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Abstract

Ž Ž . .Propentofylline HWA 285, 3-methyl-1- 5-oxo-hexyl -7-propylxanthine is an adenosine uptake and phosphodiesterase inhibitor that
has been shown to be neuroprotective in both global and permanent focal ischemia animal models. However, to date, the efficacy of
propentofylline has never been examined in an animal model of temporary focal ischemia or the ‘therapeutic window’ systematically

Ž .examined in a focal ischemia model. The present experiments were designed to investigate these. Temporary 3 h middle cerebral artery
occlusion was accomplished by the monofilament method. Infarct volumes were determined at 24 h from 2,3,5-triphenyltetrazolieum

Ž .chloride TTC stained coronal slices. Animals were dosed with vehicle or propentofylline at 3 mgrkg bolus andror a 6 mgrkg per h
Ž .infusion 24 h infusion at 30 min, 1 h or 3 h post ischemia onset. Physiological monitoring on a subset of animals indicated no changes

in mean arterial pressure, blood gases, blood pH, and glucose levels with either ischemia or drug treatment. Propentofylline treatment
resulted in a statistically significant decrease in infarct volume when an infusion dose of 6 mgrkg per h was initiated at 30 min or when a
bolus of 3 mgrkg plus an infusion dose was initiated at 1 h but not 3 h post ischemia. Therefore, propentofylline is neuroprotective in a
model of temporary focal ischemia. This suggests that combination therapy with propentofylline might lead to clinical improvement
beyond that which would occur with thrombolytics alone. The apparent short window of opportunity for effective dosing is consistent
with the proposed mechanism of action for propentofylline. q 1998 Elsevier Science B.V.
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1. Introduction

Ž Ž .Propentofylline HWA 285, 3-methyl-1- 5-oxo-hexyl -
.7-propylxanthine has been reported to have a number of

Ž .activities for a review see Parkinson et al., 1994 that
could theoretically lead to neuroprotection in animal mod-
els of ischemia as well as decreased infarct volume in
human stroke. For instance, propentofylline has been found

Žto be an adenosine uptake inhibitor, Fredholm and Lind-
strom, 1986; Ohkubo et al., 1991; Parkinson and Fred-¨
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.holm, 1991; Fredholm et al., 1992 and a weak adenosine
ŽA autoreceptor antagonist Parkinson and Fredholm, 1991;1

.Fredholm et al., 1992 both of which act to increase levels
of adenosine in the synaptic cleft. Since adenosine is
known to regulate the release of the excitatory amino acid

Ž .glutamate for discussion see Rudolphi et al., 1992 it is
not surprising to find that under ischemic conditions the
levels of adenosine are higher and the levels of glutamate
are lower in propentofylline treated animals than in vehicle

Ž .controls Andine et al., 1990; Miyashita et al., 1992 .´
Furthermore, propentofylline is known to non-competi-

Žtively inhibit cAMP and cGMP phosphodiesterases Nagata
et al., 1985; Nemoz et al., 1989; Murashima et al., 1990;´

.Meskini et al., 1994 . This action may well augment the
neuroprotective adenosine actions of propentofylline and
enhance propentofylline’s inhibition of glutamatergic ef-
fects. Therefore, it is not surprising to find that there are
several reports of neuroprotection with propentofylline in
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Žanimal models of both global DeLeo et al., 1987; DeLeo
et al., 1988a; DeLeo et al., 1988b; Stanimirovic et al.,

. Ž1994 and focal ischemia Park and Rudolphi, 1994; Mat-
.sumoto et al., 1996 .

Propentofylline is also known to increase the release of
Ž .nerve growth factor NGF in vitro from astroglial cells

Ž .Shinoda et al., 1990 and has been found to partially
prevent the age-associated decline in NGF with rats
Ž .Nabeshima et al., 1993; Nabeshima et al., 1994 . In
addition, propentofylline will inhibit the lipopolysaccha-

Ž .ride stimulated release of tumor necrosis factor a TNF-a
in vitro which may account for the decrease in microglial
Ž .DeLeo et al., 1987; McRae et al., 1994 and microglia-

Ž .generated oxygen free radicals Banati et al., 1994 under
ischemic conditions. Either the NGF or TNF-a actions
alone might explain the positive effects of propentofylline

Ž .in forebrain lesion animal studies Fuji et al., 1993 or the
neuroprotective actions of propentofylline following global

Žischemia DeLeo et al., 1987; DeLeo et al., 1988a; DeLeo
.et al., 1988b; Stanimirovic et al., 1994 . Moreover, inflam-

mation, microglial activation and loss of neurotropic fac-
tors have also been implicated in the mechanisms of
neuronal death in focal ischemic stroke and would suggest
possible efficacy in Alzheimer’s disease and vascular de-
mentia.

Clinically the effects with propentofylline have been
consistent with the preclinical indications for efficacy in
stroke, Alzheimer’s disease and vascular dementia. For
instance, in several clinical trials with dementia patients
with Alzheimer’s disease or vascular dementia, propento-
fylline demonstrated a significant improvement in several

Žmeasure of cognitive function Saletu et al., 1990; Mielke
.et al., 1996 . In a limited placebo-controlled study with

only 30 acute ischemic stroke patients, propentofylline was
found to significantly increase the glucose utilization within
the infarcted area at 2 weeks after ischemia and showed a
trend towards an improved Barthel index score at 3 months
Ž .Huber et al., 1993 . Therefore, with limited clinical stud-
ies in stroke patients and in more extensive trials in
Alzheimer’s disease and vascular dementia, propento-
fylline appears to show efficacy consistent with preclinical
data.

There are several reports describing the neuroprotective
effects of propentofylline given either pre- or post-ischemia

Žin models of global ischemia DeLeo et al., 1987; DeLeo
et al., 1988a; DeLeo et al., 1988b; Stanimirovic et al.,

.1994 . Similarly, propentofylline has been found to be
effective in permanent focal ischemia models when given
as a single i.p. dose pre-ischemia or as an i.v. infusion

Žpost-ischemia Park and Rudolphi, 1994; Matsumoto et al.,
.1996 . However, efficacy has not been investigated in a

temporary middle cerebral artery occlusion animal model
or the ‘therapeutic window’ examined in a model of focal
ischemia. The present work was undertaken to examine the
neuroprotective potential of propentofylline in temporary
ischemia and the therapeutic window in focal ischemia.

2. Materials and methods

2.1. Surgical procedure

ŽAdult male Wistar rats weighing 260–310 g Charles
.River Laboratories, Wilmington, MA were allowed free

access to food and water throughout the experiment. Anes-
thesia was induced with 5% halothane and maintained with
1.5% halothane in a 70r30% nitrous oxideroxygen mix.
Rectal body temperature was monitored and maintained by
use of a heating blanket. A permanent indwelling PE-50
catheter was implanted in the external jugular for i.v. drug
delivery. In a subset of animals, a heparinized PE-50
catheter was permanently implanted in the femoral artery

Žfor physiological monitoring mean arterial pressure, blood
.glucose, blood pCO , pO and pH just prior to ischemia2 2

onset and after 180 min of occlusion.
Middle cerebral artery occlusion was induced by the

Ž .procedure of Zea Long et al. 1989 with minor modifica-
Ž .tion as described by Belayev et al. 1996 . Briefly, a 3.0

monofilament with a heat blunted tip was presoaked
overnight in 0.1% poly-L-lysine and 1000 Urml of heparin
then dried at 608C for 1 h. The left common carotid artery,
external cerebral artery and internal cerebral artery were
isolated and the monofilament introduced via the external
cerebral artery up the internal cerebral artery 20–21 mm to
occlude the origin of the middle cerebral artery. The
wound was closed and the animals allowed to recover
Ž .over a 180-min period of occlusion until reanesthetized
for reperfusion such that there was 180 min of occlusion.
Reperfusion was accomplished by pulling the monofila-
ment back to the externalrinternal cerebral artery bifurca-
tion.

2.2. Drug administration

Propentofylline was dissolved in normal saline. Vehicle
treated animal received either 2 mlrkg normal saline as a
bolus injection i.v. andror 0.9 mlrh as a 24 h infusion.
Propentofylline was injected as a bolus dose of 3 mgrkg
andror an infusion of 6 mgrkg per h for 24 h. Drug
treatment was initiated either 30 min, 1 or 3 h after onset
of ischemia.

2.3. Infarct determination and statistical analysis

Animals were sacrificed at 24 h and the brain quickly
dissected. Animal brains were sliced into 2 mm coronal
sections and stained with 2% 2,3,5-triphenyltetrazolieum

Ž .chloride TTC, Sigma in normal saline at 398C for 30 min
then fixed in 10% buffered formalin as described by
Ž .Bederson et al., 1986 . Within 1 week, each slice was
photographed on 35 mm color slide film and the image
later quantitated by computer-assisted image analysis using

Ža Compix system C Imaging 1280 system, Compix Image
.Systems, Mars, PA . The ipsilateral hemispheric area,
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whole brain area and the area of infarct were found for
each slice. Volumes were determined by calculating the
area under the curve for the anterior–posterior levels verses
the infarct or hemispheric areas measured from each of the
six slices. Since this focal ischemia model does not involve
a craniotomy, edema was indirectly determined by taking
one-half of the difference between the ipsilateral and con-
tralateral volumes. This method assumes that the contralat-
eral side decreases in size in proportion to the amount the
ipsilateral side increases in volume. Previous work from
this laboratory has indicated that this more accurately
estimates the degree of edema seen at 24 h after ischemia.
‘Corrected Infarct’ was then determined by subtracting
edema from the infarct volume as measured for each
animal. Where indicated, percent infarct is calculated as
the uncorrected infarct volume as a percent of the ipsilat-
eral hemispheric volume.

Separate vehicle control groups were run against each
dosing times investigated. Statistical analysis indicate no
differences between vehicle controls dosed 30 min to 3 h
after ischemia, so the vehicle controls were combined and
compared to the propentofylline-treated groups. Compar-
isons were made by an one-way or two-way analysis of

Ž .variance ANOVA followed by Dunnett’s analysis for
individual drug treated groups. The physiological parame-
ters were compared between treatment groups by a Stu-
dent’s t-test.

3. Results

In order to minimize the time of anesthesia, decrease
surgical stress, and limit blood loss from sample withdraw,
only a subset of animals were monitored for physiological
variables. As can be seen in Table 1, there were no
significant changes between the saline- and drug-treated
groups pre- or post-ischemia. The data presented in Figs. 1
and 3 are uncorrected infarct volumes. However, data were
analyzed either as ‘corrected’ infarct volume by subtract-
ing out an estimate of edema or as uncorrected infarct

Žvolume i.e., a direct calculation from measured areas in
.each slice . In both cases, the results were similar in that a

Fig. 1. Mean uncorrected infarct volumes as a percent of the ipsilateral
Žhemisphere with standard error for each group ns35 for vehicle treated

.group and 12–14 in each drug-treated group . Animals were treated with
either vehicle or propentofylline with 6 mgrkg per h i.v. infusion at 30
min, or 3 mgrkg bolusq6 mgrkg per h infusion at 1 or 3 h post-ischemia.
)ANOVA followed by contrast analysis post-hoc comparison indicated a

Ž .significant P -0.05 decrease in infarct volume in the 30 min and 1 h
propentofylline-treated groups.

significant decrease in infarct volume was seen when
propentofylline treatment was initiated at 30 min or 1 h,

Žbut not 3 h after the onset of ischemia Uncorrected
infarct: control, 22.2"2.8% ipsilateral hemisphere; 30
min, 12.1"3.3%; 1 h, 8.8"3.5%; 3 h, 20.8"3.4%.
Corrected infarct: control, 17.2"2.8% ipsilateral hemi-
sphere; 30 min, 8.8"3.0%; 1 h, 5.9"3.0%; 3 h, 15.5"

.3.0% . Similarly, A small but significant decrease in edema
was found when treatment started at 30 min and 1 h but

Žnot 3 h post-ischemia control, 5.14"0.33% ipsilateral
hemisphere; 30 min, 3.66"0.35%; 1 h, 3.56"0.62%; 3

.h, 5.42"0.57% . In an initial experiment it was found that
an infusion only of 6 mgrkg per h initiated at 30 min
post-ischemia gave a significant neuroprotective effect at

Ž24 h. However, preliminary pharmacokinetic data not
.shown with propentofylline indicated that the blood levels

would take some time to reach their maximum steady state
Žlevels. Therefore, in subsequent experiments i.e., 1 and 3

.h post-ischemia dosing a bolus dose of 3 mgrkg was
added to more rapidly achieve steady state blood levels.

Table 1
Physiological parameters: vehicle vs. propentofylline in ischemic animals

Ž . Ž . Ž . Ž .Time after occlusion min MAP mmHg pH pO pCO Glucose mgrdl Temperature 8C2 2

Vehicle 0 76.4"3.3 7.28"0.05 132.8"5.8 50.2"3.7 134.5"3.5 37.1"0.1
180 88.3"4.5 7.33"0.03 150.0"7.3 43.7"4.4 115.5"7.2 38.4"0.2

Propentofylline 0 77.2"3.1 7.32"0.02 120.3"7.5 51.6"2.0 134.5"10.3 37.1"0.1
180 96.1"4.3 7.34"0.02 139.5"16.0 42.6"2.1 116.3"6.8 38.4"0.1

Ž .Vehicle or propentofylline 3 mgrkgq6 mgrkg per h for 24 h was injected i.v. 1 h after the onset of ischemia. Physiological parameters were measured
Ž . Ž .at the time of ischemia onset 0 min and just prior to reperfusion 180 min . No statistically significant differences between vehicle and drug treatment

Ž .were seen at either 0 or 180 min for any of the physiological parameters ns4rgroup, P)0.05, Student’s t-test .
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Ž .Fig. 2. TTC-stained coronal slices of rat brain from a representative vehicle and propentofylline-treated 30 min post-ischemia group animal. Note that
neuroprotection with propentofylline is evident in both the cortical and subcortical regions of the area at risk.

As seen in Fig. 1, animals treated with propentofylline
at 30 min or 1 h post-ischemia had an average infarct
volume that was significantly less than vehicle-treated
animals. This is clear by visually comparing the degree of
pan-necrosis as evidenced by TTC staining in a typical
vehicle-treated vs. a 30 min propentofylline-treated animal
Ž .Fig. 2 . In contrast, animals treated with propentofylline at
3 h after the onset of ischemia had a similar average
infarct volume to the vehicle-treated group. Neuroprotec-

Fig. 3. Mean areas with standard error bars for each of the coronal slices
vs. the anterior–posterior position of the slices for each treatment group.
Two-way ANOVA followed by Dunnett’s post hoc comparison indicated
a significant effect of treatment vs. vehicle control with the 30 min and 1
h time points. Note that decreases in infarcted areas were seen across
several sections, but are especially evident in sections 1 through 4.

Ž .tion was seen in several coronal sections examined Fig. 3
Ž .and in both the cortical and subcortical regions Fig. 2 .

4. Discussion

It is clear from the current results that propentofylline is
neuroprotective in an acute temporary focal ischemia model
of stroke. This has special significance given the recent
positive clinical results with thrombolytic therapies such as

Žrecombinant tissue plasminogen activator Brott et al.,
.1995 , and the fact that a certain percentage of focal

ischemic patients will undergo spontaneous reperfusion of
the infarcted area without pharmacological treatment
Ž .Minematsu, 1994 . Given the 3 h temporary occlusion
method utilized here and the 3 h treatment window for

Žrecombinant tissue plasminogen activator Adams et al.,
.1996 , it is suggested from the present results that even in

patients where reperfusion is established, a significant
pan-necrosis of effected area may occur. Furthermore, the
apparent ability of propentofylline to limit the neuronal
death that occurs even with reperfusion, indicates that the
infarct is amenable to pharmacological intervention. The
obvious implication is that safe neuroprotective treatments
in combination with thrombolytics may provide a more
beneficial outcome to patients than thrombolytic therapy
alone.
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It is also import to note that not all patients will
reperfuse with thrombolytic treatment, nor will every pa-
tient meet the treatment criteria for thrombolytics. There-
fore, it is reasonable to suggest that the future stroke
population will remain a mixture of patients with perma-
nent and temporary occlusion of the cerebral arteries.
Given this, it remains important for any potential neuropro-
tective agent to show effectiveness in both permanent and
temporary focal ischemia models. With this study and

Žprevious work Park and Rudolphi, 1994; Matsumoto et
.al., 1996 , it is clear that in animal models of focal

ischemia, propentofylline is neuroprotective in both perma-
nent and temporary ischemia.

Another interesting aspect of the current results is the
apparent therapeutic window of between 1 to 3 h with
propentofylline in this animal model of ischemia. As men-
tioned in the introduction, propentofylline has a number of
mechanistic actions that could account for its neuroprotec-
tive effects. However, the experimental therapeutic win-
dow found here would tend to suggest that certain mecha-

Ž .nism s are more important for the acute decrease in
infarct volume seen with propentofylline. Specifically, it
has been found that propentofylline has an adenosine

Župtake inhibition activity Fredholm and Lindstrom, 1986;¨
Ohkubo et al., 1991; Parkinson and Fredholm, 1991; Fred-

.holm et al., 1992 , as well as a weak A receptor antago-1
Žnism Parkinson and Fredholm, 1991; Fredholm et al.,

.1992 plus cAMP and cGMP phosphodiesterase inhibition
ŽNagata et al., 1985; Nemoz et al., 1989; Murashima et al.,´

.1990; Meskini et al., 1994 . All three of these actions
could combine to give an increase in released adenosine
and a synergistic postsynaptic adenosine receptor action.
Since adenosine is reported to act as a inhibitory neuro-
transmitter for glutamate release, it is not surprising to see
that under global ischemia conditions, propentofylline
causes an increase in the release of adenosine and a

Ždecrease in glutamate release Andine et al., 1990;´
.Miyashita et al., 1992 . Given the relatively short therapeu-

tic time window, decreasing excitatory amino acid release
may account for the neuroprotective actions of propento-
fylline. In focal ischemia models, glutamate levels rise

Žrapidly reaching a peak within 1 h Busto et al., 1989;
Hillered et al., 1989; Graham et al., 1990; Uchiyama-

.Tsuyuki et al., 1994; Chen et al., 1995; Herz et al., 1996 .
ŽIn contrast, TNF-a another potential neuroprotective

.mechanism with propentofylline does not peak for 6 to 12
Žh after onset of focal ischemia Feuerstein et al., 1994; Liu

.et al., 1994 . Furthermore, a recent study with 619C89, a
glutamate release inhibitor, found decreases in infarct vol-
ume when treatment was initiated at 30 min or 1 h but not

Ž .2 h after the onset of ischemia Leach et al., 1993 .
Therefore, a therapeutic window of 1 h with propento-
fylline is much more consistent with a neuroprotective
adenosine enhancing and subsequent glutamatergic limit-
ing mechanisms of propentofylline than any of the other
potential actions of propentofylline.

It is also interesting to compare the present results with
Žthose of the one clinical trial with propentofylline Huber

.et al., 1993 . In this small trial with ischemic stroke
patients, treatment was initiated within 48 h of symptoms
onset with a mean dosing time of 25"11 h. Two weeks
after treatment significant increases in regional brain glu-
cose metabolism were found within the infarct and the
hemispheric gray matter although no changes in overt
infarct volume were found. Given the present results where
infarct volume is quantitated by the standard TTC staining
methods and the prolonged initiation of treatment in the
clinical study, it might be expected that no change in
infarct volume would be seen in the clinical study. How-
ever, it is interesting to speculate that propentofylline-in-
duced increases in glucose utilization might reflect some
benefit even past a treatment time that can result in a
decreased infarct volume either in the clinical setting or in
preclinical animal models.

The obvious danger here is making direct comparisons
between a therapeutic window in humans and those found
experimentally in animal models of ischemia, especially
rodent models. It is tempting to point to the similarity
between the recombinant tissue plasminogen activator trial
results, indicating a 3 h treatment window, and the fact
that reperfusion within 3 h in rodent focal ischemia models

Žprovides some degree of neuroprotection Hsien and Hsu,
personal communication; Memezawa et al., 1992; Garcia

.et al., 1993; Garcia et al., 1995 and conclude that a 1 h
treatment window in a rodent focal ischemia model means
a 1 h treatment window in stroke patients. However, a 3 h
reperfusion window may not be true of all species. For

Ž .instance, Young et al. 1997 recently reported that in a
baboon model of focal ischemia, a 6 h ischemic event
followed by reperfusion resulted in a significantly smaller
infarct than permanent occlusion of the vessel, results that

Žhave been suggested from previous studies Nehls et al.,
.1987; Hadley et al., 1989 . Therefore, the ‘therapeutic

window’ for reperfusion in non-human primates may be
significantly longer than 3 h. This suggests that if the 3 h
window with recombinant tissue plasminogen activator
holds true in ongoing and subsequent clinical trials, then
possibly treatment with recombinant tissue plasminogen
activator is limited not by the neuroprotective limits of
reperfusion per say but by an undesirable effect of the
thrombolytic treatment itself. Certainly, more animal and
clinical work is necessary before the relationship between
animal models and human stroke can be fully elucidated.
In any case, until at least one neuroprotective compound’s
therapeutic window is fully characterized both in animal
models of focal ischemia and in clinical trials, it is difficult
to make direct conclusions about the relative predictability
of the type of data presented here to clinical treatment.

In summary, the current report extends previous work
to show that propentofylline is neuroprotective in a model
of temporary focal ischemia as well as permanent focal
ischemia. Also, it was found that this neuroprotection
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persisted when dosing was delayed by 1 but not 3 h after
the onset of ischemia. Together, these data would suggest
that propentofylline would be efficacious in human stroke
either with or without combination thrombolytic therapy.
Furthermore, the data suggests that there is a therapeutic
window of at least 1 h if not more to allow treatment to
commence. Efficacy in temporary focal ischemia with a
relatively short therapeutic window is consistent with the
proposed adenosinerphosphodiesterase mechanism for
propentofylline.
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