eyeblink responses to the CS alone
rior to any training were used to detect sensitized responses

i
d
o
n
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o the CS. The number of blinks in response to 10 stimulus
resentations was analyzed. There was a significant effect
f sex on the number of responses [F(1,51) = 6.86, p < 0.05].
ales blinked in response to one of the 10 auditory stimuli

nd females did not respond to any.

. Discussion

Overall, we report here that trace conditioning in the
iddle-aged animal is resistant to the negative and positive

onsequences of stressful experience. As in previous studies,
e found that exposure to the acute stressful event of brief
eriodic tailshocks induced opposite effects on trace eyeblink
onditioning in young adult males versus females [16,21,22].
xposure to the stressor enhanced learning in young males
hen compared to learning in unstressed males of the same

ge, but decreased learning in young females, when compared
o the females that were not stressed. However, exposure to
he stressful event had no effect on learning in middle age
ats of either sex. Thus, contrary to what might be expected,
xposure to an acute stressful event did not induce an exagger-
ted response in the middle-aged animal, regardless of sex.
here were minor differences in the spontaneous and sensi-

ized blink rates prior to training. Older subjects blinked once
ore than the young adults over the course of a 15 s record-

ng period and males blinked once more than females to a
hite noise stimulus delivered prior to any training. How-

ver, neither of these measures was affected by exposure to
he stressful event. Because learning itself was unaffected
y age, these age differences in nonspecific responding are
pparently inconsequential to the effects of stress on learning
or absence thereof).

Exactly how learning in the middle age animal becomes
esistant to stress is unknown and cannot be determined from
he data presented here. It seems likely that changes in hor-

onal systems are critical, especially those related to the HPA
nd HPG axes. It is reported that the HPA response to stress
s prolonged in aged animals [3,5,14]. Interestingly, a similar
esponse has been reported for pre-pubescent male rats [13].
ecause learning in the juvenile is also unresponsive to stress

4], it could be that a prolonged HPA response to stress con-
ributes to the absence of the stress effect on learning in both
ge groups. The corticosterone response to stress is likely
nvolved in males, because it is necessary for the enhanced
earning during young adulthood [1]. There are also numer-
us studies indicating that glucocorticoids increase with age
nd that the HPA response becomes deregulated [3,5,14].
ccording to the “glucocorticoid cascade hypothesis,” a per-

istent increase in basal levels of glucocorticoids leads to
ellular damage, particularly in the hippocampus, a brain
egion necessary for this type of learning [14]. Based on this

dea, it could be proposed that exposure to the stressful event
oes not enhance glucocorticoids levels enough from those
ccurring under unstressed conditions to induce the processes
ecessary to enhance learning in the aged male animal.

uring middle age: A resistance to stress?, Neurobiology of Aging
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The detrimental effect of stress on conditioning in the
ycling female is not dependent on the presence of glucocorti-
oids but is rather dependent on the presence of estrogen [21].
ince females cease to cycle and estrogen levels decrease
ubstantially by 12 months of age [10,18] it is likely that
ow levels of estrogen contribute to, or are responsible for
heir inability to respond to the stressor. Consistent with this
ypothesis, all of the middle-aged females were in a stage
f persistent diestrus, a state associated with relatively low
evels of estrogen.

As noted, learning itself was unaffected by age in this
tudy. This was somewhat unexpected because others had
eported deficits in eyeblink conditioning as early as 18
onths, a stage associated with middle age [11,20]. How-

ver, not all studies find learning deficits in the middle aged.
or example, the F1 hybrid rats learn at similar rates as young
dults and better than the aged Fisher 344 rats. It has been
uggested that differences in performance and rate of acqui-
ition may be due to differences in lifespan; the F1 hybrids
end to live longer than the Fisher 344 rats [6]. This explana-
ion does not necessarily apply to our data because we used
isher 344 rats, which have a relatively short lifespan and
eportedly age more rapidly. Rather, the discrepancy prob-
bly reflects differences in the testing procedures, some of
hich are more sensitive to subtle changes in learning abil-

ties than others. Importantly, we did not train animals to a
xed criterion. Young adults did achieve a criterion of 60%
onditioned responding (54 out of 90 trials), but this effect
as primarily attributed to performance in the young stressed

dult males which surpassed that in all other groups.
There was no deficit in learning in the unstressed middle-

ged females when their performance was compared to young
dult females, despite that they were in a persistent stage of
iestrus and thus exposed to low levels of estrogen. We typ-
cally find that young adult females emit more conditioned
yeblink responses than young adult males. The enhanced
esponding in the female is especially evident if they are
rained when they are in proestrus, when estrogen levels are
igh [16]. In the present study, we did not observe the sex
ifference in learning. A possible reason for this may be
train differences, as our previous studies were performed
n Sprague-Dawley rats. It is interesting that the ability to
earn this response was unaffected by age in the female, even
hough they were no longer cycling. To our knowledge, trace
yeblink conditioning in the aged female rat has not been
xamined before. There was a report that trace conditioning
f a fear response is compromised in aged females. However,
he females were 23–24 months of age, much older that those
sed here [11]. There are reports of performance deficits in
iddle age female rats trained to navigate a Morris water
aze using spatial cues [9]. Apparently, learning deficits in

emales arose months before similar ones were observed in

ales.
Until recent times, postmenopausal life was relatively

hort-lived but as our life expectancy increases, women are
pending a longer percentage of their lifespan in a post-

[
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enopausal state. These changes underscore the importance
f describing the biology of menopause and post-menopause.
ften coinciding with hormonal fluctuation are overt changes

n behavior and affect. In the present study, there was no obvi-
us learning deficit in the aging females, despite the cessation
f estrus. There was however a marked resistance to stress;
xposure to a stressful event that typically impairs learning in
cycling female had no effect on learning in the middle-aged

emale. This resistance to stress has also been observed dur-
ng other stages of reproductive life, most notably those times
ssociated with prepubescence and postpartum [4,7]. Taken
ogether, these studies demonstrate that stressful experience
an have different effects on learning during different phases
f life, particularly those associated with the emergence and
essation of reproductive capacity.
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