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Progesterone treatment decreases traumatic
brain injury induced anxiety and is correlated
with increased serum IGF-1 levels; prefrontal
cortex, amygdala, hippocampus neuron density;
and reduced serum corticosterone levels in
immature rats
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Abstract

Traumatic brain injury (TBI) may cause neuropsychiatric problems, such as anxiety disorder, that
have negative effects on cognitive functions and behavior. We investigated the effects of proges-
terone on traumatic brain injury induced anxiety in 7-day-old rat pups subjected to contusion
injury. Progesterone treatment decreased TBI induced anxiety and serum corticosterone levels, and
increased serum IGF-1 levels. Moreover, progesterone treatment increased amygdala, prefrontal
cortex and hippocampal neuron density. We found a negative correlation between serum cortico-
sterone levels and anxiety tests, and a positive correlation between serum IGF-1 levels and anxiety
tests. In addition, progesterone treatment decreased serum corticosterone compared to the controls
and sham. Our results indicate that single dose progesterone may be effective for treating anxiety
caused by TBL
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Traumatic brain injury (TBI) is a leading cause of
death and disability in childhood (Adelson and
Kochanek 1998). Its long-term sequelae often are
more devastating for children owing to their devel-
opmental level. During the first 2 years after birth,
the brain is more susceptible to damage owing to
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rapid brain growth during this period (Dobbing and
Sands 1979). TBI causes long term functional impair-
ment and decreases quality of life (Hawthorne et al.
2009, Ozdemir et al. 2005, 2012). Psychiatric disorders
such as depression, anxiety disorders and personal-
ity changes also occur following TBI (Schwarzbold
et al. 2008).

Anxiety is worry about the future with the
feelings of nonspecific threat (Rosen and Schulkin
1998). Anxiety is associated with the amygdala,
hippocampus and prefrontal cortex (LeDoux 1998,
Uysal et al. 2011). Experimental TBI may trigger
anxiety-like behaviors in rats (Baykara et al. 2012,
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Jones et al. 2008); however, the mechanisms of TBI
induced anxiety are not fully understood. TBI may
cause anxiety-like behaviors by causing structural
changes in the brain (Kwon et al. 2011). It also causes
functional changes in the hypothalamus-pituitary-
adrenal axis (HPA) as a result of increased serum
cortisol levels (Woolf et al. 1990).

Progesterone is a neurohormone with neuro-
protective effects; it has been used to attenuate the
effects of TBI in humans and animal head trauma
models (Wright et al. 2007). Progesterone inhibits
voltage-gated calcium channels and reduces excito-
toxicity (Luoma et al. 2011). Progesterone has long
been known to have anxiolytic activity in both ani-
mals and humans (Frye et al. 2004, Kroboth and
McAuley 1997), although the underlying mecha-
nisms have not been fully elucidated.

We showed earlier that decreased levels of cir-
culating insulin-like growth factor-1 (IGF-1) were
correlated with hippocampal neuron density, and
impaired learning and memory in immature rats
with TBI (Ozdemir et al. 2012). Rubovitch etal. (2010)
demonstrated that TBI caused spatial memory def-
icits that were prevented by IGF-1 administration
and that blocking the IGF-1 receptor signaling in
TBI mice did not augment the spatial memory defi-
cit. Also, TBI causes alterations in HPA axis func-
tions and increases cortisol levels (Woolf et al. 1990).
Progesterone treatment increases serum IGF-1 (El-
Bakri et al. 2004) and decreases serum cortisol levels
(Selman et al. 1997). It is not known, however, how
progesterone affects TBI induced anxiety. Therefore,
we investigated the effects of progesterone treat-
ment on TBI induced anxiety in immature rats.

Material and methods

All experiments were performed in accordance with
the guidelines of the Experimental Animal Labora-
tory and approved by the Animal Care and Use
Committee of the Dokuz Eylul University School
of Medicine. Wistar albino rats with dated pregnan-
cies were maintained at the same center and housed
in individual cages with free access to water and
laboratory chow. Twenty-eight litters delivered
spontaneously were reared with their dams until
the start of experimentation at 7 days postnatal age.
All rats were maintained on a constant 12 h light/
dark cycle at constant room temperature (21° C) and
60% humidity. Rats were divided into four groups:
1) control (n=7), 2) sham (n=7), 3) TBI (n=7), 4)
TBI + progesterone (n=7).

We used a modification of an established per-
cussion trauma model for immature rats to model
infant and early childhood head trauma (Bittigau

et al. 1999). The contusing device consisted of a 40
cm long hollow tube perforated at 1cm intervals to
prevent air compression. The device was positioned
perpendicular to the surface of the skull and guided
a falling weight onto a circular footplate resting on
the skin over the parietal bone. Trauma was trans-
ferred through the skin and parietal bone to the
parietal cortex (closed trauma model). The trauma
was applied to the right parietal cortex, which is
the dominant hemisphere (Bittigau et al. 1999). The
center of the footplate was positioned stereotaxi-
cally 3 mm anterior and 2 mm lateral to the lambda
and was fixed in place under ether anesthesia. A
force of 160 gem produced by a 10 g weight was
selected to produce brain contusion. Experiments
were carried out between 9.00 and 11.00 AM in a
sound-attenuated and air-regulated experimental
room. All pups were kept on a heating pad until
they were returned to their mothers 4 h after the
trauma or sham surgery. Progesterone (8 mg/kg)
was injected intraperitoneally immediately after
induction of TBL. Low doses (8-16/mg/kg) of pro-
gesterone increase cognitive functions and have
neuroprotective effects (Goss et al. 2003). The TBI
and sham groups received saline only and lived
with their mothers until postnatal day 21.

The remaining rats were weaned on day 21 and
their anxiety levels were evaluated using the open
field and elevated plus maze tests on day 22 (Denen-
berg and Victor 1969, Pellow et al. 1985). Recording
and analysis of anxiety levels were performed using
the HVS-image video tracking system (HVS2020,
Hampton, England).

For the open field test, the field consisted of a
cubicle with a base 1 m? and walls 50 cm high, with
a video camera installed 2.5 m above the apparatus.
Each rat was placed in the center of the open field
and locomotor activity (ambulation) was measured
for 5 min in a sound-proof illuminated observation
room. The light in the room was 100 lux.

The elevated plus maze consisted of a 5X5 cm
central platform with two open arms (50 cm long,
10 cm wide and 0.5 cm high) and two closed arms
(same dimensions as the open arms, but with walls
40 cm high that were elevated 50 cm above the
ground. Rats were placed on the platform facing
the open arm and were observed for 5 min. The
total number of entries into the open and closed
arms, and the time spent in the open and closed
arms were recorded.

On postnatal day 27, following light ether anes-
thesia, blood was drawn from all animals and the
brains removed. Brain tissues were fixed in 10% for-
malin in phosphate buffer for 24 h. The brain was
sectioned coronally into sequential 5 um sections
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using a microtome (Leica RM2255, Cologne, Ger-
many). Estimation of the number neurons for each
sample was accomplished using three coronal
sections through the prefrontal cortex that cor-
responded to plates 9, 11, and hippocampus and
amygdala that corresponded to plates 21, 23, 25
in the rat atlas of Paxinos and Watson (1982). All
sections were stained by cresyl violet. Cresyl violet
stains Nissl substance so that neuron cell numbers
can be counted. Sections were deparaffinized and
hydrated after which they were immersed in cre-
syl violet solution for 20 min. Sections then were
dipped in 96% ethanol followed by treatment with
xylene for 20 min and mounted in Entellan. The
images were analyzed using a computer assisted
image analyzer system consisting of a microscope
(Olympus CX-41 Tokyo, Japan) equipped with a
high-resolution video camera (Olympus DP71,
Japan). The neurons in these regions were counted
at 40 X magnification using a 15800 um? counting
frame. The counting frame was placed randomly
three times on the image analyzer system moni-
tor and the number of neurons in each section was
counted; the average of all three counts was calcu-
lated. The neurons in the amygdala, prefrontal cor-
tex and hippocampus were counted in CA1, CA2,
CA3 and gyrus dentatus (GD) regions and neuron
density was calculated.

IGF-1 protein levels in the serum were measured
using a commercially available ELISA kit specific
for rat IGF-1 with assay sensitivity <5 pg/ml and
range 62.5-4000 pg/ml (EK0377; Boster Immuno-
leader, Wuhan, China) according to the manufac-
turer’s instructions. For visualization of the IGF-1
expression, immunohistochemistry was performed
using an anti-IGF-1 antibody. The sections were
incubated overnight with anti- IGF-1 antibody
(1:100; Bioss, bs-0014R, Woburn, MA), then for
another 30 min with the biotinylated mouse sec-
ondary antibody. The bound secondary antibody
was then amplified with Histostain® plus bulk kit
(Invitrogen, 85-9043, Camarillo, CA). The antibody-
biotin-avidin-peroxidase complexes were visual-
ized using DAB. The sections were finally mounted
onto lysine-coated slides.

Serum corticosterone levels were measured
using original Siemens kits and the Siemens Immu-
lite 2000 XPi device with the chemiluminescence
immunoassay protocol (Siemens Healthcare Diag-
nostics S.L, Munich, Germany).

All statistical procedures were performed by
SPSS software for Windows, Version 11.0 (SPSS,
Chicago, IL). Differences between groups were
analyzed using one-way-ANOVA with Bonfer-
roni post-hoc test when a statistically significant

difference was found between groups. Correlations
among groups were calculated using Pearson cor-
relation analysis. Results are presented as mean *
S.E.M. Multiple comparisons were performed and
to prevent an alpha (type 1) error, (p/n=0.05/10);
p<<0.005 was considered statistically significant
(Aickin et al. 1996).

Results

In the open field test, the moving times and the
number of total entries into center cells were less
in TBI rats compared to sham operated and con-
trol groups (p<0.005 for both) (Fig. 1A). TBI rats
were less active in the open field test compared to
both sham operated and control groups (p <0.005
for both). In the progesterone treatment group, TBI
rats were more active and ambulated more in the
center of the open field compared to both sham
operated and control groups (p<0.005 for both)
(Fig. 1B). Compared to both sham operated and
control groups, TBI rats entered less frequently and
spent less time in the open arms of elevated plus
maze test (p <0.0001 for both), and the anxiety lev-
els of TBI rats were lower after progesterone treat-
ment (p<0.0001 for both) (Fig. 2A, B).

Both the contra- and ipsilateral brain regions
were affected by TBI. The cause of the effect in the
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Fig. 1. Open field test results. A) Walking distance in open
field arena. B) Total entries to the middle cells in the open
field arena; *p <0.005 compared to other groups. TBI,
traumatic brain injury; TBlI + progesterone, TBI with
progesterone treatment.
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Fig. 2. Elevated plus maze test results. A) Total entries to
open arms. B) Time spent in open arms. *p <0.0001
compared to other groups; **p <0.0001 compared to TBI
and sham groups. TBI, traumatic brain injury; TBI +
progesterone, TBI with progesterone treatment.

contralateral brain regions has been suggested to be
due to a contra-coup contusion (Tong et al. 2002).
The density of both contralateral and ipsilateral
hemisphere neurons were significantly decreased in
the amygdala, prefrontal cortex and hippocampus in
TBI rats compared to sham and control groups (all
regions p <0.0001). Progesterone treatment increased
neuron density in all brain regions compared to the
TBI group (all regions p <0.003) (Fig. 3A, B).

TBI rats had lower serum IGF-1 and higher
corticosterone levels than control and sham treated
animals (p <0.0001 for both). Progesterone treatment
increased serum IGF-1 and decreased corticosterone
levels in progesterone treated TBI rats compared
to TBI rats (p<<0.0001 for both). Also, progesterone
treatment decreased serum corticosterone levels
compared to control and sham animals (p <0.0001 for
both) (Table 1). Representative photographs of IGF-1
expression show that IGF-1 reactivity was reduced
in all regions of the brains of TBI rats. Progesterone
treatment increased IGF-1 reactivity (Fig. 4A, B).

Correlation analysis was performed between the
measurement results: We found strongly positive cor-
relations between amygdala, prefrontal cortex, and
hippocampus neuron numbers and time spent in
open arms of elevated plus maze (amygdala, r =0.791,
p=0.0001; prefrontal cortex, r=0.725, p=0.001; CA1l,
r=0.818, p=0.0001; CA3, r=0.842, p=0.0001; GD,

r=0.741, p=0.0001). We also found strongly positive
correlations between serum IGF-1 levels and time
spent in the center of the open field arena (r=0.685,
p=0.003), and serum IGF-1 levels and time spent on
open arms of elevated plus maze (r = 0.900, p = 0.0001).
There were negative correlations between serum
corticosterone levels and time spent in the center of
the open field arena (r = —0.648, p =0.012), and serum
corticosterone levels and time spent on the open arms
of the elevated plus maze (r = —0.880, p<0.0001).

Discussion

We found that anxiety levels were increased in the
TBI rats. TBI rats did not exhibit exploring behav-
iors, e.g., they spent less time on the open arms of
elevated plus maze test instrument, they showed
less moving time and entered the center cells of
the open field arena less often. Progesterone treat-
ment decreased the anxiety levels of TBI rats. We
also found that the numbers of neurons and IGF-1
levels, which decreased with TBI, increased with
progesterone treatment. Also, serum corticosterone
levels, which increased with TBI, decreased with
progesterone treatment.

Cortisol in humans or corticosterone in rodents
is secreted by the adrenal glands in response to
both physical and psychological stress. Serum and
salivary cortisol levels are increased in anxiety dis-
orders (Albanidou-Farmaki et al. 2008). Plasma cor-
tisol levels are increased after mild to moderate TBI
(Steinbok and Thompson 1979).

We found that corticosteroid levels were
increased by 3 weeks after TBI. Moreover, gluco-
corticoid receptor expression was increased in TBI
rats, which is recognized as an indication of nega-
tive feedback (McCullers et al. 2002). It is known
that progesterone decreases serum cortisol levels
(Selman et al. 1997). We found that serum cortico-
sterone levels were increased as a result of TBI, but
that they were decreased by progesterone treatment
in the TBI + progesterone group. Also, progesterone
treatment decreased serum corticosterone levels in
the TBI + progesterone group compared to control
and sham groups.

Chronically elevated levels of corticosterone can
adversely affect neurogenesis and cause loss of syn-
apses (De Bellis et al. 2000). We observed that neuron
density decreased in the amygdala, prefrontal cor-
tex and hippocampus of TBI rats and was associated
with high serum corticosterone levels. Progester-
one treatment increased neuron density in all brain
regions of TBI rats and this finding corresponded to
decreased serum corticosterone levels.
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Fig. 3. Neuron density results. A) Neuron density of amygdala, prefrontal cortex and hippocampus; *p < 0.003 compared
to other groups. B) Representative photomicrographs of cresyl violet stained sections of the amygdala, prefrontal cortex
and hippocampus. TBI, traumatic brain injury; TBI + P, TBI with progesterone treatment; PREF, prefrontal cortex; GD,

gyrus dentatus.

IGF-1 may play a role in the amelioration of
anxiety, depression, and memory deficits (Trejo
et al. 2008). It is generally accepted that circulating

Table 1. Serum IGF-1 and corticosterone levels

Corticosterone IGF-1
(ng/dL) (pg/ml)
Control 1.50 +0.09 2036.06 = 27.42
Sham 1.7 +0.09 2058.80 +22.89
TBI 2.64 +0.14* 1512.99 + 37.9*
TBI + progesterone  0.99 +0.09* 2396.83 +25.50

*p <0.0001 compared to other groups.

IGF-1 levels reflect the level of IGF-1lin the brain.
Administration of exogenous IGF-I improved
cognition and reduced anxiety (Trejo et al. 2008).
Decreased serum levels of IGF-1 correspond to an
increased level of anxiety in humans and rodents
(Llorens-Martin et al. 2010, Mitschelen et al. 2011).
We showed in an earlier study that decreased serum
IGF-1 with decreased prefrontal cortex IGF-1 lev-
els corresponded to increased anxiety in diabetic
rats (Aksu et al. 2012). It has been reported that
hippocampal IGF-1 levels increased by 3 days
after trauma, then normalized by 14 days after
trauma (Schober et al. 2012); there are no reports
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Fig. 4. IGF-1 +immune staining results. A) Quantification of IGF-1 immunostaining. B) IGF-1 +immunostained cells in
amygdala, prefrontal cortex and hippocampus; *p <0.0001 compared to other groups.

concerning IGF-1 levels after that. We sacrificed
animals 20 days after TBL. IGF-1 immunostaining
decreased in the prefrontal cortex, amygdala and
hippocampus of TBI rats. In addition, progesterone
treatment restored IGF-1 levels in prefrontal cortex,
amygdala and hippocampus.

Glucocorticoids inhibit liver and serum IGF-1 (Luo
and Murphy 1989). We found that serum IGF-1 levels
were lower in TBI rats because of higher serum cor-
ticosterone levels. Moreover, progesterone treatment
increased serum IGF-1 levels, which corresponded
to decreased serum corticosterone levels in TBI rats.
High levels of corticosterone during the develop-
ment of the dopaminergic system can cause perma-
nent behavioral changes by increasing dopamine

transmission in the mesocorticolimbic regions of the
brain (Jahng et al. 2010). The mesocortical dopamine
neurons that originate from the midbrain ventral teg-
mental area and project to the prefrontal cortex have
been implicated by many studies to be involved in the
emotional responses of fear and anxiety (Pezze and
Feldon 2004). TBI increases the dopaminergic activity
in mesocorticolimbic regions of immature rats (Walter
et al. 2004). The amygdala and prefrontal cortex regu-
late the secretion of dopamine from the mesocortical
projection system (Goldstein et al. 1996). IGE-1 pro-
tects human and rodent neuron cultures against dop-
amine induced neurocytotoxicity (Offen et al. 2001).
It is known that TBI causes behavioral and neu-
roendocrine differences in anxiety disorders (Kwon
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et al. 2011). We found that progesterone treatment
decreased TBI induced anxiety in immature rats.
Progesterone treatment decreases anxiety in both
animals and humans (Frye et al. 2004, Kroboth and
McAuley 1997). Anxiety characteristics are closely
correlated with natural fluctuations in progesterone
levels during the ovarian cycle (Schmidt et al. 1994).
We found that progesterone treatment decreased
corticosterone and increased IGF-1 levels after TBI.

Anxiety is associated with recruitment of at least
a part of the “fear network,” which involves the hip-
pocampus, amygdala and prefrontal cortex (LeDoux
1998). Morphological studies have revealed an
increased volume of bilateral amygdala in anxiety
disorder patients (Bellis et al. 2000). Prefrontal cor-
tex inhibits autonomous and endocrine responses
to stress, and reduces anxiety (Porritt et al. 2005).
The amygdala, hippocampus and prefrontal cortex
use sensory information to evaluate extinguished
fear-conditioned stimuli and form a key circuit for
maintaining an appropriate behavioral response.
Consistent with this, we found a strongly positive
correlation between anxiety tests and amygdala, hip-
pocampus and prefrontal cortex neuron numbers.

TBlincreases serum corticosteronelevels, decreases
serum IGF-1 levels and increases the anxiety levels
of rat pups. Progesterone treatment decreases serum
corticosterone, increases serum IGF-1 levels and
decreases anxiety levels. Further studies are needed
to elucidate the role of IGF-1 on TBI induced changes
in dopamine metabolism and the interactions among
the amygdala, prefrontal cortex and hippocampus for
processing emotional inputs.
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