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Abstract

Abbreviations:

OBJECTIVES: Stress activates the hypothalamic-pituitary-adrenal (HPA) axis.
This activation is executed mainly through the release of corticosteroids from
adrenal that subsequently exert negative feedback on corticosterone-releasing
hormone (CRH) production. The effects of corticosterone on learning and
memory has been studied intensively. Less is known about the effect of CRH on
cognitive phenomena.

DESIGN AND SETTING: The present study aimed at studying the separate effects
of stress cascade hormones, namely CRH and corticosterone, on learning and
memory in a battery of learning tasks.

RESULTS: Long-term administration of CRH led to a transient impairment of
spatial performance in the active allothetic place avoidance (AAPA) task requiring
cognitive coordination, whilst co-application of CRH and corticosterone resulted
in permanent impairment in this task. Corticosterone alone impaired the long-
term retention of passive avoidance. CRH alone exerted no effect on the working
memory version of the Morris water maze (MWM) and inhibitory avoidance.
CONCLUSIONS: Our results suggest differential effects of stress cascade hormones
on various types of behavior.

INTRODUCTION

Stressful experiences generally trigger a stress neu-
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itory effect on the hypothalamus and pituitary. This
situation results in hyperactivity and deliberation of
the HPA axis (Hoschl & Hajek 2001). Therefore, study
of deliberation of the HPA axis represents a promising
approach in the research of various neuropsychiatric
diseases. Animal models show that prolonged exposure
to elevated corticosterone levels during stress episodes
leads to impairment of neuronal plasticity, particularly
in the hippocampus (Dagyte et al. 2009; Lussier et al.
2009). The hippocampus contains the highest concen-
tration of glucocorticoid receptors in the brain and it
plays a critical role in negative feedback in the HPA axis
(Chauveau et al. 2010). The neurodegenerative changes
may lead to deficits in memory and cognition (Swaab
et al. 2005). It was shown that corticosterone impairs
reference memory before working memory in rats. The
reasons are unknown but it seems that an acutely ele-
vated corticosterone level is not the cause. It is possible
that the deficit is related to suppression of the HPA axis
(Coburn-Litvak et al. 2003).

Conventionally, it is presumed that neurodegenera-
tive changes are attributable only to long-term highly
elevated levels of corticoids. Nevertheless, each compo-
nent of a neurochemical cascade of the stress response,
especially in the case of dysregulation of the HPA axis,
could be manifested qualitatively and quantitatively
by different means and influence different aspects of
animal behavior. We propose that elevated levels of
CRH (in combination with corticosterone) may con-
tribute to behavioral changes and memory deficits
rather than the influence of corticosterone alone.

CRH regulates adaptive behaviors that occur during
stress response but its high levels lead to anxiety, sleep
disruption, disturbances in food intake, energy balance
and adverse changes in metabolic, cardiovascular and
immune functions (Heinrichs & Koob 2004). Similarly
HPA axis is less sensitive to stress during pregnancy due
to decreasing of CRH production (Russell et al. 2008).
In addition, CRH dysfunction probably plays a role in
various neuropsychiatric and neuroendocrine diseases
(Grammatopoulos & Chrousos 2002). CRH and its
receptors are abundant in the central nervous system
and a variety of peripheral tissues (Grammatopoulos et
al. 2002), nonetheless, effects of their activation on the
memory and cognitive function was studied relatively
sparsely.

Therefore, the present study is aimed at investigating
the separate and combined effects of long-term stable
elevated levels of CRH and corticosterone on cognitive
functions in rats. Animals were randomly assigned to
three experimental and four control groups before the
experiments; here we outline experimental treatments
First group was exposed to long-term elevated levels of
corticosterone (CS) via subcutaneously implanted corti-
costerone-releasing pellets. This manipulation resulted
in the suppression of CRH secretion (abbreviated as
TCS). Second group was exposed to long-term elevated
levels of CRH (applied intracerebroventricularly by an
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osmotic mini-pump). This manipulation resulted in the
subsequently increased release of corticosterone (group
TCRHTCS). Third additional group had long-term
elevated levels of CRH (applied intracerebroventricu-
larly by an osmotic pump) and were surgically adrenal-
ectomized so that (group TCRH) and their basal level
of CS was maintained via corticosterone subcutaneous
pellets. There were additional four control groups (see
Methods). This configuration allowed us to study the
separate and collective influences of CRH and corti-
costerone on cognitive functions and also the delayed
effects of elevated levels of CRH and corticosterone on
behavior as well.

MATERIAL AND METHODS
Animals
Fifty-four naive adult male Long-Evans rats

(3-4 months old, 300-400g) were used in this study.
Animals were obtained from the accredited breed-
ing colony of the Institute of Physiology of The Czech
Academy of Sciences. They were housed in pairs in
plastic transparent cages (30 x 30 x 40cm), at a con-
stant temperature (22°C) with 45% relative humidity,
a 12/12 light/dark cycle (with lights on at 7:00), stan-
dard laboratory and food and water ad libitum. All the
experiments took place between 8:00-16:00 (i.e. in the
daylight hours). Rats were first habituated to the animal
room for 14 days prior to experiments and during this
period they were handled for 5min each day. All experi-
mental manipulations were pursued in accordance with
the Animal Protection Code of the Czech Republic, and
with EU directive 86/609/EEC and NIH guidelines.

Design of groups

The animals were divided in seven (3 experimental and

4 control) groups:

1) The first group (TCS) (n=10) was administered with
corticosterone (200 mg in a subcutaneous pellet,
release time 21 days, 9.5 mg per animal per day).

2) The second group (TCRHTCS) (n=11) had an
implanted osmotic pump into the right lateral
cerebral ventricle which delivered CRH (1.5ug per
animal per day) for 28 days.

3) The third group (TCRH) (n=6) was administered
with CRH in equal dosage as the group (TCRHTCS).
Animals in this group were surgically adrenalecto-
mized during anesthesia together with the osmotic
pump implantation and brought to basal levels of
CS with a subcutaneous pellet (35 ug per subject per
pellet (releasing 1.4 mg per animal per day) for 21
days.

4) Intact control group (n=10) had no surgical or phar-
macological treatment.

5-7) There were three additional control groups, in
order to exclude the effects of surgical manipula-
tions. Sham-treated animals implanted with a pla-
cebo (cholesterol) pellet (n=6). Osmotic pumps
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were implanted to animals in another control group
delivering artificial cerebrospinal fluid (at the same
volume per day as the CRH) into the right lateral
cerebral ventricle (n=6). The last group was surgi-
cally sham-adrenalectomized (n=6). All groups
had identical behavioral procedures. No effects of
these surgical manipulations were detected during
the behavioral training and there was no difference
between control groups.

Unless otherwise stated, all standard chemicals and
peptides were purchased from Sigma Aldrich, Czech
Republic. Corticosterone and cholesterol subcutane-
ous pellets were purchased from Innovative Research
of America (USA), Osmotic pumps (model 2004) were
provided by Alzet (USA).

Surgical procedures

All surgical interventions were done under deep
total anesthesia by xylazine (Xylapan 40 mg/kg body
weight) and ketamine (Narketan, 40 mg/kg b. w.).
Corticosterone in the first group (TCS) was adminis-
tered by subcutaneous pellet implanted laterally to the
right hypogastric region. Corticosterone pellets were
implanted on the first day of the second experimental
week in the first period of the experiment. CRH in the
groups (TCRHTCS) and (TCRH) was administered by
subcutaneous osmotic pump placed in suprascapular
region and delivering the CRH into the right lateral
cerebral ventricle. Intracerebroventricular 22-gauge
cannulae were fixed in situ (AP = -0.92, L=1.8, V=3.2;
Paxinos & Watson 2005) in stereotaxic apparatus by
means of dental acrylic (Duracrol). Subsequently, the
skin was sutured and lidocaine and Septonex were
applied locally to prevent pain and infection. Pumps
were implanted on the first day of the first week in the
first phase of the experiment. Adrenalectomy in the
group (TCRH) was pursued via dorsal approach by
medial skin incision and paravertebral blunt prepa-
ration of muscles. Adrenal glands were then gently
removed. This group was substituted by low-dose cor-
ticosterone subcutaneous pellet applied as in the group
(TCS). Adrenalectomy and substitutive pellet implanta-
tion was done on the first day of the second experimen-
tal week in the first experimental period.

Behavioral tests and instrumentation

The study was divided into following two phases (for
overview of study design, see Figure 1). The first
period lasted 4 weeks. The battery of memory tests was
administered to evaluate learning during the last two
weeks of the first period. The tests were repeated in the
second period, which has begun 5 weeks after end of
the first period. The reason for this approach was to
assess both the acute effect of elevated CRH and CS
levels and the long-term consequences of the treatment.
The tests included the active allothetic place avoidance
(AAPA) task, the Morris water maze (MWM; in two

versions) and inhibitory avoidance (step-through task).
The testing in each period lasted 10 days (Figure 1). All
experimental testing was carried out between 9:00 and
16:00.

Active allothetic place avoidance (AAPA) task

The AAPA (carousel maze) is relatively novel but well
established behavioral task requiring spatial learning
and cognitive coordination, which is highly dependent
upon integrity of hippocampus (Cimadevilla et al. 2001)
and was used in a number of pharmacological studies
so far (Pastalkova et al. 2006, Stuchlik & Vales 2009;
Stuchlik et al. 2009). Cognitive coordination has been
defined as the animals’ ability to separate spatial stimuli
from the environment into a coherent representation of
the arena and room, which are brought into conflict by
arena rotation. The animals are required to select the
room frame as the only relevant one for navigation (as
the to-be-avoided sector is defined in this frame) and
to ignore the arena frame in order to efficiently manage
the task (Wesierska et al. 2005).

The AAPA apparatus as described previously
(Stuchlik et al. 2009) consisted of metallic circular arena
(diameter 80 cm), surrounded by a 30 cm high trans-
parent Plexiglas wall and elevated 1 m above the floor of
the experiment room containing an abundance of extra-
maze landmarks. On a slowly rotating arena (1 rpm)
a to-be-avoided 60° sector was defined by a tracking
system; entrance of which was punished by a mild elec-
tric food-shock (50 Hz, 0.55s, 0.4-0.7 mA). The animals
wore an infrared light-emitting diode (LED) mounted
on a rubber jacket worn by the rat. The position of the
LED was recorded using a computer-based tracking
system (iTrack; BioSignal Group, USA) located in an
adjacent room. The tracking system recorded the rat’s
position every 40ms and delivered foot shocks upon
entrance into the shock sector. If the rat did not leave
the sector immediately, additional shocks were given
every 1200ms, but no more entrances were counted
until the rat left the sector for more than 300 ms. The
voltage level was individualized for each rat to elicit a
rapid escape response but to prevent freezing. In most
cases, animals responded appropriately to 0.5mA and
no differences in shock levels were observed between
groups. The position time series were stored for off-
line analysis (TrackAnalysis, BioSignal Group, USA)
(Stuchlik et al. 2008). Each animal was tested (without
preliminary habituation) in five subsequent daily ses-
sions. Every session lasted 20 min and intervals between
sessions were 24 hours. This test was applied as the first
test sin both phases of behavioral screening.

Working memory version of Morris water maze (MWM)

In the present study we have employed a working
memory version of MWM, in which the platform
location is changed every day (Vales et al. 2006). The
task requires allothetic spatial short-term memory.
The MWM (Morris 1984; Stuchlik et al. 2007) was a
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metallic circular tank (180 cm in diameter, 50 cm high)
filled with water (depth 40 cm, 20°C) with a small ran-
domly placed transparent Plexiglas platform (10cm in
diameter), which is not visible to the swimming animal
(submerged 2 cm below water level). MWM tests were
performed in a dimly-lit room with many extramaze
landmarks. Rats were released facing the wall at quasi-
randomly ordered starting points; four starting points
were used corresponding to the cardinal compass direc-
tions. The release of the rat into the water maze also
started the tracking program. A trial stopped when the
rat found the platform and climbed upon it. If the rat
failed to find the platform in 60s, the trial was stopped
and the rat was lead to the platform by the experi-
menter. A computer-based tracking system (iTrack,
Biosignal Group, USA) with an overhead TV camera
recorded the rat’s position every 40ms. The position
time series were stored for off-line analysis (TrackA-
nalysis, Biosignal Group, USA). The rat was allowed to
stay on the platform for 10s and then it was placed to a
warmed waiting cage. One daily session consisted of 8
swims (trials) with an inter-trial interval of 1 min. The
animals were tested on five subsequent days; and the
location of platform was changed every day; the posi-
tions of platform were in the center of each quadrant
(corresponding to NW, NE, SW, SE) and they were
changed pseudo-randomly. Testing in the working
memory version of MWM was pursued both in the first
and second periods of testing (weeks 4 and 10 of the
study; Figure 1).

A modified version of delayed matching to place (DMP)
task in the MWM

Delayed matching to place task in the MWM was intro-
duced by Steele & Morris (1999). We have modified this
task in the present study to assess both intermediate-
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term and long term memory by introducing retrieval
session at intervals of 1 min and. On day 1 of this testing
animals were subjected to two training trials with stable
platform location with an inter-trial interval if 1 min.
Third trial (following 90 min after) with a platform in
the same location was used to asses the intermediate-
term memory. Finally, fourth session with platform in
the stable location was administered after 24 hours to
test the long-term memory. The animals were released
from the quadrant opposite to the platform in all
trials. This task tested the allothetic orientation, and it
required both intermediate- and long-term memory.
The task involved already pretrained animals (see
previous section) which were capable of selecting the
appropriate strategy. This test was administered only in
the second phase of screening (week 11; see Figure 1)

Passive avoidance learning: Step-through task

Passive or inhibitory avoidance tasks in general measure
the ability of animals to retain information about pun-
ishment (i.e., memory) in conditions where the stimuli
are of the contextual nature; however the punished area
is relatively well-defined in the sensory terms. The task
was found to be dependent upon hippocampus in cer-
tain configurations and the present study employed it
as a test of associative short- and long-term learning
and memory (Izquierdo & Medina 1993). The task was
pursued in an apparatus consisting of two boxes con-
nected with a guillotine door (6 x 7cm): one box (30
x 20 x 15cm) was illuminated and another (25 x 16
x 15cm) was dark. The test requires remembering of
being shocked in the dark compartment and inhibition
of spontaneous tendency to enter the dark compart-
ment. The illuminated box was lighted by overhead
lamp (60 W) from a distance of 1 m. Both boxes had
grid floors, allowing mild constant-voltage AC foot

Battery #1 of behavioral tesls Battery #2 of behavioral lesis
1+CS group — |
¥ WETRSOR . i i
: > >
TCRH |
TCS group -"'_‘;.';:11-_]!:;1::' CRH nelwagmg
ACRH :‘:;;I::'::::::?bﬂl--l COMCORMnM reigasing COMCO T rlesimg
group 'TL:I:::;::? kel CRH. rolid ang
e
control
group
week 1 week 2 week 3 week 4 week 5 week 10 week 11

Fig. 1: Schematic diagram of experimental design and manipulations. The study lasted 11 weeks in total. Behavioral screening was
administered in two consecutive phases (shaded areas), separated by a four-week delay (bold arrows). The first phase took place in
the final two weeks of hormone treatments. Note that corticosterone (CS) administration in the group TCS was releasing for 3 weeks,
whereas CRH was administered for four weeks, but all hormone application finished at the same time. Second battery of tests was
applied in weeks 10 and 11 of the study, four weeks after hormone withdrawal. Basal corticosterone level in the adrenalectomized group

TCRH was maintained until the end of experiment.
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shocks (48V, ~0.1-1.0mA), which were administered
in the dark compartment. The test was performed in
two days. The first two sessions were habituation ses-
sions (separated by 60 min) and the footshocks were
applied only in the third session (acquisition session,
60 min after second habituation session). The forth ses-
sion was a short-term memory retention assessment
(with no shock; 60 min after conditioning), when the
latency to enter the dark compartment was measured.
Long-term memory retrieval was tested out at an inter-
val of 24 h after the acquisition session; no shock was
applied. If the animal did not enter the dark box within
5 min, the session was stopped. The inhibitory avoid-
ance testing was done only in phase 1 of the behavioral
testing (week 5; Figure 1), since the test would be dif-
ficult to repeat with the same animals.

Hormones and their application

Corticotropin-releasing hormone (CRH) was pur-
chased from Sigma Aldrich, Czech Republic. Corti-
costerone and cholesterol subcutaneous pellets (35mg
and 200mg per pellet) were purchased from Innovative
Research of America (USA), Osmotic pumps (model
2004) were provided from Alzet (USA).

Blood samples were collected from the tail blood, at
an interval max. 90s after beginning of manipulation
with a rat. Samples were collected in a separate sterile
room at 9:00. The blood was put into a test tube with
EDTA. The collected blood was subsequently centri-
fuged for 15min using the speed of 3000 rotations per
minute. The plasma was then immediately frozen. The
samples were kept in the freezer under —-80°C.

The frozen samples were then transported into Insti-
tute of Endocrinology, Academy of Sciences, Prague,
where they were analyzed with the following procedures
under room temperature. For sample analysis the immu-
noradiometric assay was used for the in vitro determi-
nation of ACTH, a “sandwich” type of assay, supplied
by Immunotech (France). This kit uses three mouse
monoclonal antibodies directed against different epit-
opes of succinylated ACTH. The ACTH in the samples
had to be first modified by succinylation, both to ensure
binding to antibodies, and to enhance its stability. The
acylated samples were first incubated in tubes coated
with two different antibodies. Following this incuba-
tion, the contents of the tubes were aspirated, and solu-
tion containing third antibody, radiolabeled by 12°I, was
added. After incubation, tubes were aspirated again and
after washing twice, bound radioactivity was measured.

Serum cortisone concentrations were determined
by a method using high HPLC with UV/VIS detection.
Serum sample (200 pl) was diluted with releasing buffer
(200 ul) and 4-androsten-3, 17-dione-11pB-ol (40 ng per
sample) was added as an internal standard. Buffered
sample solution was extracted with diethyl ether (2 ml)
for 1 min (2000 rpm) and frozen. The organic phase
containing released steroids was decanted and evapo-
rated under the stream of nitrogen. To avoid possible

column contamination from free fatty acids, the dry
residue from the extract was dissolved in 80% metha-
nol (1 ml, v/v) and n-hexane (1ml). The mixture was
extracted again for 1 min (2000rpm). N-hexane-con-
taining phase was removed and discarded. The residual
polar phase was evaporated at 55°C and the dry residue
was dissolved in 15 % acetonitrile (50 pl, v/v) and mixed
vigorously to rinse the tube walls appropriately. The
samples were then centrifuged (2000g, 3 min, 22°C)
and decanted solution transferred into vials. Simultane-
ously, blank samples and quality control samples were
processed in the same way to avoid possible contamina-
tion and to determine procedural losses of individual
metabolites.

The results were quantified using calculated calibra-
tion curve. The procedure of sample analysis has been
described in detail previously (Simunkova et al. 2000).

Statistics

In the AAPA task, we measured the number of
entrances into the punishment sector (reflecting
efficiency in avoidance behavior), maximum time
avoided (a measure of cumulative within-session
spatial avoidance), the time to first entrance into the
punished sector (measuring between-session spatial
memory). All these parameters served as spatial perfor-
mance measures. Total distanced walked by a rat in a
session was used as a measure of locomotor activity. We
also evaluated total session time spent in the clockwise
(CW, with respect to the shock sector) quadrant since
this variable has been found to uncover different, whilst
equally effective spatial strategies in AAPA (Cimadev-
illa et al. 2001). In the MWM, the latency to find the
platform was used as an established and informative
measure of spatial performance. Different statistical
methods were applied in order to match correctly the
raw data and their distribution.

1. The AAPA and MWM variables were analyzed by a
two-way ANOVA with daily sessions (or swims in
the case of modified DMP) as a within-subject factor
and groups as the between-subject factor, followed
by a Newman-Keuls post-hoc test to inspect the dif-
ferences between experimental group and controls.

2. Number of entrances, time to first entrance, and
time spent in the CW quadrant in the AAPA and
escape latencies in the water maze were naturally
logarithmically transformed prior to analysis to
meet the criteria of normal distribution; other AAPA
variables were analyzed as “raw” data.

3. Latencies in step-through test, the distribution of
which was sharply skewed due to time constraint of
the task (5 min max.), a Kruskal-Wallis non-para-
metric test was used to detect the overall effects of
groups, followed by non-parametric Mann-Whitney
post-hoc tests to compare the differences between
groups. In all tests, a value of p<0.05 was accepted
as statistically significant. All calculation were per-
formed with Statistica v.7 (Statsoft, Czech Republic).
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RESULTS

AAPA testing in the first phase

Visual inspection of rats in the arena revealed normal
motor and avoidance activity in control groups, whilst
in the group TCRHTCS spatial avoidance was disrupted
but locomotion was normal. Illustrative examples of
the tracks of animals are shown in Figure 2. Animals
treated with corticosterone only (Figure 2B) performed
at similar level as controls (Figure 2A), but rats in the
group TCRHTCS exhibited worse performance (Figure
2C). The group TCRH (Figure 2D) was initially per-
forming worse than controls; however, they managed to
solve the task with training, having attained the level of
control animals. This was later confirmed by statistical
analysis, performed here with a two-way ANOVA (ses-
sions x groups). It revealed a significant effect of daily
sessions on the number of entrances into the shock
sector (F(3,34) =9.93; p<0.0001) (Figure 3A). However,
a two-way ANOVA found a different degree of training-
induced improvement between the groups (F(4,136) =
82.38; p<0.00001) and sessions vs. groups interaction
(F(12,136) = 2.24; p=0.01). Closer examination by a
post-hoc Newman-Keuls test specified that performance
of the TCRHTCS group remained lower over the last 3
days compared to the control group. Regarding perfor-
mance on days 4 and 5 as asymptote, TCRHTCS rats
asymptotic level was significantly worse than in other
groups.

Similar results were obtained for maximum time
avoided, however, some differences did not reach the
level of statistical significance after post-hoc testing. Two-
way ANOVA revealed a significant effect of sessions
(F(4,136) = 41.48, p<0.0001), groups (F(3,34) = 8.66,
p<0.001) and a significant interaction (F(12,136) = 2.05,
p=0.02). A Newman-Keuls post-hoc test on this param-
eter indicated that trend to disrupted performance of
the TCRHTCS group on days 4 and 5 (compared to the
control group) was not reflected in significant differ-
ences in particular sessions. The between-session mea-
sure of spatial memory, time to first entrance, increased
over the daily sessions (F(4,136) = 8.20, p<0.0001),
but was unaffected by effect of groups (F(3,34) = 1.51;
p=0.23). ANOVA also found a groups vs. sessions inter-
action (F(12,136) = 1.97; p=0.03) in this parameter.
However, Newman-Keuls post-hoc test did not statisti-
cally confirm the difference between TCRHTCS and
the control group on any particular day.

Generally, results of AAPA testing have shown that
animals with elevated levels of CS and CHR were sig-
nificantly disrupted in the AAPA task in one but crucial
spatially-selective parameter.

AAPA testing in the second phase

The overall number of entrances was considerably lower
in the AAPA testing in the second phase than in the first
phase as the rats were already familiar with task rules.
However, rats slightly improved their performance as
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1CRH

Fig. 2: Representative trajectories collected during complete last

session of active allothetic place avoidance (AAPA) in the first
phase (A) and second phase (B). A: All groups (TCRH, T1CS and
controls) except the group TCRHTCS managed the task in the
first phase efficiently. Note that animals with elevated levels of
corticosterone (1CS) learned the task similarly as controls. B:
Second phase of AAPA testing revealed a stable and efficient
performance in all groups except persistent deficit in the
TCRHTCS group. The distribution of trajectories over the arena
surface is differrent in various groups (compare trajectories of
TCS and control animals (B), which exhibited similar efficiency
of avoidance, but different distribution of locomotion on the
arena; for explanation, see Methods and Results). Small circles
denote the places of shocks. The shock sector is denoted only
virtually, it is not marked on the arena.
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Fig. 3: Performance during the AAPA testing in the first (left column; panels A-E) and second phase (right column; panels F-J). (A)

70

Number of entrances in the first phase. Note the significant impairment in the group TCRH?TCS; all groups exhibited similar level

of locomotor activity (B). In maximum time avoided (C), there was a trend of impairment in the group TCRH?TCS in the first phase
of testing. Time to first entrance was increasing in all groups (albeit there were high fluctuations) and no significant differences
between groups were found (D). (E) Time spent in the clockwise-adjacent quadrant (relative to the shock sector), which indicates
different locomotion distribution, was not statistically differing between groups in the first phase (but see below). (F) Number of
entrances in the second phase again indicated impairment in the group TCRHTCS (see the text of Results). Statistical significance
was, however, detected only for the first session (probably due to high variances in the group TCRH?TCS on subsequnet sessions).
There were no significant differences between groups regarding locomotor activity (G) in the second phase. Maximum time
avoided in the second phase (H) was significantly lower in the groupf TCRHTCS on the first day of testing in phase 2. (I) Analysis of
time to first entrance showed that it was decreased in the groups TCRHTCS (p<0.05) and TCRH (p<0.1) and in the initial session of
second phase, suggesting impairment of long-term memory from previous training. (J) Analysis of the time spent in cw-adjacent
quadrant showed different distribution of locomotion of animals from the TCS group, which spent significantly less time walking in
the cw-adjacent quadrant than controls” however, they retained the avoidance efficiency (see F}. Data was analyzed with a two-way
ANOVA (sessions x groups, with repeated measures on sessions) followed by s Newman-Keuls post-hoc test. Plotted are means +
S.E.M.* p<0.05, ** p<0.01 compared to control group.
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the training proceeded, but the group TCRHTCS was
still significantly impaired in this parameter. A two-
way ANOVA revealed a significant effect of sessions
(F(4,128) = 8.38. p<0.00001), groups (F(3,32) = 10.2,
p<0.0001) but no interaction between these two fac-
tors (F(12,128) = 1.47, p=0.14). Closer inspection of the
effect of groups, pursued with a Newman-Keuls post-
hoc test found that the TCRHTCS group made more
entrances than all of the other groups (all P <0.05). In
more detail, the TCRHTCS rats significantly differed
from controls only on first day of training, while the
differences in subsequent sessions were not signifi-
cant. Analysis of the maximum time avoided provided
similar results. A two-way ANOVA found effect of days
F(4,128) = 3.52, p<0.009, group F(3,32) = 7.30, p<0.001,
but no interaction F(12,128) = 1.54, p=0.12, with the
TCRHTCS group responsible for the significant effect
of group. When performing a post-hoc test on sessions
vs. groups interaction, the TCRHTCS group was found
to differ from controls on day 1.

Additional interesting results were obtained after the
analysis of time to first entrance. An ANOVA revealed
effect of sessions F(4,128)=13,13, p<0.0001, groups
F(3,32)=8.16, p<0.001, and interaction F(12,128)=1.87,
p<0.05. A Newman-Keuls post-hoc test found that
both the TCRHTCS group and TCRH group were
worse than controls on day 1, indicating that these two
groups did not actually retain information about the
punishment sector location over the delay between
the two AAPA testing periods. Animals also distrib-
uted their locomotion on the arena surface differently
during second AAPA testing. Time spent in the clock-
wise-adjacent quadrant was affected by group (F(3,32)
= 6.96; p<0.001) but not day F(4,128) = 0.62; p>0.05)
effect, and there was no interaction F(12,128) = 0.91;
p>0.05). A Newman-Keuls post-hoc test revealed that
control rats spent more time in the CW quadrant com-
pared to the TCS group (p=0.003) or TCRHTCS group
(p=0.05). The TCS rats limited their entrances into
the CW quadrant particularly during day 1 (p<0.05).
Locomotor activity varied between days F(4,128) =
3.77, p<0.01 and groups F(3,32) = 7.79, p<0.001, and
a post-hoc test performed on significant days x group
interaction F(12,128) = 1.90, p=0.04, revealed slight
hyperlocomotion in the group TCS compared to TCRH
and TCRHTCS rats but not to the control group.

Working memory version of the MWM

Although the position of the submerged platform
changed over days, all animals learned the rule rap-
idly and there were no differences between the experi-
mental and control groups in the escape latencies
(Figure 4A). A two-way ANOVA (sessions x groups)
revealed a significant main effect of sessions F(4,140) =
92.7, p<0.0001 but nor effect of groups (F(3,35) = 1.39,
p=0.26), neither interaction (F(12,140) = 0.59, p=0.84),
reaching their latencies to an asymptotic level on day 2
(post-hoc test, p<0.0001) (Figure 4B).

Stress cascade and learning

In the second-period test of working memory in the
MWM, latencies significantly varied between sessions
(F(4,132) = 6.27, p<0.0001) but not between groups
(F(3,33) = 0.44, p=0.73) with no interaction (F(12,132)
= 1.24, p=0.84), ie., there were not between-group
differences (Figure 4B). The effect of sessions in the
second period may be due to performance fluctuations
rather than a systematic trend of improvement; how-
ever, a clear absence of the effect of drugs at both phases
of testing suggests that the drugs exerted no influence
upon spatial working memory tested in this task.

MWM - modified DMP

All animals were capable of selection of appropriate
strategy; the only marked difference in this test was
prolonged latency to find the platform in the group
with elevated level of corticosterone in the long-term
memory test with 24 h delay (Figure 4C). A two-way
ANOVA (swims x groups) showed differences between
swims (F(3,75) = 6.51, p<0.00001) but not groups
(F(3,25) = 2.84, p=0.06). However, the ANOVA revealed
a significant interaction (F(9,75) = 5.01, p<0.0001) and
a post-hoc test found that animals in the group TCS
exhibited significantly longer latencies at the 24 h delay
(compared to all other groups, p<0.001)(Figure 4C).
This suggests a relatively selective impairment of long-
term memory by elevated levels of corticosterone.

Step-through test

The step-through test was used in the first phase of
testing (i.e. under the elevated levels of hormones) and
found a relatively selective impairment of memory
retention after a 24 h delay in animals exposed to
elevated levels of corticosterone (Figure 4D). The
Kruskal-Wallis non-parametric test revealed no differ-
ence between groups at a 1.5 h interval (H(3) = 1.96,
p=0.58) but detected an effect of groups at the 24 h
delay (H(3)=16.31, p=0.001). Closer examination of
this effect with Mann-Whitney U-test confirmed a dif-
ference between control and TCS groups (U=7, p<0.01)
at 24 h-delay but failed to show a difference between
control rats and groups TCRH and TCRHTCS. (U=56,
p>0.05) (Figure 4D). These results suggest impairment
by corticosterone of the 24 h-delay memory retention,
but not a deficit in short-term memory.

Measuring of the levels of hormones,

ACTH and corticosterone levels was assessed from
weeks 0, 5, and 10 of the study experiment and results
are expressed as normalized values in the Figure 5.
Within each group, data were compared to average value
of week 0 which was set as 100%. As can be seen in the
Figure 5, experimental manipulations changed levels
of ACTH only in TCRH group, in which ACTH con-
centrations decreased below the basal levels in weeks 5
and 10 (** p<0.01, *p<0.05, respectively). Conversely,
corticosterone level was kept persistently increased in
TCRH group in weeks 5 and 10. In TCRHTCS group,
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Fig. 4: Performance in working memory (WM) version of water maze (A,B), modified DMP (C), and passive avoidance (D)
in the control and experimental groups (means + S.E.M.). The WM version of water maze revealed no impairment of
WM in the first phase (A) and second phase of testing (B). All groups performed at similar level, there was only striking
improvement in all groups from session 1 to session 2; ### p<0.001. Data from WM version of the water maze was
analyzed with a two-way ANOVA (swims x groups with repeated measures on swims. (C) A modified version of DMP
adapted for assessment of intermediate and long-term memory (see Methods and Results) showed selective impairment
of 24-h delay in the group 1CS, suggesting impairment of long-term spatial memory by corticosterone; *** p<0.001
compared to control group. The data was analyzed by a a two-way ANOVA (swims x sessions) with repeated measures
on the first factor. The negative effect of corticosterone on long-term memory retention was confirmed by passive
avoidance step-through task (D), which also showed impairment of 24-h memory delay in the group 1CS. ** p<0.01.
Due to skewed distribution of data, this data was analyzed with a non-parametric Kruskal-Wallis test followed by Mann-

Whitney post-hoc test.

however, the elevated corticosterone levels were detect-
able only in week 5.

DISCUSSION

Aim of the present study was to study effect of long-
term administration of stable levels of CRH and corti-
costerone on the behavior of laboratory rats.

Stress and dysregulation of the HPA axis induced
changes in hippocampal plasticity; specifically the
idea that decreased hippocampal plasticity might be a
precipitating factor for neuropsychiatric diseases such
a depression. Numerous studies showed that stress
impairs hippocampal-dependent spatial memory in

the Morris water maze (McEwen & Sapolsky 1995;
Sandi et al. 2005), in the radial maze (El Hage et al.
2006) and the T-maze (Bats ef al. 2001). Stress can also
impair executive functions such as behavioral flexibil-
ity (Mizoguchi et al. 2000). However, to the best of our
knowledge, there is as yet no study aimed at determin-
ing the particular role of corticosterone and CRH in
spatial memory processes and behavior.

In accordance with previous reports (e.g. Coburn-
Litvak et al. 2003), results of the present study has
shown that chronically elevated corticosterone levels
impaired the formation of memory traces in the MWM
and passive avoidance and that long-term memory has
been more impaired than short-term memory, while
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working memory has been relatively spared. Previous
studies showed that impairments of spatial working
memory were detectable only after a longer-term corti-
costerone elevation (Coburn-Litvak et al. 2003). None-
theless, another study showed corticosterone reduces
both working and reference memory with prolonged
treatment (Hoyer & Lannert 2008).

Corticosterone is involved in the structural and
functional integrity of the brain, particularly the hip-
pocampus. The effect of corticosterone on learning and
memory is more complex. It varies depending on dura-
tion of exposition and corticosterone levels as well as on
the learning paradigm and stage of learning or memory
processes (Klenerova et al. 2000; Roozendaal 2003).
It is illustrated very often as inverted U-shape dose-
response. The hippocampus has a high density of adre-
nal steroid receptors thereby glucocorticoids regulate
several aspects of hippocampal plasticity (Korz & Frey
2003). Corticosterone modulates memory formation by
aroused and emotional aspects mainly. It is known to
enhance hippocampal dependent spatial memory con-
solidation (McGaugh & Roozendaal 2002). In this way,
the endogenous corticosterone appears to be necessary
for acquisition and persistence of associative memories
too (Beylin & Shors 2003).

At the other side, many studies documented the neg-
ative role of corticosterone in brain functions, especially
learning and memory (Belanoff et al. 2001; He et al.
2008). The chronic application of corticosterone to arti-
ficially high levels has been found to induce apical den-
dritic retraction and debranching in rat CA3c pyramidal
neurons (Watanabe et al. 1992), while longer durations
of the administration resulted in more substantial hip-
pocampal damage (Sapolsky 2000). Moreover, there is a
correlation between corticosterone-induced hippocam-
pal morphological changes and learning performance
in the MWM (He et al. 2008). Yet another study has
shown that long-term exposure to elevated corticoste-
rone levels resulted in spatial learning deficits in rats
(Bodnoff et al. 1995).

In the present study, more interesting results were
acquired for animals subjected to the long-term appli-
cation of CRH. The majority of past studies dealt with
the effects of dysregulation in the HPA axis on behav-
ior and cognition used in stressful tasks. We have spe-
cifically addressed the question if CRH exerted central
effects on learning and memory and we have compared
it with the effect of corticosterone alone. The pres-
ent results show that elevated CRH has no effect on
memory trace formation in the MWM and inhibitory
avoidance. However, it was found to affect learning of
the AAPA task, a spatial test requiring allocentric spa-
tial learning and cognitive coordination. In contrast
to the routinely used spatial memory task such as the
MWM and the T-maze, this task focuses on testing cog-
nitive coordination and higher cognitive processes and
is extremely sensitive to hippocampal integrity (Wesier-
ska et al. 2005). As described in results, the locomotor
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Fig. 5. Levels of ACTH (A) and corticosterone (B) collected
during week 0, 5, and 10 of the experiment and expressed as
normalized values. Within each group, data are compared to
average value of week 0 which is set as 100%. Experimental
manipulations altered level of ACTH only in TCRH group, in
which ACTH dropped below the basal value both in week 5 and
10 (** p<0.01, *p<0.05, respectively). Conversely, corticosterone
level was kept steadily increased in TCRH group during both
measurings (** p<0.01, ¥p<0.05, respectively). In TCRHTCS
group, however, the elevated corticosterone was apparent only
in week 5 (## p<0.01).

activity did not differ amongst groups in either of the
testing phases, which suggests that procedural aspects
of the task were unaffected. However, the cognitive
parameters were impaired in the first phase in CRH-
treated animals. The group with elevated CRH and cor-
ticosterone levels performed significantly worse than
all the other groups; even on day 5 the animals could
not reach control group performance levels. The group
with elevated CRH but normal corticosterone levels
was impaired in the initial sessions but on day 5 their
performance did not differ from that of the controls.
Similarly, in the second experimental phase (5 weeks
after hormone treatment withdrawal), both groups that
had been previously treated with CRH exhibited sig-
nificant impairment in the first session. The group that
had been treated with both CRH and corticosterone did
not improve in the successive sessions. The group pre-
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viously treated with CRH but not with corticosterone
gradually reached the performance level of the control
groups (see Figure 3B). Both controls and the animals
treated with corticosterone alone performed equally
well from the first session and their performance level
did not differ from that on day 5 of phase one.

CRH and CRH family proteins modulate cognitive
functions and play an integral role in controlling the
neural substrates of arousal, emotion and reaction to
environmental and physiological challenges (Bosch
et al. 2009). CRH modulates synaptic efficacy and
learning and memory processes in the hippocampus
(Hanstein et al. 2008; Heinrichs & Koob 2004). CRH
systems constitute the crucial pathway for regulation of
the HPA axis and CRH was shown to have a prominent
role in fear- and anxiety-related behaviors which can
be even independent of the HPA axis (Lussier 2009).
It was previously reported that stress-induced anhe-
donia was associated with an increase in CRH gene
expression in the hypothalamus (Duncko et al. 2001).
Similarly, i.c.v. administration of CRH in non-stressed
animals under low arousal conditions produces a dose-
dependent behavioral activation in a familiar environ-
ment. This phenomenon was not blocked by lesions to
the pituitary gland or by pretreatment with dexametha-
sone, suggesting that this effect of CRH was mediated
by action in the central nervous system independently
of the HPA axis (Koob & Heinrichs 1999). Our obser-
vation of negative effects of CRH in the AAPA task
supports this view. On the other hand, expression of
CRH in the brain region is regulated by glucocorticoid
hormones too. Steroid receptor co-activator 1 plays a
critical role in this process (Lachize et al. 2009). CRH
expression itself is strongly regulated in response to
stress-induced elevations of glucocorticoids and neu-
rogenic signals. In the core of the HPA-axis, activation
of the glucocorticoid receptor represses transcription
of CRH as part of negative feedback (Schmidt et al.
2009), whereas stress-related noradrenergic and gluta-
matergic excitatory signals can activate the CRH gene
(Duncko et al. 2003; Kalin et al. 1994). Mice with condi-
tional over-expression of CRH in the entire CNS show
stress-induced hypersecretion of stress hormones and
increased stress-related behavior reflected in immo-
bility in the forced swim test and tail suspension test
(Deussing et al. 2008).

It will be imperfection to miss out short discussion
about influence and nature of the behavioral tests. Dif-
ferent types of stressor are essentially ingrediented in
the behavioral tests. They active the CRH system by
different manner too. CRH expression and release is
increased by physiologal and psychological stressors
in the hypothalamus while in amygdala, preferen-
tially by psychological stress. Spatial maze procedures
could induce slight stress responses too. But the stress
is inflicted of physical nature not psychological and
can lead to reduced fear (Aguilar-Valles et al. 2005).
A little bit stressful nature of behavioral tests has to

be respected in design of experiments. One test could
affect the following test. And that is why for example
AAPA cannot antedate MWM and more than one test
cannot be provided in one day of course.

Using the osmotic pump and subcutaneous pellets
does not, of course, allow respecting fact that hormones
are pulsatile and circadian factors with extraordinary
temporal dynamics. Stress and dysregulation of the
HPA axis are a highly complex system and it is difficult
to respect all neurobiological aspects relevant for their
effects on behavior. This pharmacological approach is
not model of stress, but only long-term exposition to
CRH and corticosterone and impact of these hormones
on the learning and memory functions.

Mechanisms of CRH involvement in learning-
induced changes in the nervous system are still unclear.
Previous results have shown that direct application of
CRH both in vivo and in vitro failed to exhibit a neuro-
toxic effect. And that CRH may even prevent cell death
caused by oxidative stress in cell cultures (Craighead
et al. 2000). One possible explanation of the negative
effect of CRH upon AAPA task performance, evidenced
in the present study, is that this phenomenon might be
mediated indirectly. CRH has a significant impact on
blood pressure and the brain vascular system. Altera-
tions in blood flow in cerebral capillaries may have
affected the extracellular concentration of excitatory
amino acids. It was also demonstrated previously that
CRH may be a factor affecting neuronal plasticity and
may partially, but significantly, contribute to neurotox-
icity and neurodegeneration (Craighead et al. 2000).
CRH was shown to exert a long-term depressant effect
on spike activity in the hippocampus (Rebaudo et al.
2001). But the biological significance of these phenom-
ena is unclear; however, our results support the view
that not long-term elevated levels of CRH may disrupt
learning of a spatial task with high demands on hip-
pocampus integrity, i.e. the AAPA task. It is impor-
tant to point out that CRH is significantly elevated in
some CNS disorders, e.g., in the cerebrospinal fluid of
depressed patients (Hartline et al. 1996).

Our results highlight the importance of the com-
bined effect of CRH and corticosterone in the perma-
nent impairment of cognitive functions measured in
the AAPA task. On the contrary, application of CRH
alone has caused only a transient impairment in this
test. It should be noted that no deteriorating effect of
CRH on memory formation was observed in the MWM
and passive avoidance task. Nonetheless, chronic appli-
cation of corticosterone alone impaired long-term
memory trace formation in the MWM and passive
avoidance task without affecting cognitive coordina-
tion and allothetic spatial memory in the AAPA task.
Another recent study has showed delayed changes in
the volumetric lateralization of the hippocampus after
identical procedure, suggesting that these phenomena
(lateralization and memory) might be inter-related.
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Distinct in results of the tests can also reflect different
hippocampal dependence of the behavioral paradigms.

The present paradigm is not model of stress or
dysregulation of HPA axis themselves. It represents a
long-term exposition to CRH and corticosterone and
its impact of these hormones on learning and memory.
However elevated corticosterone and CRH play impor-
tant role in hyperactivity and deliberation of the HPA
axis and may work in a synergy in vivo. Our results
show the long-term negative impact of CRH and CRH
with corticosterone on AAPA task learning and suggest
that that corticosterone may negatively affect memory
formation in both spatial and non-spatial tasks. Long-
term elevated levels of CRH plus corticosterone lead to
disruption of learning of the AAPA task requiring rela-
tively subtle cognitive processes (Wesierska et al. 2005),
suggesting synergistic effects of such elevated levels on
learning and memory functions.
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