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Abstract
Data has emerged, largely from non-thromboembolic animal models of stroke, that suggests that
statins, which have efficacy in preventing strokes when given pre-ischemically, may have a positive
effect on stroke even when given post-ischemically, possibly through pleitropic cerebrovascular
effects. The goal of this study was to characterize the effects of IV tPA in a clinically-relevant model
of stroke utilizing a vascular occlusion with a freshly-formed clot, and evaluate the effects of post-
ischemic administration of simvastatin on stroke outcome in this model. Neurological deficit, clot
burden, and lesion volume were assessed after treatment with tPA in one experiment, and after
treatment with simvastatin in another. In the tPA experiment, treatment with 10mg/kg of tPA IV
(with 20% given as an initial bolus, and 80% given as an infusion over the remaining 30 minutes),
starting within an hour after stroke, resulted in significant reductions, compared with control animals,
in neurological deficit (mean ± SD neuroscores of 21.5 ± 21.1 and 30 ± 29.3, respectively, p = 0.005),
clot burden (p = 0.010) and lesion volume (p=0.049) at 24 hours. In the simvastatin experiment on
the other hand, treatment with a 20mg/kg of simvastatin as a single intraperitoneal dose within an
hour after stroke resulted in no salutary effects on neurological deficit, clot burden or lesion volume
compared with controls at 24 hours. These results suggest that more research needs to be done to
fully ascertain the therapeutic potential and optimal dosing paradigm of a post-ischemic treatment
with a statin.
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1. Introduction
In the SPARCL trial, 80 mg of atorvastatin per day reduced the overall incidence of strokes
and cardiovascular events (Amarenco 2006). The efficacy of statins in the primary and
secondary prevention of acute ischemic stroke is well established (Sacco 2006, Fuentes
2009, Milionis 2009). In recent years, it has become apparent that their effects may be more
pleitropic than simply lowering low-density lipoprotein (LDL) cholesterol (Cimino 2005,
Endres 2005).

In rodent studies, pre-treatment with statins prior to experimental stroke has been shown
improve lesion volume and neurological deficit (Shabanzadeh 2005, Yrjänheikki 2005), and
in this context up-regulates endothelial nitric oxide synthase (eNOS) (Amin-Hanjani 2001,
Sironi 2003, Asahi 2005), increases tissue-plasminogen activator (tPA) activity (Essig1998,
Asahi 2005) and increases cerebral blood flow (Endres 1998, Amin-Hanjani 2001). The
administration of statins as an acute post-ischemic treatment of experimental ischemic stroke
may also have an effect. In a rat study with permanent middle cerebral artery occlusion
(MCAO) achieved via direct bipolar coagulation, treatment with simvastatin after ischemic
injury resulted in decreased infarct progression (Sironi 2003). An intravenous dose of
rosuvastatin given post-ischemically in a model of stroke utilizing a filamentous occlusion in
mice resulted in improvements in lesion size and neurological deficit (Prinz 2008). Diabetic
rats treated with atorvastatin shortly after a transient middle cerebral artery occlusion with a
nylon filament had lower infarct volumes than those in untreated animals at 24 hours (Elewa
2009).

These results were obtained, however, in models of experimental stroke utilizing non-
biological occlusions. Acute ischemic stroke in humans is somewhat heterogeneous in
character, in that what starts out as an acute thromboembolic occlusion of a major branch
cerebral artery can result in a spectrum of events at 24 hours, ranging from a transient ischemic
attack with no neurological sequelae in one instance to a malignant cerebral infarction in
another (Koudstaal 1991, NINDS 1995, Kimura 1999). The acute thromboembolic arterial
occlusions that underlie these strokes tend to spontaneously and variably re-canalize (or
“dissolve”, re-establishing flow) over time (Toni 1998, Baracchini 2000, Alexandrov 2002),
and the extent and immediacy of this recanalization (which presumably depends on a delicate
balance of prevailing hematological, hemodynamic, and vascular factors) has a concordant
effect on outcome (Rha 2007). Given vascular effects of statins noted above, and the fact that
statins produce an anti-thrombotic hemostatic profile in cardiovascular disease (Dangas
1999, Laufs 2000), their potential as a post-ischemic treatment for acute stroke may be most
relevantly studied in a thromboembolic, vascular model of acute ischemic stroke adapted to
closely approximate the natural physiology of this event in humans, utilizing an occlusion with
fresh, spontaneously formed blood clot. The goal of this study was two-fold: 1) to evaluate the
effects of intravenous tissue-plasminogen activator (tPA) on post-treatment behavior, clot
burden, and lesion volume at 24 hours in such a model, and 2) use the model to assess the effect
of a post-ischemic administration of a statin, simvastatin, on those same endpoints.

2. Results
In the tPA experiment, 14 animals received a weight-based dose of tPA intravenously, and ten
animals received a weight-based dose of control solution. At 24 hours, four and two of the tPA-
treated and control animals, respectively, had died (no significant difference in mortality, p =
0.63 per Chi-square analysis), leaving ten animals in the tPA group and 8 animals in the control
group for analysis.

Guluma and Lapchak Page 2

Brain Res. Author manuscript; available in PMC 2011 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the simvastatin experiment, 15 animals received simvastatin, 20mg/kg intraperitoneally, and
12 animals received a comparable weight-based volume of vehicle intraperitoneally after
embolization. At 24 hours, five and three of the simvastatin-treated and vehicle treated (control)
animals, respectively, had died (no significant difference in mortality, p = 0.64 per Chi-square
analysis), leaving ten animals in the simvastatin group and nine animals in the vehicle group
for analysis.

2.1. Effects of tPA and simvastatin on neurological deficit
Overall, neurological deficit improved over time in both tPA-treated and contemporaneous
control animals in the tPA experiment (Table), as it did in simvastatin and contemporaneous
vehicle-treated animals in the simvastatin experiment. In the tPA experiment, there was a trend
towards a greater number of improvements to no deficit at all (neuroscore = 0) in the tPA
treated animals, compared to the control animals (Figure 1, difference NS), and the group of
tPA-treated animals appeared to have a more notable improvement in deficit overall by 24
hours (Figure 2). Given the variability in neuroscores seen, an exploratory paired t-test was
performed in each group in the tPA experiment to assess the significance of the change between
each pre-treatment neuroscore and its associated post-treatment neuroscore, and revealed that
the improvement in neuroscores in tPA treated animals was statistically significant at both the
post-treatment timepoint (p = 0.018) and at 24 hours (p = 0.005), but was not in the
contemporaneous control animals at either timepoint (p = 0.12 and 0.095, respectively).

In the simvastatin experiment, the mean (± SD) recovery neuroscores were 38 ± 11.4 in the
vehicle-treated group and 39.5 ± 9.6 in simvastatin-treated group, and the mean 24-hour
neuroscores were 18 ± 18.1 in the vehicle-treated group and 21.5 ± 21.1 in simvastatin-treated
group (Figure 3). A paired t-test performed in each group to assess the significance of the
change between each pre-treatment neuroscore and its associated 24-hour neuroscore revealed
that the simvastatin-treated animals had a significantly less pronounced improvement in
neuroscores at 24 hours than did the vehicle group, to the point that, while the t-test was
significant in the vehicle group (p = 0.012) due to spontaneous improvement, it was not in the
simvastatin group (p = 0.13).

2.2. Effects of tPA and simvastatin on clot burden
Residual clot burden at 24 hours was variable in both the tPA and simvastatin experiments. In
the tPA experiment, the mean clot burdens were 1.0 ± 1.3 mm in the control group and 0.1 ±
0.3 mm in the tPA group. Compared to animals treated with control solution, treatment with
tPA resulted in a marked and statistically significant reduction in clot burden (p = 0.010). Only
1/8 t-PA-treated animals, compared with 6/8 control animals, had residual clot (Figure 4). In
the simvastatin experiment, on the other hand, there were no discernable differences in clot
burden or in the incidence of clot, with mean (± SD) clot burdens of 0.4 ± 0.5 mm and 1.5 ±
3.1 mm in the vehicle and simvastatin groups, respectively (Figure 5).

2.3. Effects of tPA and simvastatin on lesion volume
Treatment with tPA resulted in a statistically significant reduction in lesion volume at 24 hours,
compared to control (p=0.049, Figure 6). The mean lesion volumes in control animals and tPA-
treated animals were 301.8 ± 266.1 mm3 and 112.9 ± 153.2 mm3, respectively. In the
simvastatin experiment, on the other hand the mean lesion volumes in the vehicle animals and
simvastatin-treated animals were 94.1 ± 129.4 mm3 and 149.3 ± 140.9 mm3, respectively, with
what appeared to be a slight trend towards increased lesion volume with simvastatin (Figure
7), although not statistically significant (p = 0.57). Intracranial hemorrhage was rare; there was
only one small hemorrhage noted, and it occurred in the tPA experiment, paradoxically in a
control animal.
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3. Discussion
In this study, we found that administration of a standard thrombolytic agent significantly
decreased neurological deficit measured at 24 hours after embolization. The behavioral
improvement was associated with a significant decrease in clot burden and enhanced cellular
survival as determined by TTC staining. We found that, in comparison to the beneficial effects
of tPA, the post-ischemic administration of simvastatin, at a dose previously found to have
pharmacological effects in models of cerebrovascular disease, did not have a beneficial effect
on any of the studied endpoints, and in fact resulted in a significantly less pronounced
behavioral recovery at 24 hours than that seen in untreated animals. The lack of an effect from
statins has been reported in other studies. Balduini found that the post-ischemic administration
of a statin in a model of neonatal hypoxicischemic brain injury did not have the same salutary
effect on outcome as it did when given prior to the ischemic insult (Balduini 2003). Montanera
found, in a pilot study of humans with acute ischemic stroke, that post-ischemic treatment
simvastatin 40 mg/day for the first week followed by a dose of 20 mg/day until day 90 resulted
in a trend towards improvement in neurological deficit, but without an increase in functional
outcome (mRS), and associated with a non-significant increase in mortality and higher
proportion of infections (Montanera 2007). The effect of statins on outcome in clinical trials
has not been without contention (Goldstein 2009).

Our model is characterized by variability in the outcome of endpoints studied that, at first
glance, would appear to be a liability, but actually represents an asset. First of all, the variability
closely approximates the human condition. Some control animals spontaneously improved -
on occasion to the point of having no deficit - while others worsened to have mortality, and
outcome at 24 hours was variable. The NINDS trial revealed that 40% of human patients with
acute ischemic stroke who go untreated will, by 24 hours, spontaneously and noticeably
improve (as determined by an National Institutes of Health Stroke Scale (NIHSS) score
improvement of 4 points or more) (NINDS 1995). Spontaneous reperfusion (and improvement)
or - on the other hand - spontaneous deterioration are typical findings in the first 24 hours of
human stroke (Zanette 1995, Bowler 1996, Toni 1998). Secondly, the manner in which the
vascular occlusion was induced, which probably underlay some of the variability mentioned
above, inherently allows for maximal sensitivity to any treatment effects on ischemic injury
that might have been mediated through changes in autolysis or vascular interactions. We used
fresh, spontaneously-formed clots in our study (see Experimental Procedure section).
Previously described animal models of ischemic stroke using techniques such as direct
mechanical occlusion (Tamura et al., 1981, Bederson 1986, Kawamata 1997), applying
vascular injury to induce in-situ coagulation (Futrell 1989, Markgraf 1993, Dietrich 1993;
Matsuno 1993, Guarini 1996), the embolization or insertion of non-biological material (Longa
1989, Akai 1995, Yang 2002), and the embolization of aged, processed clot (Zhang Z 1997,
Kilic 1998, Kilic 1998, Wang 2001) have significant utility in answering very focused
biological questions, specifically regarding the fate of neuronal populations down-stream from
a vascular occlusion, but they present a limitation in that they are not comprehensively
reflective of acute ischemic stroke in humans. They are designed to optimize uniformity of
results, and use a relatively hardy occlusion to stabilize the initial ischemic insult over the
duration of assessment and minimize any variability. In so doing, however, they lose the
capability by which to clearly study effects on vascular thrombomodulation and autolysis that
partially underlie the natural variation and outcome in ischemic stroke. The manner in which
clot is prepared (and therefore the manner in which an occlusion is sustained) has a significant
effect on outcome in experimental ischemic stroke; Neissen found that thrombin-generated
clots were significantly more resistant to thrombolysis with t-PA than were fresh,
spontaneously formed clots (Niessen 2003). The model we used is optimal for evaluating agents
and treatment strategies with potentially pleitropic mechanisms of action.
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The evident difference in 24-hour lesion volumes between the tPA control group and
simvastatin control group may have been related to the fact that the tPA and simvastatin
experiments were two separate experiments performed separately in time, and the fact that the
volume and route of administration of control solutions in each experiment were markedly
different. The tPA control animals received approximately 3 mL of solution IV over a 30 minute
time period, while simvastatin control animals received a significantly smaller volume of
control solution intraperitoneally (about 0.06 mL, on the order of a 100 times less). We have
data from two prior experiments performed using this model that appears to suggest that volume
of fluid administered may have been at play. In those experiments, the mean (±SD) lesion
volumes in the control groups were 123.6 ±148.1 mm3 and 137.8 ±107.4 mm3, respectively,
in animals that received approximately 0.5 mL of control solution IV very shortly after stroke
(unpublished data). A proportional overview of control data we have thus far, including this
study, reveals mean lesion volumes of 94.1 mm3, 123.6 mm3, 137.8 mm3, and 301.8 mm3 in
animals that received approximately 0.06 mL, 0.5 mL, 0.5 mL, and 3 mL of fluid, respectively,
which strongly suggests a correlation with the amount of control solution fluid given. There is
human clinical trial data to corroborate this kind of effect on outcome. Hypervolemic
hemodilution (consisting of rapid infusion of large volumes of intravenous fluid) was a
promising therapeutic modality that was carefully studied in humans as a treatment of acute
ischemic stroke until about the late 1990's, when it was found that there was no clear benefit.
Furthermore, one study revealed that 5.5% of patients given this treatment died within the first
5 days, compared with only 1.6% of control patients (No author, 1987). In an animal study of
focal cerebral ischemia in which the effects of varying degrees of hydration status on cerebral
brain water (edema) were studied, the infusion of larger volumes of intravenous saline resulted
in significantly increased amount of edema in the infarcted hemisphere Paczynski 2000).
Relatively rapid administration of large volumes of fluid may dilute the oxygen-carrying
capacity of the blood, possibly worsening ischemia (von Kummer 1989). A careful, systematic
review of the totality of the literature regarding hypervolemic hemodilution therapy for acute
ischemic stroke in humans at the time concluded that, while not statistically significant, there
was a trend towards increased early mortality (Asplund 2002). The difference in baseline lesion
volume seen between the two experiments in our study can readily be accounted for by the
difference in fluid amount administered. Since the treatment results of each experiment were
based on a comparison with a specific control group dedicated to that experiment, the
comparison of net treatment effects seen within each experiment is very robust, even if the
absolute values of lesion volumes may not be easily compared between experiments.

The lack of effect seen with simvastatin in our study may be related to several factors. First of
all, we evaluated simvastatin in a model in which, like the natural disease process, autolysis
and spontaneous reperfusion were capable of affecting outcome (as outlined above). In the
other post-ischemic statin animal studies mentioned in the introduction (Sironi 2003, Prinz
2008, Elewa 2009), a treatment effect on this tendency was disallowed by the use of a non-
biological occlusion, and in these studies outcome must have rested solely on neuroprotective
or other effects on neuronal populations downstream. It may be that the main therapeutic effects
of statins are neuronal or possibly microvascular, and in our study, a modest neuroprotective
effect of simvastatin downstream may have been obscured by the more profound effects of
variable spontaneous recanalization upstream.

Another possibility underlying our results may rest with unknown effects on the bioavailability
of the simvastatin based on its preparation and route of administration. The bioavailability
simvastatin we gave may have been affected by the intraperitoneal route of administration we
used in the study. Prinz et al found that, in order to have an effect on outcome in experimental
stroke, post-ischemic rosuvastatin had to be given much earlier and at significantly higher doses
when given intraperitoneally than when given intravenously (Prinz 2008). We might have
found a therapeutic effect had the simvastatin been given intravenously, although Sugawara
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found that a single 20mg/kg IP dose reduced vasospasm from subarachnoid hemorrhage
(Sugawara 2008), and Lapchak found that it reduced post-thrombolysis intracranial
hemorrhage (Lapchak & Han 2009), which suggests that, even though these endpoints are not
comparable to those assessed in our study, there is pharmacological activity at this dose via
this route. Lapchak also found that simvastatin given to rabbits at a dose of 20mg/kg
subcutaneously within an hour of experimental ischemic stroke improved neurobehavioral
outcome (Lapchak & Han 2010), further suggesting pharmacological activity at this dose, even
though there are differences between rabbit and rodent models of stroke that may affect
outcome in this regard (Lapchak & Han 2010). The other consideration involves how the
simvastatin we used was prepared, in comparison to other studies showing an effect. Sironi
chemically activated simvastatin by means of alkaline hydrolysis prior to subcutaneous
administration (Sironi 2003), and Asahi prepared simvastatin in a PBS (pH 7.4) solution
containing 10% ethanol and chemically activated it by alkaline hydrolysis prior to
administration (Asahi 2005). The manner in which we prepared simvastatin for administration
(dissolution in 100% DMSO without alkaline hydrolysis activation) may have had an effect
its pharmacological activity. However, Sugawara administered un-activated simvastatin in a
10% ethanol solution and found a cerebrovascular effect (Sugawara 2008), and Lapchak found
that un-activated simvastatin administered subcutaneously in a dose and formulation identical
to ours had therapeutic effects in a rabbit model of ischemic stroke (Lapchak & Han 2009,
Lapchak & Han 2010), even though the effects on endpoints in a rabbit may be slightly different
than those seen in a rodent model (Lapchak & Han 2010). There is a significant amount of data
that reveals that un-activated simvastatin has a pharmacological effect when administered to
rodents via an intravenous or intraperitoneal route, whether dissolved in 10% ethanol and 0.9%
NaCL (Merx 2004, Merx 2005, Almeida 2008), saline alone (Giusti-Paiva 2004), or in DMSO
(Wayman 2003, Nesić 2006, Erkkilä 2005, Bitto 2008, Slotta 2009). Even though it is a
consideration in this regard, the fact that we did not activate simvastatin by alkaline hydrolysis
is by no means a definitive cause of the lack of activity we noted.

Other considerations underlying our findings may involve the dose and timing of
administration. The dose we used in this study was significantly higher on a per-kilogram basis
than that currently being used in humans; it was equivalent to giving a 1000 – 1500 mg dose
in a standard-sized adult, over an order-of-magnitude higher than the pharmacologically active
5 to 80 mg dose recommended in the package insert from Merck (ZOCOR®(simvastatin)
product sheet, accessed from URL
http://www.merck.com/product/usa/pi_circulars/z/zocor/zocor_pi.pdf). It is possible,
however, that statins have an inverted U-shaped curve for neuroprotection and/or
thrombomodulation, with benefit only seen at moderate doses. It may even be possible that the
dose we used had undetected toxic effects. In the NeuSTART trial, a dose-finding study using
an adaptive design to evaluate doses of lovastatin at 1, 3, 6, 8 and 10 mg/kg/day given orally
for 3 days after acute ischemic stroke in humans, increasing doses were associated with elevated
liver enzymes and dose-related decreases in blood pressure, and the final model-based toxicity
was established at 8 mg/kg (Elkind 2009). In our study we used a different statin given by a
different route in a rodent model of stroke, and did not measure blood pressure or liver function
tests, and so we cannot be sure if comparable effects were at play. It is also possible that the
major determinant of effect may be timing of administration, as opposed to dosage, and our
results might have been different had we administered simvastatin at a later time-point, or in
repeated doses. Sironi, for example found a therapeutic effect when a statin was administered
for 3 consecutive days after permanent MCAO (Sironi 2003). Sugiura found that a statin
administered 2 days after transient MCAO diminished the extent of infarct expansion seen days
later (Sugiura 2007). Additional studies evaluating the timing of post-ischemic administration
and dose-response curves would be needed to answer the dose and timing questions. Finally,
the therapeutic efficacy of simvastatin may just be less robust on administration as a single
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dose post-ischemically than it is given in a more prolonged prophylactic regimen pre-
ischemically.

In conclusion, post-ischemic administration of simvastatin did not have an effect on acute
experimental thrombembolic stroke in a model with characteristics reflective of the clinical
presentation of the disease in humans. The administration of tPA resulted in notable positive
effects in all of the acute therapy endpoints studied. The model demonstrated baseline clinical
characteristics and a response to standard thrombolytic therapy that were reflective of that seen
in humans, and is a clinically relevant tool by which to assess potential therapies with pleitropic
effects. More research needs to be performed to elucidate the role for a hyperacute post-
ischemic administration of statins in stroke, and determine if there is an efficacious route of
administration, timing, and dosing regimen associated with it. Additional experiments
evaluating dose-response curves for statins may be in order.

4. Experimental Procedure
All study procedures were approved by the Institutional Use and Care of Animals Committee
of the University of California, San Diego, and were performed in accordance with accepted
standards of animal care. We used male Fisher 344 rats weighing approximately 300 – 350
grams, obtained from Harlan Sprague Dawley, and allowed them to acclimatize, assume
normal sleep wake cycles, and feed ad libitum prior to procedures.

4.1. Preparation of non-autologous clots
Prior to the planned embolization, a donor rat was placed under general inhalational anesthesia
using an admixture of isoflurane and 2 Liters/minute of oxygen. Anesthesia induction was
carried out with 5% isoflurane, and maintained with 2.5% isoflurane. After sterile preparation
of the right neck, approximately 1 cc of venous blood was obtained via transcutaneous
venipuncture of the right internal jugular vein with a 23-Guage needle and syringe. The blood
was immediately injected into a length of polyethylene catheter (PE-50) so as to fill the lumen
completely. This filled catheter was allowed to sit for approximately one minute on a level
surface, so as to ensure uniform initial stabilization of clot along the length of the catheter, and
was then placed in a 37°C water bath, and allowed to incubate at 37°C from anywhere from
one to six hours. At the end of this time period, and immediately prior to use, clot was cut into
40 mm segments, and each segment was “loaded” into a specially modified clot-delivery
catheter fashioned out of regular PE-50 tubing, pre-filled with a sterile, pH-neutral,
physiological electrolyte solution (Plasmalyte™, Baxter Health Care Corporation, Deerfield
IL). At the time of actual embolization, clots were between approximately 2 and 8 hours in
age.

4.2. Surgical Technique and Embolization
A rat was placed under general anesthesia with isoflurane as performed above. A rectal
temperature probe was placed, and the animal kept euthermic (37°C ± 1°C) using heating pads
during the ensuing procedure. After a shave and sterile prep, a midline neck incision was made,
and when venous access for treatment infusions was needed, the left external jugular (EJ) vein
was exposed and cannulated with a polyethylene catheter. The right internal carotid artery
(ICA) was then cannulated with the clot delivery catheter in a manner comparable to that
previously described by others (Zhang RL 1997, Zhang Z 1997). Briefly, the right common
carotid artery (CCA), external carotid artery (ECA) and internal carotid artery (ICA), as well
as the right ptyerygopalatine artery were exposed, the ptyerygopalatine artery tied of with
suture ligature, and the ECA tied off, divided, and used as a stump through which to gain access
into the ICA. The clot delivery catheter was inserted into the ICA via the ECA, into a depth
that approximated the origin of the middle cerebral artery (MCA) intracranially, and the clot
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was gently injected, together with 0.2 cc of Plasmalyte (so to ensure good seating of the clot).
The catheter was then withdrawn, and the ECA arteriotomy closed completely with a suture
ligature, maintaining patency of the ICA. The operative incision was then closed and the animal
subsequently monitored to recovery off anesthesia.

4.3. Neurological deficit scoring
Upon full recovery from anesthesia (i.e. upon full normalization of righting reflexes,
normalization of responses to auditory, visual and tactile stimuli on the normal side,
normalization of motor function where unaffected by stroke, and being apparently clear of the
discernable influences anesthesia and having an overall “fully awake” appearance – all of
which typically occurred at the most about 30 minutes after being taken off anesthesia), and
again at defined intervals (such as after treatment and at 24 hours), the degree of neurological
deficit was assessed in each animal by an investigator completely blinded to treatment
assignment, using a multi-element neurological deficit scoring (neuroscore) paradigm. The
paradigm was a modification of that used by Nedelman (Nedelmann 2007). Nedelman
described the neuroscore as an evolutionary development from prior work (Bedersen 1986,
Longa 1989, Menzies 1992, Zausinger 2000) and found it correlated with infarct volume on
hematoxylin and eosin staining. To determine neuroscore in our study, nine items were assessed
and scored separately, and then totaled to derive the overall neuroscore: 1) the presence or
absence of forelimb extension (in which the animal was suspended gently by the tail and
observed for forelimb flexion), 2) the presence or absence instability to lateral push from right
(in which the animal was pushed laterally on a graspable surface and assessed to instability or
weakness), 3) the presence or absence of stereotyped torso twisting while suspended gently by
the tail, 4) the presence or absence of a gait preference while walking a level surface, 5) the
presence or absence whisker movements, 6) the normalcy of consciousness 7) hearing, 8)
sensory (to left-sided touch), and 9) the presence or absence of a left-sided hemianopia (reaction
to visual stimuli approaching from left). Each item was scored in a relatively binary fashion
(present/absent, normal/abnormal) and assigned a score of 0 or 10 with 10 denoting an
abnormal finding, and totaled to a maximum total neuroscore of 90, with a higher neuroscore
denoting a more severe neurological deficit. Only animals that had a pre-treatment neurological
deficit of 20 or above were included in the study.

4.4. Assessment of Clot Burden, TTC staining, and lesion volume
Twenty four hours after clot embolization, each rat was euthanized by transcardiac
exsanguination of up to 10 mL of blood while under general inhalational anesthesia and
decapitated using a surgical scalpel blade so as to minimize any pressure on the neck region
that might result in a significantly supraphysiological rise in the intraluminal pressure of the
intracranial vascular tree (thereby minimizing any risk of intravascular clot dislodgement prior
to inspection of the vasculature). Each brain with intracranial vessels was removed en-bloc and
its ventral surface and circle of Willis examined under a dissecting microscope. The presence
or absence, conformation, and total length of residual intravascular clot were noted, and the
lengths of all segments of clot measured and totaled. Model development had revealed that at
times there will be some residual thrombotic material, which represented residual clot through
which the vessel had spontaneously recanalized (see Figure 8 for a typical representation). This
type of residual thrombotic material, found in two forms - a partial residual clot or a residual
thrombotic “stain” inside the vessel, could obviously not be given the same weight as a solid
occlusive clot in an analysis of clot burden, but could also not be completely discounted given
the scientific premise of the study. In order to account for these findings in the analysis, the
measured length of any residual clot was arbitrarily divided by two (half-weighted), and the
length of any residual stain was arbitrarily divided by three.
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The brain was then cut into 2mm sections and stained with 2% 2,3,5-triphenyltetrazolium
chloride (TTC, from Sigma, St Louis, MO, USA) so as to visualize ischemic lesion area. TTC
is a colorless in solution that is reduced by enzymes of functioning mitochondria to yield a
deep red formazan, such that infarcted areas of the brain, which do not convert TTC and remain
unstained, can be appreciated visually (non-microscopically) (Park 1988, Hatfield 1991).
Infarct areas demarcated with TTC correspond closely with those measured with other
histological methods (Lundy 1986, Bederson 1986, Osborne 1987, Lin 1993). The TTC slices
were then photographed with a digital camera, and imported into an image-analysis program
(Image-J, a public domain image-processing program from the National Institutes of Health,
http://rsb.info.nih.gov) for an assessment of lesion area. The total lesion volume was calculated
by multiplying the lesion area determined on each slice by the slice thickness (2mm), and then
adding these products over the total number of slices.

4.5. Model characterization; tissue-plasminogen activator experiment
In order to characterize the performance of the model in the context of a treatment known to
have a favorable outcome in acute ischemic stroke, a study using tissue-plasminogen activator
(tPA) was performed. Recombinant tPA (Activase® (Alteplase)) was purchased from
Genetech Inc (South San Francisco, CA), in the form of a sterile, lyophilized powder, and
reconstituted for use as 1mg/mL solution with biological-grade water as per manufacturer
instructions. Clot preparation and then experimental procedures for surgery, infusion catheter
insertion and clot embolization were carried out as outlined above. An hour after embolization
(at which time all animals had full recovery from anesthesia) a neuroscore was performed on
each animal as outlined above, and then each randomly received either 10mg/kg of tPA
intravenously (with 20% given as an initial bolus, and the remainder (80%) given as an infusion
over the remaining 30 minutes), or a comparable weight-based volume of control solution of
Plasmalyte (with 20% given as an initial bolus, and the remainder (80%) given as an infusion
over the remaining 30 minutes). This tPA dosing regimen was chosen based on prior studies
evaluating tPA and experimental stroke (Tejima 2001, Zhang L 2006). An hour after the
infusion was initiated (30 minutes after completion), each animal had a second, post-treatment
neuroscore. At 24 hours, a third neuroscore was performed, and then clot burden and lesion
volume assessments performed as outlined above.

4.6. Simvastatin experiment
A generous gift of pharmaceutical-grade (United States Pharmacopoeia) simvastatin was
obtained from Chong Kun Dang Pharmaceutical Co. Ltd. (Seoul, South Korea), in the form of
a lyophilized powder, and reconstituted for use as 100mg/mL solution with 100% HPLC grade
dimethyl sulfoxide (DMSO, from Fisher Scientific). Clot preparation and then experimental
procedures for surgery, infusion catheter insertion and clot embolization were carried out as
outlined above. An hour after embolization (upon full recovery from anesthesia) a neuroscore
was performed on each animal, after which each randomly received either simvastatin 20mg/
kg intraperitoneally as a one-time dose or a comparable weight-based volume of vehicle
solution. This simvastatin dose was chosen based on that used in other studies revealing a
cerebrovascular effect when given post-ictally (Sironi 2003, Asahi 2005, Sugawara 2008,
Lapchak & Han 2009). At 24 hours, a second neuroscore was performed, and then clot burden
and lesion volume assessments performed as outlined above.

4.7. Statistical analyses
All embolization procedures and assessments (neuroscore, clot burden, lesion volume) were
carried out by a single investigator (KZG) completely blinded to treatment assignment. Data
was presented as means with standard deviations, and box-plotted as medians with interquartile
ranges. Chi-square was used to proportionally analyze variables with categorical values. A
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non-parametric Mann-Whitney U or Wilcoxon Rank-Sum Test was used for numerical data
that was not normally distributed. Analyses were performed with NCSS 2001 from Number
Cruncher Statistical Systems (Kaysville, UT). Differences with a p-value < 0.05 were
considered statistically significant.
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Figure 1.
Neuroscores at recovery (RECOVERY), one-hour after treatment (AFTER-TREATMENT),
and at 24 hours (24 HOURS) in control and t-PA (tissue plasminogen activator)-treated
animals. Individual values are to the right of the associated box plots. A higher value indicates
more severe neurological deficit.
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Figure 2.
Improvement in neuroscores between recovery and 24-hours (calculated as Neuroscore-on-
recovery minus Neuroscore-at-24-hours) in control and t-PA (tissue plasminogen activator)-
treated animals. Individual values are to the right of the associated box plot. A higher value
indicates more improvement.
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Figure 3.
Neuroscores at recovery (RECOVERY) and at 24 hours (24 HOURS) in vehicle and
simvastatin-treated animals. Individual values are to the right of the associated box plots. A
higher value indicates more severe neurological deficit.
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Figure 4.
Residual clot burden at 24 hours in control and t-PA (tissue plasminogen activator)-treated
animals. Individual values are to the right of their associated box plots.
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Figure 5.
Residual clot burden at 24 hours in vehicle and simvastatin-treated animals. Individual values
are to the right of their associated box plots.
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Figure 6.
A. Lesion volume incidence maps for control and t-PA (tissue plasminogen activator)-treated
animals, with each lesion incident to each brain slice in each animal overlaid at the location of
the corresponding slice in which the lesion was found (areas of darker shade imply areas of
increasing lesion overlap). B. Corresponding lesion volume box plots, with median and
interquartile ranges for each group (Y-axis is in mm3).
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Figure 7.
A. Lesion volume incidence maps for vehicle and simvastatin-treated animals, with each lesion
incident to each brain slice in each animal overlaid at the location of the corresponding slice
in which the lesion was found (areas of darker shade imply areas of increasing lesion overlap).
B. Corresponding lesion volume box plots, with median and interquartile ranges for each group
(Y-axis is in mm3).
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Figure 8.
The typical appearance of A) a clot in-situ in the middle cerebral artery and adjacent circle of
Willis in an embolized animal (white arrows); B) a re-canalized vessel with residual thrombotic
material (white arrows) in an embolized animal (see Methods); and C) an embolized animal
without residual clot, for comparison.
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Table

Neuroscores in tPA and control animals

Group Recovery 1-hr post-treatment 24 hours

Control (n=8) 42.5 ± 15.8 32.5 ± 17.5 30 ± 29.3

tPA (n=10) 44 ± 8.8 26 ± 20.8* 21.5 ± 21.1*

Values are given as means± standard deviations

t-PA, tissue plasminogen activator

*
p<0.05
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