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Currently, the only approved treatment for ischaemic stroke is tissue plasminogen activator, a clot-buster. This treatment can
have dangerous consequences if not given within the first 4 h after stroke. Our group and others have shown progesterone to be
beneficial in preclinical studies of stroke, but a progesterone dose-response and time-window study is lacking. We tested male
Sprague-Dawley rats (12 months old) with permanent middle cerebral artery occlusion or sham operations on multiple measures
of sensory, motor and cognitive performance. For the dose-response study, animals received intraperitoneal injections of pro-
gesterone (8, 16 or 32 mg/kg) at 1 h post-occlusion, and subcutaneous injections at 6 h and then once every 24 h for 7 days. For
the time-window study, the optimal dose of progesterone was given starting at 3, 6 or 24 h post-stroke. Behavioural recovery
was evaluated at repeated intervals. Rats were killed at 22 days post-stroke and brains extracted for evaluation of infarct
volume. Both 8 and 16 mg/kg doses of progesterone produced attenuation of infarct volume compared with the placebo, and
improved functional outcomes up to 3 weeks after stroke on locomotor activity, grip strength, sensory neglect, gait impairment,
motor coordination and spatial navigation tests. In the time-window study, the progesterone group exhibited substantial
neuroprotection as late as 6 h after stroke onset. Compared with placebo, progesterone showed a significant reduction in infarct
size with 3- and 6-h delays. Moderate doses (8 and 16 mg/kg) of progesterone reduced infarct size and improved functional
deficits in our clinically relevant model of stroke. The 8 mg/kg dose was optimal in improving motor, sensory and memory
function, and this effect was observed over a large therapeutic time window. Progesterone shows promise as a potential
therapeutic agent and should be examined for safety and efficacy in a clinical trial for ischaemic stroke.

Keywords: dose response; functional recovery; progesterone; stroke; therapeutic time window
Abbreviations: MCAO = middle cerebral artery occlusion; tPA = tissue plasminogen activator

Introductlon prevention and management among the elderly (Roger et al.,

2012; Go et al., 2013), but at the same time there has been a
In the USA stroke is now downgraded from the third to fourth significant increase of stroke cases in middle-aged, often obese,
leading cause of death, partly because of better acute stroke people (Kissela et al., 2012). Survivors of stroke absorb 6% of the
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total US healthcare budget (Durukan and Tatlisumak, 2007).
Ischaemic stroke, the most common form, accounts for up to
80% of all strokes and if not resolved early, leads to an infarcted
brain region that may not be therapeutically salvaged (Murray
and Lopez, 1997; Hankey, 1999; Muntner et al., 2006). Despite
tremendous efforts, only one therapy, tissue plasminogen activator
(tPA), has been proven effective (Muntner et al., 2006), and
only ~2-3% of stroke patients are treated with tPA because of
its high risk-to-benefit ratio and short treatment window. Thus,
finding an effective therapeutic strategy for stroke remains a high
priority.

A large body of evidence now suggests that the steroid hor-
mone progesterone has neuroprotective effects in several experi-
mental CNS injury models including stroke and trauma (Roof
et al., 1994; liang et al., 1996; Asbury et al., 1998; Chen et al.,
1999; Roof and Stein, 1999; Thomas et al., 1999; Alkayed et al.,
2000; Kumon et al., 2000; Shear et al., 2002; Sayeed and Stein,
2009; Hua et al., 2012; Liu et al., 2012; Stein, 2013). The neu-
roprotective efficacy of progesterone in acute functional and mor-
phological recovery in young adult rats has been shown in both
permanent and transient stroke models by our recent studies
(Sayeed et al., 2006, 2007; Ishrat et al., 2009, 2010, 2012) and
previous studies of others (Betz and Coester, 1990; Jiang et al.,
1996; Chen et al., 1999; Murphy et al., 2002; Gibson and
Murphy, 2004; Gibson et al., 2005). Recent systematic reviews
and a meta-analysis reported progesterone to be neuroprotective
after brain injuries (Gibson et al., 2008; Wong et al., 2013a). After
two positive phase Il clinical trials of progesterone in traumatic
brain injury (Wright et al., 2007; Xiao et al., 2008), a phase I
NIH-sponsored, 31-centre clinical trial and a pharmaceutical com-
pany trial are nearing completion (http://clinicaltrials.gov/ct2/
show/record/NCT00822900 and http://www.synapse-trial.com/).
In light of the evidence for progesterone’s safety and efficacy in
different brain injury models, and despite the fact that stroke and
traumatic brain injury have different aetiologies, progesterone may
prove to be an attractive therapeutic candidate for stroke.
However, before it can be tested in clinical trial, more parametric
data are needed to support an Investigational New Drug (IND)
application. At present, a systematic preclinical progesterone dose-
response and time-window study in clinically relevant ischaemic
stroke models is lacking.

The variability of preclinical evaluation and numerous clinical
trial failures culminated in the Stroke Therapy Academic
Industrial Roundtable (STAIR) guidelines for the preclinical evalu-
ation of candidate drugs (Fisher, 2003; Fisher et al., 2005, 2009;
Savitz et al., 2011). One STAIR recommendation calls for evaluat-
ing dose-response and treatment time-window studies using focal
permanent middle cerebral artery occlusion (MCAO) in older ani-
mals to better simulate the typical human stroke injury without
reperfusion. STAIR also calls for assessing histological and func-
tional outcome measures over an extended period to ensure that
early treatment effects are not transient. The present study sought
to address these recommendations and determine progesterone’s
dose- and time-response effects on infarct size and behavioural
performance on a variety of clinically relevant tests given after
permanent MCAO.
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Materials and methods

One hundred and twenty-six 12-month-old virgin male Sprague-
Dawley rats (Harlan) underwent permanent MCAO by electrocoagu-
lation or sham operation. We used virgin male rats instead of retired
breeders because, in our preliminary study, training older retired bree-
ders on behavioural measures was challenging, with wide variation in
behavioural performance. We calculated the starting sample sizes to
be at least eight animals/group to reject the null hypothesis (of no
differences among the treatment groups relative to untreated controls)
at a power of 0.8 with a P-value of 0.05. The animals were housed in
individual cages with free access to pellet chow and water, quaran-
tined for 1 week, and handled at least five times before starting train-
ing. Room temperature was maintained at 21-25°C, and humidity at
45-50%. Rats were maintained under a 12:12-h reverse light-dark
cycle (0900-2100h) so that behavioural testing would occur during
their active phase. All experimental animal procedures were approved
by the Emory University Institutional Animal Care and Use Committee
(IACUC), Protocol # 2001517.

Treatment

For the dose-response experiments, 51 animals underwent and 46
survived permanent MCAO by electrocoagulation or sham operation
and were randomly assigned to one of five groups: sham-vehicle
(n=10), permanent MCAO-vehicle (n=9), progesterone 8mg/kg
(P8) (n=9), progesterone 16 mg/kg (P16) (n=9), or progesterone
32 mg/kg (P32) (n =9). Both the permanent MCAO and sham control
groups received 22.5% 2-hydroxypropyl-p-cyclodextrin (HBC). Each
dose of progesterone (P-0130; Sigma-Aldrich) was administered in
equal volumes relative to body weight (a volume of 2ml/kg body
weight was necessary to dissolve all doses of progesterone). One
hour post-permanent MCAO, the animals were given an intraperito-
neal injection of one of the three doses (8, 16 or 32 mg/kg) of pro-
gesterone, followed by subcutaneous injections at 6h post-injury
and then every 24 h for the next 7 days. The dose was tapered over
the final two treatments. Permanent MCAO-vehicle and sham control
groups received equal volumes of HBC relative to body weight. One
rat each in the vehicle and P32 groups died at 21 and 9 days post-
permanent MCAO, respectively.

In the time-window experiments, 75 animals underwent and 72
animals survived permanent MCAO or sham operation and were ran-
domly assigned to one of five groups: progesterone treatment begun
at 3h (n=8), 6h (n=8), or 24h (n =8), permanent MCAO-vehicle
[n =24, combined from 3h (n=8), 6h (n=8), and 24 h (n = 8) delay
experiments], or sham-vehicle [n = 24, combined from 3h (n=8), 6h
(n=8), and 24 h (n = 8) delay experiments]. The first dose of proges-
terone (8 mg/kg) was given intraperitoneally to ensure more rapid
absorption followed by subcutaneous injections 5h later and then
every 24h for the next 7 days. The last two doses were tapered.
For the purposes of blinding, separate vehicle-treated permanent
MCAO and vehicle-treated sham groups with delays in post-stroke
injections of 3, 6 and 24h were used in the time-window study.
Animals were euthanized at 23 days post-injury and their brains
removed and cryoprotected for infarct size measurements.
Behavioural training for Rotarod and gait scan tests was started 1
week before surgery. Baseline testing for all behavioural parameters
was performed a day before surgery. One rat each in the vehicle- and
progesterone-treated groups died at 8 and 10 days post-permanent
MCAO, respectively.


http://clinicaltrials.gov/ct2/show/record/NCT00822900
http://clinicaltrials.gov/ct2/show/record/NCT00822900
http://www.synapse-trial.com/
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Induction of permanent focal cerebral
ischaemia

Permanent MCAQO was induced as previously described (Tamura et al.,
1981; Yamamoto et al., 1988) with minor modifications to produce
consistency in the ischaemic injury. All rats were anaesthetized using
5% isoflurane and maintained at 1.5-2% (2:1 nitrous oxide and
oxygen) during surgery. The incision area was shaved and sterilized
with Betadine® antiseptic and 70% isopropanol. A ventral midline in-
cision was made for exposure of both common carotid arteries. The
contralateral right common carotid artery was permanently ligated
using a 3/0 silk suture, and the left ipsilateral common carotid artery
was temporarily occluded for 90 min using a Mayfield micro-aneurysm
clip. A vertical incision was made midway between the left orbit and
the left external auditory canal. The left temporalis muscles were sepa-
rated and retracted interiorly downward to expose the zygomatic and
squamosal bone and then the pterygoid muscles and mandibular nerve
were retracted to expose the ventral surface of the skull. Under an
operating microscope, the bone around the foramen ovale was bur-
nished (2-3 mm) to expose the middle cerebral artery, and the crani-
otomy was extended dorsally up to the first major branch of the
middle cerebral artery. Care was taken to avoid thermal and physical
injury to the cortex during preparation for exposing the middle cere-
bral artery. The dura was opened with a bent 26-gauge needle, the
arachnoid membrane was gently removed and the middle cerebral
artery cauterized and cut permanently to prevent recanalization with
a bipolar electrocauterizer without damaging the brain surface. The
site of the occlusion is midway between the inferior cerebral vein
and olfactory tract. Sutures were used to close the incision after bleed-
ing stopped. The rats were allowed to recover from anaesthesia on the
heating pad and then returned to their home cages. After 90 min of
temporary occlusion, the micro-aneurysm clip was removed from the
left ipsilateral side and rats were again permitted to recover from an-
aesthesia on the heating pad. Sham-operated rats were subjected only
to exposure of the middle cerebral artery without coagulation.
Physiological parameters were monitored with pulse oximetry
(SurgiVetTM model V3304): heart rate was maintained around 350
beats/min and blood oxygen level (SpO,) was kept >95%. Core
body temperature (37 & 2° C) was maintained with a homoeothermic
heating blanket system (Harvard Apparatus). Sham animals were
anaesthetized and a ventral midline incision was made for exposure
of both common carotid arteries. After this, a vertical incision was
made midway between the left orbit and the left external auditory
canal. Then the incision was sutured closed.

Assessment of functional outcome

Behavioural recovery was evaluated at repeated time intervals on loco-
motor activity, grip strength, ability to remain on an accelerating
Rotarod, sensory neglect, gait impairment, spatial navigation, learning
and memory. All functional assessments were done before giving daily
hormone treatments to avoid any possibility of progesterone ‘intoxi-
cation’. Throughout the injections, behavioural testing, and histological
analysis, experimenters were blinded to the experimental conditions of
the animals.

Grip strength

To evaluate the rats' forelimb grip strength, we used an electronic
digital force gauge grip-strength meter (Columbus Instruments) that
measured the peak force exerted by the animal while gripping the
sensor bar as previously described (Ishrat et al., 2009). A digital
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reading (in Newtons (N)) of three successive trials was obtained for
each rat, and the best (highest) score was used for data analysis.
Baseline was determined 1 day before ischaemia and at post-ischaemia
Days 2, 6, 9 and 22 for the dose-response study and Days 3, 9 and 21
for the time-window study. The best (highest) score was used for data
analysis.

Motor impairment

Motor impairment was assessed with an accelerating Rotarod
(Columbus Instruments). Rats were given five training sessions 5min
apart before establishing baseline as described previously (Ishrat et al.,
2009). Two trials were given to each animal and the best (longest)
latency values were used for analysis. Latency to fall off the Rotarod
was determined before ischaemia and at post-surgery Days 3, 7, 10,
and 21 days for the dose-response study, and 4, 10, and 22 days for
the time-window study. Animals were given equal rest time between
the two trials.

Somatosensory neglect

An adhesive removal test was performed as previously described
(Yousuf et al., 2013) to evaluate somatosensory function.
Habituation and testing occurred under red light. Adhesive (0.5-in
round) labels were placed on the ventral surface of the contralateral
forepaw. The experimenter recorded the latency for each rat to
remove the adhesive label with its mouth up to a maximum latency
of 2min. Testing was done 1day before surgery and after surgery at
Days 3, 7, 10 and 21 for the dose-response and 4, 10 and 22 days for
the time-window study.

Locomotor activity

Rats were tested for open field activity under red light in a quiet
environment. For each trial, two animals were tested simultaneously
in individual boxes using the Opto-Varimex© activity monitoring
system (Columbus Instruments). The rats were tested 1day before
injury, and at post-surgery Days 2, 6, 9 and 22 for the dose-response
and Days 3, 9 and 21 for the time-window study.

Spatial navigation

To evaluate learning, memory and spatial navigation after permanent
MCAO, Morris water maze tests were conducted as previously
described (Wali et al., 2011). Testing began at Day 13 after surgery
for both dose-response and time-window studies. A probe trial was
conducted at Day 21 post-injury for both dose-response and time-
window studies. The hidden platform was removed and rats were
placed in the pool once for 60s starting from the same location as
in the previous 5 days of testing. The time spent swimming in the
quadrant where the platform was located was recorded and used for
final analysis.

Gait analysis

The CatWalk (Noldus Information Technology), a quantitative gait
analysis system, was used for assessment of gait-related anomalies
after stroke (Wang et al., 2008; Lubjuhn et al., 2009). A fluorescent
light is reflected internally in the glass floor of the walkway when the
animal crosses the walkway. The video images with paw prints were
classified by assigning labels (e.g. right and left, fore and hind paw)
automatically. The experiment was performed in red light. Before sur-
gery all animals were trained to traverse a glass walkway toward their
home cages from one end to another without interruptions, so that all
the animals started from more or less the same baseline. On subse-
quent training days, three complete runs across the walkway were
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recorded. If an animal failed to complete a run, walked backwards, or
reared during the run, it was given an additional run. Baseline was
taken 1day before surgery and at post-surgery Days 2, 6 and 21 for
the dose-response and Days 3, 9 and 21 for the time-window study.

Assessment of infarct volume

Cerebral infarct size was assessed using previously applied methods
(Ishrat et al., 2010). The infarct areas, defined as areas showing
reduced Nissl staining under light microscopy, were traced and quan-
tified by digital image-analysis system (Image Pro System, Media
Cybernatics), and expressed as a percentage of the contralateral
side + standard error of the mean (SEM).

Data analysis

As noted, based on a delta-value of 1.5 we calculated the sample sizes
and power needed to reject the null hypothesis to achieve >80%
power to detect a 50% difference. The number of rats per group at
these criteria was determined to be at least eight. All results were
expressed as mean = SEM and calculations were obtained using
SPSS 11.0 software. All behavioural data were analysed by repeated-
measures ANOVA, followed by a Tukey post hoc test. Other results
were analysed with one-way ANOVA followed by least significant
difference and Tukey honestly significant difference post-test for mul-
tiple comparisons. The criterion for statistical significance was set at
P < 0.05.

Results

Dose-response effects of progesterone
in attenuating functional deficits after
permanent middle cerebral artery
occlusion

Grip strength

The maximum digital reading (in N) of three successive trials ob-
tained for each rat was used as the dependent variable.
Progesterone improved grip strength after permanent MCAO (Fig.
1A). There were significant group [F(4,41) = 17.15, P < 0.001] ef-
fects. Grip strength decreased significantly (P < 0.05) in rats sub-
jected to permanent MCAO (12.07 £0.49 N, 11.33 £0.34 N,
11.74 £ 0.58 N, 11.70 £ 0.47 N at 2, 6, 9 and 22 days post-occlu-
sion, respectively) at all time points compared with intact rats
(16.82 £ 0.54 N, 16.88 £ 0.58 N, 17.38 £ 0.95 N, 16.77 + 0.98
Nat2, 6,9 and 22 days post-surgery, respectively). Post hoc analyses
showed that repeated treatments with 8 mg/kg progesterone after
permanent MCAO significantly (P < 0.05) improved grip strength at
6, 9 and 22 days.

Rotarod performance

Measures of latency to remain on the Rotarod (in seconds (s))
showed significant group [F(4,40) =6.43, P <0.05] and time
[F(4,160) =2.90, P < 0.05] effects. There were significant
(P < 0.05) deficits (Fig. 1B) in motor performance (time spent
on the Rotarod) in permanent MCAO-vehicle-treated rats
(127.89 £ 19.595, 128.67 £+ 23.88s, 106.89 £ 15.77 s,
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65.33 +10.98s at 3, 7, 10 and 21 days post-occlusion, respect-
ively) at all time points compared with shams (193.10 & 16.59s,
217.40 £ 15.37s, 205.10 £ 17.345s, 202.40 + 20.05s at 3, 7, 10
and 21 days post-occlusion, respectively). Post hoc analyses
showed that repeated treatments with 8 mg/kg progesterone
after permanent MCAO significantly (P < 0.05) improved ability
to remain on the Rotarod (183.25 4 21.00s, 187.25 4+ 18.09s,
203.62 +£17.695s, 175.87 +£26.17s) at 3, 7, 10 and 21 days.

Somatosensory neglect

Latency to remove sticky tape from the contralateral forepaw
showed significant group [F(4,41)=4.42, P=0.005] effects.
There were significant (P < 0.05) deficits (Fig. 2A) in latency to
remove the sticky tape in permanent MCAO-vehicle-treated rats
(58.33 £ 10.47s, 35.67 £6.70s, 30.67 £ 6.29s, 25.78 £ 6.025
at 3, 7, 10 and 21 days post-occlusion, respectively) at all time
points compared to shams (5.00 +£0.69s, 4.30+0.47s,
4.10 £ 0.38s, 4.40 £ 0.49s at 3, 7, 10 and 21 days post-occlu-
sion, respectively). Repeated treatments with progesterone (8 mg)
after permanent MCAO significantly (P < 0.05) decreased the la-
tency to remove the sticker (18.56 +7.73s, 9.56 £3.1s,
7.00 &+ 1.24s, 8.44 + 1.765) at all time points (3, 7, 10 and 21
days). Post hoc analyses showed that treatment with 16 and
32mg were not significantly effective on this measure of
performance.

Locomotor activity

Open field activity was measured after permanent MCAO. Total
distance travelled showed significant group [F(4,41)=14.63,
P < 0.0001] effects. There was a significant (P < 0.05) decrease
(Fig. 2B) in total distance travelled by the vehicle-treated rats
(461.44 £ 46.41cm, 461.00 £46.18cm, 519.11 +£54.35cm,
476.33 £60.64cm at 2, 6, 9 and 22 days post-injury, respect-
ively) compared with intact controls (1062.60 + 66.51cm,
999.60 +59.33cm, 948.60 £ 72.16cm, 1039.90 £71.04cm at
2, 6, 9 and 22 days, respectively). Post hoc analyses showed
that treatment with 16 mg progesterone significantly (P < 0.05)
increased the total distance traversed on all days compared with
vehicle. The increase in the progesterone-treated group at 32mg
did not show any significant effect except on Day 6.

Spatial memory

There was a significant difference among the treatment groups
[F(4,40) =2.7, P < 0.05]. Post hoc analyses showed that subjects
in the stroke + vehicle-treated group spent significantly less time in
the platform quadrant (32.12 £ 2.7 %) compared to the sham group
(43.98 £3.21%; P < 0.05). Although all progesterone-treated
groups showed a trend towards more time spent in the platform
quadrant (43.88 +£3.42%, 36.24 +3.24%, 33.69 +£4.20%, re-
spectively) compared with vehicle-treated rats, post hoc analysis
showed that the rats given 8 mg/kg were significantly better than
the permanent MCAO-vehicle group (P < 0.05) (Fig. 3).

Gait impairment

Gait changes are considered reliable indices of stroke severity and
efficacy of rehabilitative therapies in humans. We assessed
changes in gait using an automated computer-assisted gait
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Figure 1 Dose-response effect of progesterone on permanent MCAO-induced grip strength and motor deficits. (A) Grip strength: the
rats subjected to permanent MCAO + vehicle showed significantly (P < 0.05) lower grip-strength scores at all time points compared with
sham + vehicle rats. Progesterone-treated rats showed significant improvement in average scores compared to permanent

MCAO + vehicle-treated animals. (B) Motor impairment as assessed using the Rotarod after permanent MCAQO: rotometric performance
significantly (P < 0.05) decreased in rats subjected to permanent MCAO + vehicle compared with sham-operated + vehicle rats.
Progesterone-treated rats were significantly less impaired than vehicle-treated rats at all time points. Values are expressed as mean =+ SE.
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Figure 2 Dose-response effect of progesterone on permanent MCAO-induced sensory neglect and locomotor activity. (A) Sensory
neglect: mean latencies to remove stickers from contralateral forepaws (sensory neglect task) after permanent MCAO: progesterone
reduces sensory impairment after permanent MCAO. (B) Locomotor activity: total distance travelled after permanent MCAO. Mean post-
stroke locomotor activity at Days 2, 6, 9 and 22 showed increased total distance in progesterone-treated animals. Values are expressed as

mean =+ SE.

analysis system and observed significant differences on the follow-
ing gait parameters:

Stride length is the distance between successive placements of
the same paw and is a measure of normal performance. After
permanent MCAO, stride length significantly decreased in the af-
fected forepaw (Fig. 4A). Progesterone treatment improved fore-
paw stride length of the affected (contralateral) limb. The
measures of stride length (% baseline) of the contralateral fore-
paw showed significant group [F(4,40) =2.75, P=0.05] effects.
All progesterone groups showed greater stride length with the
affected contralateral hind limb compared with stroke + vehicle-
treated rats but the observed differences were significant at 6 and
21 days post-permanent MCAO.

Paw print area is a measure of spasticity. Permanent MCAO led
to a persistent reduction of maximal paw contact area. The print

area at maximal contact of contralateral forepaws (right paw) of
rats during floor contact was significantly smaller than that of
sham rats at 2, 6 and 21 days after ischaemia (Fig. 4B).
Measures of paw print area covered (% baseline) of the contra-
lateral forepaw showed significant group [F(4,40) =4.7, P =0.05]
effects. All progesterone-treated rats showed greater contact area
with the contralateral forelimb.

Swing speed is the speed (distance unit/s) of the paw during
swing and is a measure of normal gait. Swing speed significantly
decreased in the affected forepaw at all the measured time points
after permanent MCAO (Fig. 4C). Measures of swing speed
(% baseline) of the contralateral forepaw showed significant
group [F(4,40)=2.65, P <0.05] effects. The rats treated with
8mg/kg progesterone showed significant improvement compared
to the permanent MCAO-vehicle group (P < 0.05).
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Figure 3 Dose-response effect of progesterone on a memory
task as assessed by per cent time spent in the platform quadrant
during Morris water maze probe trial. Values are expressed as
mean =+ SE. *Permanent MCAO + vehicle versus sham +
vehicle; #Permanent MCAO + vehicle versus permanent
MCAQO + progesterone.

Progesterone attenuates infarct volume
after permanent middle cerebral artery
occlusion

Figure 5A shows representative brain slices stained with cresyl
violet 23 days after permanent MCAO in vehicle- and progester-
one-treated rats. ANOVA showed a difference among the treat-
ment groups [F(3,24) = 4.14, P < 0.05]. Post hoc analysis showed
that 8 mg/kg progesterone (P8) and 16 mg/kg progesterone (P16)
produced significant attenuation in infarct volume compared to
the stroke + vehicle only group (4.05+1.71 and 3.34 + 1.47
versus 11.78 &+ 1.97, respectively; Fig. 5B). The decrease in the
32 mg/kg (P32) group (8.34 £ 2.91) was not significant.

Therapeutic time window for
progesterone in attenuating functional
deficits after permanent middle cerebral
artery occlusion

Grip strength

Three hour delay of treatment

Progesterone improved grip strength after permanent MCAO (Fig.
6A). There was a significant group [F(2,21) =19.43, P < 0.001]
effect. Grip strength decreased significantly (P < 0.05) in stroked
rats (63.34 +5.53 N, 69.46 + 7.70 N, 63.74 +7.97 N at 3, 9 and
21 days post-occlusion, respectively) at all time points compared to
intact rats (105.89 + 3.95 N, 106.67 + 4.31 N, 108.06 & 4.84 N at
3, 9 and 21 days post-surgery, respectively). Post hoc analyses
showed 3-h delayed and repeated treatments with progesterone
given after permanent MCAO significantly (P < 0.001) improved
grip strength at all days after injury (89.05 £+ 4.01 N, 92.28 + 4.31
N, 90.78 +5.26 N at 3, 9 and 21 days post-surgery, respectively).

Six hour delay

Our analysis revealed a significant group [F(2,21)=13.67,
P < 0.001] effect. Grip strength decreased significantly (P < 0.05)
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Figure 4 Dose-response effect of progesterone on gait im-
pairment after permanent MCAO. (A) Stride length; (B) print
area; (C) swing speed as assessed at 2, 6 and 21 days after
permanent MCAO. Values are expressed as mean =+ SE.

in permanent MCAO rats (70.41+5.80 N, 73.70+6.21 N,
7230+7.37 N at 3, 9 and 21 days post-occlusion, respectively)
at all time points compared to intact rats (103.32 +£3.74 N,
101.33 £5.89 N, 107.97 £5.72 N at 3, 9 and 21 days post-sur-
gery, respectively) (Fig. 6B). Post hoc analyses showed 6-h delayed
and repeated treatments with 8 mg/kg progesterone after perman-
ent MCAO significantly (P < 0.001) improved grip strength
(98.00+3.27 N, 102.77 £3.61 N, 99.48 +4.72 N at 3, 9 and
21 days post-surgery, respectively) at all days after injury.
Twenty-four hour delay

There was a significant group [F(2,21) = 20.46, P < 0.001] effect
(Fig. 6C). Post hoc analyses showed 24-h delayed repeated treat-

ments with progesterone after permanent MCAO led to no sig-
nificant improvement in grip strength at any time tested.

Performance on the Rotarod

Three hour delay of treatment

The measures of latency to remain on the Rotarod showed signifi-
cant group differences [F(2,21) =15.39, P < 0.001]. There were
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Figure 5 Dose-response effect of progesterone on infarct volume. (A) Cresyl violet-stained coronal sections from representative animals
given either vehicle or progesterone, with brains harvested at 23 days post-occlusion. Infarcts are shown as pale (unstained) regions
involving the cortex. The infarct area in progesterone-treated animals is substantially reduced. (B) Infarct volumes after 23 days of
occlusion. Compared to vehicle alone, P8 and P16 significantly reduced infarct volumes (% of contralateral hemisphere). The data are
represented as mean + SE; *P < 0.05 = significant difference compared with permanent MCAO + vehicle.

significant (P < 0.001) deficits (Fig. 6D) in motor performance (time
spent on the Rotarod) in permanent MCAO-vehicle-treated rats
(109.75 £ 16.57s, 114.62 +20.02s, 12450+ 17.26s at 4, 10
and 22 days post-occlusion, respectively) at all time points com-
pared  with  shams  (240.00 +21.59s,  239.62 + 20.765,
231.12 4+ 20.845s at 4, 10 and 22 days post-occlusion, respectively).
Post hoc analyses found that repeated treatments with progesterone
after permanent MCAO significantly (P < 0.001) improved ability to
remain on the Rotarod (212.87 &£ 15.34s, 207.00 & 12.09s,
202.87 £ 10.635) at all time points (4, 10 and 22 days, respect-
ively). The most substantial deficit (46.61% compared with sham) in
motor strength was observed in the vehicle-treated group compared
to intact rats at 10 days post-surgery.

Six hour delay

Measures of latency to remain on the Rotarod showed significant
group [F(2,21) =16.06, P < 0.001] effects. There were significant
(P < 0.05) deficits (Fig. 6E) in time spent on the Rotarod in per-
manent MCAO-vehicle-treated rats (119.25 £ 11.43s, 113.81 £
10.21s, 111.56 +11.11s at 4, 10 and 22 days post-occlusion,
respectively) at all time points compared with shams (221.00 +
20.855s, 238.25 4+ 18.98s, 228.75 + 18.28s at 4, 10 and 22 days
post-occlusion, respectively). Post hoc analyses showed that re-
peated treatments with progesterone after permanent MCAO sig-
nificantly (P < 0.05) improved ability to remain on the Rotarod
(151.00 £ 23.13s, 185.37 £17.83s, 170.75 + 14.16s at 4, 10
and 22 days, respectively) at 10 and 22 days post-surgery.

Twenty-four hour delay

ANOVA on latency to remain on the Rotarod showed significant
group [F(2,19) = 19.46] effects. There were significant (P < 0.05)
deficits (Fig. 6F) in time spent on the Rotarod in permanent

MCAO-vehicle-treated rats (150.00 & 16.00s, 149.43 4 13.40s,
153.86 +21.425s at 4, 10 and 22 days post-occlusion, respect-
ively) at all time points compared with shams (231.62 & 12.865,
234.62 £11.13s, 23450 + 10.77s at 4, 10 and 22 days post-
occlusion, respectively). The 24-h delayed progesterone treatment
group showed no significant improvement in motor performance
on the Rotarod after permanent MCAO (157.00 + 24.23s,
155.43 +23.845s, 147.43 +27.865 at 4, 10 and 22 days, respect-
ively) on any testing days.

Sensory neglect

Three hour delay of treatment

Measures of latency to remove sticky tape from the contralateral
forepaw showed significant group [F(2,21) = 15.73] effects. There
was a significant (P < 0.05) increase in latency to remove the
stickers in permanent MCAO-vehicle-treated rats (70.50 +
19.24s, 72.75 £ 17.70s, 72.75 £ 16.88s at 4, 10 and 22 days
post-occlusion, respectively) compared to shams (5.50 + 0.765s,
4.75 +0.818s, 7.87 £ 1.83s at 4, 10 and 22 days post-occlusion,
respectively) (Fig. 7A). A 3-h delay of progesterone treatment
after permanent MCAO significantly (P < 0.05) decreased latency
to remove the sticker (16.12 £4.015s, 10.25 £+ 2.24s, 8.50 &+
1.255) at all time points.

Six hour delay

ANOVA on latency to remove sticky tape from the contralateral
forepaw showed significant group [F(2,21) =9.71] effects. There
was a significant (P < 0.05) increase in latency to remove the stick-
ers in permanent MCAO-vehicle-treated rats (78.25 + 20.37s,
73.75 £ 18.955s, 72.50 £+ 16.74s at 4, 10 and 22 days post-occlu-
sion, respectively) compared with shams (5.50 + 0.38s, 5.62 &+
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Figure 6 Effect of delayed progesterone on permanent MCAO-induced grip strength and motor deficit. (A) 3-h; (B) 6-h; and (C) 24-h
delay of progesterone treatment. Values are expressed as mean =+ SE. Motor impairment as assessed using the Rotarod. (D) 3-h; (E) 6-h;
and (F) 24-h delayed progesterone treatment. Time spent on the Rotarod is expressed as per cent of pre-surgery value (mean =+ SE).
*Permanent MCAO + vehicle versus sham + vehicle; *Permanent MCAO + vehicle versus permanent MCAQO + progesterone.

0.80s, 6.87 £0.77s at 4, 10 and 22 days post-occlusion, respect-
ively). With the 6-h delay, repeated progesterone treatments after
permanent MCAO significantly (P < 0.05) decreased the time taken
to remove the sticker (23.37+9.63s, 29.00 £ 11.34s,
28.75 + 13.455) at all time points (Fig. 7B).

Twenty-four hour delay

Our analyses showed that 24-h delayed and repeated treatments
with progesterone did not result in significant improvement in
ability to remove sticky tape from the contralateral forepaw on
any of the days tested (Fig. 7C).

Locomotor activity

Three hour delay of treatment

Analysis of total distance travelled showed significant group
[F(2,22) =21.49, P <0.05] effects. There was a significant
(P < 0.05) decrease in total distance travelled by the vehicle-trea-
ted rats (557.62 £56.73cm, 569.12 £ 61.65cm, 527.12 +

114.45cm at 3, 9 and 21 days post-injury, respectively) compared
with intact controls (1141.12 £79.90cm, 1121.75 £+ 89.39cm,
1135.12 £101.13cm at 3, 9 and 21 days, respectively;
Fig. 7D). Post hoc analyses showed that 3-h delayed treatments
with progesterone after permanent MCAO significantly (P < 0.05)
improved spontaneous activity (716.78 +85.31cm, 901.55 +
75.20cm, 858.44 £+ 75.39cm) at all time points.

Six hour delay

ANOVA on total distance travelled showed significant group
[F(2,22) =15.27, P <0.05] effects. There was a significant
(P < 0.05) decrease in total distance travelled by the vehicle-trea-
ted rats (626.50 +32.19cm, 635.87 +78.14cm, 654.12 +
96.53cm at 3, 9 and 21 days post-injury, respectively) compared
with intact controls (1355.37 & 114.51cm, 1219.62 £ 105.35cm,
1219.12 £99.54cm at 3, 9 and 21 days, respectively). Post hoc
analyses showed that 6-h delayed treatments with progesterone
after permanent MCAO significantly (P < 0.05) improved
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Figure 7 Effect of delayed progesterone treatment on permanent MCAO-induced sensory neglect and locomotor deficit. Mean latencies
to remove stickers from contralateral forepaws (sensory neglect task): (A) 3-h; (B) 6-h; (C) 24-h delay of progesterone treatment. Total
distance travelled after permanent MCAO: (D) 3-h; (E) (6-h); (F) 24-h delayed progesterone treatment. Values are expressed as

mean + SE. *Permanent MCAO + vehicle versus sham + vehicle; *Permanent MCAO + vehicle versus permanent

MCAO + progesterone.

spontaneous activity (716.78 £85.31cm, 901.55 £+ 75.20cm,
858.44 + 75.39cm) at all time points (Fig. 7E).

Twenty-four hour delay

We observed a significant group [F(2,20) = 8.14, P < 0.05] effect
on total distance travelled. There was a significant (P < 0.05) de-
crease in total distance travelled by the vehicle-treated rats
(707.50 £ 91.00cm, 737.37 £53.43cm, 803.25 +71.14cm at
3, 9 and 21 days post-injury, respectively) compared with intact
controls (1240.00 £ 105.32cm, 1039.87 & 60.89cm, 1265.87 +
97.85cm at 3, 9 and 21 days, respectively). Improvement in
spontaneous activity with 24-h delayed treatments with pro-
gesterone after permanent MCAO was 716.78 +85.31cm,
901.55 + 75.20cm, 858.44 +75.39cm at 3, 9 and 21 days, re-
spectively (Fig. 7F).

Spatial memory

Three hour delay of treatment

There was a significant difference among the treatment groups
[F(2,20) =5.8, P < 0.01]. Post hoc analyses showed that subjects
in the stroke + vehicle-treated group spent significantly less time
(23.53 £3.61%) in the platform quadrant compared with the
sham-vehicle-treated group (38.06 +2.94%, P < 0.05). Post hoc
analysis showed that the 3-h delayed progesterone-treatment
group (32.33 +£2.41%) was significantly different from the per-
manent MCAO-vehicle group (P < 0.05) (Fig. 8).

Six hour delay
There was a significant difference among the treatment groups
[F(2,20) =5.22, P < 0.01]. Post hoc analyses showed that subjects
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Figure 8 Delayed progesterone treatment effects on a memory
task as assessed by per cent time spent in the platform quadrant
during Morris water maze probe trial. Values are expressed as
mean =+ SE. *Permanent MCAO + vehicle versus sham + ve-
hicle; *Permanent MCAO + vehicle versus permanent

MCAOQO + progesterone.

in the stroke + vehicle-treated group spent significantly less time
(22.19 £ 4.01%) in the platform quadrant compared to the sham
group (35.82 £ 2.22%; P < 0.05). Post hoc analysis showed that
the 6-h delayed progesterone-treatment group (30.39 + 2.62%)
was significantly different from the permanent MCAO-vehicle
group (P < 0.05; Fig. 8).

Twenty-four hour delay

There was a significant difference among the treatment groups
[F(2,20) = 2.66, P =0.05]. Subjects in the stroke + vehicle-treated
group spent less time (26.32 +3.7%) in the platform quadrant
compared with the sham-vehicle-treated group (37.65 + 4.60%).
The 24-h delayed progesterone-treatment group (28.62 + 1.99%)
was not significantly different from the permanent MCAO-vehicle
group (Fig. 8).

Gait impairment

Stride length

Three hour delay of treatment

The measures of stride length (% baseline) of the contralateral
forepaw showed significant group [F(2,21) =9.65, P < 0.05] ef-
fects (Fig. 9A). At all time points, stride length in the affected hind
limb decreased significantly (P < 0.05) in rats subjected to per-
manent MCAO (74.07 £821%, 7193 +7.63%, 7393+
9.38% at Day 3, 9 and 21 post-injury, respectively) compared
with intact rats (114.64 +£8.80%, 114.97 +8.75%, 118.28 &+
11.81% at Days 3, 9 and 21 post-injury, respectively). Progester-
one treatment improved (85.60+9.3%, 107.33 +8.35%,
106.36 +3.85% at Days 3, 9 and 21 post-injury, respectively)
stride length of the affected limb (Fig. 9A). All progesterone
groups showed significantly greater stride length with the affected
contralateral fore limb compared to stroke + vehicle-treated rats at
all testing days.

Six hour delay

The measures of stride length (% baseline) of the contralateral
forepaw showed significant group [F(2,21) =10.43, P < 0.05]
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effects (Fig. 9B). At all time points, stride length decreased signifi-
cantly (P < 0.05) in rats subjected to permanent MCAO (89.74 +
8.14%, 72.95 £ 9.15%, 81.87 + 9.26% at Day 3, 9 and 21 post-
injury, respectively) compared with intact rats (119.79 +£7.76%,
122.83 +£9.86%, 128.64 +10.95% at Days 2, 6, and 21 post-
injury, respectively) in the affected hind limb. Progesterone treat-
ment improved (85.60 +9.3%, 107.33 +835%, 106.36 +
3.85% at Days 3, 9 and 21 post-injury, respectively) stride length
of the affected limb (Fig. 9B). All progesterone groups showed sig-
nificantly greater stride length with the affected contralateral hind
limb compared to stroke + vehicle-treated rats.

Twenty-four hour delay

The measures of stride length showed significant group [F(2,20) =
9.13, P < 0.05] effects (Fig. 9C). Stride length decreased signifi-
cantly (P < 0.05) in rats subjected to permanent MCAO compared
with intact rats in the affected forepaw, but progesterone treat-
ment did not significantly improve stride length of the affected
forelimb at any time points compared to vehicle.

Paw print area

Three hour delay of treatment

Repeated measures ANOVA on print area (% baseline) of contra-
lateral forepaw showed a difference among the treatment groups
[F(2,22) = 22.68, P < 0.05]. At all time points print area decreased
(Fig. 9D) significantly (P < 0.05) in rats subjected to permanent
MCAO (567.35 £ 10.19%, 28.42 £ 6.3%, 31.07 &+ 6.55% at Days
3, 9 and 21 post-injury, respectively) compared with intact rats
(105.69 £ 7.0%, 101.24 £ 6.36%, 94.99 + 11.28% at Days 3, 9
and 21 post-injury, respectively) in the affected hind limb. Proges-
terone treatment improved (88.89 + 10.16%, 72.21 +8.02%,
92,54 +9.89% at Days 3, 9 and 21 post-injury, respectively)
print area of the affected limb. All progesterone groups showed
significantly greater print area with the affected contralateral hind
limb compared to stroke + vehicle-treated rats.

Six hour delay

Repeated measures ANOVA on print area (% baseline) of the
contralateral forepaw showed a difference among the treatment
groups [F(2,21) =38.21, P < 0.05]. At all time points print area
decreased (Fig. 9E) significantly (P < 0.05) in rats subjected to
permanent MCAO (46.32 £ 6.89%, 32.14 +6.37%,
3535+ 6.26% at Days 3, 9 and 21 post-injury, respectively)
compared with intact rats (106.66 + 10.61%, 98.16 + 6.02%,
113.47 £ 6.57% at Day 3, 9 and 21 post-injury, respectively) in
the affected hind limb. Progesterone treatment improved
(60.59 £+ 13.38%, 45.58 +£8.25%, 62.14 + 10.46% at Days 3,
9 and 21 post-injury, respectively) print area of the affected
limb. All progesterone groups showed significantly greater print
area with the affected contralateral hind limb compared with
stroke + vehicle-treated rats.

Twenty-four hour delay

Repeated measures ANOVA on print area (% baseline) of contra-
lateral forepaw showed a difference among the treatment groups
[F(2,21) =32.25, P < 0.05]. At all time points print area decreased
(Fig. 9F) significantly (P < 0.05) in rats subjected to permanent
MCAO (4190 £11.21%, 36.58 +6.54%, 37.87 £7.83% at
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Figure 9 Delayed progesterone treatment effect on permanent MCAO-induced gait impairments. (A-C) Stride length; (D—F) print area;
(G-1) swing speed following 3-, 6-, and 24- h delayed progesterone treatment. Values are expressed as mean + SE. *Permanent
MCAO + vehicle versus sham + vehicle; *Permanent MCAO + vehicle versus permanent MCAQ + progesterone.

Days 3, 9 and 21 post-injury, respectively) compared with intact
rats (112.10 £16.47%, 108.87 £7.49%, 11878 £ 17.24% at
Days 3, 9 and 21 post-injury, respectively) in the affected hind
limb. All progesterone groups showed a trend toward greater print
area compared with the stroke + vehicle-treated group but the
difference was not significant.

Swing speed

Three hour delay of treatment

Analysis of swing speed (% baseline) of the contralateral forepaw
showed a difference among the treatment groups [F(2,22) = 6.55,
P < 0.05]. At all time points, swing speed decreased (Fig. 9G)
significantly (P < 0.05) in rats subjected to permanent MCAO
(70.63 £7.64%, 62.92 £9.30%, 74.91+9.16% at Days 3, 9
and 21 post-injury, respectively) compared with intact rats
(100.31 £5.0%, 108.81 +7.08%, 98.38 +5.47% at Days 3, 9
and 21 post-injury) in the affected hind limb. Progesterone treat-
ment improved (89.96 +12.37%, 102.72 £7.79%, 95.28 +
7.65% at Days 3, 9 and 21 post-injury, respectively) swing
speed of the affected limb. All progesterone groups showed

significantly greater swing speed compared with stroke + ve-
hicle-treated rats.

Six hour delay

Analysis of swing speed (% baseline) of the contralateral forepaw
showed a difference among the treatment groups [F(2,21) = 7.34,
P < 0.05]. At all time points swing speed decreased (Fig. 9H) sig-
nificantly (P < 0.05) in rats subjected to permanent MCAO
(81.55+9.61%, 55.59 + 11.84%, 77.50 £ 12.51% at Days 3,
9 and 21 post-injury) compared to intact rats (111.36 + 4.77%,
113.88 +7.81%, 109.83 £6.28% at Days 3, 9 and 21 post-
injury, respectively) in the affected limb. Progesterone treatment
improved (104.78 + 5.90%, 112.32 & 20.44%, 105.39 &+ 13.08%
at Days 3, 9 and 21 post-injury, respectively) swing speed of the
affected limb. All progesterone groups showed significantly greater
swing speed compared with stroke + vehicle-treated rats.

Twenty-four hour delay

Analysis of swing speed (% baseline) of the contralateral forepaw
showed a difference among the treatment groups [F(2,20) = 7.98,
P < 0.05]. Post hoc tests showed no significant difference in
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improvement with progesterone treatment on any days of testing
(Fig. 91).

Infarct volume

ANOVA showed a difference among the treatment groups
[F(3,36) =4.78, P < 0.05]. Post hoc analysis showed that 3- and
6-h delayed progesterone treatment produced significant attenu-
ation in infarct volume (percent contralateral hemisphere) com-
pared with the stroke + vehicle-only group (4.33 £0.72 and
4.87 £1.91 versus 10.65 + 1.46, respectively). The decrease in
the 24-h delay group (10.47 +1.17) was not significant (Fig.
10). Maximum decrease in infarct volume was observed for the
3-h delay group (59.29 %) compared with vehicle.

Discussion

The most common type of focal stroke in humans is the perman-
ent or thromboembolic occlusion of the cerebral arteries, especially
MCAO (Delcker et al., 1993; Hacke et al., 1996). To simulate
typical human stroke without reperfusion (Fisher et al., 2005,
2009), STAIR endorses the testing of agents in permanent
models of ischaemia. Accordingly, we used permanent MCAO
for our comprehensive dose-response and therapeutic time-
window study.

Brain 2014: 137; 486-502 | 497

Although progesterone has been shown to be neuroprotective
in senescent rats with traumatic brain injury (Cutler et al., 2007;
Wali et al., 2011), a recent review (Wong et al., 2013b), high-
lighted the need for experimental studies in aged animals, as most
preclinical studies reporting progesterone efficacy in stroke models
have used young, healthy animals. A recent American Heart
Association report shows sharp increases in midlife stroke occur-
rence (Roger et al., 2012). By using middle-aged rats we took a
more novel and clinically relevant approach compared with previ-
ous studies in younger animals, including our own, and assessed
neuroprotection over a longer period of time.

Most studies report progesterone to be effective on acute re-
duction in lesion size and early behavioural impairments, but less is
known about its long-term neuroprotective effects after stroke. To
address this problem, we examined progesterone's effects on a
panel of behavioural tests sensitive to unilateral ischaemic insult
beginning 3 weeks after the injury. We observed that the rats
showed severe behavioural impairments and diminished functional
recovery over the 3 weeks of post-stroke testing. We found that
compared with intact rats, older rats with permanent MCAO
showed functional deficits up to 3 weeks post-injury on a wide
array of outcome measures. We observed sustained sensory,
motor, and gait impairments and cognitive deficits compared to
the sham group. At 3 weeks post-injury we observed sustained
deficits (Table 1) in grip strength (30.24%), ability to stay on an
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Figure 10 Delayed progesterone treatment effects on infarct volume at 23 days post-occlusion. (A) Cresyl violet-stained coronal sections
from representative animals given either vehicle or progesterone, with brains harvested at 22 days post-occlusion. Infarcts are shown as
pale (unstained) regions involving the cortex. (B) Delayed progesterone treatment reduces infarct volume at 3h and 6h at 23 d post-
permanent MCAO. Compared to vehicle alone, progesterone significantly reduced infarct volumes (% of contralateral hemisphere).
Progesterone treatment begun at 24 h did not reduce the infarct volume. The data are represented as mean + SE; *P < 0.01 = significant

difference compared to permanent MCAO + vehicle.
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accelerating Rotarod (56.13%), sensory neglect (> 10-fold), loco-
motor activity (54.19%) and spatial memory (26.97%) compared
with sham-operated rats. Here we suggest that the use of older
rats tested over a longer duration is a more appropriate permanent
stroke model for evaluating neuroprotection in middle age than
evaluation of acute infarct and short-term functional measures in
very young animals.

A key objective of the present study was to determine a dose—
response curve for progesterone treatment at repeated time points
over 3 weeks after permanent MCAO on histological and func-
tional improvement. Using doses of 8, 16 and 32mg/kg, we
hypothesized that an inverted U-shaped dose-response curve
would emerge for most of the behavioural tasks, as previously
observed in a traumatic brain injury model in young adult rats
(Goss et al., 2003). On behavioural testing days we administered
progesterone after, rather than before, testing because of its
known anxiolytic and anaesthetic effects (Bixo and Backstrom,
1990; Bitran et al., 1993, 1995; Bitran and Dowd, 1996; Reddy
and Kulkarni, 1997; Djebaili et al., 2004).

We found that 8 and 16 mg/kg doses of progesterone substan-
tially reduce stroke infarct volume and improve functional recov-
ery. Although both doses were more or less equally effective on
sensory and motor function tests, 8 mg/kg produced better

B. Wali et al.

performance on the spatial memory Morris water maze task. We
therefore suggest that 8 mg/kg is the optimal effective dose for
systemic administration of progesterone for ischaemic stroke in
older rats. These observations are consistent with previous reports,
including our own, demonstrating the neuroprotective efficacy of
an 8mg/kg dose of progesterone after ischaemic stroke (Jiang
et al., 1996; Chen et al., 1999; Kumon et al., 2000; Goss et al.,
2003; Djebaili et al., 2004). As we would have predicted from our
earlier studies (Goss et al., 2003), we found that the highest dose
(32mg/kg) was less effective, or ineffective, in improving out-
comes over time on measures of performance such as grip
strength, forepaw neglect and spatial memory. Although the
weight loss in the 32mg/kg group was observed to be signifi-
cantly lower compared to the vehicle-treated sham group
(Supplementary Fig. 1), in no case did we observe any of the
three doses to be harmful on functional tests, a finding which is
potentially important for selecting optimal doses for clinical use.
Consistent with our finding, Wang et al. (2010) using permanent
MCAO with the intraluminal filament technique in aged rats,
showed that progesterone (8 mg/kg) improved Rotarod perform-
ance and reduced neurological deficit scores compared with ve-
hicle-treated rats. Although the Wang et al. (2010) study used
aged subjects, the outcome measures were limited to infarct

Table 1 Per cent deficit and improvement by different doses of progesterone on test parameters

Test day (D)

% Deficit compared with
sham control

% Improvement compared with deficit

P8 P16 P32
Grip strength D2 28.26* 24.94 46.40* 8.67
D6 32.86* 38.53 64.99* 72.95%
D9 32.48* 54 56* 47.67% 32.79
D22 30.24* 71.56* 50.86 —2.07
Rotarod D3 33.77* 84.89* 19.59 0.17
D7 40.82* 66.02* 62.36 28.30
D10 47.88* 98.49* 90.06" 39.37
D21 67.72* 80.64% 94.52% 32.02
Sensory neglect D3 10.66* folds (1066 %) 74.58* 61.67% 41.25
D7 7.29* folds (729%) 83.24% 61.28"* —8.86
D10 6.48* folds (648%) 89.08" 56.04 33.46
D21 5.87* 84.34% 76.59* 26.68
Locomotor activity D2 56.57* 37.26" 54.45% 32.46"
D6 53.88* 57.95% 69.19* 54.67%
D9 45.28* 33.09* 61.52* 38.75
D22 54.19* 30.40 74.35% 41.01
Memory (Morris water maze) D22 26.97* 99.16* 34.74 13.15
Stride length D2 40.09 25.91 16.43 72.98
D6 51.10* 64.66" 58.76 88.60"
D21 51.62* 68.60" 52.52 79.62*
Print area D2 65.56* 20.09 8.19 28.87
D6 74.56* 38.24% 47.43 101.72%
D21 74.31% 26.83 4455 42.80
Swing speed D2 42.44 88.63 —0.83 29.81
D6 51.11* 100.10* 51.79 90.02*
D21 64.04* 51.39% 25.02 48.43
Infarct volume D23 = 65.60" 71.63* 29.21

*Permanent MCAOQ + vehicle versus Sham + vehicle.
#Permanent MCAO + vehicle versus permanent MCAQO + progesterone.
P = progesterone.
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assessment and Rotarod testing only at the 72-h survival time
point. The model of permanent MCAO with intraluminal thread
technique shows variability in infarct volumes and higher mortality
rates (Kitagawa et al., 1998), thus limiting long-term survival stu-
dies. The present study in a model of permanent MCAO by direct
‘ligation" (cauterization) of the proximal middle cerebral artery
allowed assessment of neuroprotection over a longer period of
time. However, this model has limitations in approximating all as-
pects of the stroke injury, producing only cortical infarct and not
being a pertinent model of subcortical ischaemic stroke. Our pre-
vious studies have shown progesterone to attenuate subcortical
(caudate putamen) infarct in both transient and permanent intra-
luminal suture models of stroke (Sayeed et al., 2006, 2007), but a
more detailed examination of dose- and time-response relation-
ships is needed in these models that, in fact, result in subcortical
damage.

Our recent results showed that progesterone at 8 and 16 mg
not only attenuates the functional deficits induced by transient
MCAO, but also exerts neuroprotection after lipopolysaccharide-
induced exacerbated ischaemic brain injury (Yousuf et al., 2013).
Consistent with our current approach, a study by Wang et al.
(2010), using permanent MCAO with the intraluminal filament
technique in older rats, showed that progesterone (8 mg/kg) im-
proved Rotarod performance and reduced neurological deficit
scores compared with vehicle-treated rats.

Our previous animal studies have shown that neurosteroids
given after stroke onset can reduce infarct size and improve func-
tional outcome measures (Sayeed et al., 2007; Ishrat et al., 2009;
Yousuf et al., 2013). Unfortunately, in most experiments initiation
of drug administration has not been sufficiently delayed to mimic
what can happen in a clinical setting. After investigating the dose—
response relationship, we investigated treatment with the optimal
dose of progesterone (8 mg/kg) on morphological and functional
outcomes when treatment is delayed for 3, 6 or 24 h after ischae-
mic stroke. To the best of our knowledge this is the first study
reporting the delayed treatment effects of progesterone in a stroke
model. We note that the neuroprotective efficacy of progesterone
can be seen even when administered at 6h post-occlusion
(Table 2). Perhaps more importantly, we observed slight salutary
effects even when the treatment was delayed for 24 h after per-
manent MCAO. In light of the fact that in most of the completed
stroke clinical trials, the enrolment time was beyond 6h, it will be
important to investigate an intermediate time point between 6 and
24 h post-occlusion.

Previous studies in different stroke models have shown a vary-
ing extent and duration of gait impairments in younger rodents
(Wang et al., 2008; Encarnacion et al., 2011; Hetze et al., 2012;
Parkkinen et al., 2013). In the present study, we used an auto-
mated gait analysis system to evaluate the effect of progesterone
on gait function in older rats with permanent MCAO. We repeat-
edly measured stride length, print area and swing speed of the
contralateral paw. Vehicle-treated animals showed significant
post-stroke gait impairments, whereas progesterone treatment at
1, 3 and 6 h reduced these impairments. To the best of our know-
ledge our study is the first to report the beneficial effects of pro-
gesterone on stroke-induced gait impairments—clinically relevant
indicators of motor function status.
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Table 2 Percent improvement on test parameters after
delayed progesterone treatment

Test day (D) 3-h 6-h 24-h
post-injury delay delay delay
Grip strength D3 60.43 83.85 —2.28
D9 6132 105.22 0.06
D21 61.01 76.21 19.10
Rotarod D4 79.17 31.20 8.58
D10 73.90 57.51 7.04
D22 73.50 50.51 -7.97
Sensory neglect D4 83.65 75.43 99.04
D10 91.91 65.69 66.67
D22 99.04 —4.28 —0.48
Locomotor activity D3 27.28 46.49 61.13
D9 60.15 55.89 -
D21 54.49 46.72 26.47
Memory (Morris D22 60.52 60.18 20.35
water maze)
Stride length D3 28.42 59.73  —10.60
D9 82.25 71.87 42.84
D21 73.11 45.56 22.60
Print area D3 65.24 23.66 —14.20
D9 60.13 20.36 14.30
D21 96.15 34.29 32.11
Swing speed D3 65.14 77.94 21.95
D9 86.72 97.32 59.11
D21 86.82 86.27 44.32
Infarct volume D23 59.29 54.24 1.62

Although it will be necessary to examine the mechanisms
involved in the age-related response of the brain to stroke treat-
ment, the purpose of this study was to measure progesterone's
efficacy on the reduction of stroke infarct size and the enhance-
ment of functional recovery in middle-aged subjects. We have
previously shown that progesterone exerts its effects through a
variety of intranuclear and membrane-bound molecular mechan-
isms and pathways (Djebaili et al., 2004; Pettus et al., 2005; Guo
et al., 2006; Vanlandingham et al., 2006, 2007, 2008; lIshrat
et al., 2010, 2012; Atif et al., 2013), making it likely that proges-
terone's interacting pleiotropic actions on the reduction of many
complex molecular and genomic cascades of injury are responsible
for the improved functional outcomes. The multiple effects of
injury, inflammation and repair become manifest at different
times—sometimes days, weeks or months—after injury. There
are reports showing that progesterone consistently inhibits inflam-
matory reactions following traumatic brain injury and acute stroke
(Gibson et al., 2005; Hua et al., 2011). Our earlier studies in aged
rats showed that progesterone mitigates cellular damage caused
by the inflammation cascade (Cutler et al., 2007; Cekic et al.,
2009, 2011). Our laboratory has also shown (VanLandingham
et al., 2007) that progesterone increases the expression of CD-
55, a cell surface protein which reduces complement factors that
can trigger the debilitating inflammatory cascade. Progesterone
can also decrease apoptosis after stroke through the PI3K/Akt
pathway (Ishrat et al., 2012) and suppress glial activation leading
to scar formation (Labombarda et al., 2011). Progesterone can
also repair the blood-brain barrier after permanent MCAO by
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reducing metalloproteinases, and this in turn helps to prevent deg-
radation of tight junction proteins such as occludin 1 and claudin 5
(Ishrat et al., 2010). More recently, we showed that progesterone
inhibits the tPA-induced increase in matrix metalloproteinase 9 and
vascular endothelial growth factor. This observation may explain
some of the mechanisms underlying progesterone’s vascular pro-
tection and attenuation of cerebral haemorrhage after ischaemic
stroke and delayed tPA treatment (Won et al, 2013).
Progesterone confers many neuroprotective benefits because it
acts on many different pathways in the injury/repair cascade.
Other mechanisms for the hormone's pleiotropic actions in enhan-
cing neuronal sparing and repair after various kinds of brain injury
have been reviewed elsewhere (Schumacher et al., 2007; Stein
et al., 2008; Liu et al., 2012; Go et al., 2013).

For the current study only males were used as subjects. Most
recently, Wong et al. (2013a) conducted individual animal meta-
analyses from limited, published preclinical studies of progesterone
in females with experimental stroke and concluded that there was
an increase in the incidence of stroke-related death in adult, ovar-
iectomized females, highlighting the fact that further investigations
are needed to evaluate hormonal status of the females at time of
injury as well as dose- and time-response relationships for proges-
terone. Recently Gibson et al. (2011) demonstrated that proges-
terone treatment is beneficial after transient MCAO in aged and
ovariectomized female mice. Although the numbers were small,
recently completed phase Il clinical trials with progesterone for
traumatic brain injury in both male and female patients showed
salutary effects of the hormone (NCT00562016;
ACTRN12607000545460) (Wright et al., 2007; Xiao et al.,
2008). Two independent phase Il trials are now nearing comple-
tion and there will apparently be enough patients to permit some
stratification based on gender to determine whether there are sex
differences in outcomes following progesterone treatment for
traumatic brain injury (NCT00822900; NCT01143064).

Given that there are now >240 articles demonstrating the
beneficial effects of progesterone in a wide variety of neural
injury models, we can conclude that both laboratory and clinical
evidence indicates that progesterone may be a promising neuro-
protective agent and a candidate for future clinical studies in
ischaemic stroke.
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