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bstract

Recent studies have reported an age-related increase of anxiety in rodents with a concomitant decrease in neuronal activity in some of the key
tructures of the fear/anxiety circuit. In the present study we present evidence that distinct parts of this circuit are differentially affected by age in
ewis rats. The effect of ageing is observed both at the actual level of neuronal activation and its time-course. While the structures belonging to
he HPA axis react with a bigger neuronal activation and almost no change in the shape of dynamics curve in response to restraint, the structures
nvolved in higher processing of emotional cues (amygdala and hippocampus) become deficiently activated with age despite their generally higher
asal level of activation.

2007 Published by Elsevier B.V.
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. Introduction

Since the discovery of c-Fos as a functional marker of neu-
onal activation, expression of this protein has been used in
any studies to identify cells and specific brain circuits that are

esponsive to various stimuli [23,31,35]. With this method it has
een demonstrated that an increase in anxiety is associated with
ncreased c-Fos expression in specific brain areas implicated in
he regulation of emotional behavior including the amygdala,
ypothalamus and hippocampus [8,9,22,29,31,35].

The anxiety level is known to be affected by age in humans as
ell as in animals. In recent years several studies have reported

ncreased anxiety with age in rodents using a variety of well-
alidated tests of anxiety [4,6,17,24–28]. It could therefore be
ypothesized that the increased anxiety in older rats should be
ssociated with elevated neuronal activation in key parts of the
ear/anxiety circuit. To the best of our knowledge, only a very

ew papers have directly addressed this question [6,34]. Salch-
er et al. [34] found that in spite of an age-related reduction of
ocial interaction, indicative of increased anxiety [16], old rats
xhibited a lower test-induced c-Fos response than young rats in
he amygdala, periaqueductal grey and paraventricular hypotha-
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amic nucleus. Based on this finding, the authors suggested that
educed social interaction does not reflect enhanced anxiety in
ld rats. Similar results were described by Boguszewski and
agrodzka [5]. In this preliminary study c-Fos expression in

he amygdala was significantly lower in old rats compared with
oung rats after the open field test and immobilisation, despite
emonstrating an increased level of anxiety as measured in a
et of standard laboratory tests and evaluated by principal com-
onent analysis [6]. One of the possible explanations of these
omewhat unexpected results points to age-related differences
n dynamics of c-Fos production. Most comparative studies of
ene expression during aging have been conducted at a single
ime point usually matched to the maximum mRNA or protein
oncentration in young animals. Studies of the dynamic curve of
-fos mRNA content as a function of time after pentylenetetra-
ole (PTZ)-induced seizures have shown, that maximum c-fos
oncentration in the hippocampus and cortex of 3-month-old
ats occurred 1 h post injection and 3 h later returned to basal
evels. In contrast, in old rats (20 and 30 months old) there was
gradual increase in the levels of c-fos mRNA content, which

eached a maximum 3 h after PTZ administration and returned

o basal levels by approximately 15 h [33,36,42].

The aim of the present experiment is to compare the time-
ourse of c-Fos protein expression in response to acute restraint
n young and old rats. Acute restraint is an extremely stressful

mailto:j.zagrodzka@nencki.gov.pl
dx.doi.org/10.1016/j.bbr.2007.03.007
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timulus known to evoke robust and widespread c-fos expression
n numerous stress-specific and anxiety related structures [9].

. Material and methods

Twelve young (YA, 3 months old) and 12 old (OA, 21–23 months old)
ale Lewis rats (from a breeding colony established at the Medical Academy,
arsaw, Poland) were housed in groups of two to three rats per cage (control

nimals housed separately from the experimental ones), with unlimited access to
ater and standard laboratory rat chow, in L:D 12:12 conditions, with lights on at
:00 a.m. At the age of 3 and 21–23 months, respectively, the rats were subjected
o acute restraint, for a duration of 15 min, in a clear Plexiglass ventilated tube,
0 cm long, 6.5 cm inner diameter, with adjustable length according to the size
f the animal and tails protruding. The size of the tube restricted movements
n all directions but did not interfere with respiration. After the acute restraint
rocedure, rats were returned to their home cages. The rats (three animals per
ime point) were sacrificed with an overdose of chloride hydrate anaesthesia
>360 mg/kg) at 90 min, 150 min or 240 min after the beginning of the test and
erfused transcardially with ice-cold phosphate buffered saline (PBS, pH 7.4
igma) followed by 4% paraformaldehyde (POCh) solution. Control animals
three animals per age group) were sacrificed directly from their home cages.
heir brains were dissected and postfixed in 4% paraformaldehyde solution
vernight and thereafter in 20% and 30% sucrose (Sigma) solutions. The brains
ere deep frozen and stored at −72 ◦C until the day of sectioning in the cryostat

−21 ◦C). Forty-micrometer thick coronal sections were taken and subjected to
tandard c-Fos immunocytochemistry according to the procedure described in
etail before [35].

c-Fos stained brain slices were microphotographed and bilaterally assessed
or c-Fos activation using ImageJ software (WCIF, Toronto, Canada) in the

mygdaloid complex, including basolateral (BLA), central (CeA), medial (MeA)
nd cortical (CoA) nuclei, the hippocampus (CA1, CA2 and CA3 fields) and
n the hypothalamus including the paraventricular (PVN), dorsomedial (DMH)
nd arcuate (Arc) nuclei. Each structure was assesed on the basis of measures
rom three neighboring brain slices. For each brain structure, the number of

r
h
t

ig. 1. The dynamics of neuronal activation assessed by c-Fos expression in (A)
ypothalamus (DMH) at 90 min, 150 min and 240 min after the onset of acute rest
resented as mean ± S.E.M. #p < 0.05, ##p < 0.01 for comparison between YA and OA
ge group.
Research 180 (2007) 183–189

-Fos immunopositive nuclei was counted and divided by the area occupied
y this structure (in arbitrary units). The subnuclear division was obtained by
omparison with the adjacent, Nissl-stained sections. Slices from the brains of
hree OA animals had to be excluded from the study post mortem due to the
ccurrence of tumors in the hypothalamus (one animal from the control group
nd one from 150 min) and in the olfactory bulbs (one animal from 240 min
roup).

The study was conducted in accordance with the Polish Law on Animal Pro-
ection and the guidelines established by the Declaration of Helsinki concerning
he care and use of animal in research.

Statistical analysis was performed using MANOVA and subsequent post-hoc
ischer/NIR tests. Values were considered significant if p < 0.05.

. Results

In this study, a structure specific difference in the dynamics
f neuronal activation induced by acute restraint stress in young
dult (YA) as compared with old (OA) rats was observed. The
ifferences in relative activation (based on comparison of exact
ounts of c-Fos positive nuclei at a given time point with base-
ine activation) were observed between the two age groups at
ll experimental time points (90, 150 and 240 min). The effect
f age was significant (F(1, 32) = 382.35, p < 0.001). So was
he effect of time points (F(3, 32) = 14.21, p < 0.001). The inter-
ction of age and time points occurred to be structure specific
F(27, 288) = 5.57, p < 0.001).
The post-hoc analysis revealed that the time-course of neu-
onal activation in response to acute restraint in structures of the
ypothalamic-pituitary-adrenocortical (HPA) axis (the paraven-
ricular, arcuate and dorsomedial nuclei of the hypothalamus)

paraventricular (PVN), (B) arcuate (Arc), and (C) dorsomedial nuclei of the
raint. Continuous line represents YA. Broken line represents OA. Values are
; *p < 0.05, **p < 0.01, ***p < 0.001 for comparison with baseline within one
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as unaffected by age. The highest neuronal activation was
bserved 90 min after the onset of stress in all three structures
Fig. 1). In the PVN the shape of the two curves was similar,
lthough in old rats the increase in c-Fos expression was more
rofound than in young rats (Fig. 1A, p < 0.05). We observed a
ve-fold increase in neuronal activation 90 min after stress in old
ats (p < 0.001), while the peak value seen at the same time point
n young rats reached only 2.8 times baseline (Fig. 1A, p < 0.01).

similar, though less profound effect of age was found in the
rcuate nuclei (Fig. 1B, p < 0.05).

The temporal dynamics and the level of c-Fos expression in
he dorsomedial nuclei of the hypothalamus were similar in OA
nd YA groups. The nuclei remained significantly activated at
ll time points in YA and 90 min and 150 min time points in OA
roup and there were no significant differences between the two
roups (Fig. 1C).

In the central nuclei of the amygdala the maximum number
f c-Fos positive neurons was found at different time points
n YA and OA rats. In YA peak activation was observed
50 min after the onset of acute restraint (p < 0.01), while in
A c-Fos expression did not reach significance. Nevertheless a
iphasic trend was observed with the first “peak” of activation
p < 0.05) 90 min after stress, and a second one at 240 min

ime point (Fig. 2A). No such difference in dynamics of c-Fos
xpression was observed in the basolateral, medial or cortical
uclei of the amygdala as the peak expression in YA and the
aximum of the trend curve of OA occurred at 90 min time

r
w
o
p

ig. 2. The dynamics of neuronal activation assessed by c-Fos expression in (A) cent
he amygdala (CoA) at 90 min, 150 min and 240 min after the onset of acute restraint. C
s mean ± S.E.M. #p < 0.05, ##p < 0.01, ###p < 0.001 for comparison between YA and
ne age group. � indicates p < 0.05 for 150 min vs. 240 min secondary activation in C
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oint (Fig. 2B–D). The peak of maximal c-Fos expression in
A did not reach significance due to an overall decrease in
ctivation (as compared to baseline conditions) of all examined
mygdalar nuclei in response to stress. This effect was observed
espite the higher basal activation in OA (Fig. 4).

A significant secondary wave of activation was observed in
40 min time point in CoA (Fig. 2D) of young rats. No significant
econdary activation was observed in aged rats.

Another significant difference in c-Fos protein expression
ynamics was observed in the hippocampi (especially the CA1,
A2 fields). In YA a clear peak of c-Fos activation was observed

n these fields 90 min after acute restraint (p < 0.001), after which
he number of c-Fos positive nuclei slowly decreased. In con-
rast, in OA the number of c-Fos positive nuclei progressively
ncreased up to 240 min after stress but still did not reach sig-
ificance, when compared to the baseline values (Fig. 3A–C).
he CA3 hippocampal field is different in this respect. A general

ack of significant (as compared with baseline) activation was
bserved both in YA and OA. The only significant increase in
he number of c-Fos positive nuclei was found in OA between
50 min and 240 min time points (Fig. 3C).

It is noteworthy that within the hypothalamus PVN and Arc
re similarly affected by age. A similar, homogenous (though

everse to hypothalamic increase in activation with age) effect
as observed for the CA1 and CA2 fields of hippocampi. On the
ther hand, the nuclei of amygdala represent a heterogeneous
attern. When young rats are challenged with an acute restraint

ral (CeA), (B) basolateral (BLA), (C) medial (MeA) and (D) cortical nuclei of
ontinuous line represents YA. Broken line represents OA. Values are presented
OA; *p < 0.05, **p < 0.01, ***p < 0.001 for comparison with baseline within

oA of YA.
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Fig. 3. The dynamics of neuronal activation assessed by c-Fos expression in (A)
CA1, (B) CA2, and (C) CA3 fields of the hippocampi at 90 min, 150 min and
240 min after the onset of acute restraint. Continuous line represents YA. Broken
line represents OA. Values are presented as mean ± S.E.M. #p < 0.05, ##p < 0.01,
f
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Fig. 4. Baseline level of neuronal activation as assessed by c-Fos protein expres-
sion in paraventricular (PVN), arcuate (Arc) and dorsomedial (DMH) nuclei
of the hypothalamus, central (CeA), basolateral (BLA), medial (MeA) and
cortical (CoA) nuclei of amygdala and CA1–3 fields of the hippocampi of con-
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or comparison between YA and OA; *p < 0.05, **p < 0.01, ***p < 0.001 for
omparison with baseline within one age group. � indicates p < 0.05 for 150 min
s. 240 min secondary activation in CA3 of OA.

est, the medial and cortical nuclei of amygdala display the
reatest increase in c-Fos immunoreactivity 90 min after the
nset of acute restraint. The basolateral nuclei respond with

ntermediate values, while the central nuclei are the least acti-
ated. In aged rats subjected to the same stress, the activation in
he central nuclei is the highest, followed by medial, basolateral
nd finally cortical nuclei.

a

o
a

rol animals. Values are presented as mean ± S.E.M. *p < 0.05, **p < 0.01 and
**p < 0.001 for comparison between young adults (black bars) and old adults
white bars).

Notably the number of residual c-Fos positive nuclei is
ffected by age in amygdala and hippocampi (significantly
ncreased in OA), while the basal activation of hypothalamic
uclei remains unchanged (except for the arcuate nuclei, where
ne individual had high residual c-Fos level, Fig. 4).

. Discussion

We have shown that age substantially affects the level and
o smaller extent the temporal dynamics of neuronal activa-
ion in key structures of the stress-response circuit, assessed
y c-Fos immunoreactivity, in response to acute restraint.
e observed a decreased neuronal responsiveness of the hip-

ocampus and amygdala in old rats, suggesting that structures
nvolved in higher processing of emotional stimuli may become
eficient with age. In contrast, the neuronal activation of
he PVN and Arc of the HPA axis, providing the neuroen-
ocrine response to stress, was higher in old rats. At the
ame time the temporal dynamics of the response remained
nchanged with age. Together, these observations support and
dd to previously reported data on the effect of age on neu-
onal activation following different types of stressful stimuli
5,28,34].

Changes in endocrine function of HPA axis of aged Lewis
ats have been reported before [38]. The authors have found
hat the differences between Lewis and Fischer (F344) rats in
orticosterone response to restraint diminished with age. Young
ewis rats of both sexes showed much smaller activation of HPA
xis than F344 individuals. Eighteen-month-old male Lewis rats
esponded with similar to F344 males rise in corticosterone lev-
ls after stress, while Lewis female response was even greater
han the one of F344 females. This is in accordance with our
ata on the increase in neuronal activation of PVN and Arc after

cute restraint with age.

The dynamics of neuronal activation can be assessed in terms
f the time-course of the maximal activation of a given structure
nd the shape of the dynamics curve. The latter reflects both the
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ate of activation and the actual levels of activation at a particular
oment.
The time course of c-Fos expression in the paraventricular,

orsomedial and arcuate nuclei of the hypothalamus is very sim-
lar in both age groups. PVN and DMH responded with maximal
-Fos expression 90 min after the onset of acute restraint stress.
o did the Arc nuclei but to a smaller extent. The shape of the
ynamics curve in these structures is nevertheless different. We
bserved a more dramatic response of PVN and Arc neurons in
ld rats than in young rats. The dorsomedial nuclei on the other
and, did not exhibit any significant, age-dependent changes in
he shape of the neuronal activation dynamics curve. One would
xpect that, instead, an increase in neuronal activation would
ccur in response to acute restraint, as has been reported pre-
iously [8,9,23] in Sprague–Dawley, Lister Hooded and Wistar
ats. This could be partially explained by the differences between
he strains. Lewis rats are known for their reduced responsive-
ess to negative feedback loop of ACTH and CRH [19] in the
PA axis. Our results might indicate that dorsomedial nuclei are

unctionally deficient in old Lewis rats. If so, then the increase
n maximal neuronal activation of the PVN and Arc might result
rom release of inhibitory influences of dorsomedial nuclei of
ypothalamus [7,18,20,39].

In contrast to the hypothalamus, the pattern of neuronal acti-
ation following acute restraint is different in the central nuclei
f amygdala. We observed an age-dependent change in the time-
ourse of maximal activation of these nuclei. In young animals
he maximum activation occurred 150 min after the onset of
cute restraint, while in aged rats the peak value (though still
nsignificant) was obtained 90 min after stress. The late peak
f activation observed in our experiment in young animals is
n contrast to results from a study using capsaicin [21], where
positive correlation between time and neuronal activation in

he central nuclei of amygdala and paraventricular nuclei of
he hypothalamus was found. This discrepancy might be due to
he different nature of the stimulus, restraint being a processive
timulus [15] and capsaicin representing a systemic challenge.
lternatively this may be due to the fact the study was per-

ormed on Sprague–Dawley rats while Lewis rats were used for
ur experiment and these strains are believed to react differently
o stressors [32,38,41]. The fact that a profound difference in
he dynamics of neuronal activation was observed only in the
entral nuclei of young and old rats and not in the medial, cor-
ical or basolateral nuclei of amygdala seems to be important
nd might implicate a different role of these nuclei in process-
ng of aversive stimuli. Concomitantly and due to the difference
n the time-course of maximal activation, we found a general
uantitative difference in the level of activation of the nuclei
f amygdala. In young animals the central nuclei are the least
ctivated part of the amygdala (with medial nuclei being the
ost activated, followed by cortical and basolateral nuclei) at

0 min after stress. In aged rats the central nuclei are the most
ctivated compared with the medial, basolateral and finally cor-

ical nuclei. While the small activation rate of central amygdala
t 1–2 h after stress had been reported before in young animals
ubjected to restraint [3,11,12,23], our study is to the best of our
nowledge the first one to show that this effect could be altered

E
i
p
a
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y age. Further studies are needed in order to elucidate whether
his is due to an impairment of inhibitory action of lateral part
f central amygdala or oval nucleus of bed nucleus of the stria
erminalis as suggested by Day et al. [10,11].

An age-dependent change in the dynamics of neuronal
ctivation in response to acute restraint was observed in the hip-
ocampus as well. The ability of the hippocampus to respond
ith neuronal activation to emotional stimuli has been con-

idered controversial for many years. Some authors report
o significant changes in neuronal activation after behavioral
hallenge [13,34] while others postulate its role in control of
motions but with no specificity as to what kind of stres-
or is used [15]. It was also suggested that the hippocampus
hould only react to environmental cues encouraging exploratory
ehavior [30,37]. Nagahara and Handa suggested that even if
he hippocampus reacts to stressful stimuli this change remains
naffected by age [28], while Touzani et al. [40] as well as
chmoll et al. [36] proved the opposite in experiments on mice
nd rats. Some authors suggest that only the CA1 field of the
ippocampus exhibits a rise in c-Fos expression under condi-
ions of restraint [9] while Kovacs suggests that activation is
eneralized onto other parts of this structure as well [23]. In
ur study we observed changes in the dynamics of c-Fos pro-
ein expression in CA1–2 hippocampal fields. In young animals
hese parts of the hippocampus are maximally activated 90 min
fter the onset of the acute restraint, with a subsequent decrease
n activation at 150 min and 240 min time points. In aged rats the
eak value per se does not exist and the activation rate steadily
rows in all hippocampal fields achieving highest values 240 min
fter the onset of stress. This is in accordance with studies by
chmoll et al. [36] and Wagner et al. [42] who reported a shift

nto longer latencies of neuronal activation after seizures in the
ippocampus and cortex of aged rats. They also found that the
aximal neuronal activation in old rats was significantly smaller

han the ones of young animals. Our study confirms this finding
n the acute restraint stress model. One could argue that neu-
onal activation in the hippocampus might not be a direct result
f restraint, but rather of the extensive exploration occurring
fter the animal is released back to its home cage. We cannot
xclude that possibility as we did not record the behavior of
he rats upon their return to home cages, but since such acti-
ation has been reported before [9,23] we interpret our data as
ge-related differences in neuronal activation caused by acute
estraint.

Apart from age-dependent differences in the time-course of
aximal neuronal activation in structures responsible for higher

rocessing of emotional stimuli (such as amygdala and hip-
ocampi) as compared with the nuclei of the HPA axis we
bserved differences in respect to the shape of the decreasing
lope of the dynamics curve in the cortical nuclei of amygdala.
n the CoA of young rats a significant secondary increase in neu-
onal activation occurred 240 min after the onset of stress. Such
ate activation was observed for other immediate early gene, the

gr-1 (Zif-268) in response to acute restraint [9] which could

mplicate that some types of emotional information processing,
ossibly also involving c-Fos, might take place even up to 4 h
fter acute stress.
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Another observation made in this study was that c-Fos protein
xpression reaches significantly higher basal levels in struc-
ures involved in higher processing of emotional stimuli (all
uclei of amygdala and hippocampi) in aged rats, as compared
ith young ones. No such increase in residual c-Fos expres-

ion was observed within the hypothalamus (except for the
rcuate nuclei where one individual had higher basal c-Fos
xpression level). The former is in contrast to several studies
howing no age-dependent differences in basal c-Fos expres-
ion [5,13,28,34,36,42]. This discrepancy might be explained
y very recent results obtained by Knapska et al. [22]. They
howed that structures involved in higher processing of emo-
ional stimuli can be activated by between-subject transfer of
nformation (for example by ultrasound vocalisation or odours
22]). In our experiment rats were housed in groups of two to
hree per cage and the cages were located close to each other
n one experimental room. Control animals (kept in a separate
age, but still within the same room) were killed after being
ubjected to possible influence of signaling from animals return-
ng from acute restraint test. According to Knapska et al. [22]
uch signaling can cause even greater neuronal activation within
mygdala than the aversive stimulus itself. The fact that the high
esidual c-Fos expression was observed in the amygdala and hip-
ocampi of aged animals could indicate that old rats might be
ore prone to excite following emotionally challenging stimuli.
n the other hand, it might be a part of characteristics of Lewis

ats strain resulting from deficient functioning of the HPA axis
1,2,14,19]. In order to elucidate this matter a comparison study
n different strains of aged rats should be performed.

The general conclusion from this study is that regions of
he fear/anxiety circuit (hypothalamus, amygdala and hippocam-
us) are differentially responsive to stress as a function of age
n Lewis rats. The effect can be detected at both the magni-
ude and, to smaller extent, at the time-course of stress-evoked
euronal activation. Two basic groups of structures were iden-
ified: those directly responding to stress (HPA axis), which
n old rats are released from inhibitory action of dorsomedial
ypothalamic nuclei and therefore react with bigger neuronal
ctivation in response to restraint with no concomitant changes
n the temporal dynamics of the response, and the structures
nvolved in higher processing of emotional cues, which func-
ionally decrease with age. The two effects together might be a
eason for higher rate of anxiety-related behaviors in OA rats.
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