Progesterone regulates corticosterone elevation
and alterations in spatial memory and exploratory
behavior induced by stress in Wistar rats”

La progesterona regula la elevaciéon de corticosterona vy las alteraciones en
memoria espacial y conducta exploratoria inducidas por estrés en ratas Wistar
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ABSTRACT

The hippocampus is sensitive to high levels of glucocorticoids during stress
responses; it suffers biochemical and cellular changes that affect spatial me-
mory and exploratory behavior, among others. We analyzed the influence of
the neurosteroid progesterone (PROG) on stress-induced changes in urinary
corticosterone (CORT) levels, spatial memory and exploratory behavior.
Castrated adult male rats were implanted with PROG or vehicle (VEHI),
and then exposed for ten days to chronic stress created by overcrowding or
ultrasonic noise. PROG and CORT levels were assessed in urine using high-
performance liquid chromatography (HPLC). Implanted PROG inhibited
the rise of stress-induced CORT, prevented spatial memory impairment in
the Morris water maze, and eliminated increased exploratory behavior in the
hole-board test. These results suggest a protective role of PROG, possibly
mediated by its anxiolytic mechanisms, against corticosteroids elevation

and the behavioral deficit generated by stressful situations.
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RESUMEN

El hipocampo es sensible a altos niveles de glucocorticoides.
Durante la respuesta de estrés, esta estructura sufre cambios
bioquimicos y celulares que afectan funciones tales como la
memoria espacial y la conducta exploratoria, entre otras.
En este estudio analizamos la influencia del neuroesteroide
progesterona (PROG) sobre los cambios inducidos por estrés
en corticosterona (CORT) urinaria, memoria espacial y con-
ducta exploratoria. Se implanté PROG o vehiculo (VEHI) a
ratas macho adultas castradas y se les expuso a estrés crénico
por hacinamiento o ruido ultrasénico durante 10 dias. Se
evaluaron niveles de PROG y CORT en orina usando cro-
matograffa liquida de alta resolucién (HPLC). Los implantes
de PROG inhibieron el incremento de CORT inducido por
estrés, previnieron el detrimento de la memoria espacial en
el laberinto acuatico de Morris y eliminaron el incremento en
la actividad exploratoria en la prueba del campo de agujeros.
Estos resultados sugieren un efecto protector de la PROG,
posiblemente mediado por los mecanismos ansioliticos de
la hormona, contra la elevacién de corticoesteroides y el

déficit conductual generado por las situaciones estresantes.
Palabras clave autores

Progesterona, estrés, corticosterona, memoria espacial,
vocalizaciones ultrasénicas, hacinamiento.

Palabras clave descriptor
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Introduction

It has been shown that stress stimulates the hypo-
thalamus-pituitary-adrenal (HPA) axis increa-
sing the blood levels of circulating glucocorti-
coids (GCs), especially after prolonged exposure
(McEwen, 2000). As aresult of sustained GCs rise,
the hippocampus suffers functional abnormalities
related to atrophy of apical dendrites in the CA3
area, and neurogenesis suppression in the dentate
gyrus (Kim & Diamond, 2002). Consequently,
a deficient performance in hippocampal-related
tasks is found, such as in declarative, episodic,
contextual, and spatial memory (McGaugh et al.,
1995). Additional behavioral findings show also
that stress influences negatively the motivation
for exploratory behavior of a novel environment
(Raber, 1998).

In addition to GCs rise during chronic stress,
an intracerebral increase of neurosteroids concen-
tration takes place, possibly as a protective mecha-
nism (Obut, Ovsyukova, & Cherkasova, 2004).
Increased levels of neurosteroids pregnenolone
(PREG) and progesterone (PROG) have been re-
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ported in response to COZ stress (Shimada & Yago,
2000), while forced swimming stress was able to
elevate PREG and allopregnenolone (Vallée, Rive-
ra, Koob, Purdy, & Fitzgerald, 2000). Particularly,
PROG increase has been observed after several
stress conditions including chronic social stress,
acute electric shocks and maternal separation (K
Shimada & Yago, 2000). In general, the protective
role of these neurosteroids is related to their impact
onnuclear receptors that modulate ionic channels,
on membrane-receptors such as GABAA, glycine,
glutamate (Higashi, Takido, & Kazutake Shimada,
2005), and on sigma-1 receptors, which control the
intracellular uptake of calcium. Therefore, they
are considered to be involved in neuroprotection,
learning, memory, and stress response (Maurice,
Urani, Phan, & Romieu, 2001).

The protective role of PROG has been questio-
ned by experiments showing cognitive impairment
related to PROG levels (Tiirkmen, Lofgren, Birz-
niece, Bickstrom & Johansson, 2006). However,
other researchers (Maki, Zonderman & Resnick,
2001) have found opposite results in which PROG
replacement therapy caused a beneficial effect on
the verbal memory of older non demented women.
Likewise, pregnant rats showed less perseveration
of previously learned information while locating a
new position of the escape platform in the Morris
water maze test (Bodensteiner, Cain, Ray & Ha-
mula, 2006). Additionally, in aged oophorectomi-
zed rats, the long-term treatment with estrogen
and PROG enhanced information acquisition in
spatial memory tasks (Frye, Duffy & Walf, 2007),
PROG can also revert memory impairment cau-
sed by cortisol administration (Kuhlmann & Wolf,
2005). These results show that PROG effects on
cognitive functions may not always be negative
and may depend on the neurophysiologic context.

One of the most important behavioral effects
of PROG is related to changes in anxiety levels
(Obut et al., 2004). In rats, PROG was able to
suppress immobilization stress effects (Le Mellédo
& Baker, 2004), and showed anxiolytic effects in
the elevated plus maze test (Rhodes & Frye, 2005).
Moreover, experimentally induced anxiety in rats
has been related with low PROG concentrations
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(Zuluaga et al., 2005). On the other hand, there
is also evidence relating different levels of PROG
with negative ansiogenic effects. Women in the
mid-luteal phase (when both progesterone and
estrogen levels are relatively high) showed enhan-
ced adrenocorticotropic hormone in response to
exercise-induced stress (Altemus, Roca, Galliven,
Romanos & Deuster, 2001). Additionally, the con-
tinuous exposure of animals for 48 hours to PROG
caused them enhanced anxiety in the elevated
plus-maze (Gulinello & Smith, 2003). In control
circumstances PROG can also produce unexpec-
ted collateral effects, for example; although PROG
diminished alcohol consumption in socially isola-
ted rats, it also caused an increased consumption
of liquids in unstressed rats. Moreover, PROG pro-
tected against immune depression in rats stressed
by immobilization, however, it also caused immu-
nological suppression in unstressed rats (Mediratta
et al., 2003). These results suggest that PROG
anxiolytic properties are still to be clarified, espe-
cially regarding the type of stress they act on.

Within anxiety research, several methods have
been used to generate stress in animals, however,
social stress models are closer to human situations
in which stressful stimulus normally comes from
other individuals (Henry et al., 1993). These
models are equally effective in raising GCs as con-
sequence of HPA-axis hyperactivity, and causing
neuronal alterations in the hippocampus and its as-
sociated functions. In social environments rodents
emit ultrasonic vocalizations (USVs) in the range
of 18-24 kHz artificial sound waves within this
range can be used. Consequently, artificial sound
waves within this range can be used to induce
social stress in these animals (Commissaris et al.,
2000). Overcrowding is another social condition
that generates stress, and induces alterations in
several cerebral neurotransmitters, and dendritic
atrophy of pyramidal neurons in the CA3 re-
gion of the hippocampus (Magarifios, Verdugo &
McEwen, 1997).

So far, the preventive and protective actions
of PROG against the physiological and cognitive
consequences of socially induced stress have not
been explored. We intended to establish the pos-
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sible neuroprotective influence of PROG implants
on GCs levels, memory, and exploratory behavior,
in rats exposed to artificial USVs or overcrowding.

Methods

Animals

Sixty male Swiss-Wistar rats (250-289 g, 60 days
old) from our in-house colony were divided in
two groups — control and experimental. They were
housed in clear polycarbonate cages and kept in a
dark/light cycle of 12/12 hours, at 22 °C and 55%
relative ambient humidity. They had free access to
balanced food (Ralston rations, USA) and potable
water throughout the experiment. All studies were
performed in accordance with the NIH guidelines
for the care and use of laboratory animals.

Surgical procedures

Castration was done under short anesthesia during
which testicles were detached following a torsion-
induced thrombosis. The incision was closed and
animals were then left to recover for 21 days.
After this period each rat was again anesthetized
and then implanted with one permeable silicone
tube (Sani-Tech) containing vehicle sesame oil
(VEHI), or 8 mg of progesterone dissolved in
vehicle (PROG) (Sipos & Nyby, 1996). A dorsal
incision in the skin between the shoulder blades
was practiced to create a subcutaneous tunnel that
housed the implant (18mm long, 3.12mm internal
diameter, and 3.92 external diameter) designed for
prolonged delivery of the substances. Seven days
after implantation, the animals were subjected to
two different stress conditions.

Stress exposure

Rats were implanted with VEHI (n=30) or PROG
(n=30). In each set, subgroups of 10 rats were
subjected to three different lodging conditions for
ten days: 1) Control: Standard conditions of viva-
rium described above, 240-cm2/rat with ordinary
environmental noise. 2) Overcrowding (OVCR):

SEPTIEMBRE-DICIEMBRE | 2010 | 629



Y. Diaz, C. GONzALEZ, C. VALENCIA, M. HUERTA, X. TRUJILLO, L. DiAz, ]J. GARCIA, S. LUQUIN

Standar conditions but restricted space with 45
cm2/rat and normal environmental noise. 3) USVs
noise (NOISE):, Standard conditions and normal
space with but exposed for eight hours/day to 22
kHz tones in 80-90 dB waves, with intermittent
random intervals of 30 minutes each.

High performance liquid chromatography

To quantify the corticosterone and PROG con-
centrations in urine samples by HPLC, urine was
collected every 48 hours, starting the day prior to
the beginning of the ten day stress period. Reten-
tion times and size of the chromatographic profile
were standardized with known quantities of pro-
gesterone or corticosterone dissolved in methanol.
For the urine analysis, we followed the procedure
developed by Juricksay and Telegdyde (2000) with
slight modifications. In brief, to retain the steroids
contained in urine, 1 ml urine was passed through a
C18 extraction cartridge (Waters Assoc., Milford,
MA USA); then, it was eluted from the cartridge
into Teflon-coated cap glass vials containing 5 ml
methanol, which was evaporated afterwards by
means of a nitrogen flow in a 40-45 9C bath before
adding 4 ml buffer acetate at pH 4.6. This solution
was incubated at 37 °C for 48 hours with 50 ul of
glucoronidase enzyme from Helix pomatia (Merck
KGsA, Darmstadt, Germany). After incubation,
steroids were retained again in C18 cartridges and
eluted with 5 ml methanol. The volume was con-
centrated to 100 ul using a nitrogen flow for 10-ul
samples which were extracted and injected into
the liquid chromatograph (Thermo Finnegan), the
samples were then passed through a CP SIL 5CB
apolar column (Altech), measuring 30 mm x 0.32
x0.25 um at 30 2C, this column is used for amines,
hydrocarbons, pesticides, phenols and sulfured
compounds. The total time of chromatographic
analysis was 35 minutes.

Exploratory activity in the Hole-board
Behavioral studies started the day after completion

of stress exposure. The Hole-board test was used
to analyze the rats’ exploratory activity in a novel
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place, as well as their excitability and anxiety. This
test consisted of a hollow black acrylic cube of 60 x
60 x 60 cm with a platform 5 cm above the entire
floor surface, pierced by 36 holes of 2.5 cm diame-
ter (hole field), distributed in a 6x6 arrangement.
This field was divided by an imaginary line into a
peripheral zone (the peripheral line of holes in the
platform), and a central zone of 4 x 4 holes. All ani-
mals were tested daily between 9:00 a.m. and 11:00
a.m. Each rat was placed in the center of the field
to begin its exploration, and we video-recorded its
behavior for ten minutes. Then, we reviewed the
videotape to register the following parameters: ti-
me spent in the central and peripheral zones, total
time of mobility or immobility, number of visits to
central and peripheral holes, total number of holes
visited, and relative frequency of visits (number
of visits/minute). A hole was considered visited
when a rat inserted its head into the hole, behind
the level of its eyes (Lordi, Patin, Protais, Mellier
& Caston, 2000).

Morris water maze (MWM)

We followed the MWM procedure used by De
Quervain et al (de Quervain, Roozendaal, & Mc-
Gaugh, 1998). On the first day, the rats had 8
training trials (60 s duration and 60 s inter-trial
interval) in each of which they were required to
locate a cylindrical black platform (24x10 c¢m)
hidden under the water. The platform had a fixed
position throughout the study at the center of one
of the four imaginary quadrants of the black round
swimming pool (180 cm in diameter, 40 cm deep)
filled with warm water (23 + 3°C) to adepth of 25
cm. The rats were placed at randomly selected qua-
drants in the water, facing the center of the pool.
Once the rat found the platform, it was allowed to
remain there for ten seconds. If a rat failed to find
the platform within the 60 seconds of the trial, it
was manually guided to it, and allowed to remain
there for ten seconds, before being returned to its
holding cage. Twenty-four hours later a memory
retention test was performed, which consisted of
one 60-seconds trial with no escape platform, star-
ting from a quadrant adjacent to the one where the
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platform was located during training. All MWM
sessions were conducted between 9 am and 3 pm
on each day, and all rats were trained the same day
in a closed, sound-proofed room lit with diffused,
attenuated light. The fixed furniture in the expe-
rimental room was used as spatial cues.

All trials were video-recorded to manually regis-
ter the time of latency, distance navigated to reach
the platform, velocity, and time spent in each qua-
drant, all data was blind analyzed. While the rats
were in the pool, experimenters were kept out of
their visual field. In the memory trial the number of
crossings with the place of the absent platform, and
time spent in the platform quadrant were measured.

Statistical analyses

After testing for normal distribution of the data,
mixed ANOVAS analysis for repeated measures
with Bonferroni Post-hoc test were applied to
compare hormonal measures through the 10 days
stress-period, and 8 training MWM trials, and

FIGURE 1
Effective and constant liberation of PROG implants

multivariate ANOVAS for the MWM test, and
the Hole-Board test, also with Bonferroni Post-hoc
analysis. To define the differences as significant,
we used a confidence level of p < 0.05.

Results
Urinary progesterone levels

We used high-performance liquid chromatography
(HPLC) to measure the quantity of urinary pro-
gesterone released after insertion of the subcuta-
neous implant. Results indicated a high, constant
and stable release of this hormone during the 10
days stress period in PROG compared to VEHI
(Figure 1). Data were analyzed with a mixed 2 x 3
x 6 multivariate ANOVA with days as within sub-
ject factor, implant (PROG or VEHI) and groups
(Control, OVCR, and NOISE) as between subject
factors, with epsilon-corrected degrees of freedom
(Greenhous-Geisser). The impact of the implant

factor was highly significant (F | |y = 3449.52,p <

500

400

300

Urinary progesterone (ng/ul)

200
PROG
100—
VEHI
Control
o4 - (" —"—"—"—"—"——————— OVCR
NOISE
I I I I I |
0 2 6 8 10
Days
Control +++*OVCR ----NOISE

Day 0 indicates the baseline, one day before the beginning of the ten-day stress period. Notable supra-physiological PROG le-
vels were constantly released from the hormone implant. Progesterone levels under VEHI implants were significantly lower and
are represented by the dotted line. PROG release rate after the implant was not influenced by the different stressful situations or

through time. Bars show standard deviation.

Source: own work.
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0.001) due to elevated levels of PROG detected in
hormone-implanted animals (328.13 + 11.79 ng/
ul), compared with VEHI animals (0.344 + 3.94
ng/ul). The stress factor did not have an influence
in this liberation (F 218 = 491, p > 0.05) since
there were no significant differences between the
level of PROG liberated under Control (166.65
+ 4.83 ng/ul), OVCR (157.25 = 6.79 ng/ul) and
NOISE (158.86 = 4.54 pug/ml). The interaction
between both factors was also non significant

(Fpp 1) = 481, p > 0.05)

2,18

Corticosterone urinary levels

Urinary CORT was also quantified with HPLC in
order to estimate stress levels in each condition.
The data were analyzed with the same statistic
procedure used for PROG. Factors implant (F
= 23.32,p < 0.001), stress <F(2,18) =115.79,p <
0.001) and days (F 507, 5501 = 21.66, p < 0.001)
showed a significant impact, as well as the stress-
implant interaction (F , ;s = 6.29,p < 0.05). The
differences are mostly due to the influence of the

(1,18)

group factor which had a high partial Eta square (0
= 0.928), suggesting that a big part of the changes
are due to stress conditions disparity (Figure 2). In
coherence, NOISE showed a higher level of urinary
CORT (214.92 =+ 4.11 ng/ul) compared to OVCR
(144.69 =+ 3.18 ng/ul), and both stress factors had
more CORT as Control (132.97 + 3.79 ng/ul)
(Figure 2). Bonferroni Post-hoc test showed that
NOISE was higher than OVCR (p < 0.001) and
Control (p < 0.001), but OVCR was not different
from Control. This last finding might be due to the
fact that OVCR with PROG implants had a simi-
lar CORT level as the Control group (see below).
Nevertheless, the results show that both stressful
conditions are able to stimulate the HPA axis, and
that noise had more impact than overcrowding.

The implant factor (n = 0.564) also showed
an important impact as a result of the elevated
CORT found in VEHI-implanted rats (175.67
+ 4.36 ng/ul) compared to those implanted with
PROG (152.71 = 3.37 ng/ul), which suggest that
PROG had, in a general way, an inhibitory role on
the stress-related CORT increase.
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Subsequent mixed 2 x 6 ANOVA analyses were
conducted in order to know the conditions under
which the differences have their main effect. The
ANOVA was carried out isolating the different
stress groups, with days as within subjects factor,
and implant as between subject factor. In absence
of stress (Control group), the results showed no in-
(1= 0-344,p >0.05) and
therefore no differences between the groups with
VEHI (134.67 + 4.11 ng/ul) or PROG (131.26 +
4.23 ng/ul), indicating that implant content does
not influence the levels of this hormone in normal
conditions (Figure 2A). On the other hand, the
same analysis for overcrowded groups proved that

fluence of the implant (F

the implant had a significant impact (F e = 4479,
p < 0.001) and in coherence, those subjects with
PROG had a stable CORT production (122.39 +
4.32 ng/ul) similar to Control, while in those with
VEHI the hormone level was increased (166.99 =+
4.71 ng/ul). This suggests an inhibitory effect of the
hormone on the GCs rise (Figure 2B). However,
in groups of rats stressed by ultrasonic noise, the
implant had a non significant effect (F, o = 3.48,
p > 0.05), and VEHI rats showed similar CORT
levels compared to those with PROG implant (Fi-
gure 2C). Nevertheless, it is possible to observe
that in NOISE rats with VEHI implant, CORT
started rising on the second day and maintained
this level until the end of the experiment, whereas
rats in the PROG group showed a retardation in
the CORT rise (up to day 4), then reversed the
increment of GCs level at the end of the ten-day
stress period (Figure 2C), this suggests that the
absence of significant differences could only be due
to the averaged stress days, but that the dynamic
and distribution of the CORT levels were different
in this period of time due to the PROG implants.

Learning in Morris water magze

During the training phase, regardless of the type of
implant and the stressful situation, all rats showed
similar performances based on the latency of esca-
pe, the time spent in the platform quadrant and in
the opposite quadrant, total distance, and velocity.
In all cases, a typical learning curve resulted of
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FIGURE 1
Effective and constant liberation of PROG implants
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A). There were no differences among the two implant control groups. B) Overcrowded rats with PROG implant maintained
stable CORT levels similar to control groups while the same stress condition induced an elevation in CORT for VEHI implan-
ted rats. C) Rats exposed to noise showed a significant elevation compared to control stress conditions. However a delay and

reverse effect of PROG implants in the noise-stressed group can be observed compared to the VEHI group. Bars show standard
deviation.

Source: own work.

unstressed and stressed animals at the end of the showed no statistical differences among them,
eight trials. The comparison among these curves when they were analyzed through a mixed 2 x 3 x
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8 multivariate ANOVA with trials (8) as within
subjects factor, implant (PROG or VEHI) and
stress (Control, OVCR, and NOISE) as between
subject factors.

Memory consolidation

In the second stage of this test, the rats tried to find
the (now absent) platform based on the experience
previously acquired during training phase, therefo-
re, crossing (cr.) of their swimming path with the
previous location of the platform was also assessed.
The data were analyzed using a 2 x 3 multivariate
ANOVA with stress and implant as between fac-
tors and no significant differences for any factor in
the previous MWM measurements. However, the-
re was an important effect in the number of times
that the rat crossed the place where the platform
was previously located, which assesses how stron-
gly the rat remembered this specific place. For this
parameter, the implant (F 142 = 14.67,p < 0.001),
stress (F ., =5.09,p < 0.01) and the interaction
between them (F(2,42) = 5.611, p < 0.01) showed
statistically significant differences (Figure 3).

A Bonferroni post-hoc test showed that OVCR
(p < 0.05) and NOISE (p < 0.05) were signifi-
cantly higher than Control, but no different bet-
ween them (p > 0.05). The type of implant had no
influence in the Control rats (1.86 = 0.25 cr.) and
VEHI (1.71 * 0.25 cr.) maybe due to the similarity
in their CORT levels. However, the implant con-
tent had an important influence in the overcrow-
ded animals, where PROG (1.57 = 0.22 ct.) and
VEHI (0.57 = 0.24 cr.) were significantly different.
The same was true for NOISE PROG (1.86 + 0.25
cr.) and VEHI (0.35 = 0.23cr.) (Figure 3). Posterior
one way-ANOVA analysis, isolating the type of
stress and with implant as fixed factor, showed no
significant differences between PROG and VEHI
in Control stress (F(1,13) =0.14,p > 0.05), and the
importance of the implant effect in OVCR (F 113
= 12.25,p < 0.005) and NOISE (F,, , = 15.83,
p < 0.005). These results suggest that OVCR
and NOISE had similar effects in hippocampal-
dependent performance, and that PROG plays a
protective role against stress-induced deficit on
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FIGURE 3
MWM test results regarding the Frequency of plat-
form-location crossing during consolidation phase

Morris Water Maze

2,5
*
£ 120 T
: I
g _|
3 1,5
8
g
= 1,0
=]
g
g 05
2 0,
0,0
Control OVCR NOISE
Il VEHI PROG

The orientation capacity of VEHI rats exposed to stress in
OVCR or NOISE groups was reduced, this limitation was
prevented by PROG implants in the other groups of stres-
sed rats; they showed a number of crossings similar to the

unstressed control group, indicative of a preserved spatial

memory capacity. The bar indicates the standard error. *p
< 0.05.

Source: own work.

consolidation of spatial memory tasks, without
affecting this function under ordinary conditions.

Hole board test

Results were analyzed with the same statistical
procedure as the MWM test, and regardless of the
stressful situation or implant content they showed
no differences, in time spent in central and peri-
pheral zones, mobility or immobility time, visits
to central or peripheral holes, and total distance
and velocity. However, differences among stress
groups (F 5, = 3.06, p < 0.05) and implants
(F 156 = 2:96,p < 0.05) but not in their interac-
tion (F, 5, = 0.912,p > 0.05), were found for the
total number of visits (Figure 3). VEHI implanted
animals achieved a higher number of total visits
(vis.) (37.29 = 2.04 vis.) compared to the PROG
implanted (32.33 =+ 2.13 vis.), the Bonferroni post
hoc test demonstrated that OVCR had no differen-
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ces with Control (p > 0.05). Therefore, differences
among the types of stress were mainly due to the
effect of NOISE stress, which were significantly
more effective than Control (p < 0.05), but not
so more than OVCR (p > 0.05). Further one way
ANOVA tests were run with implant as a fixed
factor, and isolating both stress conditions. In the
Control (F,, = 0.076, p > 0.05) and OVCR
(F(I,IZ) = 0.663, p > 0.05) stress, there were no
differences among VEHI and PROG. However, in
NOISE stress there was a significant effect of the
implant factor (F(l,IZ) = 4.862, p < 0.05), due to
VEHI implanted rats showing an increased num-
ber of total visits (45.29 + 6.32 vis.), compared to
PROG implanted rats (35.57 = 8.71 vis.). These
results suggest that NOISE but not OVCR, caused
an increment of the total number of visits in the
hole-board test, and that this effect was inhibited
under PROG influence.

FIGURE 4
Number of total visits during hole board test
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Stressed rats implanted with VEHI showed a significant
increase in the number of total visits, especially due to the
changes observed in the NOISE group. This stress-induced
behavior was significantly reduced in PROG animals expo-
sed to NOISE. However the same tendency can be obser-
ved for the PROG animals subjected to OVCR. Bars show
standard deviation. *p < 0.05.

Source: own work.
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Discussion

In this study, the effect of progesterone vs. vehicle
sub-dermic implants on chronic-stress consequen-
ces was assessed in Wistar rats. Urinary progeste-
rone and corticosterone levels, spatial memory
and exploratory behavior were evaluated in the
implanted groups subjected to normal housing,
overcrowding or noise stress. To the extent of our
knowledge, this is the first in-vivo study, which
demonstrated the inhibitory properties of PROG
implants on CORT rising, and prevention of spa-
tial memory and exploratory behavior alterations
generated by overcrowding or noise stress.

The implants released a constant concentration
of PROG as shown by urinary quantification (Figu-
re 1), in which supraphysiological levels (300-400
ng/ul) were sustained throughout the experiment
and were not influenced by OVCR or NOISE
stress. Urinary measurements were selected not
only because they reflect the global amount of the
systemic hormone, but also because plasma hor-
mone levels are subjected to greater variability, es-
pecially during subject manipulation, which might
be inconvenient in a chronic stress experiment.
Urinary PROG was undetected in all control and
stressed VEHI implanted rats. This does not mean
that it is inexistent but that physiological quantities
were undetected under the instrument configura-
tion arranged for detection of high levels of implant
release. Although other studies have shown an
increased intracerebral PROG concentration in
response to stress (Shimada & Yago, 2000) in this
study, stress did not affect systemic urinary PROG.
However, the high level of PROG liberation must
be considered before drawing any conclusions. We
also did not quantify the intracerebral concentra-
tion of this neurosteroid but its systemic levels.
Finally, PROG did not cause a prominent effect
on the basal CORT levels in non stressed control
rats (Figure 2A). These results support the effec-
tiveness of the long duration silicone implant, de-
monstrating a high and stable liberation rate that
had no secondary effects in normal conditions, at
least in the variables assessed, which contradicts
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previous findings where PROG affected control
groups (Mediratta et al., 2003).

The quantification of CORT levels is a parame-
ter to determine the magnitude and time course of
stress response to different conditions (Bhatnagar
& Vining, 2003). In rats exposed to OVCR, VEHI
implanted subjects showed a significant CORT
increment, relatively fast when compared with
previous OVCR studies (Aioi, Okuda, Matsui,
Tonogaito & Hamada, 2001), this increment was
absent in those subjects implanted with PROG
(Figure 2B) the latter finding is in agreement with
other reports which found that PROG proved to
have an inhibitory effect on CORT increase (Hi-
gashi et al., 2005). Additionally, PROG has shown
an inhibitory effect on stress-induced immunosu-
pression (Mediratta et al., 2003) and neuroste-
roids like dehydroepiandrosterone demonstrate a
protective role against immobilization stress and
exogenous CORT (Hu, Cardounel, Gursoy, An-
derson & Kalimi, 2000). This is the first study to
show the magnitude, topography and time course
of CORT raise due to a chronic social stressor
such as overcrowding, more importantly, it clearly
shows that supraphysiological PROG levels rea-
ched through use of the implants down-regulate
this stress-induced rise in CORT elevation.

Previously, artificial USVs have been repor-
ted to increase CORT levels (Commissaris et al.,
2000). This study found the same effect but then
compared it with overcrowding showing a dissi-
milar CORT time course and magnitude for each
stressor (Figures 2B and 2C). Artificial USV’s
caused a faster, higher and sustained CORT rising
compared to OVCR which needed almost one
week to have a significantly high CORT rising. No
significant difference in the global levels of CORT
was found for each type of implants, however, the
NOISE group rats, implanted with PROG showed
a delayed CORT elevation, followed by a tempo-
rary rising that was higher than VEHI group, but
subsequently near to the end of the stress period
the CORT decreased again, whereas a rapid and
sustained CORT rising succeeded in VEHI ani-
mals. This delay could be attributed to the inhibi-
tory GABAergic effects of PROG on the HPA axis
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(W, Gibbs & Farb, 1991), while normalization
could be due to a self-regulation of the HPA axis
(after the increase in circulating CORT), together
with the PROG inhibitory effects.

The stronger effects of noise stress may be due
to the uni-modal characteristics of this stimulus,
since the auditory system is fundamental for rodent
survival, the neuronal pathway involved in this
function is very specific, and for that reason the
rats have a limited ability to develop habituation.
Noise is closely associated to anxiety manifesta-
tions (Beckett, Aspley, Graham & Marsden, 1996)
and USVs generate defensive behaviors (running,
jumping and freezing), similar to those biochemical
or electrical stimulus in the auditory pathway, at
the level of the gray periaqueductal substance and
the superior colliculus (Serra et al., 2000).

In contrast, overcrowding causes a polymodal
nonspecific sensory stimulation, which could fa-
cilitate the physiological and behavioral adapta-
tion, when the animal’s survival is not seriously
threatened by food and water competition. In
our experiment, there was no restriction of water
and food, and therefore no confrontations among
cage partners, and special attention was given to
frequent cage cleaning. Consequently, this stressful
situation caused less adverse effects than isolation,
immobilization and forced swimming stress. Then
the effectiveness of PROG to diminish CORT rises
in response to OVCR may be related to a lack of
stress stimuli strength. However it is important to
consider, that most of human chronic stress occurs
in a similar polymodal subtle way in which middle
strength stimuli are constantly present (Henry et
al., 1993). We and though we are able to deal with
them in the beginning, but they end up triggering
severe stress responses.

In the MWM test stress did not affect the
training but the memory phase. Rats exposed to
OVCR or NOISE seemed to be less able to re-
member where the platform was located during
the training trials (Figure 3) these results suggest
that the consolidation process was affected, but not
the working memory, since every group performed
equally during training. This might be due to the
fact that a moderated neural over excitation is
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sometimes favorable to facilitate learning under
a critical situation, such as escaping from water,
but could impair the posterior integrative process
between the hippocampus and cerebral cortex to
store of information.

Numerous studies have demonstrated that
stress produces deficit in memory and spatial lear-
ning (de Kloet et al., 2000), however only some
studies have utilized chronic stressful situations
like those used in this study (Ma, Wang, Yang,
Liv & Chao, 2000) including 105 dB noise in rats
(Arnsten & Goldman-Rakic, 1998) and recor-
ded traffic noise in humans (Belojevi¢, Ohrstrom
& Rylander, 1992). This kind of deficit was not
showed in the rats with PROG implants, which
suggests a protective effect of neurosteroids against
behavioral stress responses, at least in memory con-
solidation processes. This anxiolytic effect has also
been observed in several stressful situations (Me-
diratta et al., 2003), but neither its anti-glucocor-
ticoid effect nor its negative influence on CORT
levels had been explored under overcrowding or
noise stress. PROG's protective effect is possibly
related to CORT inhibition and this is clearer in
the OVCR as in the NOISE group in which only
retardation in CORT elevation can be observed
and a reduction in CORT is barely detected at the
end of the stress period. However, behavioral test
were done immediately after day 10 of this period,
and by then, all rats with PROG implants revealed
similar low levels of CORT compared to rats im-
planted with VEHI. It is therefore conceivable that
behavioral effects of PROG implants have been
mediated by a reduction in stress-induced CORT.

In the test to evaluate exploratory behavior, the
rats exposed to noise showed an increased num-
ber of total visits during exploration, but PROG
implants inhibited this effect at least significantly
in the NOISE group (Figure 4). The increased
exploration could be attributed to a motivational
component, since mobility and immobility times,
distance and velocity were similar for all rats.
That means that behavior distribution during the
test was different for each group leading to more
investment in holes investigation for the stressed
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rats. Inhibitory effects of PROG could be attributed
again to an anxiolytic action which led to a reduc-
tion in the CORT levels, — at least for those related
to exploratory behavior. In support of our findings,
there are studies showing an increased exploration
in rats by CORT treatment (Osborn, Kim, Steiger
& Weinberg, 1998). Alternatively, other studies

have reported a diminution on exploratory beha-

vior (Aioi et al., 2001; Kovach, Nearing & Verrier

2001). However they exposed animals to more

acute stress with no social characteristics or dif-

fferent models of social stress in distinct species,
and with alternative exploration patterns. Most
of these experiments utilized the elevated plus-
maze and open field to evaluate exploration as an
anxiety component. The difference in our results
could be due to the fact that the hole-board offers a
more enriched and novel stimulating environment
for the rats. Finally, although PROG clearly in-
hibited the increment in exploratory activity in
NOISE, for OVCR rats this can only be observed
as a trend. Because the hole-board had not been
used to evaluate the CORT effects on exploratory
behavior before, it could be possible that some of
the evaluated parameters are not sensitive enough
to show the behavioral manifestations related to
CORT levels of rats exposed to OVCR or NOISE
at the end of the stress period, when the subjects
were tested. There were also no significant diffe-
rences in the global CORT levels between rats
stressed by noise implanted with VEHI or PROG,
for this reason is difficult to relate this parame-
ter with the distinct exploratory performance,
which could be attributed to an inhibitory action
of PROG during the stress period, which diminish
the hippocampal alterations.

There are still many questions about the mo-
lecular and physiological mechanisms of PROG
underlying behavioral stress inhibition and CORT
rising. Possible secondary effects derived from the
prolonged use of PROG are also unknown. How-
ever the results of this study suggest that PROG
implants might have an important anxiolytic effect
against stress reactions at hormonal and behavio-
ral level.
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