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Abstract

Microarray-based transcriptional profiling was used to determine the effect of progesterone in the cortical
contusion (CCI) model. Gene ontology (GO) analysis then evaluated the effect of dose on relevant biological
pathways. Treatment (vehicle, progesterone 10 mg/kg or 20 mg/kg given i.p.) was started 4 h post-injury and
administered every 12 h post-injury for up to 72 h, with the last injection 12 hr prior to death for the 24 h and 72 h
groups. In the CCI-injured vehicle group compared to non-injured animals, expression of 1,114, 4,229, and 291
distinct genes changed > 1.5-fold ( p < 0.05) at 24 h, 72 h, and 7 days, respectively. At 24 h, the effect of low-dose
progesterone on differentially expressed genes was < 20% the effect of higher dose compared to vehicle. GO
analysis identified a significant effect of low- and high-dose progesterone treatment compared to vehicle on
DNA damage response. At 72 h, high-dose progesterone treatment compared to vehicle affected expression of
almost twice as many genes as did low-dose progesterone. Both low- and high-dose progesterone resulted in
expression of genes regulating inflammatory response and apoptosis. At 7 days, there was only a modest
difference in high-dose progesterone compared to vehicle, with only 14 differentially expressed genes. In con-
trast, low-dose progesterone resulted in 551 differentially expressed genes compared to vehicle. GO analysis
identified genes for the low-dose treatment involved in positive regulation of cell proliferation, innate immune
response, positive regulation of anti-apoptosis, and blood vessel remodeling.
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Introduction

The Centers for Disease Control and Prevention

have stated that traumatic brain injury (TBI) is among the
leading causes of acute and chronic disability in the United
States, and that each year 1.7 million people there sustain a
TBI, and 52,000 die (Centers for Disease Control, 2010). A
recent study of hospitalization rates associated with active
duty United States Army personnel found a 105% increase in
TBI-associated hospitalization from 2000 to 2006 (Ivins, 2010).
Because the primary causes of TBI are motor vehicle colli-
sions, falls, and violence, all individuals are at risk of sus-
taining a TBI sometime during their lives (Langlois et al.,
2006). Although more individuals survive TBI now than in the
past, the survivors endure residual physical, cognitive, emo-
tional and/or behavioral impairments from the cascade of
central pathological responses resulting from TBI.

Brain injury in the United States, therefore, warrants in-
vestigation, because it is a major public health issue. How-

ever, there has been a problem with translation of effective
pre-clinical treatments to the clinical setting (Narayan et al.,
2002; Statler et al., 2001). The National Institute of Neurolo-
gical Disorders and Stroke (NINDS) organized a workshop of
experts to provide insights and recommendations based on
lessons learned from previous clinical trials. The recommen-
dations included: the use of at least two rodent models; that
the pre-clinical model should reflect the severity of the injury
found clinically; evaluation of both focal and diffuse injury;
and evaluations of animal pharmacokinetics to establish the
dosage regimen, ensure brain penetration, and establish
dose–response curves and optimal dosing windows (Narayan
et al., 2002).

The etiology of secondary brain injury is multi-factorial,
with a host of likely inter-related processes including mito-
chondrial energy failure; excessive generation of reactive ox-
ygen species; activation of destructive enzymes such as poly
(ADP-ribose) polymerase (PARP), and the caspase family of
proteases; membrane disruption; neuronal death; thrombosis
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caused by intravascular coagulation in small vessels; in-
creased synaptic concentrations of excitatory amino acids;
and activation of innate inflammatory responses (Schouten,
2007). Several reviews have suggested the need for pharma-
cological treatments that target multiple secondary factors, or
combination treatment strategies (Faden and Stoica, 2007;
Schouten, 2007).

A potential promising treatment for TBI is progesterone,
which has been studied in pre-clinical models of TBI for sev-
eral decades (Stein, 2005). For current reviews of the proges-
terone literature see Sayeed and Stein, 2009; Stein, 2008; Stein
and Wright, 2010; Vink and Nimmo, 2009. A systemic review
of progesterone treatment in experimental TBI concluded that
progesterone reduced lesion volume in a dose-dependent
manor if administered immediately following injury or not
later than 6 h post-injury (Gibson et al., 2008). In male rats
receiving progesterone at a dose of 4 mg/kg by intraperito-
neal (i.p.) injection at 1, 6, and 24 h after cortical contusion
injury (CCI), serum progesterone concentrations at 1, 6, and
48 h were shown to correlate with decreased cerebral edema
(Wright et al., 2001). Serum concentrations ranged from 0 to
38 ng/mL and from 5 to 12 ng/mL at 1 and 6 h, respectively.
This is consistent with the original observation that male rats
had significantly more edema than female rats after cortical
contusions (Roof et al., 1993). Mechanistically, it has been
shown that progesterone (8 mg/kg, i.p.) attenuates the pro-
duction of the pro-inflammatory cytokines, IL-1b and TNFa
after TBI when given 1 h and 6 h after injury (He et al., 2004),
although the effect of progesterone was limited to decreasing
the peak expression at 3 h in the rat model with no effect at 8
and 24 h. Even with significant pre-clinical work with pro-
gesterone, there have been some concerns with dosing regi-
mens. A dose–response study evaluated progesterone at
either 8, 16, or 32 mg/kg administered at 1, 6, and 24 h post-
CCI with repeated administrations every 24 h for an addi-
tional 4 days following CCI (Goss et al., 2003). The initial dose
was administered i.p. and all subsequent injections were
subcutaneous. It was found that the 8 and 16 mg/kg doses
improved water maze performance compared to the 32 mg/
kg dose, and that none of the doses significantly decreased
lesion size (Goss et al., 2003). Similarly, a study in older rats
also found that the 32 mg/kg dose resulted in significantly
fewer beneficial effects on inflammatory factors than 8 mg/kg
and 16 mg/kg at 48 h post-injury (Cutler et al., 2007).

There have also been two clinical studies demonstrating
effectiveness of progesterone when administered later than
6 h post-TBI. The first, a double-blind placebo controlled pilot
study of 100 patients with moderate-to-severe TBI, adminis-
tered progesterone within 11 h of injury. Progesterone was
administered with a loading dose of 0.71 mg/kg and then
0.5 mg/kg/h for a total of 3 days of treatment, resulting in
average steady state progesterone concentration of
337 – 135 ng/mL (Wright et al., 2007). Patients receiving pro-
gesterone had a lower 30-day mortality compared to those
receiving placebo treatment (Wright et al., 2005). In a second
study of 159 severe TBI patients, progesterone administered at
1.0 mg/kg via intramuscular injection and then repeated ev-
ery 12 h for 5 consecutive days had lower mortality and a
more favorable outcome at 3 and 6 months follow-up time
points (Xiao et al., 2008).

The overall objective of the present study was to use global
transcriptional profiling analysis to determine the dose-

dependent effects of progesterone on global gene expression
patterns and profiles following CCI in the affected rat brain
tissue. GO analysis was then used to evaluate the effect of
dose on the relevant biological pathways. Prior to the gene
expression studies, single- and multiple-dose pharmacoki-
netic studies were performed on uninjured animals to deter-
mine the dose regimens needed to provide average serum
concentrations in the range of the concentrations reported in
the experimental and clinical studies.

Methods

Animals

Male, Sprague Dawley rats (Harlan, Indianapolis, IN), 4
months of age at the time of the injury, were used in this
study. All animal and surgical procedures were adhered to as
described in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. The Southern Illinois
University Institutional Animal Care and Use Committee
(IACUC) and the University of Washington’s IACUC re-
viewed and approved all experimental procedures. Before
and after injury, animals were housed in the university-
maintained vivarium, with a 12-h light/dark schedule and a
controlled environmental temperature of 22�C in standard
housing cages with food and water available ad libitum.

Single and multiple dose pharmacokinetic studies

Male Sprague-Dawley rats (309 – 17 g) with surgically im-
planted jugular vein catheters were obtained from Harlan
Laboratories (4 rats/study). For the single-dose studies,
5 mg/kg or 25 mg/kg doses of progesterone (Sigma-Aldrich
Co, St. Louis, MO) dissolved in a peanut oil vehicle were
administered by i.p. injection. Progesterone solutions were
stored at -20o C until administration, as preliminary studies
found that progesterone solutions were not stable at room
temperature. Blood specimens were collected from the jugular
catheter, immediately prior to the dose, and at 1, 6, and 24 h
after the 5 mg/kg dose and at 1, 2, 4, 6, 8, and 24 h after the
25 mg/kg dose. Based on the results of the single-dose stud-
ies, multiple-dose studies were performed using progesterone
doses of 10 mg/kg and 20 mg/kg administered by i.p. injec-
tion every 12 h for 72 h. Samples were collected immediately
before the first and last dose and 1 h after each of the i.p.
injections. Additional samples were collected at 1, 2 and 4 h
after the last dose to estimate the elimination half-life (T1/2).
Samples were collected in microtubes, separated using a
centrifuge, and stored at -80 until assayed using an enzyme
linked immunoassays (ELISA) (R&D Systems Inc, Minnea-
polis, MN, and VWR International, West Chester, PA). The
terminal exponential rate constant (b) was used to determine
T1/2 as 0.693/b.

Experimental injury model

All surgeries were performed under aseptic conditions. The
cortical contusion injury (CCI) model utilized in the present
study was based on previous studies and was intended to
produce a moderately severe injury (Goffus et al. 2010;
Quigley et al., 2009). Animals were anesthetized using a
mixture of isofluorane (2–4%) and oxygen (0.8 L/min). When
the animal became unresponsive (no ocular or pedal reflexes)
the head was shaved and scrubbed with 70% alcohol followed
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by betadine and placed into a stereotaxic device. A midline
incision was made in the skin as well as through the under-
lying fascia. A circular craniotomy (5.0 mm) was centered
2.4 mm posterior to and 2.4 mm lateral (left) to bregma.
The contusion injury was created with the Benchmark�
stereotaxic impactor with a 4.0 mm diameter impactor tip
(www.myneurolab.com, St. Louis, MO). A moderate injury
was induced with an impact speed of 3.0 m/s and an impact
depth of 2.5 mm (for model validation see Swan et al., 2011).
The impact tip maintained contact with the brain tissue for
0.5 sec before retraction. Normal body temperature (37�C)
during surgery and recovery was maintained with a warm
water recycling bed and pump system (EZ Anesthesia, Pal-
mer, PA). Rats receiving sham surgeries underwent identical
surgical preparation as the injured animals but did not receive
craniotomies (Cole et al., 2011) or injuries, and were then su-
tured and allowed to recover.

Drug administration

Each animal received a regimen of progesterone or vehicle
(peanut oil) administered by i.p. injection based on the cal-
culated pharmacokinetics of progesterone in the rat described
as follows. Injections were administered starting at 4 h post-
CCI and repeated every 12 h post-CCI for up to 72 hrs. For
animals killed at 24 and 72 h post-CCI, the final injection was
12 h prior to death in order to evaluate the effect of chronic
dosing and not acute dosing of progesterone on gene ex-
pression. Animals were randomly assigned to one of four

groups: (a) Intact sham, (b) CCI-injured progesterone (10 mg/
kg, i.p), (c) CCI-injured progesterone (20 mg/kg, i.p), and (d)
CCI-injured vehicle (1.0 ml/kg, i.p). Groups numbers were 5
rats/group and assignment was not disclosed until all pro-
gesterone analyses were completed.

Tissue harvest

At specified time point’s post-CCI (24 h, 72 h, and 7 days)
the animals were overdosed with a mixture of CO2 (80%) and
O2 (20%). The rats were then decapitated and the brains were
rapidly extracted. To maintain quality control and to assure
that all of the brains were injured, each brain was assigned a
rating score (1 = no visual sign of trauma; 2 = bruised and
swollen cortex; 3 = no remaining cortex or extensive damage).
Only brains with a score (grade) of 2 were used in the sub-
sequent analyses and representative examples are provided
in Figure 1. The brain was then cut into a 4.0- mm coronal
slab containing the injury site in a brain matrix (Braintree
Scientific, Inc., Braintree, MA) and was placed onto an
RNAase free cold plate and a 5.0-mm biopsy punch was used
to collect the injury site and surrounding cortical tissue
(Hoane et al., 2006). The tissue punch included all injured
cortical tissue and a small strip of pericontusional tissue, with
the ventral extent of the punch extending to the corpus cal-
losum. Tissue punches were placed into microcentrifuge
tubes, snap frozen, and then stored at -80�C. All samples
were shipped by overnight carrier to the University of Wa-
shington on dry ice.

FIG. 1. Histology plate. Shown in the top panel are representative dorsal images depicting normal (grade 2) levels of
damage at various time points post-CCI. The bottom panel shows a cortical slab before and after tissue punching to remove
the core of the injury for molecular analysis.
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Processing of samples for microarray analysis

Integrity of RNA samples was assessed with an Agilent
2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA)
which is the method of choice and the recognized standard in
the field. RNA integrity was judged by observing distinct and
sharp 18S and 28S ribosomal RNA peaks that were baseline
separated. RNA quantity was determined by measuring
OD260 with a Thermo Scientific NanoDrop� 1000 Spectro-
photometer (Thermo Fisher Scientific, Inc.; Wilmington, DE).
The NanoDrop instrument was also used to determine purity
of RNA samples by measuring OD260/280 and OD260/230 ra-
tios. Only samples passing this stringent quality control were
processed further. Processing of the RNA samples was per-
formed according to the Affymetrix GeneChip Whole Tran-
script Sense Target labeling protocol. Briefly, double-stranded
cDNA was synthesized with random hexamers tagged with a
T7 promoter sequence. The double-stranded cDNA was
subsequently used as a template and amplified by T7 RNA
polymerase producing many copies of antisense cRNA. In the
second cycle of cDNA synthesis, random hexamers were used
to prune reverse transcription of the cRNA from the first cycle
to produce single-stranded DNA in the sense orientation. In
order to reproducibly fragment the single-stranded DNA and
improve the robustness of the assay, dUTP was incorporated
in the DNA during the second-cycle, first-strand reverse
transcription reaction. This single-stranded DNA sample was
then treated with a combination of uracil DNA glycosylase
(UDG) and apurinic/apyrimidinic endonuclease 1 (APE 1)
that specifically recognizes the unnatural dUTP residues and
breaks the DNA strand. DNA was labeled by terminal
deoxynucleotidyl transferase (TdT) with the Affymetrix�
proprietary DNA Labeling Reagent that is covalently linked
to biotin. The biotin-labeled DNA fragments were hybridized
to Affymetrix GeneChip Rat Gene 1.0 ST arrays, washed, and
stained with fluorescent anti streptavidin biotinylated anti-
body. Following an additional wash step, the arrays were
scanned with an Affymetrix GeneChip� 3000 scanner. Image
generation and feature extraction was performed using Af-
fymetrix GeneChip Command Console Software.

Microarray data analysis

Raw microarray data were processed and analyzed with
tools from Bioconductor (Gentleman et al., 2004). We nor-
malized the data using the Robust Multichip Average (RMA)
method from the Bioconductor Affy package. The quantile
normalization step of the RMA normalization was performed
at the probeset level. Using the normalized data, we identified
genes with significant evidence for differential expression
using the limma package (Smyth, 2004). The limma method-
ology calculates a p-value for each gene using a modified t test
in conjunction with an empirical Bayes method to moderate
the standard errors of the estimated log fold changes. This
method of detecting differentially expressed genes draws
strength across genes for more robust and accurate detection
of differentially expressed genes. Such an adjustment has re-
peatedly been shown to avoid an excess of false positives
when identifying differentially expressed genes (Allison et al.,
2006). Using the p-values from limma, we used the Bio-
conductor package qvalue (Dabney and Storey, 2006; Tusher
et al., 2001) to estimate the false discovery rate associated with
our list of differentially expressed genes. This methodology

allows us to address the problem of multiple hypotheses testing
without resorting to an excessively conservative approach that
controls the familywise error, such as a Bonferroni correction.

We carried out Gene Ontology category analysis via the
cumulative hypergeometric distribution method to determine
enhanced Gene Ontology categories (Camon et al., 2004)
using the bioconductor package GOstats (Gentleman et al.,
2005). We used differentially expressed genes (more than
1.5 fold up or down regulated, p < 0.05) for this analysis to
identify Gene Ontology categories by evidence of over-
representation of significant genes.

Validation of data obtained with microarrays
using fluorogenic 5¢-nuclease-based assay
and quantitative reverse transcription
polymerase chain reaction (RT-PCR)

Quantitative TaqMan-based RT-PCR (qPCR) analysis
has a greater dynamic range for changes in gene expression
levels compared to microarray-based analysis. Therefore,
we used qPCR to validate expression changes of genes of in-
terest that had been identified by microarray analysis. Briefly,
reverse transcription was performed according to the manu-
facturer’s established protocol using total RNA and the Su-
perScript� III First-Strand Synthesis System (Invitrogen,
Carlsbad, CA.). For gene expression measurements, 2 lL of
cDNA were included in a PCR reaction (12 lL final volume)
that also consisted of the ABI inventoried TaqMan� Gene
Expression Assays mix and the TaqMan Gene Expression
Master Mix according to the manufacturer’s protocol (Applied
Biosystems Inc., Foster City, CA). Amplification and detection
of PCR amplicons were performed with the ABI PRISM 7900
system (Applied Biosystems Inc., Foster City, CA) with the
following PCR reaction profile: 1 cycle of 95�C for 10 min., 40
cycles of 95�C for 30 sec, and 60�C for 1 min. GAPDH ampli-
fication plots derived from serial dilutions of an established
reference sample were used to create a linear regression for-
mula in order to calculate expression levels, and b-actin and
GAPDH gene expression levels were utilized as an internal
control to normalize the data. Supplemental Table 1 lists the
PCR oligonucleotide primers and probes that were used for
quantitative TaqMan-based RT-PCR analysis.

Results

Pharmacokinetic studies

The single dose of progesterone at 5 mg/kg and 25 mg/kg
resulted in peak progesterone concentrations at 1 h of
63 – 16 ng/mL and 396 – 70 ng/mL and a T1/2 of 2.8 – 1.5 h
and 1.8 – 0.3 h, respectively. With multiple dosing, proges-
terone concentrations obtained 1 h post-injection decreased
with time (Fig. 2). In contrast to the single-dose study, where
the 1 h time point was the highest concentration measured, for
multiple dosing the 2 h time-point on day 3 was higher than
the earlier time point in 7 of 8 animals. The time dependent
decrease in the 1 h post-dose concentrations appeared to be
caused by a prolonged i.p. absorption that occurred upon
multiple dosing. There was also an accumulation of vehicle in
the peritoneal cavity, which was clearly visible at time of
death. This is a novel effect and has not been previously re-
ported. Based on the results of this pharmacokinetic study,
multiple progesterone dosing (every 12 h) of 10 mg/kg and
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20 mg/kg was used in the CCI gene expression study to
represent the progesterone concentrations found in the pre-
vious experimental and clinical studies.

CCI and treatment gene expression study

Body weight at the time of injury (361 – 24 g) was evaluated
using a one-way ANOVA, with group (low-dose progesterone,
high-dose progesterone, and vehicle) as the between-subjects
factor. The analysis revealed that there was no statistically
significant effect of group [F(3, 36) = 2.09, p > 0.05]. The visual
assessment of tissue injury severity was evaluated using a v2

test, with group (low- and high-dose treatment and vehicle) as
factors. The analysis revealed that there were no statistically
significant differences in injury severity among the groups [v2

(2, n = 45) = 0.53, p > 0.77] with all groups having the same av-
erage severity of injury (mean = 2.0, SD = 0.0). These data sug-
gest that no general neuroprotective effect was observed with

progesterone treatment; however, further investigation is
warranted and may show a differential effect.

The microarray data passed all the standard and advanced
quality control metrics. The number of differentially ex-
pressed genes ( > 1.5-fold change, p < 0.05) at 24 h, 72 h, and 7
days is presented in Table 1. At 24 h, for the CCI-injured ve-
hicle group compared to uninjured (sham) animals, 1,114
distinct genes showed significant changes in expression with
709 upregulated and 405 downregulated. The effect of low
dose progesterone on differentially expressed genes was
< 20% of the effect of the high dose compared to vehicle. At
24 h post-CCI, GO analysis, which shifts the emphasis from
evaluation of single genes to evaluation of pathways, net-
works, and functions, identified a significant effect of low-
dose and high-dose progesterone treatment compared to
vehicle on DNA damage response (Table 2). Examples of
genes differentially expressed at 24 h are presented in Table 3.
Several of the differentially expressed genes encoded proteins

FIG. 2. Mean plasma concentrations (and standard deviations) of progesterone following administration of 10 mg/kg or
20 mg/kg i.p. at time 0, 12 h, 24 h, 36h, 48 h, 60 h, and 72 h.

Table 1. The Total Number of Genes that Were Differentially Expressed ( > 1.5-fold Up or Down, p < 0.05)
at 24 h, 72 h, and 7 Days Are Shown. In Addition, the Number of Genes that were Down- and Upregulated

Are also Shown for Each Time Point. The Array Contains Probes for Transcripts that Lack Annotations,

Gene Symbol Assignments, or Entrez Gene IDs. For Some Transcripts/Genes, the Array Contains

Multiple Probe Sets. The Numbers in Table 1 Refer to Transcripts Derived from Unique

Genes for which Entrez Gene IDs Were Available

24 h 72 h 7 days

Down Up Total Down Up Total Down Up Total

Low/Sham 525 666 1191 1757 2933 4690 65 538 603
High/Sham 485 645 1130 1965 2971 4936 80 376 456
Vehicle/Sham 405 709 1114 1502 2727 4229 58 223 291
Low/Vehicle 8 6 14 15 25 40 168 383 551
High/Vehicle 11 76 87 18 57 75 11 3 14
Low/High 11 3 14 30 3 33 66 290 356
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involved in transport and signaling pathways. Although the
expression of the number of statistically significant genes was
considerably less for the low dose than for the high dose,
many of the same genes were also affected by low dose, but to
a lesser, not statistically significant extent.

By 72 h post-CCI, the number of differentially expressed
genes in the CCI-injured vehicle group compared to the sham
group was 4,229 with 2,727 up- and 1,502 downregulated.
Based on gene expression data, high-dose progesterone
treatment compared to vehicle affected expression of almost

Table 2. Gene Ontology Analysis: Effect of Progesterone Dose

24 h Low/Vehicle High/Vehicle

GO ID GO term Annotated Expecteda Significant p-value Expecteda Significant p-value

0006261 DNA-dependent DNA replication 57 0.03 2 0.00031 0.18 2 0.0132
0000724 Double-strand break repair via

homologous recombination
21 0.01 1 0.0100 0.06 2 0.0019

0006978 DNA damage response, signal
transduction by P53 class mediator
resulting in induction of apoptosis

8 0.00 1 0.00382 0.02 1 0.0243

0032728 Positive regulation of interferon-b
production

11 0.01 1 0.00525 0.03 1 0.0333

0045088 Regulation of innate immune response 65 0.03 1 0.03067 0.20 1 0.1817
0014054 Positive regulation of GABA secretion 5 0.00 0 1.0000 0.02 1 0.0153
0010940 Positive regulation of necrotic cell death 6 0.00 0 1.0000 0.02 1 0.0183
0014050 Negative regulation of glutamate secretion 8 0.00 0 1.0000 0.02 1 0.0243
0071456 Cellular response to hypoxia 14 0.01 0 1.0000 0.04 1 0.0422

72 h
0006953 Acute phase response 43 0.09 5 2.3E-08 0.19 6 2.9E-08
0006954 Inflammatory response 300 0.61 6 2.8E-05 1.31 14 3.2E-11
0006935 Chemotaxis 133 0.27 1 0.23968 0.58 6 2.4E-05
0050715 Positive regulation of cytokine secretion 24 0.05 1 0.04807 0.10 1 0.09987
0071347 Cellular response to interleukin-1 9 0.02 0 1.0000 0.04 2 0.00066
0032652 Regulation of interleukin-1 production 22 0.05 0 1.0000 0.10 2 0.00411
0034612 Response to tumor necrosis factor 31 0.06 0 1.0000 0.14 2 0.00806
0032757 Positive regulation of interleukin-8

production
10 0.02 0 1.0000 0.04 1 0.04287

0042542 Response to hydrogen peroxide + 88 0.18 2 0.01393 0.38 3 0.00671
0007263 Nitric oxide mediated signal transduction 13 0.03 1 0.02632 0.06 2 0.00142
0007218 Neuropeptide signaling pathway 86 0.18 3 0.00071 0.38 3 0.00630
0001516 Prostaglandin biosynthetic process 19 0.04 1 0.03824 0.08 1 0.07991
0019369 Arachidonic acid metabolic process 17 0.03 0 1.0000 0.07 2 0.00245
0006915 Apoptosis 1055 2.16 6 0.01837 4.61 12 0.00183
0043066 Negative regulation of apoptosis 423 0.87 4 0.01038 1.85 5 0.03729
0045765 Regulation of angiogenesis 92 0.19 0 1.0000 0.40 5 5.0E-05
0031645 Negative regulation of neurological

system
36 0.07 2 0.00245 0.16 5 4.6E-07

7 days
008284 Positive regulation of cell proliferation 466 11.27 27 2.6E-05 0.22 0 1.0000
0045087 Innate immune response 158 3.82 14 3.0E-05 0.08 0 1.0000
0002674 Negative regulation of acute inflammation 8 0.19 3 0.00072 0 0 1.0000
0050728 Negative regulation of inflammatory

response
38 0.92 4 0.01298 0.02 1 0.01803

0032722 Positive regulation of chemokine production 16 0.39 3 0.00621 0.1 0 1.0000
0032647 Regulation of interferon alpha production 6 0.15 2 0.0082 0 0 1.0000
0045078 Positive regulation of interferon-gamma

production
9 0.22 2 0.01875 0 0 1.0000

0032757 Positive regulation of interleukin-8
production

10 0.24 2 0.02307 0 0 1.0000

0001974 Blood vessel remodeling 25 0.60 3 0.02174 0.1 0 1.0000
0045768 Positive regulation of anti-apoptosis 30 0.73 3 0.03513 0.1 0 1.0000
0043524 Negative regulation of neuron apoptosis 70 1.69 2 0.50753 0.03 1 0.0330
0043154 Negative regulation of caspase activity 27 0.65 1 0.48387 0.01 1 0.01284
0014049 Positive regulation of glutamate secretion 7 0.17 0 1.0000 0 1 0.00334

aThe GO analysis takes the total number of differentially expressed genes in a given contrast into account when it calculates ‘‘expected’’ and
‘‘p-values’’. topGO analysis calculates statistical significance using three different methods, the classic, elimination and weighted methods.
The p-values shown in this table are based on the classic method.
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twice as many genes (75) as did low dose progesterone (40).
Relative to the vehicle group, administration of both low and
high doses of progesterone affected expression of genes in-
volved in regulating inflammatory response, apoptosis, re-
sponse to hydrogen peroxide, nitric oxide mediated signal
transduction, neuropeptide signaling pathway, prostaglan-
din synthetic process, and negative regulation of neurological
system process (Table 2). GO analysis identified several bio-
logical categories that differed between the low and high dose
progesterone. The GO analysis identified a significant effect of
high-dose progesterone treatment on genes involved in che-
motaxis, arachidonic acid metabolic process, interleukin 1
and 8 production, and regulation of angiogenesis. Examples
of specific genes that were differentially expressed between
the low dose/vehicle, high dose/vehicle and low/high
dose groups are given in Table 4. For example, both high and
low doses significantly decreased matrix metallopedptiase
8 (MMP-8), whereas only high doses significantly increased
MMP-9. Both high and low doses increased prostaglandin-
endoperoxide synthase 2, also referred to as cyclooxygenase
2 (COX-2). High-dose progesterone also significantly in-
creased interleukin-1 receptor antagonist (IL1rn) and synde-
can (Sdc1). In contrast, without progesterone treatment, there
was decreased expression of IL1rn, CALCA, CCR1, PTGS2,
MMP-8, MMP-9, and Sdc1 in the CCI-vehicle group com-
pared to sham.

By 7 days, there was a significant decrease in the effects of
CCI with only 291 differentially expressed genes in the vehi-
cle-treated animals compared to sham animals. There was
only a modest difference in high-dose progesterone compared
to vehicle with only 14 differentially expressed genes. In
contrast, low-dose progesterone resulted in 551 differentially
expressed genes compared to vehicle with 383 genes in-
creased and 168 genes decreased. GO analysis (Table 2)
identified genes involved in negative regulation of inflam-
matory response as statistically significant for both the high-
and low-dose treatments relative to the vehicle treatment. In
addition, for the low-dose treatment, genes involved in pos-
itive regulation of cell proliferation, innate immune response,
positive regulation of anti-apoptosis, and blood vessel re-
modeling were identified.

As shown in the GO heat maps, the effects of high-dose
progesterone were not significantly different than those of
vehicle at 7 days for the genes involved in inflammatory re-
sponse ( p = 0.14) (Fig. 3), apoptosis ( p = 0.41) (Fig. 4) and
positive regulation of cell proliferation ( p = 1) (Fig. 5). Ex-
amples of genes that were affected by the difference in pro-
gesterone dose are given in Table 5 and include genes
associated with both apoptosis and anti-apoptosis and oxi-
dative stress, in addition to other pathways identified in the
GO analysis.

Validation of microarray data

To validate the gene expression changes, 15 genes were
selected from specific pathways of interest. In Figure 6A–C,
the results are shown as expression data normalized to
GAPDH expression for the 72-h time point for vehicle/sham,
low/sham, and high/sham. In Figure 5D, data obtained from
all groups, time points, and contrast are included. The qPCR
findings were highly correlated with the microarray data
(r2 = 0.63, p = 4.61e-90).
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Discussion

Although the neuroprotective effect of progesterone has
been established in experimental models of TBI and spinal
cord injury, the mechanism of the effect has not been well
characterized. The observed effects of progesterone on in-
flammation reduction, swelling, and apoptosis have been
proposed to be caused by regulation of gene transcription, the
modulation of neurotransmitter receptors, and the activation
of signaling cascades (Schumacher et al., 2007). Progesterone
has been shown previously to modulate the activity of
neurotransmitters, including positive modulation of c-ami-
nobutyric acid type A (GABAA) receptors, primarily by allo-
pregnanolone, the active metabolite of progesterone (Belelli
et al., 2002; Majewska et al., 1986). Progesterone has also been
shown to protect against lipid membrane peroxidation in an
experimental TBI model (Roof et al., 1997) consistent with the
antioxidant effects found in the present study.

The use of microarray analysis to delineate gene expression
patterns and profile changes is a powerful tool that can be
used to evaluate the potential effect of treatment, in addition
to increasing understanding of the mechanism of the treat-
ment effect. There have been several studies evaluating the
effect of TBI on the time-dependent expression of specific
genes (Bazan et al., 1995; Hayes et al., 1995; Marciano et al.,
2002) and more recently, using microarray technology, ex-
pression of thousands of genes can be measured (Dash et al.,
2004; Di Pietro et al., 2010; Natale et al., 2003; Raghavendra
Rao et al., 2003; Rall et al., 2003; Truettner et al., 2005). The
majority of the these studies evaluated gene expression only
up to 24 h post-injury with the exception of that by Natale and
associates who used microarray-based technology to evaluate
gene expression 4, 8, 24, and 72 h post-injury (Natale et al.,
2003). Genes involved in inflammation, transcription regula-
tion, and cell adhesion/extracellular matrix accounted for
the largest number of expression changes. Other functional

FIG. 3. Effects of traumatic brain injury and progesterone treatment on expression of genes involved in inflammatory
response. Genes belonging to the inflammatory response gene ontology category (GO:0006954) whose expression changed more
than 1.5-fold (up or down, p < 0.05) in at least one of the three comparisons ‘‘Low progesterone treatment versus vehicle
treatment’’, ‘‘High progesterone treatment versus vehicle treatment’’, or ‘‘Low progesterone treatment versus high proges-
terone treatment,’’ are displayed. The rows show the average expression of the vehicle, and low and high progesterone
experimental groups at 24 h, 72 h, and 7 days. Each column shows the expression of a single gene. Red indicates that
expression was higher compared to the average of the uninjured sham group, green indicates the opposite, and black means
no change. Abbreviations: A2m, alpha-2-macroglobulin; Adora2a, adenosine A2a receptor; Anxa1, annexin A1; C1qa,
complement component 1, q subcomponent, alpha polypeptide; C1qc,complement component 1, q subcomponent C chain.
group IVA (cytosolic, calcium-dependent); C1s, complement component 1, s subcomponent; C3, complement component 3;
Calca, calcitonin/calcitonin-related polypeptide, alpha; Calcr l, calcitonin recptor-like; Casp4, caspase 4, apoptosis-related
cystine peptidase; Ccl12, chemokine (C-C motif) ligand 12; Ccl17, chemokine (C-C motif) ligand17; Ccr1, chemokine (C-C)
receptor 1; Ccr5, chemokine (C-C motif) receptor 5; Cd44, Cd44 molecule; Ednrb, endothelin receptor type b; F2r, coagulation
factor II (thrombin) receptor; Fabp4, fatty acid binding protein 4, adipocyte; Fcgr2b, FC fragment of IgG, low affinity llb,
receptor (CD32); Hmox1, heme oxygenase (decycling) 1; Il1rn, interleukin 1 receptor antagonist; Ins2, insulin 2; Kng1l1,
kininogen 1-like 1; Kng1, kininogen 1; Lipa, lipase A, lysomsomal acid, cholesterol esterase; Lyn, v-yes-1 Yamagtuchi sarcoma
viral related oncogene homolog; Olr1, oxidized low density lipoprotein (lectin-like) receptor 1; Pla2g4a, phospholipase A2,
group IVA (cytosolic, calcium-dependent); Ptgs2, prostaglandin-endoperoxide synthase 2; Reg3a, regenerating islet-derived 3
alpha; Reg3b, regenerating islet-derived 3 beta; Reg3g, regenerating islet-derived 3 gamma; S1pr3, serine (or cystine) pep-
tidase inhibitor, clade A, member 3N; Sdc1, syndecan1; Tac1, tachykinin 1.
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classes included oxidative stress, apoptosis/cell cycle, prote-
olysis, and red blood cell related.

The effects of low- and high-dose progesterone at 24 h on
gene expression were similar; although considerably less ex-
pression was observed with the lower dose compared to ve-
hicle. However, at 72 h and 7 days, there were substantial
differences between low- and high-dose progesterone treat-
ments. The significant effects of high-dose progesterone

compared to low-dose progesterone at 72 h included both
potentially positive and negative effects on inflammation.
Consistent with the previous studies, there was no significant
effect of progesterone on the pro-inflammatory cytokines, IL-
1b and TNFa at 24 h, (He et al., 2004) or at 72 hr or 7 days. Both
low- and high-dose progesterone increased IL-1 receptor an-
tagonist (IL-1ra)with a significant effect only with high doses.
Endogenous IL-1ra is produced by macrophages and

FIG. 4. Effects of traumatic brain injury and progesterone treatment on expression of genes involved in apoptosis. Genes
belonging to the apoptosis gene ontology category (GO: 0006915) whose expression changed more than 1.5-fold (up or down,
p < 0.05) in at least one of the three comparisons ‘‘Low progesterone treatment versus vehicle treatment’’, ‘‘High progesterone
treatment versus vehicle treatment’’, or ‘‘Low progesterone treatment versus high progesterone treatment,’’ are displayed.
The rows show the average expression of the vehicle and low and high progesterone experimental groups at 24 h, 72 h, and 7
days. Each column shows the expression of a single gene. Red indicates that expression was higher compared to the average
of the uninjured sham group, green indicates the opposite, and black means no change. Abbreviations: Adam17, ADAM
metallopeptidase domain 17; Adora2a, adenosine A2a receptor; Agtr1a, angiotensin II receptor, type 1; Aldh1a1, aldehyde
dehydrogenase 1 family, member A1; Alox15, arachidonate 15-lipoxygenase; Anxa1, annexin A1; Aph1b, anterior pharynx
defective 1 homolog B (C. elegans); Api5, apoptosis inhibitor 5; Bag4, BCL2-associated athanogene 4; Brca2, breast cancer 2,
early onset; Bub1, budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae); C7, complement component 7; Casp4,
caspase 4, apoptosis-related cysteine peptidase; Ccl2, chemokine (C-C motif) ligand 2; Cd44, CD44 molecule (Indian blood
group); Cd74, CD74 molecule, major histocompatibility complex, class II invariant chain; Cflar, CASP8 and FADD-like
apoptosis regulator; Ctrb1, chymotrypsinogen B1; Dad1, defender against cell death 1; Dram2, transmembrane protein 77;
Dusp1, dual specificity phosphatase 1; Ednrb, endothelin receptor type B; Egln3, egl nine homolog 3 (C. elegans); F2r,
coagulation factor II (thrombin) receptor; Fastkd2, FAST kinase domains 2; Fgf4, fibroblast growth factor 4; Gfra1, GDNF
family receptor alpha 1; Hells, helicase, lymphoid-specific; Hipk1, homeodomain interacting protein kinase 1; Hmox1, heme
oxygenase (decycling) 1; Hras, v-Ha-ras Harvey rat sarcoma viral oncogene homolog; Hrk, harakiri, BCL2 interacting protein
(contains only BH3 domain); Hspb1, heat shock 27kDa protein 1, Igf1, insulin-like growth factor 1 (somatomedin C); Ihh,
Indian hedgehog; Il1rn, interleukin 1 receptor antagonist; Il7r, interleukin 7 receptor; Ins2, insulin 2; Lcn2, lipocalin 2; Ldha,
lactate dehydrogenase A; Lifr, leukemia inhibitory factor receptor alpha; Mmp9, matrix metallopeptidase 9; Mst4, serine/
threonine protein kinase MST4; Nqo1, NAD(P)H dehydrogenase, quinone 1; Nr4a2, nuclear receptor subfamily 4, group A,
member 2; Nrbp2, nuclear receptor binding protein 2; Obscn, obscurin, cytoskeletal calmodulin and titin-interacting RhoGEF;
Pla2g4a, phospholipase A2, group IVA (cytosolic, calcium-dependent); Ptgs2, prostaglandin-endoperoxide synthase 2
(prostaglandin G/H synthase and cyclooxygenase); Rab27a, RAB27A, member RAS oncogene family; Rasgrf2, Ras protein-
specific guanine nucleotide-releasing factor 2; Rb1cc1, RB1-inducible coiled-coil 1; Rbpj, recombination signal binding protein
for immunoglobulin kappa J region; Scg2, secretogranin II (chromogranin C); Serpinb9, serpin peptidase inhibitor, clade B
(ovalbumin), member 9; Sh2d1b1, SH2 domain containing 1B; Sfrp1, secreted frizzled-related protein 1; Stk17b, serine/
threonine kinase 17b; Tnfrsf11b, tumor necrosis factor receptor superfamily, member 11b; Top2a, topoisomerase (DNA) II
alpha 170kDa; Traf6, TNF receptor-associated factor 6; Ube2v2, ubiquitin-conjugating enzyme E2 variant 2.
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activates monocytes in response to exposure to endotoxcin
and IL-1. IL-1ra binds to both type I and type II IL-1 receptors,
partially blocking cellular responses mediated by IL-1a and
IL-1b (Loddick et al., 1997). In the rat fluid percussion injury
(FPI) model, 10 lg of intracerebroventricular IL-1ra, admin-
istered 15 min and 2, 4, 6, 8, 24, and 48 h after injury signifi-
cantly reduced lesion size (Toulmond and Rothwell, 1995). An
increase in the IL-1ra expression has been proposed as a
mechanism for the anti-inflammatory and neuroprotective
effect of estrogen in hippocampal slice studies (Choi et al.,
2008). High-dose progesterone significantly increased che-
mokine (c-c motif) receptor 1 (CCR1), which is expressed on
the neurophil surface and interacts primarily with IL-8, an
inflammatory cytokine. Inflammation is an important char-
acteristic of the brain pathology of Alzheimer’s disease (Ga-
lasko and Montine, 2010), and in this regard CCR1 is an early
and specific marker of Alzheimer’s disease, with the number

of CCR1-positive plagues correlated with the extent of de-
mentia (Halks-Miller et al., 2003).

An increased expression of prostaglandin endoperoxide
synthase 2 (PTGS2), also known as COX-2 can be either pro-
inflammatory or anti-inflammatory (Choi et al., 2009). COX-2 is
localized in neurons and is mainly induced in response to in-
flammatory stimuli. Animal studies have shown that during the
early phase of inflammation, COX-2 is pro-inflammatory, but
during the later phases of inflammation dominated by mono-
nuclear cells, COX-2 appears to have anti-inflammatory effects
by generating an alternate set of anti-inflammatory prosta-
glandins (Gilroy et al., 1999). The syndecan proteins participate
in the inflammatory mediated cytoskeletal organization, cell
binding, and signaling. High-dose progesterone increased the
expression of Sdc1, which expresses a protein that is a trans-
membrane heparin sulfate proteoglycan and is upregulated by
IL-6 (Sneed et al., 1994).

FIG. 5. Effects of traumatic brain injury and progesterone treatment on expression of genes involved in positive regulation of
cell proliferation. Genes belonging to the positive regulation of cell proliferation gene ontology category (GO: 0008284) whose
expression changed more than 1.5-fold (up or down, p < 0.05) in at least one of the three comparisons ‘‘Low progesterone
treatment versus vehicle treatment’’, ‘‘High progesterone treatment versus vehicle treatment’’, and ‘‘Low progesterone
treatment versus high progesterone treatment’’ are displayed. The rows show the average expression of the vehicle and low
and high progesterone experimental groups at 24 h, 72 h, and 7 days. Each column shows the expression of a single gene. Red
indicates that expression was higher compared to the average of the uninjured sham group, green indicates the opposite, and
black means no change. Abbreviations: Adam17, ADAM metallopeptidase domain 17; Alox15, arachidonate 15-lipoxygenase;
Bmpr1a, bone morphogenetic protein receptor, type 1A; Calcrl, calcitonin receptor-like; Ccl12, chemokine (C-C motif) ligand
12; Cd38, Cd38 molecule; F2r, coagulation factor (thrombin) receptor; Fabp4, fatty acid binding protein 4, adipocyte; Fgfr4,
fibroblast growth factor receptor 4; Foxp2, forkhead box P2; Hey2, hairy/enhancer of split related to YRPW motif 2; Hipk1,
homeodomain interacting protein kinase 1; Hras, Harvey rat sarcoma virus oncogene; Htr2a, 5-hydroxytryptamine (sero-
tonin) receptor 2A; igsf1, immunoglobulin superfamily, member 1; ihh, Indian hedgehog; il13ra1, interleukin 13 receptor,
alpha 1; Ins2, insulin 2; itgb1, integrin beta 1 (fibronectin receptor beta); Klf5, Kruppel-like factor 5; Lifr, leukemia inhibitory
factor receptor alpha; Lyn, v-yes-1 Yamaguchi sarcoma viral related oncogene homolog; Nck1, NCK adaptor protein 1;
Nodal, nodal homolog (mouse); Odc1, ornithine decarboxylase 1; Ptgs2, prostaglandin-endoperoxide synthase 2; Pla2g4a,
phospholipase A2, Pthlh, parathyroid hormone-like hormone; Rbpj, recombination signal binding protein for immuno-
globulin kappa J region; Rps15a, ribosomal protein S15a; Stat1, signal transducer and activator of transcription 1; Scg2;
secetogranin II (chromogranin c); Tac1, tachykinin 1; Traf6, Tnf receptor-associated factor 6; Vcam1, vascular cell adhesion
molecule 1.
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High-dose progesterone increased arachidonate 15-lipox-
ygenase (Alox15 or 12/15 LOX) expression, which reportedly
led to the generation of unstable lipid products from arachi-
donate (Kuhn and O’Donnell, 2006). These products have been
shown to stimulate expression of the pro-inflammatory cyto-
kines, IL-6 and TNF, in mouse adipocytes and macrophages
(Fairfax et al., 2010). Alox15 is considered to have a pro-in-
flammatory effect and may play a key role in the acute in-
flammatory response. Short-term administration of
atorvastatin in a model of cerebral ischemia, has been shown to
downregulate the expression of Alox 15 and reduce brain
damage (Cui et al., 2010). In this study, high dose progesterone
also increased the expression of the fatty acid binding protein 4
(Fabp4) and calcitonin/calcitonin related polypeptide (Calca)

which are associated with endothelial function. Fabp4 has been
shown to be inversely related to endothelial function in type II
diabetic patients (Aragones et al., 2010). Calca, is a potent va-
sodilator and immune cell modulatory (Brain et al., 1985).
Calca secretion activates glial cells that release nitric oxide and
initiate an inflammatory response (Li et al., 2008; McKallip
et al., 2002). Low dose progesterone treatment was associated
with an increased expression of heme oxgenase 1 (Hmox1), an
enzyme that catalyzes the conversion of heme into carbon
monoxide and biliverdin, has antioxidant capacity and can act
as a potent anti-inflammatory protein in the presence of oxi-
dative injury (Yachie et al., 1999).

By 7 days post-CCI injury and 4 days after the completion
of the progesterone treatment, low dose progesterone

FIG. 6. TaqMan-based RT-PCR validation of the microarray data for the selected genes: Casp 4, caspase 4; Casp 8, caspase 8;
Cd 38, CD38 molecule, F2r, coagulation factor II (thrombin) receptor; Gfap, glial fibrillary acidic protein; Igf1, insulin-like
growth factor 1; Il18, interleukin 18; Il1rn, interleukin 1 receptor antagonist; Il33, interleukin 33; Mmp8, matrix metallo-
peptidase 8; Mmp9, matrix metallopeptidase 9; Ptgs2, prostaglandin-endoperoxide synthase 2; Tnfrsf1a, tumor necrosis factor
receptor superfamily, member 1a; Tut1; terminal uridylyl transferase 1. The RT-PCR data were normalized to the house-
keeping gene GAPDH. In order to compare the microarray data to the RT-PCR data, the microarray data for each gene was
divided by the GAPDH data as it was measured by the microarray analysis. A–C: The gray bars show the microarray data
and the black bars display the RT-PCR data for the contrast. Panels A, B and C show the data from the 72-h time point for the
contrasts vehicle versus sham, low prostaglandin versus sham and high prostaglandin versus sham, respectively. Panel D
shows the overall correlation between the microarray data and the RT-PCR for all contrasts.

PROGESTERONE AND GENE EXPRESSION IN TBI MODEL 1839



treatment still demonstrated significant effects on gene ex-
pression compared to vehicle. In contrast, the effect of high
dose progesterone was much less pronounced. For low dose
progesterone, significant effects included increased expres-
sion of anti-apoptotic genes (Cflar, Igf1) and decreased ex-
pression of genes associated with apoptosis (Bag4). Igf1, a
neutrophic factor, has been shown to be neuroprotective in
models of brain and spinal cord injury (Perez-Martin et al.,
2010; Rubovitch et al., 2011). Progesterone has also been
shown to up-regulate IgF1 in glial cells (Chesik and De Key-
ser, 2010). Low dose progesterone increased the expression of
caspase-4. There were no other significant effects on the cas-
pase family at any of the time points evaluated. However, the
understanding of the function of caspase-4 is limited. The
caspase family is subdivided into two sub-groups, those that
are activated during apoptosis (caspase-2, -3, -7, -8, -9, -10)
and those that undergo activation by the inflammatory re-
sponse (caspase-1, -4, -5, -11) and are implicated in the mat-
uration of cytokines, (Creagh et al., 2003). Previous studies of
progesterone initiated 1 hr post- injury resulted in an in-
creased expression of anti-apoptotic molecules, Bcl-2 and Bcl-
XL (Yao et al., 2005) and decreased expression of Bax, Bad
(Yao et al., 2005) and caspase-3, pro-apoptotic molecules
(Djebaili et al., 2004) that were not differentially expressed in
the current study.

Low-dose progesterone resulted in an increased expression
of CD38 and CD44. CD38 is expressed in the brain and can
catalyze the formation of cyclic ADP-ribose from nicotin-
amide adenine dinucleotide (NAD + ), a reaction that is es-
sential for the regulation of intracellular Ca2 + (Malavasi et al.,
2008). In studies of closed head injury in mice, it has been
suggested that CD38 plays a role in recovery, in part because
of the effect of CD38 on the microglia response following in-
jury (Levy et al., 2009). CD44 is a cell surface glycoprotein that
participates in a wide variety of cell–cell interactions, cell
adhesion, and migration (Yasuda et al., 2002). Studies in CD44
knockout mice suggest that CD44 may also be involved in
apoptosis.

In contrast to our results, in an ischemic rodent stroke
model, progesterone administration (8 mg/kg subcutane-
ously) at 1, 6, 24, and 48 h decreased the expression of MMP-9
(Ishrat et al., 2010). In the current TBI study, both low- and
high-dose progesterone increased expression of MMP-9 by
*50%, however, it was only statistically significant at the
high dose. MMP-9 has been shown to be increased in rodent
models of TBI (Hayashi et al., 2009; Jia et al., 2008) and is-
chemic stroke (Ishrat et al., 2010), and in the cerebral spinal
fluid (CSF) of patients (Grossetete et al., 2009). The increase in
MMP-9 was found to be proportional to injury severity in the
previous animal models. In contrast, MMP-8 expression was
decreased by 54 and 35% by low- and high-dose progesterone,
respectively. However, much less is known about MMP-8 in
neurotrauma. MMP-8 , also known as collagenase-2 or neu-
trophil collagenase, is associated with a wide range of in-
flammatory diseases and is a mediator of both acute and
chronic inflammation (Van Lint and Libert, 2006). MMP-8 is
stored in neurophils as a pro-enzyme and is therefore present
at the initial stages of an inflammatory reaction (Van Lint
et al., 2006).

In conclusion, the results of the pharmacokinetic study
showed that progesterone administration at doses of 10 mg/
kg and 20 mg/kg administered every 12 h produces proges-

terone concentration in the range found in experimental and
clinical studies of progesterone in TBI. The present gene ex-
pression study supports the hypothesis that progesterone
has significant effects on inflammatory responses and apo-
ptosis. The current findings, demonstrating progesterone’s
ability to regulate the DNA damage response, cell prolifera-
tion, and blood vessel remodeling following TBI, are novel
and have not been previously described. The decreased dose-
dependent effect of progesterone on functional recovery and
inflammatory markers in experimental TBI models (Cutler
et al., 2007; Goss et al., 2003) is consistent with our findings of
a decreased effect on gene expression at the higher dose of
progesterone 7 days post-TBI. Currently, it is not known
whether high-dose progesterone is more beneficial than low-
dose progesterone at 7 days. An understanding of the bio-
logical role of many of the genes differentially expressed
during TBI is incomplete, therefore limiting an inclusive in-
terpretation of the treatment and dose effect of progesterone.
Further studies are needed in the CCI and other TBI models,
comparing the low- and high-dose progesterone treatments
using more well-established behavioral and histological
markers.
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