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Abstract
Progesterone, although still widely considered primarily a sex hormone, is an important agent
affecting many central nervous system functions. This review assesses recent, primarily in vivo,
evidence that progesterone can play an important role in promoting and enhancing repair after
traumatic brain injury and stroke. Although many of its specific actions on neuroplasticity remain to
be discovered, there is growing evidence that this hormone may be a safe and effective treatment for
traumatic brain injury and other neural disorders in humans.

Introduction
Progesterone exerts a wide range of actions, depending on the target tissue. Its effects on the
reproductive and endocrine systems are well known, but it also functions as a neurosteroid in
the central nervous system (CNS). Progesterone is naturally present in the brains of men and
women at similar levels (Baulieu and Robel, 1990; Coughlan et al., 2005; Guerra-Araiza et al.,
2002; Inoue et al., 2002; Meffre et al., 2005; Reddy et al., 2005; Sakamoto et al., 2003). Sex
hormones are known to influence neuronal differentiation during fetal development. In adults,
progesterone affects neuronal function by modulating gene transcription and cellular activity
through classical intracellular receptors abundant in the CNS (Auger and De Vries, 2002;
Blaustein, 2003; Coughlan et al., 2005; Dufourny and Skinner, 2003; Ghoumari et al., 2005;
Gruber and Huber, 2003; Labombarda et al., 2003; Lonstein and Blaustein, 2004; Mani,
2006; Ozawa, 2005; Pierson et al., 2005). Progesterone, or its metabolite allopregnanolone,
binds to a variety of intracellular receptors, including GABAA (Lambert et al., 2003; Pierson
et al., 2005; Smith and Gong, 2005), the Sigma receptor (Baulieu, 1998; Maurice et al.,
2001; Monnet and Maurice, 2006), 25-Dx (Meffre et al., 2005), and potentially others. It may
also exert some of its effects through non-receptor pathways (Vanlandingham et al., 2006).

Laboratories around the world have reported that progesterone limits tissue damage and
improves functional outcome after blunt traumatic brain injury (TBI), stroke, spinal cord injury,
diabetic neuropathies, and other types of acute neuroinjury in several species. Progesterone
appears to protect or rebuild the blood-brain barrier (BBB), reduce cerebral edema, down-
regulate the inflammatory cascade, and decrease apoptosis (Guo et al., 2006; He et al.,
2004a; Leonelli et al., 2007; O’Connor et al., 2005; Pettus et al., 2005; Roof et al., 1997; Stein,
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2005; Wright et al., 2001). All these actions are plausible mechanisms for progesterone’s
neuroprotective effects.

What Is the Problem?
Despite decades of effort, scientists have failed to identify a pharmacological agent that
consistently improves outcomes following TBI (Alderson and Roberts, 2005; Brain Trauma
Foundation, 1996; Cochrane Collection, 2005; Fan et al., 1996; Roberts et al., 1998). In 1993,
the Brain Trauma Foundation convened an international task force to develop evidence-based
guidelines for treatment of TBI (Brain Trauma Foundation, 1996). At that time, with the
possible exception of mannitol and barbiturates, no effective agent had been identified. Later,
Roberts and colleagues reviewed five treatments for TBI (hyperventilation, mannitol, CSF
drainage, barbiturates, and corticosteroids) and noted that when studies were restricted to those
with proper controls, no agent was effective for decreasing morbidity and mortality following
TBI (Roberts et al., 1998; Roberts et al., 2004).

No new pharmacotherapy for TBI has entered clinical practice in over 30 years (Roberts et al.,
1998). Glucocorticoids, once a mainstay of TBI treatment, are now known to be harmful
(Alderson and Roberts, 2000; Gomes et al., 2005; Vink and Van Den Heuvel, 2004; Watson
et al., 2004). The Corticosteroids After Significant Head Injury (CRASH) trial, with more than
10,000 subjects in 40 countries, was halted because the treatment group had a significantly
higher mortality rate than the control group (Edwards et al., 2005; Roberts et al., 2004). An
NIH-funded clinical trial of magnesium sulfate was terminated for the same reason (see Temkin
et al., 2007, for details) (Temkin et al., 2007). Hypothermia is useful for treating global
ischemia, and has produced favorable effects in some brain-injured subjects. However, it may
be harmful to patients over 45 (Alderson et al., 2004; Clifton et al., 1993; Clifton et al.,
2001), and the treatment is still considered investigational (Davies, 2005; Pemberton and
Dinsmore, 2003; Seppelt, 2005).

A New Therapeutic Candidate: Progesterone
Discovery of progesterone’s neuroprotective properties began with the observation of a gender
difference in response to experimentally-induced TBI. Noting anecdotal reports that females
tend to recover better than males following a TBI, Stein and co-workers investigated the
possibility that this effect might have a hormonal basis (Attella et al., 1987; Stein, 2001). This
group conducted a series of studies to determine whether experimentally brain-injured female
rats with elevated levels of serum progesterone sustain less neurological damage and recover
better than females with low or no progesterone at the time of injury.

Three groups of mature rats were used–males, cycling females in proestrus (when endogenous
levels of progesterone are at their nadir and estrogen is high), and pseudopregnant females
(with high circulating levels of progesterone and comparatively lower levels of estrogen) (Roof
et al., 1993a). Pseudopregnancy was induced by mild mechanical stimulation of the cervix.
Animals then received a calibrated contusion to the medial frontal cortex (MFC). Twenty-four
hours later, the animals were killed, and tissue-punch samples of brain taken from the lesion
area. Same-brain control samples were obtained from the rat’s posterior parietal cortex, an area
remote from the injury. Blinded analysis of wet-to-dry tissue weights of these samples revealed
that female rats in proestrus developed significantly less brain edema than male rats. However,
pseudopregnant females developed almost no post-injury cerebral edema.

Since high endogenous progesterone had salutary effects, a second experiment tested whether
exogenous progesterone was beneficial (Roof et al., 1993a; Roof et al., 1993b; Roof et al.,
1994). Progesterone (4mg/kg) was given by subcutaneous injection one hour after bilateral
MFC contusion to male rats and female rats in proestrus. The dose was repeated by
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intraperitoneal injections at 6, 24, and 48 hours after injury. Control animals received the same
injury, but were injected with vehicle rather than progesterone. Brain samples were obtained
at 72 hours post-injury. Analysis of wet-to-dry tissue weights revealed that both the male and
female animals treated with progesterone developed significantly less cerebral edema than
controls (Roof et al., 1993a) and had significantly smaller lesions and less secondary neuronal
loss in the thalamus. Thus, systemic injections of progesterone reduced cerebral edema and
had a neuroprotective effect in the damaged adult CNS (see also Betz, Coester 1990a; Betz,
Coester, 1990b for early research in this area) (Betz and Coester, 1990a; Betz and Coester,
1990b).

Because increased intracranial pressure from cerebral edema can kill nerve cells, the sooner
edema is controlled, the better. To determine how quickly cerebral edema develops and can
be resolved with treatment in brain-injured rats, a controlled MFC contusion was given to male
and female rats and wet-to-dry brain tissue weights were taken at various times post-injury.
Cerebral edema developed in rats within two hours of injury, peaked at 24 hours, and decreased
by 7 days. Progesterone given one hour after injury reduced the level of cerebral edema at 3
days to that normally seen at 7 (Roof et al., 1996).

To determine the therapeutic window for progesterone, groups of contused male and female
rats were given a first injection of progesterone (4mg/kg) or vehicle at 2, 6, 24, or 48 hours
post-injury. The extent of cerebral edema in all animals was assessed 3 days post-injury. As
expected, results were best if treatment was initiated within 2 hours of injury. However,
significant reductions in cerebral edema were achieved when treatment was delayed as long
as 24 hours post-injury (Roof et al., 1996).

Using the same injury model, Wright et al. administered different doses of progesterone
beginning immediately post-injury. Within 1–24 hours after treatment, blood was drawn to
determine each animal’s progesterone level, and brains harvested for analysis. An inverse
correlation was noted between measured serum progesterone concentrations and the degree of
cerebral edema that developed after TBI. The higher the circulating level of progesterone, the
lower the degree of cerebral edema (Wright et al., 2001).

Although this study seems to suggest that more progesterone is better, there appears to be an
upper limit for dosage. Goss et al. (Goss et al., 2003) reported that administering relatively
high doses of progesterone (32 mg/kg, first SC, then IP) was ineffective. However, the
investigators reported that lower doses (8–16/mg/kg) produced beneficial effects on cognitive
performance and reduction of inflammatory factors. Such U-shaped functions in dose-response
studies are not uncommon, but they are difficult to explain.

To examine progesterone’s effects on functional outcomes after TBI, two groups of adult male
rats were given bilateral MFC contusions or sham surgery. Systemic injections of progesterone
(4mg/kg) or vehicle were administered at 1, 6, 24, 48, 72, 96, and 120 hours post-injury.
Behavioral testing with a Morris water maze began 7 days post-injury and continued for 10
days. Not surprisingly, brain-injured males receiving vehicle performed poorly compared to
sham-surgery counterparts given either progesterone or vehicle. However, the rats with TBI
given progesterone performed significantly better on post-injury testing than placebo controls
and almost as well as sham-surgery controls (Roof, 1994). These results were confirmed by
Shear et al. (Shear et al., 2002), who found that while 3 days of post-injury systemic
progesterone (4mg/kg) could attenuate edema, 5 days of similar treatment were required to
reduce neuropathology and obtain more complete functional recovery on sensory neglect and
spatial learning tasks.

One issue that has been raised is whether abrupt termination of progesterone after relatively
high doses could be detrimental. Progesterone withdrawal syndrome is known to produce
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vasomotor and depressive symptoms as well as increases in anxiety, among other effects
(Gulinello et al., 2003; Ockene et al., 2005; Stoffel and Craft, 2004). To examine whether
progesterone withdrawal could affect its effectiveness in ameliorating TBI outcome, Cutler et
al. (Cutler et al., 2005) compared a regimen of gradually tapering doses to one that ended
treatment abruptly. One group of brain-injured rats was given daily injections of progesterone
at 16mg/kg/day for 5 days, followed by 2 days of progressively halved doses. The second group
received 7 days of treatment, which was then abruptly terminated. A third group received
vehicle only. Compared to the tapered dose group, the acute withdrawal group developed
greater levels of anxiety and expressed higher levels of inflammatory factors and tissue markers
of apoptosis (TNFα, cFos, caspase-3 and NFκB, etc.). However, treated animals in both groups
achieved better functional and biochemical outcomes than controls receiving only vehicle
(Cutler et al.). Thus it now appears that progesterone efficacy can be enhanced by gradually
reducing the dose rather than suddenly withdrawing the treatment.

Experimental fluid percussion injury produces a more diffuse type of CNS damage, and is
thought to be a model of head injury in humans. Bramlett and Dietrich (Bramlett and Dietrich,
2001) compared male and ovariectomized and intact female rats after fluid percussion injury.
Three days post-injury, the animals were sacrificed and their brains examined. On average,
brain-injured females had smaller cortical contusions than brain-injured males.
Ovariectomized females had injuries similar to males. This study demonstrates that the
presence or absence of hormones has an effect on histopathological outcome in this model of
injury.

Using the brain injury model described previously (Roof, 1994), progesterone administered
one hour after injury has been shown to be superior to equivalent doses of methylprednisolone
for reducing edema (Fritts, 1996; Konen, 1997; Roof et al., 1996). One possible explanation
is that the steroids exert different effects on cellular excitotoxicity. Methylprednisolone
increases glutamate toxicity in the brain by potentiating NMDA response and attenuating
GABA response (Foroutan et al., 1996; Uhler et al., 1994). Progesterone reduces excitotoxicity
by decreasing the effects of glutamate and boosting the effects of GABA (Baulieu and
Schumacher, 1997; Bitran et al., 1995; Foroutan et al., 1996).

Progesterone in other CNS injury models
Growing evidence indicates that progesterone affords protection from other forms of
neuroinjury as well. Asbury and colleagues reported that administering progesterone to rats
after bilateral MFC aspiration reduces neuronal loss in the mediodorsal thalamic nucleus and
the striatum compared to controls (Asbury et al., 1998). In a rat model of penetrating brain
injury, progesterone decreased accumulation of astrocytes in proximity to the injury (Garcia-
Estrada et al., 1993; Garcia-Estrada et al., 1999). Recently, O’Connor et al. (O’Connor et al.,
2007) created diffuse head injury by dropping a 450g weight onto the exposed skulls of male
and female rats. They followed this with 9 days of daily progesterone injections, behavioral
testing on the rotorod, and the Barnes maze test for cognitive performance. Both male and
ovariectomized (removing the source of estrogen) female progesterone-treated animals showed
marked improvement on the rotorod task at every time point and recovered to pre-injury levels
by day 3 of testing. Both the males and females showed improved cognitive outcomes.
Examination of the brain tissue showed a reduction in neuronal loss and axonal injury as
measured by immunostaining—thus confirming the relationship between neuronal/axonal
sparing and behavioral recovery in this injury model.

Several groups have reported that progesterone exerts beneficial effects in spinal cord injury,
including enhanced remyelination and improved motor function (Baulieu, 1997; Jung-Testas
et al., 1994; Jung-Testas and Baulieu, 1998; Koenig et al., 1995; Schumacher and Baulieu,
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1995; Schumacher et al., 1996). Using a laminectomy-plus-impact contusion model of spinal
cord injury and then testing for functional recovery, Thomas and colleagues (Thomas et al.,
1999) randomly administered progesterone or vehicle to adult male rats, then conducted weekly
tests for six weeks using the well-validated Basso-Beatty-Bresnehan (BBB) locomotor rating
scale. Animals given progesterone achieved significantly better BBB scores than those given
vehicle.

Examination of the spinal cords of these animals revealed that progesterone-treated rats had
less white matter damage in the area surrounding the injury site than vehicle-treated controls
(De Nicola et al., 2006; Gonzalez et al., 2005; Labombarda et al., 2002; Labombarda et al.,
2006).

Although several studies on spinal cord or peripheral nerve injury followed by progesterone
treatments have found beneficial results, one recent study has failed to do so (Fee et al.,
2007). Male and female rats received spinal cord contusion injuries followed by 5 or 14 days
of either 8 mg/kg or 16 mg/kg of progesterone administered in DMSO or beta-cyclodextrin.
With 5 days of treatment the investigators found no differences in long-term outcome of
locomotor function and there was some indication of increasing loss of gray matter in the cord
with the higher doses of progesterone. With 14 days of treatment greater sparing was observed
in the gray matter compared to vehicle controls. No benefits were seen in functional outcomes.
These findings are difficult to reconcile with reports showing more consistent remyelination
and better functional outcomes. No molecular measures were taken to determine whether any
inflammatory markers for CNS injury were affected by their treatments so it is difficult to
determine the reasons for their failure to find a salutary effect of the progesterone treatments.

There is now evidence that progesterone and some of its metabolites may be useful as a
treatment for diabetic neuropathy (Leonelli et al., 2007). The authors used streptozotocin to
induce diabetic neuropathy in male rats and then exposed them to one month of progesterone
or its metabolites DHP and THP. The treatments appeared to sustain nerve conduction velocity,
restore skin innervation and maintain sensitivity to thermal stimulation, all of which are
substantially decreased by diabetes-induced chronic neuropathy.

Progesterone and stroke
In the mid-1990’s, a group of researchers studied whether progesterone could reduce the
consequences of transient cerebral ischemia in a temporary occlusion model. Each animal’s
middle cerebral artery was occluded for several hours, then reperfusion was permitted. Jiang
et al. (Jiang et al., 1996) administered systemic progesterone by injection at a dose of 4mg/kg
in DMSO to male adult rats either immediately prior to middle cerebral artery occlusion
(MCAO) or two hours after reperfusion. Progesterone resulted in a significantly smaller
cortical infarct volumes, less weight loss, and better neurologic outcomes whether it was
administered pre- or post-injury. Other studies replicated these findings. Progesterone
treatment improved neurological outcomes and decreased cortical infarct size in both
normotensive (Chen et al., 1999) and spontaneously hypertensive male rats (Kumon et al.,
2000).

In a 4-vessel cerebro-vascular occlusion ischemic model, investigators reported that compared
to vehicle, 4 intravenous doses (8mg/kg) of progesterone at 2, 6, and 24 hours after reperfusion
eliminated ventriculomegaly and significantly reduced loss of pyramidal neurons in the CA1
and CA2 fields of the dorsal hippocampus when measured at 21 days survival. Compared to
rats given progesterone, vehicle-treated animals had a twofold increase in ventricular dilation
and cerebral shrinkage (Morali et al., 2005).
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Sayeed et al. recently determined that both progesterone and its metabolite allopregnanolone
were beneficial treatments for stroke caused by temporary or permanent MCAO (Sayeed et
al., 2006; Sayeed, 2007). Three days of systemic treatment with either agent resulted in
significantly smaller necrotic infarcts and lower levels of cerebral edema compared to vehicle-
treated controls. Although progesterone produced favorable effects, allopregnanolone was
even better for stroke at half the dose of progesterone. These data suggest progesterone’s effects
in ischemic brain tissue may be expressed through its metabolite allopregnanolone. However,
dose-response studies are needed to determine whether allopregnanolone is in fact more
effective than progesterone as a treatment for ischemic stroke.

While most studies have used male rats, there have been reports of progesterone’s benefit in
female rats subjected to ischemic stroke. Alkayed et al. (Alkayed et al., 2000) used slow-release
implants of progesterone or estrogen over 7 days to see whether 16-month-old reproductively
senescent females would show smaller cerebral infarcts after MCAO followed by 22 hours of
reperfusion. Infarct size did not differ between male age-matched cohorts and the non-treated
females, but application of either progesterone or estrogen significantly reduced the cortical
infarcts. Only the estrogen treatment appeared to reduce the size of the injury in the striatum.
Murphy et al. (Murphy et al., 2002) examined infarction after 2 hours of MCAO followed by
reperfusion in ovariectomized rats given various doses of progesterone before injury or both
pre-and post- ischemia. The resulting cortical infarctions were significantly reduced in the
progesterone-treated animals compared to those given vehicle. As noted above, these results
were recently confirmed by O’Connor and colleagues following diffuse axonal injury in both
male and female ovariectomized rats (O’Connor et al., 2007).

Most stroke studies have reported positive findings, but some have not. Murphy et al. (Murphy
et al., 2000) found that progesterone exacerbated the size of the ischemic injury in progesterone-
deficient ovariectomized female rats. Toung and colleagues (Toung et al., 2004) pretreated
older female rats with high doses of estrogen and progesterone for sustained periods, then,
unlike the Cutler et al. study (Cutler et al., 2005), terminated treatment without tapering once
the animals were past the peri-ischemic period. This treatment produced limited benefit in
reducing cortical infarcts and no effect on striatal damage. These seemingly discrepant findings
may be explained by their experimental designs. In the first case, the female rats used were
reproductively senescent and thus may have been less sensitive to the replacement
progesterone. In the second study, lack of tapering of treatment may explain the reduction of
benefit, an effect noted by Cutler and colleagues in a brain injury model [31]. A recent
experiment by Wagner and colleagues (Wagner et al., 2004) found that varying the estrous
cycle did not affect TBI outcome of the females, and gender had no effect on spatial learning
performance in a water maze. However, the females did do better than males on several motor
performance tasks, indicating the task-dependent benefits of hormones after brain injury. Here
it is worth emphasizing that regardless of stage of estrus, young adult females have
endogenously higher levels of progesterone than males.

Progesterone is neuroprotective in several species
Mice

Gibson and colleagues (Gibson and Murphy, 2004) performed MCAO in a group of male mice,
then randomly administered IP injections of 8 mg/kg progesterone in DMSO, or vehicle only.
Outcomes were assessed 48 hours after injury. Compared to vehicle-treated controls,
progesterone-treated animals achieved a higher rate of survival and better motor function scores
on rotorod testing, and performed almost as well as sham surgery controls on a water maze
test.

Stein Page 6

Brain Res Rev. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cats
Cervantes and colleagues (Cervantes et al., 2002) administered progesterone to ovariectomized
cats at 10 mg/kg/day immediately before and for 7 days after hemispheric global ischemia.
Control animals received vehicle alone. Cardiac arrest was precipitated for 15 minutes,
followed by reanimation. Fourteen days after this global CNS insult, the animals’ brains were
examined. Microscopic analysis revealed that progesterone-treated cats had more sparing of
striatal neurons than vehicle-treated animals and 21–49% less neuronal loss. Behavioral tests
were not reported.

Rabbits
Chavez-Delgado et al. (Chavez-Delgado et al., 2003) damaged the facial nerves of rabbits to
study whether subcutaneous implantation of progesterone in a biodegradable prosthesis
(Chitosan) aids in nerve regeneration. Tissue measures of regeneration were made under light
microscopy 45 days after the implantation. Animals treated with progesterone had more nerve
fibers in the proximal and distal facial nerve stumps compared to controls (Chavez-Delgado
et al., 2003).

Numerous animal studies in four species by a variety of laboratory groups have reported that
progesterone confers neuroprotection in several types of neuroinjury, including blunt trauma,
fluid percussion, cortical aspiration, spinal cord injury, stroke, global ischemia and peripheral
injury. In most cases, treatment was initiated shortly after the experimental injury and continued
for a relatively short period of time (1–7 days). Very high doses of progesterone (30mg/kg and
above) may not exert positive effects, and one study suggests that abrupt withdrawal of
progesterone treatment may produce deleterious effects. This withdrawal effect may explain
why a few researchers failed to achieve favorable results (Fee et al., 2007).

Clinical Results in the Treatment of Traumatic Brain Injury
The single clinical trial investigating progesterone to date was limited to closed head blunt
trauma with moderate to severe damage in 100 male and female patients (Wright et al.,
2007). Over 70% of the subjects were in the “severe” category. Patients received state-of-the
art emergency treatment plus vehicle or progesterone. The progesterone group received three
days of post-injury continuous intravenous drip. At 30 days post-injury the severely injured
patients showed a statistically significant reduction in mortality compared to those receiving
vehicle (i.e., 13.4 versus 33.6%). Moderate TBI/progesterone patients had significantly better
functional outcome (Disability Rating Scale) scores than the placebo group. The promising
results from this small trial must be confirmed in a much larger, multi-center trial now being
planned. Nonetheless, the findings represent the first successful clinical trial for treating TBI
in the last 40 years. Whether progesterone would be beneficial in the clinical treatment of stroke
still needs to be examined.

Progesterone’s Neuroprotective Mechanisms
Edema

Brain swelling accounts for a substantial proportion of the morbidity and mortality associated
with TBI, brain tumors, and stroke (Marmarou, 2004; Papadopoulos et al., 2002). Inflammatory
reactions initiated by TBI and stroke trigger the breakdown of brain tissue, which in turn leads
to cerebral edema and further cell loss. There are basically two phases of edema attributed to
brain injury, although there is some contention that cytotoxic edema is the more likely
following TBI (Marmarou et al., 2006a; Marmarou et al., 2006b). Vasogenic edema is caused
by disruption of the BBB, which allows plasma fluid to enter the brain parenchyma, causing
increases in intracranial pressure and further neuronal cell loss. A second phase of edema,
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cytotoxic, is caused by the accumulation of fluid inside neurons and reactive astrocytes. This
causes cells to disrupt and release additional toxic agents into the brain parenchyma, producing
a cycle of secondary cell death. Progesterone has been shown to reduce both vasogenic and
cytotoxic edema after TBI (Roof et al., 1996; Roof, 1992) and MCAO stroke (Gibson and
Murphy, 2004; Gibson et al., 2005; Kumon et al., 2000; Sayeed et al., 2006; Sayeed, 2007).
As noted above, in one experimental model serum levels of progesterone were inversely
correlated with the degree of edema after TBI (Wright et al., 2001). The mechanisms of water
removal by progesterone treatment are not yet fully understood, but there are some interesting
clues.

Recently, Meffre et al. (Meffre et al., 2005) used intact and cortically contused male and
pseudo-pregnant female rats to examine the role of a membrane progesterone binding protein,
25-Dx, which is speculated to play a role in progesterone-mediated osmoregulation. 25-Dx is
“especially abundant” in those regions of the brain proximal to cerebral spinal fluid, including
regions of the hypothalamus associated with osmoregulation. After TBI in both male and
female rats, 25-Dx expression was increased in these regions compared to controls, and was
specifically co-localized (with immunocytochemical markers for the protein) to reactive
astrocytes around the cortical injury site. 25-Dx expression was higher in the subcommisural
organ and choroid plexus of females than males. This may be one reason why females with
higher levels of circulating progesterone have less edema than males, although both can benefit
from exogenous progesterone (Attella et al., 1987). The authors suggest that this is not just an
arcane point because progesterone, through its actions on the 25-Dx membrane receptor, may
significantly increase the expression of vasopressin (for fuller review of 25-Dx mechanisms
and actions, see Guennoun et al., this volume).

We are now learning more about aquaporins (AQP), a class of water channel membrane
proteins that can modulate cerebral edema. AQP-4, located in the end-feet of astrocytes and
microglia, can act as an osmosensor and control water drainage into the ventricles of the brain
(Kleindienst et al., 2006). Guo et al. (Guo et al., 2006) found that, following cortical TBI, there
was a substantial increase in edema, especially within the first 24 hours. This was significantly
decreased by only two injections of progesterone. Progesterone-treated rats had less edema in
the zone of the injury, which correlated with lowered expression of AQP-4 around the lesion
site and in tissue surrounding the lateral ventricles.

Lipid peroxidation and oxidative stress
Although progesterone does not have the characteristic structure of an antioxidant, high levels
of the hormone are effective in reducing free radical damage (Goodman et al., 1996; Roof,
1997; Subramanian et al., 1993; Vedder et al., 1999). Pregnancy can reduce lipid peroxidation
in brain homogenates and mitochondria (Goodman et al., 1996; Roof et al., 1997; Roof,
1997; Subramanian et al., 1993; Vedder et al., 1999). Progesterone administration reduces lipid
peroxidation in different types of in vitro, free-radical-generating systems in a dose-dependent
manner (Shimamura et al., 1995; Subramanian et al., 1993; Vedder et al., 1999). It also
increases levels of mitochondrial glutathione, a critical free radical scavenger (Subramanian
et al., 1993); protects mitochondrial function in neural cells in vitro after mechanical stretch
injury (Malcolm, 2000); and down-regulates injury-induced increases in manganese
superoxide dismutase (Cargill, 1999). Progesterone treatment results in less nitrite, superoxide,
and hydrogen peroxide generated by cultured macrophages in response to cytokines (Chao,
1994). Macrophages are known to be very active between 48 hours and seven days after TBI,
and a reduction of these reactive cells may reduce secondary damage to neurons (Fulop,
1992; Holmin et al., 1995; Soares et al., 1995a; Soares et al., 1995b). Following cortical
contusions, rats given progesterone had significantly less 8-isoprostane, a vasoconstrictive
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free-radical-generated prostaglandin, than untreated controls 24 and 48 hours post-injury (Roof
et al., 1997; Roof, 1997).

Progesterone also seems to be beneficial in preventing mitochondrial dysfunction that results
in loss of hippocampal cells after a controlled cortical contusion (Robertson et al., 2006).
Female rats given progesterone supplements via silastic implants had no loss of mitochondrial
oxygen consumption and there was virtually complete preservation of hippocampal neurons
in the CA1 and Ca3 subfields of the hippocampus.

In a clinical study, Bayir et al. (Bayir, 2004) examined decreases in F(2)-isoprostane (a marker
of lipid peroxidation) in the cerebrospinal fluid of male and female patients with severe
traumatic brain injuries treated with hypothermia. They found that F(2)-isoprostane levels were
twice as high in the brain-injured males as in the females, especially on day one, when injury-
induced lipid peroxidation would be highest. While the Bayir group did not measure serum
progesterone levels in the females, females do have endogenously higher levels of the hormone
than males, so the work indirectly supports the findings of Roof et al. (Roof et al., 1997)
showing that 8-isoprostane is dramatically reduced by a single dose of exogenous progesterone
given immediately after cortical contusion injury in laboratory rats. Collectively, these studies
suggest that progesterone reduces lipid peroxidation and oxidative stress, most likely by
decreasing the generation of free radicals and enhancing endogenous free-radical-scavenging
systems.

Inflammation
Progesterone and its active metabolites have been shown to be potent antagonists of CNS
inflammation and cerebral edema after TBI. Two mechanisms, both triggered by TBI and
stroke, appear to play a role: antagonism of cytokine release and inhibition of immune cell
activation and migration.

Cytokines—Cytokines are potent activators of the inflammatory process. Administration of
progestins reduces inflammation in part by modulating cytokine production and action.
Contusion injuries produce a marked inflammatory reaction, with heavy gliosis seen in brain
areas proximal and distal to the injury (Holmin et al., 1995). MFC contusions cause an invasion
of macrophages and neutrophils into the impact area (Fulop, 1992). Both the literature and our
preliminary work suggest that progesterone reduces the inflammatory immune response by
blunting cytokine generation and/or action (Arvin et al., 1996; Chao, 1994; Ehring et al.,
1998; Ganter et al., 1992; Hunt et al., 1997; Kelly et al., 1997; Robert and Spitzer, 1997).

To determine whether progesterone treatment could attenuate the initial surge of inflammatory
cytotoxic agents after TBI, Pettus et al. extracted protein samples from the brains of frontal
cortex-contused male rats 48 hours after injury and used Western blot densitometry to measure
levels of the inflammatory factors C3 complement (9kDalton and 75kDalton) and NfκB p 65.
These inflammatory proteins were significantly reduced within two days of starting
progesterone treatment, leading to decreased edema (Pettus et al., 2005).

Both progesterone and allopregnanalone reduce injury-induced expression of inflammatory
cytokines interleukin 1beta (IL-1β) and tumor necrosis factor alpha (TNFα) and the
concentration of proteins regulated by the mRNA expression (Djebaili et al., 2004; Djebaili et
al., 2005; He et al., 2004a; He et al., 2004b). In vivo studies indicate that expression of IL-1β
occurs in microglia in the area of a TBI within 1 to 4 hours of injury, and in areas of reactive
gliosis 24 hours to 7 days later (Pearson et al., 1999). Inhibition of IL-1β can reduce
excitotoxicity and the severity of injury induced by TBI (Pearson et al., 1999). TNFα and
IFNγ activate microglia in vitro, and administration of progesterone inhibits such microglial
activity (Drew and Chavis, 2000). In addition to inhibiting the effects of TNFα on microglia,
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progesterone decreases expression of TNFα, iNOS (protein and mRNA) and NO released by
microglia (Drew and Chavis, 2000) leading to less neural degeneration and apoptosis.

These findings continue to be corroborated by others. Recently, Gibson et al. (Gibson et al.,
2005) used a male mouse transient MCAO model of ischemic injury followed by IP injections
of progesterone within the first 24 hours after surgery. Whether by direct or indirect
mechanisms, edema was substantially reduced in the treated mice. This may have been due to
the finding that the expression of the inflammatory factors Il1-β, TGF-β2 and NOS-2 were all
reduced; however, the authors speculate that the hormones’ effects can be mediated by either
membrane-associated or intracellular progesterone receptors. However, the same group
(Coughlan et al., 2005) also suggested that iNOS may be an important factor in triggering the
inflammatory cytokine response, since progesterone reduces iNOS transcript in cultured
astrocytes and macrophages as well as in mice subjected to MCAO.

Inflammatory Immune Cell Activation—Our data also suggest that cytokine reduction
will decrease the expression of markers of immune cell activation and migration. Progesterone
treatment following cortical contusions significantly decreases complement factors 3 and 5,
macrophage-inducing factor-1, and CDs 24 and 74. In addition, administering progesterone
shortly after CNS injury reduces both migration and proliferation of immune cells (Nilsen and
Brinton, 2002). In light of these findings, we now think that progesterone, acting though a
number of different cellular mechanisms, can decrease the intensity of secondary injury,
reducing the reactive glial response to injury.

Apoptosis and DNA Repair
Progesterone can reduce apoptosis in neurons after TBI. At the genomic level, NFκB has
recently been implicated in the initiation of inflammation and apoptosis in TBI. At the
transcriptional level, progesterone reduces both the nuclear concentration of NFκB and
expression of NFκB target genes.

Other pro-apoptotic enzymes, including caspase-3, BAX, and AKT, are also reduced by
progesterone treatment. Contused untreated animals have significantly higher caspase-3
expression than sham surgery controls. Progesterone-treated animals had lower active
caspase-3 expression, similar to that of shams (p<0.05). Untreated brain-injured rats had a
significantly higher expression of BAX and AKT protein compared to shams and brain-injured
rats treated with progesterone (~ 2X, p<0.05) (Djebaili et al., 2005).

Progesterone may also decrease apoptosis through modulation of anti-apoptotic proteins such
as bcl-2 and ERK. Our previous studies have shown that progesterone up-regulates the anti-
apoptotic version of bcl-2 (Djebaili et al., 2004; Djebaili et al., 2005), an anti-apoptotic gene
involved in the survival of nerve growth factor dependent neurons. Bcl-2 is also thought to
prevent cytochrome C release from the mitochondrial membrane, thereby preventing its
binding and subsequent activation of caspase-3 (Djebaili et al., 2004; Djebaili et al., 2005)—
a pathway that can lead to apoptosis and neuronal death. Untreated brain-injured animals also
showed reduced expression of the anti-apoptotic protein ERK, while progesterone-treated
animals exhibited upregulated expression of this protein (Ghoumari et al., 2003). In a fluid
percussion injury model in male rats (Yao et al., 2005), researchers gave progesterone by
injection for 1–7 days beginning within 1 hr after injury and found that the hormone
substantially up-regulated the expression of the anti-apoptotic gene and protein for bcl-2, while
down-regulating the gene and protein expression of both pro-apoptotic bax and bad in the
damaged cortex. These authors also found that brain-injured animals receiving no treatment
also have reduced expression of the anti-apoptotic protein ERK, while those treated with
progesterone exhibited upregulated expression of the protective protein.

Stein Page 10

Brain Res Rev. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GABAA
There is ample evidence that progesterone up-regulates GABAA, an inhibitory
neurotransmitter in the CNS (Bayir, 2004; Mani, 2006; Pierson et al., 2005; Shen et al.,
2005). GABA-mediated inhibition can, in turn, decrease excessive injury-induced
excitotoxicity caused by the release of glutamate or other excitatory neurotransmitters (Brann
et al., 2005). Increasing evidence indicates that progesterone treatment may be effective in
controlling catamenial epilepsy, a condition caused by excessive levels of estrogen during
certain phases of the menstrual cycle (Herzog et al., 2003, Rhodes and Frye 2005; Reddy,
2004; Rhodes and Frye, 2005).

Myelin repair
There is growing confirmation that progesterone is implicated in increased production of
myelin in both central and peripheral nervous systems. Neuronal injury reduces myelin
production and leads to the loss of the sheathing oligodendrocytes. Progesterone appears to
play a role in remyelinating damaged axons, at least in the spinal cord and in peripheral nerves
(De Nicola et al., 2006; Gonzalez et al., 2004; Gonzalez et al., 2005; Labombarda et al.,
2006).

Several recent spinal cord injury studies have shown that progesterone treatment stimulates
synthesis of neurotrophic factors such as brain-derived neurotrophic factor (BDNF) at levels
of both mRNA and protein expression. Spinal cord injury can reduce BDNF levels by as much
as 50%. Administration of progesterone for only three days results in a tripling of this
neurotrophic factor and dramatically reduces secondary degeneration of motor neurons in the
spinal cord (De Nicola et al., 2006; Gonzalez Deniselle et al., 2005; Labombarda et al.,
2006).

Progesterone may also prove beneficial in chronic demyelinating conditions such as multiple
sclerosis. Schumacher and colleagues (Schumacher et al., 2004) reported that progesterone
treatment of symptomatic Wobbler mice with motor neuron degeneration reduced
neuropathology and upregulated myelination in oligodendrocytes in the CNS. Labombarda et
al. (Gonzalez et al., 2005; Labombarda et al., 2006) demonstrated that progesterone treatment
increases myelin production, especially in injured animals. If these results are replicated in
other species, progesterone may prove a potential treatment for certain neurodegenerative
disorders such as multiple sclerosis.

Progesterone and Medroxyprogesterone Acetate (MPA)
Synthetic and proprietary hormones such as medroxyprogesterone acetate (MPA; Provera)
may have different effects from those of natural progesterone in post-injury treatment. MPA/
Provera has long been widely used in hormone therapy. However, it does not mimic all the
protective effects of natural progesterone, and could be a confounding variable if it were
haphazardly selected for clinical testing for TBI. Our own unpublished data show that MPA
can reduce cerebral edema after TBI, but unlike progesterone, MPA did not result in any
behavioral recovery on the tasks we used. A few studies provide evidence that MPA acts
differently in the brain than natural progesterone. Nilsen and Brinton (Nilsen and Brinton,
2002; Nilsen and Brinton, 2003) found that in hippocampal neuron cultures, estrogen and
progesterone, alone or in combination, protected cells from excessive glutamate-induced
calcium influx toxicity. Administration of MPA not only had no beneficial effects, it blocked
estrogen-induced neuroprotection and enhanced calcium toxicity. MPA also blocked the
expression of neurotrophic genes such as Bcl-2, whereas natural progesterone enhanced Bcl-2
and neuroprotection. Littleton-Kearney, Klaus and Hurn (Littleton-Kearney et al., 2005) fed
conjugated estrogens in combination with MPA to female rats with ischemic injury and found

Stein Page 11

Brain Res Rev. Author manuscript; available in PMC 2009 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that the MPA, alone or in combination, may have counteracted the ability of the estrogen to
reduce subcortical infarct volume.

Although there is continuing cause for concern in the use of synthetic progestins, one new
study shows that progesterone and MPA do have some common central and peripheral effects.
Following two weeks of oral administration in ovariectomized female rats, both progesterone
and MPA were able to increase allopregnanolone levels in brain, but they had different effects
on beta endorphin levels in the CNS (Bernardi et al., 2006). However, the issue of whether the
synthetic and natural versions of the hormones can be used completely interchangeably is still
not resolved. Our own unpublished research shows that after TBI, both MPA and progesterone
in equivalent doses can reduce cerebral edema, but post-injury treatment with MPA, unlike
progesterone, did not improve behavioral outcomes in a spatial learning task. Because of its
ready availability compared to natural progesterone, it is likely that some physicians could be
tempted to use MPA for “off-label” treatment but, given what we now know, caution is still
required, especially in the context of of brain injury or stroke. Its differential impact on
outcomes compared to natural progesterone must be clarified.

Conclusion
A large and rapidly growing body of preclinical studies have produced consistent results across
species (mice, rats, cats, rabbits) and a number of injury models (TBI, stroke, spinal cord injury,
demyelination). Progesterone’s most beneficial effect in TBI may be to reduce cerebral edema
and thereby stem the secondary loss of vulnerable nerve cells, but the hormone exerts other
beneficial effects as well. The literature indicates that progesterone is a potent anti-
inflammatory and anti-apoptotic agent with some anti-oxidant properties which enable it to
protect against the breakdown of cell membranes that leads to the death of neurons and glia.
Progesterone’s mechanisms for neuroprotection are not yet completely understood, but it
clearly does not target a single class of receptors or one cell type. Progesterone has manifold
actions in the brain, so it is likely that it alters the expression of as yet unidentified genes and
proteins involved in the cytotoxic and repair processes that accompany TBI and stroke.

To date, most of the pharmacological trials for TBI and stroke have failed. One reason may be
that many of these drugs targeted a single aspect of the injury cascade. In contrast, progesterone,
a developmental hormone that may have evolved to protect gestation of the fetus, exerts a
multitude of beneficial actions, and holds promise as a safe and effective agent for a range of
CNS disorders.
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