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a  b  s  t  r  a  c  t

A  growing  body  of data  indicates  that  changes  in  emotional  behavior  occur  with  age. Young  Lewis  rats  are
known to display  hypofunction  of  the  HPA  axis. With  age  the  reactivity  of  this  axis  is  thought  to  increase
with  a  concomitant  rise  in  anxiety.  In  the  current  study,  we  investigate  how  and  if the  pattern  of  neuronal
activation  (measured  as c-Fos  protein  expression)  in Lewis  rat  brains  changes  with  age  and  in response
to novel  environments  differing  in  aversiveness.  We  found  that  distinct  parts  of  the  fear/anxiety  circuit
eywords:
geing
PA axis
mygdala, Hippocampus
-Fos protein
ewis rats

(i.e.,  the  amygdalar  complex,  hippocampus  and  hypothalamus)  undergo  diverse  age-related  changes  in
response  to  behavioral  challenges.  While  in  the  hypothalamus  an  increase  in  responsivity  to  mild  stressors
was observed  with  age,  no  such  effect  was  present  in  the hippocampus.  The  amygdalar  complex  (espe-
cially  the  medial  and  cortical  nuclei)  on  the other  hand  exhibited  an  age-dependent  decrease  in neuronal
activation  to mild  stressors.  This  was  accompanied  by a marked  increase  in anxiety  not  correlated  with
a decline  in  locomotor  activity.
. Introduction

It is well documented that ageing is associated not only with a
ecline in cognitive functions but also with emotional changes. The
haracter of these changes is however ambiguous. Many geronto-
ogical surveys indicate an increase in anxiety and depression in
he elderly [1,2], yet the impact of risk factors like loneliness or dis-
bility as compared to ageing itself remain unknown. On the other
and, psychological research [3–5] suggests that emotion regula-
ion and mood management improve with age and older adults
xperience less negative affect. Moreover, several recent fMRI stud-
es have shown an ageing-dependent loss of amygdala reactivity
nd amplified activity in the prefrontal cortex, in response to
egative stimuli [6–10]. It should be pointed out however, that
he studies mentioned above were all performed with the use of
ather low-stressful stimuli (emotion-laden pictures from Inter-
ational Affective Pictures System (IAPS) [11] and words from
ffective Norms for English Words (ANEW) database [12] as well
s questionnaires with emotionally charged hypothetical prob-
ems). The above results are not in line with commonly recognized
ncreases in anxiety among the elderly and with data obtained in
nimal studies of ageing. Most authors that have addressed this
uestion in rodents have reported an age-related increase in anx-
ety/hyperemotionality upon exposure to mild stress (e.g., a novel
ituation) [13–20].

∗ Corresponding author. Tel.: +48 225892246; fax: +48 228225342.
E-mail address: j.zagrodzka@nencki.gov.pl (J. Zagrodzka).
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Little is known about the neurobiological mechanisms that
underlie the different emotional responses of young and old ani-
mals subjected to stressogenic stimuli. Yet there is extensive
evidence indicating that various kinds of stressors induce neuronal
activation (with an immediate early gene c-fos mRNA and protein
expression employed as a functional marker) in the brain structures
involved in the regulation of emotions [21–23] The most important
regions among these structures include the amygdalar complex
[24] and the hippocampus [25]. In Lewis rats, used in the current
study, behavioral arousal may  also be dependent on the activity
of their hypothalamo–pituitary–adrenal (HPA) axis [26]. Thus the
activity of the hypothalamic regions may  also be crucial for the
control of the emotional behavior of these rats.

It might be supposed that the increased emotional reactivity of
old rats is linked to the higher activation of these key structures in
the fear/anxiety circuit. Those few studies that have dealt with the
issue report a far more complicated pattern of age-related neuronal
changes. While some researchers have observed a decline in the
neuronal reactivity of aged rats [27,28], others have shown that
distinct parts of the fear/anxiety circuit may  be affected diversely
by age [29].

The aim of the present experiment is to investigate the effect of
age on the behavioral and neuronal response to a wide spectrum of
stressful conditions. These range from low aversive spontaneous
exploration of the novel environment of the Hole Board arena,
through mildly stressful Open Field with Illuminated Center and

Elevated Plus Maze tests, to highly stressful Acute Restraint pro-
cedure. In a previous study on psychogenetically selected Roman
High Avoidance (RHA/Verh) and Roman Low Avoidance (RLA/Verh)
rats, we  found this set of tests to be a useful and effective measure

dx.doi.org/10.1016/j.bbr.2011.07.011
http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:j.zagrodzka@nencki.gov.pl
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f emotional reactivity/anxiety level differences in behavioral and
olecular responses [30]. The main advantage of this methodology

s that it permits the investigation of (possible) functional hetero-
eneity within the structures belonging to the fear/anxiety circuit,
s a function of a full range of aversiveness of novel behavioral
hallenge. It also allows for a complex profiling of the emotional
eactivity of the animals used in the study. We  applied Principal
omponent Analysis (PCA) on the set of behavioral measures from
ovel environment tests (HB, OF and EPM) to trace the possible dif-

erences in motivation factors driving the behavior of young and old
ewis rats. PCA is considered a particularly beneficial statistical tool
or the interpretation of behavioral data since it allows for extrac-
ion of presumably independent factors reflecting different drives
onstituting behavior [31–34].  In our experiment, factor analysis
as applied for three main reasons: to identify the relationship

etween specific test indices and factors such as motor activity,
nxiety and exploratory drive, to take account of the individual dif-
erences between subjects – it is well known that marked variation
n behavioral impairments is seen between individuals of the same
ged rat population [35,36], and finally, to assess the applicability
f behavioral tests and settings used to the investigation of both
oung and aged animals behavior.

. Materials and methods

.1. Animals

A  total of 50 males, inbred Lewis rats from the breeding colony at the Medical
niversity of Warsaw were randomly assigned into two, equally numbered groups.
he first group was  behaviorally tested at the age of approx. 3 months (Young Adults,
A, n = 25, 312 ± 7 g). The second group was  kept in the animal house of the Nencki

nstitute of Experimental Biology, PAS until the age of 20–22 months and then behav-
orally tested (Old Adults, OA, n = 23, as two  animals had to be excluded from the
tudy due to movement impairment, 523 ± 13 g). Both groups were handled and
abituated (daily, monday through friday) to the experimental room 3 weeks prior
o  testing. Additionally, the OA group was  handled regularly throughout their lives
twice a week). The animals were housed in groups of 2–3 littermates per cage, with
nlimited access to water and standard laboratory rat chow (Labofeed B Standard,
orawski, Kcynia, Poland), in light:dark 12:12 conditions, with lights on at 8:00AM.

.2. Behavioral testing

At the age of either 3 or 20–22 months the rats were randomly assigned to 5
roups. The control group (YA, n = 5 and OA, n = 4) was  killed directly from their home
ages on day 1, before the onset of any other behavioral testing. Rats from the first
hree experimental groups (each consisting of n = 5, named after the last test in the
eries of three: OF, EPM and HB) were tested in three consecutive tests: Open Field
ith Illuminated Center (OF), Elevated Plus Maze (EPM) and Hole Board test (HB).

he  tests had a different order in each group (for experimental design see Fig. 1).
o minimize the effect of previous experiences on the behavior in consecutive tests,

even day intervals were applied between them (between the tests 4 habituation
essions took place).

At the end of the behavioral testing animals from the fifth group (YA, n = 5 and
A n = 4), handled in the same way as the other rats, were subjected to the Acute
estraint procedure. The behavioral data from the first 3 experimental groups was

X

7 days 

Control

OF

EPM

HB

IM

EPM

OF

HB

Fig. 1. Experimental design: white ellipses indicate group labeling, grey boxes
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collected (in MPEG-2 format) and analyzed using a video-based, automated Etho-
vision System (Noldus, Wageningen, NL) and in case of nose-poke activity in the
HB test (behavior difficult to assess by means of an automated system) with an
observer-based program (BehaView, http://www.pmbogusz.net/).

2.2.1. Open Field with Illuminated Center (OF)
The test arena was a black painted square (90 cm × 90 cm), enclosed by walls

(30  cm height) with a 50 W halogen bulb suspended 30 cm above the center (900 lx
at  the bottom of the cage, directly under the bulb) as the only source of light. The
animal was placed in the border zone facing one of the corners and its movements
were recorded for 10 min. Two zones, the illuminated center zone (a circle directly
corresponding to the brightly lit part of the arena) and the border zone, were drawn
according to previously selected criteria [14]. The following parameters were taken
into  analysis – in the illuminated center: number of entries to zone, time spent,
distance moved and movement duration; in the border zone: distance moved and
movement duration; in the whole arena: total distance moved, total movement
duration and mean velocity.

2.2.2. Elevated Plus Maze (EPM)
A  black wooden apparatus [37] consisting of two enclosed arms

(10 cm × 50 cm × 30 cm) and two open arms (10 cm × 50 cm)  connected with
a  central platform (10 cm × 10 cm) located 70 cm above the floor was used. The
rats were introduced to the closed arm of the maze via a lifted door and their
exploration was recorded for 5 min. The testing was done in a dimly lit (30 lx at
the maze level) area surrounded with non-transparent, grey curtains in order to
limit  any additional spatial stimuli. The following parameters were calculated – in
closed arms: number of entries, total time spent, distance moved and movement
duration; in open arms: number of entries, total time spent, distance moved and
movement duration; in the central platform: time spent; in the whole arena: total
distance moved, total movement duration, total number of entries to open and
closed arm and ratio of entrances to open/closed arms.

2.2.3. Hole Board (HB)
The HB test was  performed in a 60 cm × 60 cm × 30 cm box with grey walls and

four equidistant, 1 cm deep holes (3 cm in diameter) in the central part of a black-
painted floor as previously described [30]. The testing took place in a room lit by
two 80 W light bulbs (70 lx). At the beginning of the test the rat was placed in one
of  the corners of the arena and allowed to explore freely for 10 min. The following
parameters were analyzed – in central part of the apparatus: number of entrances,
time spent, distance moved and movement duration; in the border zone: distance
moved and movement duration; in the whole arena: total distance moved, move-
ment duration, mean velocity and number of nose pokes into holes in the arena
floor.

2.2.4. Acute Restraint (immobilization, IM)
The Acute Restraint test was performed using a clear Plexiglas ventilated tube,

20  cm long, 6.5 cm inner diameter, with adjustable length according to the size of the
animal and tail protruding. The size of the tube restricted movement in all directions
but  did not interfere with respiration [29,30]. The animals were kept in the apparatus
for  15 min. No behavioral parameters were recorded.

2.3. Immunocytochemistry

Rats from all experimental groups were killed 90 min after the beginning of

the  final test (OF, EPM, HB or IM)  with an overdose of chloride hydrate anesthesia
(>360 mg/kg) and perfused transcardially with ice-cold phosphate buffered saline
(PBS, pH = 7.4 Sigma) followed by 4% paraformaldehyde (Sigma). The control group
was killed directly from their home cages. The brain of each animal was removed
from the skull and postfixed as previously described [29,30].  The brains were deep

7 days

XX

X

X

XIM

EPM

OF

HB

EPM

OF

HB

 show behavioral tests. X the moment of lethal anesthesia and perfusion.

http://www.pmbogusz.net/


194 K.Z. Meyza et al. / Behavioural Brain Research 225 (2011) 192– 200

Table 1
Behavioral parameters and their orthogonal loadings for the Open Field with Illuminated Center test.

Behavioral parameters Young adults Old adults

Factor 1 (68%)
Locomotor activity

Factor 2 (21%)
Anxiety

Factor 1 (82%) Locomotor
activity

Factor 2 (15%)
Anxiety

Number of entries to illuminated center 0.83 0.92
Time  spent in the illuminated center [s] 0.96 0.93
Distance moved in the illuminated center [cm] 0.92 0.93
Movement duration in the illuminated center [s] 0.98 0.93
Distance moved in the border zone [cm] 0.97 0.94
Movement duration in the border zone [s] 0.80 0.96
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Total distance moved [cm] 0.91 

Total  movement duration [s] 0.69 

Mean velocity [cm/s] 0.91 

rozen and stored at −72 ◦C until the day of sectioning into 40 �m thick coronal sec-
ions. Slices were subjected to free-floating c-Fos immunocytochemistry according
o Savonenko [38].

c-Fos stained brain slices were microphotographed and assessed for c-Fos pro-
ein expression using ImageJ software (WCIF, Toronto, Canada) in the amygdalar
omplex, including the basolateral complex (BLA), central (CeA), medial (MeA)
nd  cortical (CoA) nuclei, the dorsal hippocampus (CA 1, 2 and 3 fields) and in
ypothalamic paraventricular nucleus (PVN), dorsomedial nucleus (DMH) and arcu-
te  nucleus (Arc). Each structure was assessed on the basis of bilateral measures
rom 3 brain slices (6 measurements per rat per structure). For each, the number
f  c-Fos immunopositive nuclei was counted and divided by the area occupied by
his structure on the particular slice (data shown in arbitrary units). Then, the 6

easurements were averaged and a single value per rat was  used for statistical
omparisons. The threshold for immunostained nuclei recognition was set for each
tructure (the amygdalar complex, hippocampus and hypothalamus) separately and
as  verified on a randomly picked square for the number of recognized nuclei (com-
ared with manual counting). The area and exact shape of investigated structures
ere evaluated using the adjacent, Nissl-stained sections.

Three rats from the YA (two in control and one in the IM group) and two rats
rom  the OA group (one from control and HB groups) had to be excluded from the
tudy due to a post mortem finding of tumors.

.4. Statistical analysis

.4.1. Behavioral data
The behavioral parameters from the OF, EPM and HB tests, after testing the

ypothesis of normal distribution and homogeneity of variance (homoscedasticity)
y  means of a Shapiro–Wilk W test and Lilleforse test, were analyzed separately for
A  and OA rats by means of Principal Component Analysis (PCA, STATISTICA, 5th
dition) with a normalized varimax orthogonal rotation of the factor matrix. This
otation was chosen because it emphasizes the variance on the new axes, which was
ecessary to extract the uncorrelated factors reflecting different drives constituting
ehavior of a given group of rats. The number of variables/parameters from a given
est never exceeded the number of cases (n = 9 for OF, n = 13 for EPM and n = 10
or  HB, as compared with n = 15 animals in each age group). This should produce
 stable factor structure [14,32]. The labeling of the extracted factors for HB test
as  confirmed by performing correlation analysis with factorial values for factors

xtracted for OF test.
The number of extracted factors was assessed using the Kaiser criterion (eigen

alue > 1). The loadings exceeding the value of 0.5 (and −0.5 respectively) were

able 2
ehavioral parameters and their orthogonal loadings for the Elevated Plus Maze test.

Behavioral parameter Young adults 

Factor 1 (51%)
Anxiety

Factor 2 (30%)
Locomotor activity

F
a

Number of entries to closed arms 0.77 

Total  time spent in closed arms [s] −0.74 −
Distance moved in closed arms [cm] 0.86 

Movement duration in closed arms [s] −0.59 0.62 

Number of entries to open arms 0.94 

Total time spent in open arms [s] 0.96 

Distance moved in open arms [cm] 0.95 

Movement duration in open arms [s] 0.94 

Total distance moved [cm] 0.92 

Total  movement duration [s] 0.91 

Total  number of entries to zones 0.63 0.64 

Ratio  open/total entries 0.92 

Time spent in central platform [s]
0.83 0.54
0.90
0.83 0.55

shown in Tables 1–3.  The parameters, which were included in the PCA and had high
loadings to extracted factors, were subjected to statistical analysis of between-age
group differences by means of a Student’s t-test. For confirmation of the lack of
the  effect of order of testing on these parameters, two-way (age × group) ANOVA
with post-hoc Bonferroni test was  used. Differences were considered significant if
p  < 0.05.

2.4.2. c-Fos protein expression
The c-Fos protein expression data was tested for normal distribution and the

homogeneity of variance by means of Shapiro-Wilk W and Lilleforse tests. Statistical
analysis was performed for each of the investigated brain structures separately using
UNIANOVA with Bonferroni post hoc test for assessment of the effect of age and
different behavioral tests. Differences were considered significant if p < 0.05.

The study was conducted in accordance with the Polish Law on Animal Experi-
mentation and the EU Directive 86/609/EEC and was approved by the Local Ethical
Committee.

3. Results

3.1. Behavior

3.1.1. Open Field with Illuminated Center (OF)
Young Lewis rats, as compared to old individuals, explored

the testing arena more extensively in all its zones, including the
brightly illuminated center. The duration of illuminated center
exploration was significantly higher for YA rats than for OA rats
(F(1,28) = 4.34, p < 0.05, Fig. 2A). The distance moved and move-
ment duration in the border zone, as well as in the total arena,
were also higher for YA individuals (F(1,28) = 52.56, F(1,28) = 27.01,
F(1,28) = 34.92, F(1,28) = 22.76, respectively, all p < 0.001). The mean
velocity of movement in the arena also declined significantly with
age (F(1,28) = 34.42, p < 0.001).
Principal Component Analysis yielded two  distinct factors driv-
ing the behavior of YA and OA (Table 1). The parameters describing
the activity of the animal in the border zone and the whole arena
(distance moved, movement duration and velocity) formed the first

Old adults

actor 3 (9%) Risk
ssessment

Factor 1 (74%)
Anxiety

Factor 2 (13%)
Locomotor activity

Factor 3 (9%) Risk
assessment

0.61 0.62
0.64 −0.58 −0.78

0.91
0.98

0.83
0.92
0.94
0.93
0.69 0.58
0.56 0.67
0.63 0.50 0.57
0.76

0.93 0.97
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Table 3
Behavioral parameters and their orthogonal loadings for the Hole Board test.

Behavioral parameters Young adults Old adults

Factor 1 (44%)
Exploration

Factor 2 (40%)
Locomotor activity

Factor 1 (50%)
Exploration

Factor 2 (39%)
Locomotor activity

Number of entries to the central part 0.62 0.93
Time  spent in central part [s] 0.95 0.96
Distance moved in the central part [cm] 0.93 0.96
Movement duration in the central part [s] 0.95 0.99
Distance moved in the border zone [cm] −0.74 0.64 0.86
Movement duration in the border zone [s] −0.81 0.54 −0.52 0.78
Total  distance moved [cm] 0.96 0.96

0.
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0.

f
i
T
e
e
w
b

F
O
e
a

Total  movement duration [s]
Mean  velocity [cm/s]
Number of nose pokes 

actor, labeled the “Locomotor activity” in both YA and OA (explain-
ng respectively 68% and 82% of variance in behavioral parameters).
he second factor received the highest loadings from those param-
ters that described activity in the illuminated center (number of

ntries, time spent, distance moved and movement duration) and
as therefore labeled “Anxiety”. The percent of variance explained

y this factor was higher for YA than OA (21% vs. 15%) yet the
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ig. 2. Differences in the behavior of YA (light grey) and OA (dark grey) in the A.
pen Field: time spent in the illuminated center, B. Elevated Plus Maze: number of
ntrances to open arms, C. Hole Board: number of nose pokes. Values are presented
s  mean ± SEM, *, ** and *** represent respectively p < 0.05, p < 0.01 and p < 0.001.
93 0.90
96 0.96
60 0.78

assignment of parameters to the factor suggests a different fac-
torial structure in OA, given that (unlike in YA) both total distance
moved and velocity parameters load to it.

3.1.2. Elevated Plus Maze (EPM)
Given the choice of either exploring the open arms or remaining

in the enclosed arm where they were initially put, the YA explored
the open arms of the maze more frequently and for longer periods
of time than OA (F(1,28) = 10.70, p < 0.01, Fig. 2B and F(1,28) = 5.78,
p < 0.05 respectively). The ratio of entrances to open/closed and
open arms and number of entrances to all arms was also higher
in YA (F(1,28) = 10.09, p < 0.01), as was the distance moved within
open arms and in the whole maze (F(1,28) = 4.74, p < 0.01) – despite
no differences in movement duration in the closed arms section
(F(1,28) = 2.09, p > 0.05).

The factor analysis reveals that the behavior in the EPM is dif-
ferentially driven by three distinct factors and dependent on age
(Table 2). The first factor, interpreted as showing anxiety level (with
positive loadings from parameters describing the behavior of ani-
mals in the open arms of the maze and negative loadings from time
spent and, in case of YA, duration of movement in the closed arms),
in YA explained 51% and in OA as much as 74% of total variability
in the test. The second factor, related to locomotor activity, in YA
explained as much as 30% of variability, while in OA only 13%. More-
over in OA, some characteristic parameters (total distance moved
and total movement duration) for Locomotor activity in YA also had
positive loadings on the Anxiety factor. The third extracted factor,
mainly correlated with time spent in the central platform (thus
reflecting risk assessment behavior), explained a similar degree
of variance in YA and OA rats (9% in both age groups). In OA rats
it received positive loadings from typically locomotor parameters
such as the number of entries to closed arms and total number of
entries to all zones. In both cases the third factor showed a similar
loading as those for the Locomotor activity factor. No such effect
was observed for YA.

3.1.3. Hole Board (HB)
In the hole board arena YA showed more intense exploratory

behavior, as measured by the number of nose pokes into the holes
(F(1,28) = 49.12, p < 0.001, Fig. 2C), the number of entrances to the
central part of the arena (F(1,28) = 22.98, p < 0.001), as well as in
the distance moved within its borders (F(1,28) = 29.94, p < 0.001).
Throughout this time YAs also remained more active in the border
zone (F(1,28) = 27.39, p < 0.001).

The factor analysis revealed two  uncorrelated factors driving the
behavior of YA and OA in the HB test. The proportion of variation

explained by the two  factors, as well as assignment of particular
parameters, was  nevertheless different for YA and OA (Table 3).
The first factor, receiving loadings from parameters describing the
activity of the animals in the central part of the arena (interpreted
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s “Exploration”), explained 50% and 44% of variance respectively.
here was a striking difference in assignment of the nose poke
arameter. In OA it loaded to Exploration factor, while in YA this
arameter was assigned to the second factor, labeled “Locomo-
or activity”. Locomotor activity (with loadings from parameters
escribing activity in the border zone and the whole arena) dis-
layed an equivalent degree of variance in YA and OA rats (40% and
9%).

For confirmation of factor labeling we have performed a cross-
orrelation of HB Locomotor activity with OF Anxiety and HB with
F Locomotor activity. In OA this analysis yielded much weaker
earson coefficients (r = −0.13 and 0.09, p > 0.05) than a cross-
orrelation between HB Exploration with OF Locomotor activity
nd OF Anxiety (r = 0.63 and 0.55, p < 0.05). In YA neither of the
orrelations were significant.

.1.4. Order of testing
The design of the study, where each of the animals from OF, EPM

nd HB groups was tested in each of the three tests measuring the
ehavior in novel environment, required testing of the hypothesis
f the possible effect of the order of tests as well as past experience
n behavioral parameters describing the activity in a given test.
wo-way ANOVA (age × group) showed a significant effect of age
ut not group for parameters describing the activity in the OF and
PM tests, e.g. YA spent more time in the illuminated center of the
F than OA (F(1,24) = 5.36, p < 0.05) regardless of which group they
elonged to (F(2,24) = 1.37, p > 0.05). Similar, they entered open
rms more often than OA (F(1,24) = 9.23, p < 0.01), regardless of
he group assignment (F(2,24) = 0.62, p > 0.05). The number of nose
okes though seemed to be affected both by age and the past expe-
ience (F(1,23) = 72.08, p < 0.001 and F(2,23) = 3.51, p < 0.05, with a
ignificant interaction of the two variables, F(2,23) = 4.31, p < 0.05.

onferroni test nevertheless did not show any significant differ-
nces between the groups within each of the age groups. Only
ifferences between age groups (YA performing more nose pokes
han OA) were statistically significant.
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ig. 3. c-Fos protein expression measured after home cage, Open Field with illuminated c
IM)  in A. basolateral complex, B. central nucleus, C. medial nucleus and D. cortical nucle
alues are presented as mean ± SEM. #p < 0.05, ##p < 0.01 and ###p < 0.001 for comparis
ge–group comparison.
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3.2. c-Fos protein expression

3.2.1. Control group
A significant, age-related difference in the basal c-Fos expres-

sion was  observed in the amygdalar complex of YA and OA rats
(p < 0.05, Fig. 3). ANOVA with Bonferroni post hoc test revealed that
in the basolateral complex, medial and cortical nuclei of the amyg-
dala of aged rats we found more c-Fos immunopositive cells under
the control conditions than in young rats (Fig. 3A, C and D). This
effect was  not observed in the basal expression of c-Fos protein in
central nuclei of the amygdala as well as the hypothalamus and
hippocampus (p > 0.05, Figs. 4 and 5, Control bars).

3.2.2. Experimental conditions
In general, a distinct pattern of neuronal activation was

observed for YA and OA rats in response to novel behavioral
stimuli. ANOVA yielded significant effects of age (F(1,33) = 17.44,
p < 0.001), test (F(4,33) = 9.794, p < 0.001) and structure (F(9,
297) = 144.21, p < 0.001), as well as the interaction of struc-
ture and test (F(36,297) = 3.48, p < 0.001), and an interaction of
age × test × structure (F(36,297) = 1.64, p < 0.05). Since the effect of
structure was  profound we  decided to show the results of ANOVA
with Bonferroni post hoc test performed for each of the brain struc-
tures separately.

3.2.2.1. The amygdalar complex. In the basolateral complex of the
amygdala ANOVA yielded significant effects of age (F(1,33) = 14.69,
p < 0.001) and test (F(4,33) = 3.88, p < 0.05), as well as age × test
interaction (F(4,33) = 4.42, p < 0.01). Apart from the aforementioned
difference in basal c-Fos expression (p < 0.05, Fig. 3A), an age-
specific difference in neuronal activation was  noted upon highly
stressful stimulation, the Acute Restraint test (IM, p < 0.05). The

main age-related change in neuronal activation was such that while
in YA all behavioral challenges evoked equally high activation of
BLA (although not reaching significance when compared to base-
line), in the OA animals the OF, EPM and HB exposure resulted in
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ignificantly smaller activation rate than the Acute Restraint (IM,
 < 0.01, not indicated).

For the central nucleus of the amygdala ANOVA yielded
imilar significant effects of age (F(1,33) = 13.11, p < 0.001) and

est (F(4,33) = 6.59, p < 0.001), as well as age × test interaction
F(4,33) = 2.98, p < 0.05) as in BLA. Bonferroni post hoc test revealed
hat the neuronal activation was higher in OA, as compared with
A, only after exposure to the EPM test (p < 0.001).
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The activation of the medial nucleus of the amygdala after the
behavioral challenge was  strong in YA and much weaker in OA.
ANOVA yielded significant effects of age (F(1,33) = 6.71, p < 0.05)
and test (F(4,33) = 10.44, p < 0.001), as well as age × test interaction

(F(4,33) = 4.43, p < 0.01). The higher c-Fos protein expression was
observed in OA only for the control conditions (p < 0.05, Fig. 3 C).
In YA all behavioral challenges evoked similar, high activation, as
compared with the control group (p < 0.001). In OA  rats, on the other
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and, none of the behavioral stimuli produced a significant increase
n the number c-Fos immunopositive nuclei (as compared with the
ontrol group).

The activation pattern of the cortical nucleus of the amyg-
ala resembled that of BLA and MeA, despite the fact that the
ain effect of age (F(1,33) = 3.94, p < 0.06) was weaker. The effect

f test (F(4,33) = 4.666, p < 0.01) and the age × test interaction
F(4,33) = 6.159, p < 0.001) were nevertheless significant. Higher
-Fos protein expression was observed for the control (p < 0.05,
ig. 3D) group in OA. In YA HB test evoked significant neuronal
ctivation (p < 0.05, as compared with the control group), while the
ctivation elicited by Acute Restraint approached significance (IM,

 = 0.067). In aged rats none of the behavioral challenges resulted
n significant activation as compared with the baseline.

.2.2.2. Hypothalamus. The hypothalamus displayed a heteroge-
eous response to both diverse behavioral stimuli and ageing.
hile the paraventricular and dorsomedial nuclei displayed an

ncrease in reactivity towards mild stressors in OA, no such effect
as observed for the arcuate nuclus (Fig. 4).

Apart from the significant effect of age (F(1,33) = 4.79, p < 0.05)
nd test (F(4,33) = 35.69, p < 0.001) no significant interaction
etween the two variables was found in the neuronal activation
f the PVN. In OA a significant neuronal activation (as compared
ith baseline) was observed after exposure to EPM (p < 0.05) and

M (p < 0.001), while in YA only the strongest stimulation (IM) gave
ise to a strong neuronal response (p < 0.001). No significant differ-
nce between age groups was observed for any of the tests used
p > 0.05, Fig. 4A).

ANOVA for DMH  yielded significant effects of age
F(1,33) = 12.51, p < 0.001), test (F(4,33) = 6.93, p < 0.001) and
o significant interaction between the two variables. The activa-
ion of the DMH resembles that of the PVN. In OA both EPM and IM
hallenges resulted in a significant activation (p < 0.05 and p < 0.01,
espectively). In YA on the other hand none of the tests produced

 c-Fos response significantly higher than the baseline. Also there
as no age-dependent significant difference in the activation in

ny of the tests.
For the arcuate nucleus ANOVA yielded only one significant

ffect, the effect of age (F(1,33) = 10.88, p < 0.01). No significant acti-
ation in response to behavioral challenges was observed in neither
A nor OA (p > 0.05, Fig. 4C). The activation rates were also similar
etween YA and OA.

.2.2.3. Hippocampus. In general no effect of age was observed in
he activation of CA 1, CA 2 and CA 3 fields of the hippocampus after
xposure to behavioral tests used in our study (Fig. 5). An effect of
est was observed only for CA 1 field (F(4,33) = 8.40, p < 0.001).

In the CA 1 field a very similar response to all behavioral tests
as observed in YA and OA animals. The only significant (as com-
ared to baseline) activation was observed in response to HB test
p < 0.05 in both YA and OA, Fig. 5A). No age-specific changes in
he levels of neuronal activation upon behavioral stimulation were
oted. In both YA and OA, Acute Restraint did not elicit the most
obust response. The highest response was observed after exposure
o HB. In the case of YA it was significantly higher than after OF, EPM
nd IM (p < 0.05, not indicated).

In the case of the CA 2 and CA 3 fields of the hippocampus no age-
ependent differences in neuronal activation were observed. Also
o significant increase from baseline was observed upon behavioral
timulation in either of the structures (p > 0.05, Fig. 5B and C).
. Discussion

In the current study we found that age substantially affects the
ehavior of Lewis rats in a novel environment, as well as the under-
esearch 225 (2011) 192– 200

lying neuronal activation of the key structures of the fear/anxiety
circuit. The results further confirm our previously reported finding
[29], that distinct parts of this circuit are differentially susceptible to
age-related changes in activation. These findings also confirm that
the set of tests used in the current study in conjunction with the
application of Principal Component Analysis constitute a sensitive
and useful tool for assessing the effect of age on rat behavior. This
study can also be compared to studies that have sought the neuro-
biological correlates of discrete factors such as strain differences in
emotionality and ageing.

Our data clearly indicate that Lewis rats, with age, show
increased anxiety levels and a decrease in locomotor activity in a
novel environment. In our study, aged animals spent less time in
the brightly illuminated central part of the Open Field arena, as well
as open arms and the central platform of the Elevated Plus Maze
and the central part of the Hole Board Arena. Instead, they kept to
“safe” zones such as the border zones of the OF and HB arenas and
the closed arms of the EPM. A substantial body of data indicates,
that such preference is a function of an age-dependent increase in
anxiety [13,14,17,19,39,40] while at the same time showing that it
is independent of age-related cognitive and locomotor impairment.
The overall decline in locomotor activity observed in our study is
a commonly observed ageing deficit [17,19,35,41].  However, given
that in our study YA and OA rats showed a similar movement dura-
tion in the “safe” zones (e.g. closed arms of the EPM) and that the
PCA analysis has clearly separated Anxiety and Locomotor activity
as two  distinct factors, we  can assume that age-dependent changes
in both of these factors are not correlated.

The age-related change in the role of anxiety was  clearly con-
firmed by the results of the Principal Component Analysis for EPM
and OF tests. It showed that the Anxiety factor explains a higher
percentage of variability of behavioral parameters in OA than YA
(e.g. 74% vs. 54% for EPM). Similar results were obtained in our pre-
vious study [14], in which young (3 month) and aged (24 month)
Wistar rats were used. A comparison of the two  studies shows strain
differences in the initial anxiety level. Wistar rats are known to be
less anxious than Lewis rats in the Open Field and Elevated Plus
Maze[33]. While the behavior of young Wistar rats in the OF test
was driven only by one factor (Locomotor activity), the behavior of
Lewis rats was dependent on both Locomotor activity and Anxiety.
We found this difference to be consistent between behavioral tests.
The PCA performed on parameters describing the behavior in the
EPM showed that, in Lewis rats, Anxiety explained the most vari-
ability in the behavior of YA, followed by Locomotor activity and
Risk assessment factors. In Wistar YA, the variability in the behav-
ior was  mainly explained by Locomotor activity and to lesser extent
by Anxiety and Risk assessment. This effect was  further magnified
with age.

In the current study PCA showed similar changes in the assign-
ment of total distance travelled in the whole arenas of the OF and
EPM tests with age, which further supports the hypothesis that
age-related changes in the factorial structure revealed by PCA are
indicative of a general change in emotionality of Lewis rats.

The behavior of Lewis rats in the Hole Board test was  driven by
two factors: Exploration and Locomotor activity (or Motor activ-
ity as named by Fernandes) [31]. Our labeling of the two factors
was confirmed by the fact that a cross-correlation of HB Locomotor
activity with OF Anxiety yielded much weaker Pearson coefficients
than a cross-correlation between HB Exploration and OF Anxiety.
In YA this correlation was  not significant. In OA, on the other hand,
we found that the HB Exploration factor in OA was  also corre-
lated with OF Locomotor activity. This shows that (although no

distinct Anxiety factor was extracted in HB PCA Analysis) we  can-
not exclude the possibility that the behavior of OA in the HB arena
was to some extent anxiety-dependent. The exploratory activity
(number of nose-pokes, activity in the central part of the area) in
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he OA Lewis rats decreased as compared with YA Lewis rats, a
nding in line with data obtained by Li and co-workers [18] on
prague-Dawley rats and Miyagawa [19] on Kbl Wistar rats. What
as striking was that the number of nose pokes assigned to differ-

nt factors in YA (Locomotor activity) and OA (Exploration). This
hows that the HB arena may  represent a different challenge for
oung and aged animals.

With such clear and marked age-related behavioral changes,
e expected the underlying neuronal circuits to react differently

o environmental novelty in YA and OA. Indeed, aged Lewis rats
ere found to react with higher neuronal activation (as indicated

y expression of c-Fos protein) to a novel behavioral challenge.
owever, the effect was both structure and test specific.

In the case of the hypothalamus, the origin of the stress-
esponsive HPA axis, we  have observed an increase in the activation
ate in OA in the paraventricular (PVN) and dorsomedial nuclei
DMH). The pattern of activation seemed to move from signifi-
ant reaction to only the strongest stressor (Acute restraint, IM in
VN) in YA to significant activation in response to both EPM and
M in OA (in both PVN and DMH). The increase in reactivity is in
ine with results obtained by Stöhr [26] who reported a stronger
ncrease in the plasma CORT levels in 18 month old Lewis rats than
n YA after restraint. According to de Kloet and co-workers [42] this
ffect could be associated with an age-related reduction of miner-
locorticoid (MR) and glucocorticoid (GR) receptors density in the
ippocampus and hypothalamus, which in turn provides a weaker
egative feedback loop for the HPA axis. Young Lewis rats were
hown to display higher binding affinity to these receptors, as com-
ared with Wistar rats [43] which results in a stronger inhibition
f their HPA axis. One could expect that, as a consequence of HPA
xis inhibition, young Lewis rats should be less anxious than Wis-
ar rats. Contrary to these expectations, Lewis rats showed more
nxiety than Wistar (our studies) and Fischer 344 rats [26]. In the
atter study the authors suggest that the higher anxiety of YA Lewis
ats may  occur due to hyperactivity of other brain regions involved
n the regulation of emotion, such as the amygdala.

In the present study we found that in YA rats parts of the
mygdalar complex, namely the medial and cortical nuclei showed
rofound neuronal activation in response to all behavioral chal-

enges used. In the aged rats, on the other hand, the activation
ate was small and did not reach statistical significance in com-
arison with baseline. This is in line with a smaller activation rate
f the amygdalar complex observed in elderly humans in response
o negative affective images [8,9].

Whether the observed smaller activation in response to behav-
oral challenge (as compared with YA) reflects a functional decrease
n reactivity of the amygdalar complex and/or is an effect of high
asal expression of c-Fos protein remains to be studied. The ele-
ated basal level of c-Fos expression displayed by OA may  reflect
hanges in excitability thresholds, which according to Stöhr [26]
ccur due to chronic hyperstimulation of CRH sensitive amyg-
alar neurons. The amygdalar complex, as the main CRH-sensitive
ear/anxiety circuit structure [44], rich in CRH [45] and GR recep-
ors [46] may  be hyperactive throughout the lifespan of Lewis rats
ue to initial hypofunction of the HPA axis.

The change in amygdalar reactivity resulting with elevated basal
xpression of c-Fos protein could be responsible for the higher
ehavioral arousal of aged Lewis rats. We  did not control for their
ome cage activity and therefore cannot exclude the possibility
hat their behavioral arousal observed in the novel environment
ests was also present without exposure to a behavioral challenge.
he elevated basal expression of c-Fos protein and concomitant

ecreased neuronal activation in response to stressors was  also
een in aged Lewis rats in our earlier work [29]. In that exper-
ment we observed elevated basal level of c-Fos protein both in
he amygdalar complex and the hippocampus. In the current study
esearch 225 (2011) 192– 200 199

the effect was specific for amygdala only. The main difference
between the two experiments was that in the earlier study we  have
kept animals returning from experimental testing (stressed and
possibly emitting aversive ultrasound calls and/or pheromones)
in the same room as the control group. This could have resulted
in inter-individual transfer of emotional information which in
observer/listener individuals may  produce significant increases in
c-Fos protein expression in brain structures involved in processing
of potentially dangerous stimuli (e.g., amygdala and hippocampus
Knapska et al. [47]). In OA Lewis rats (more anxious than YA) it
could have produced arousal resulting with higher basal expres-
sion of c-Fos protein in these two  structures. In the current study,
to avoid the possible transfer of aversive information between the
rats, we have sacrificed the control YA and OA prior to any other
experimental procedures. This resulted in a lower (and equal with
YA) basal c-Fos expression in the hippocampus of OA, which is in
line with results obtained by Desjardins [48], Bucci [49], Lee [50]
and Salchner [27]. The fact that the basal expression of c-Fos pro-
tein in the amygdalar complex was not affected by the procedural
change may  indicate that this effect is related to the ageing process
alone and represents a functional adaptation.

Whether the general small activation rate (as revealed by Bon-
ferroni post-hoc test) observed in our study results from the design
of the experiment (repeated testing in three consecutive tests mea-
suring the activity of the animal in different novel environments)
and whether lack of such testing experience could influence the
neuronal activation in animals from IM group is debatable. The two-
way ANOVA run for parameters describing the activity in the most
aversive parts of the OF and EPM tests as well as for nose poke
activity in the HB test did not show significant within age–group
differences related to the order of testing. We can therefore assume
that order of testing should not have had an influence on the neu-
ronal activation either. We  cannot exclude that previous experience
does, but then we  would expect that the IM group would show
strikingly higher expression of c-Fos protein (not only because the
test itself is more aversive, but also because these animals had
no previous experience with behavioral challenges). This was only
the case for PVN and DMH, which were expected to show strong
response to such a strong stressor. The differences in previous expe-
rience should have also been at least partially ameliorated due to
extensive habituation sessions in all experimental groups.

5. Conclusion

The main conclusion of the current study is that the ageing pro-
cess influences both the pattern of neuronal activation and the
behavior of Lewis rats by turning them more reactive and anx-
ious with age. The process itself seems to affect the HPA axis and
other parts of the fear/anxiety circuit to a different extent. While
the initially hypoactive HPA axis starts to react to even mild novel
stimuli with age, the hippocampus seems to sustain its activity
in an unchanged shape. The amygdala, on the other hand, under-
goes an age-dependent decrease in the neuronal activation rate in
response to mild stressors. How specific this heterogeneous effect
is and what proportion of (high anxiety trait) human individu-
als may  suffer from similar ageing-related changes remains to be
studied. Further research is also required to estimate whether the
age-related increase in anxiety of such individuals can be easily
targeted with specific anxiolytic drugs, which could improve the
quality of their lives.
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