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Abstract

Tumor necrosis factor-a (TNF) plays a prominent role in the brain damage and functional deficits
that result from ischemic stroke. It was recently reported that the thalidomide analog 3,6’-
dithiothalidomide (3,6’-DT) can selectively inhibit the synthesis of TNF in cultured cells. We
therefore tested the therapeutic potential of 3,6/-DT in a mouse model of focal ischemic stroke.
Administration of 3,6’-DT immediately prior to a stroke or within 3 hr after the stroke reduced
infarct volume, neuronal death, and neurological deficits, whereas thalidomide was effective only
when administered prior to stroke. Neuroprotection was accompanied by decreased inflammation;
3,6’-DT-treated mice exhibited reduced expression of TNF, interleukin-1p, and inducible nitric
oxide synthase; reduced numbers of activated microglia/macrophages, astrocytes, and neutrophils;
and reduced expression of intercellular adhesion molecule-1 in the ischemic brain tissue. 3,6’-DT
treatment attenuated stroke-induced disruption of the blood—brain barrier by a mechanism that
appears to involve suppression of matrix metalloproteinase-9 and preservation of occludin.
Treatment with 3,6’-DT did not reduce ischemic brain damage in mice lacking TNF receptors,
consistent with a critical role for suppression of TNF production and TNF signaling in the
therapeutic action of 3,6’-DT. These findings suggest that anti-inflammatory mechanisms underlie
the therapeutic actions of 3,6-DT in an animal model of stroke.
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Stroke remains a major cause of morbidity and mortality worldwide (Roger et al., 2012).
Inflammatory responses involving both innate and humoral immune systems contribute to
neuronal damage and associated functional deficits in stroke (Wang et al., 2007; Denes et
al., 2010). The inflammatory response is characterized by the local expression of
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proinflammatory cytokines, including tumor necrosis factor-a (TNF) and interleukin-1p
(IL-1B) from glial cells (microglia and astrocytes), and by infiltration of circulating
lymphocytes and macrophages (Tuttolomondo et al., 2008). The proinflammatory cytokines
and microglial activation during the acute phase of ischemic stroke may damage neurons by
increasing oxidative stress and promoting excitotoxicity (Buttini et al., 1994; Liu et al.,
1994; Mattson, 2003; Offner et al., 2006). Contributing to the brain damage and attendant
functional deficits is TNF-mediated expression of inducible nitric oxide synthase (iNOS) in
microglia and macrophages (laedecola et al., 1995; del Zoppo et al., 2005; Lambertsen et al.,
2012).

Inflammation-related molecular and cellular alterations occurring at the blood—brain barrier
(BBB) are also believed to contribute to stroke outcome. Cerebral vascular endothelial cells
respond to ischemia by producing cell adhesion molecules such as intercellular adhesion
molecule-1 (ICAM-1) that bind complementary cell surface adhesion molecules on
lymphocytes, allowing migration of the lymphocytes across the BBB and into the brain
parenchyma (Stanimirovic and Satoh, 2000). In addition to these proadhesive actions
mediated by adhesion molecule such as ICAM-1, TNF plays a role in the induction of
ICAM-1 expression and also promotes BBB disruption by inducing the expression of matrix
metalloproteinase-9 (MMP-9; Mayhan, 2002; Pan and Kastin, 2007). Previous studies have
established the cellular sources of MMP-9 expression in the same stroke model that we used
for the present study. During the first 24-48 hr poststroke, MMP-9 is produced in high
amounts by activated glial cells and is also produced by neurons and vascular endothelial
cells (Romanic et al., 1998; Zhao et al., 2006; Michaluk and Kaczmarek, 2007). MMP-9
increases BBB permeability by degrading tight junction proteins, most notably occludin,
leading to BBB leakage and secondary hemorrhagic brain damage (Romanic et al., 1998;
Zhao et al., 2006; McColl et al., 2008; Liu et al., 2009). Blocking the innate and humoral
immune responses, by deletion of pertinent genes or administration of antibodies against the
proteins that they encode, can reduce brain damage and improve functional outcome in
mouse stroke models (Arumugam et al., 2007; Tang et al., 2007; Shah et al., 2009).

Given that TNF triggers or facilitates many of the major inflammatory processes involved in
the pathogenesis of ischemic brain injury, drugs that suppress TNF production or block its
receptors are potential therapeutic agents for stroke patients. Thalidomide (T) is an old drug
with anti-inflammatory and anticancer activities that was temporarily “abandoned” because
of its teratogenic effects in developing fetuses. However, there has been a resurgence in
clinical use of T for the treatment of a range of inflammatory conditions and cancers
(Laffitte and Revuz, 2004). T can suppress TNF production in various models of peripheral
inflammation, and we have developed a series of synthetic analogs of T exhibiting increased
potency in inhibiting TNF production, among which 3,6’-dithiothalidomide (3,6’-DT) is
particularly effective (Zhu et al., 2003; Greig et al., 2004; Tweedie et al., 2009). Moreover,
3,6’-DT readily enters the CNS and can reduce TNF levels in the brain in animal models of
neuroinflammation (Baratz et al., 2011; Belarbi et al., 2012; Tweedie et al., 2012). Here we
show that poststroke treatment with 3,6’-DT is highly effective in suppressing a spectrum of
neuroinflammatory processes, preserving BBB integrity and neuronal viability, and
improving functional outcome.
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MATERIALS AND METHODS

Animals

Male C57BL/6 mice were purchased from the Jackson Laboratories (Bar Harbor, ME).
Homozygous TNF-p55/p75 receptor knockout (TNFR-KO) mice on a C57BL/6 x 129
background (Zheng et al., 1995) and wild-type (WT) mice of the same genetic background
were maintained in the animal facility of the Biomedical Research Center at the National
Institute on Aging Intramural Research Program in Baltimore. All procedures were in
accordance with the NIH guidelines for the care and use of animals in research and were
performed with approval from the National Institute on Aging Animal Care and Use
Committee.

Focal Ischemic Stroke Model and Evaluation of Functional Outcome and Brain Damage

The middle cerebral artery occlusion/reperfusion (MCAQO/R) stroke model was performed
via the intraluminal suture technique with 1 hr of MCAO as reported previously (Canugovi
et al., 2012) and described in the Supporting Information. Cerebral blood flow was
monitored by laser Doppler flowmetry, and only mice in which the blood flow was reduced
by at least 85% below the baseline level were included in the study. The functional
consequences of MCAO injury were evaluated using a five-point neurological deficit score
(0, no deficit; 1, failure to extend left paw; 2, circling to the left; 3, falling to the left; 4,
unable to the walk spontaneously) and were assessed in a blinded fashion. Immediately after
behavioral evaluation, mice were euthanized, and 2-mm-thick coronal brain sections were
prepared and stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC) and evaluated for
infarct size using standard methodology (Swanson and Sharp, 1994), as described in the
Supporting Information. To quantify neuronal death, brain tissue sections were stained by
using the TUNEL method and caspase-3 immunoreactivity, and positive (apoptotic) cells
were counted (see Supporting Information for details).

Drug Treatment

3,6/-DT and T were prepared as a suspension in 1% carboxymethyl cellulose (CMC) and
were administered by intraperitoneal (i.p.) injection. For pretreatment studies, mice were
injected with 3,6’-DT (14, 28, 56, or 112 mg/kg) or T (50 mg/kg) or vehicle (1% CMC) 1 hr
before MCAO/R. For poststroke treatments, 3,6’-DT (56 mg/kg) or T (50 mg/kg) was
administered 1 or 3 hr after MCAO/R. TNFR-KO mice and corresponding WT mice were
injected with 3,6/-DT (56 mg/kg) or vehicle (1% CMC) 3 hr after MCAO/R. The 56 mg/kg
concentration of 3,6-DT is equimolar to 50 mg/kg T.

Measurements of Cytokine Concentrations

Mice were euthanized, and brains were quickly removed. Both the ipsilateral (stroke side)
and the contralateral hemispheres were then dissected. Each hemisphere was homogenized
in PBS, and the homogenates were centrifuged at 4°C and 14,000 rpm for 15 min.
Supernatants were assayed in duplicate by using TNF and IL-1f3 assay kits (eBioscience, San
Diego, CA) according to the manufacturer’s guidelines. The cytokine contents in the brain
tissue samples were expressed as picograms per milligram protein.
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Histochemistry

The ischemic penumbra was defined by examination of sections stained with hematoxylin
and eosin as described previously (Borlongan et al., 2000). The ischemic core was defined
as the region where there was no detectable survival of neurons or glial cells. The ischemic
penumbra was defined as the region immediately adjacent to the core that contained viable
neurons and abundant glial cells. Glial fibrillary acidic protein (GFAP), Iba-1 (specific for
microglia and macrophage), ICAM-1, iNOS, and terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining were performed on
brain sections from mice euthanized 72 hr after the stroke. Myeloperoxidase (MPO) and
MMP-9 stainings were performed on brain sections from mice euthanized 24 and 48 hr after
the stroke, respectively. Digital images of brain sections were acquired and analyzed as
described in the Supporting Information.

Assessment of BBB Integrity

BBB integrity was evaluated by Evans blue extravasation. Evans blue (4% in saline, 4
ml/kg; Sigma, St. Louis, MO) was intravenously administered via tail vein at 48 hr
poststroke. One hour later, the mice were anesthetized and perfused transcardially with
saline to remove the intravascular dye. While still under anesthesia, the mice were
decapitated, brains were quickly removed, images of the entire dorsal surface of the brain
were acquired, and then each cerebral hemisphere was homogenized in 1 ml 50%
trichloroacetic acid. Samples were then centrifuged at 1,000g for 30 min, and relative levels
of Evans blue in the supernatants were determined by spectrophotometry (absorbance at 620
nm ). The changes in BBB integrity after cerebral ischemia were expressed as the ratio of
absorbance in the ipsilateral hemisphere to that in the contralateral hemisphere (Evans blue
index).

Immunoblot Analysis

For immunoblotting, brain tissue samples were homogenized in a lysis buffer, and proteins
were separated by polyacrylamide gel electrophoresis and transferred to a nitrocellulose
sheet, which was then immunoreacted with antibodies against iNOS, ICAM-1, MMP-9,
occludin, B-actin, and GAPDH as described in the Supporting Information.

Statistical Analysis

All data are presented as mean + SEM. Statistical analysis was performed by one-way
ANOVA, followed by Bonferroni post hoc test for pairwise comparisons. P < 0.05 was
considered statistically significant.

RESULTS
3,6’-DT Treatment Reduces Infarct Size and Neuronal Death and Improves Functional
Outcome in Experimental Ischemic Stroke

We first evaluated the potential abilities of 3,6’-DT to protect the brain against focal
ischemic stroke by administering increasing concentrations of 3,6’-DT (0, 14, 28, 56, or 112
mg/kg) to mice 1 hr prior to the onset of ischemia. In addition, a group of mice was given 50
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mg/kg T. There was a progressive reduction in brain infarct volume with doses of 14, 28,
and 56 mg/kg 3,6’-DT, although the highest dose of 3,6’-DT was not protective; the
magnitude of the reduction in brain damage with the 56 mg/kg dose of 3,6’-DT was similar
to that achieved with T (Fig. 1A, Supp. Info. Fig. 1A). Ischemic brain damage was
significantly reduced and functional outcome improved when treatment with 3,6’-DT was
delayed for 1 or 3 hr after the experimental stroke (Fig. 1C,D). In contrast, T did not afford
significant protection when treatment was delayed for 3 hr. Measurements of cerebral blood
flow by laser Doppler flowmetry established that 3,6’-DT had no significant effect on blood
flow during the ischemia or after reperfusion (data not shown).

To determine whether 3,6’-DT treatment did, in fact, preserve neurons, we performed
TUNEL staining of brain tissue sections from mice treated with either 56 mg/kg 3,6’-DT or
vehicle 3 hr poststroke as well as sham-operated control mice. At 72 hr after MCAO/R,
numerous TUNEL-positive cells were present in the striatum and cerebral cortex of vehicle-
treated mice, whereas mice treated with 3,6’-DT exhibited significantly fewer TUNEL-
positive cells in the striatum and cortex (Fig. 1E,F).

3,6’-DT Treatment Attenuates Stroke-Induced Elevation of Proinflammatory Cytokines and

iNOS

Previous studies have shown that inflammation contributes to neuronal dysfunction after
ischemic stroke and that elevated circulating and brain TNF levels are associated with the
severity of ischemic stroke injury (Wang et al., 2007; Denes et al., 2010). To elucidate the
mechanism by which 3,6’-DT protects neurons against ischemic injury, the involvement of
inflammation in ischemic injury was examined. We first measured levels of
proinflammatory cytokines (TNF and IL-1B) in both ipsilateral and contralateral
hemispheres. Levels of TNF in both hemispheres of vehicle-treated mice were markedly
elevated at 2 hr and remained elevated through 72 hr after MCAOQ/R (Fig. 2A,B). Treatment
of mice with 3,6’-DT resulted in a significant attenuation of stroke-induced elevation of TNF
and IL-1 levels in both cerebral hemispheres (Fig. 2A,B).

Previous work has demonstrated that TNF induces upregulation of iNOS in various
inflammatory cells (laedecola et al., 1995; del Zoppo et al., 2000; Lambertsen et al., 2012).
We therefore measured iNOS protein levels at 72 hr after MCAO/R. Immunoblot analysis
showed a significant increase in iNOS in the ischemic striatum and cortex of vehicle-treated
mice compared with sham control mice. In 3,6’-DT-treated mice, the level of iINOS protein
was significantly lower in the ischemic striatum and cortex compared with vehicle-treated
mice (Fig. 2C,D). Consistent with the immunoblot results, MCAO/R resulted in a large
increase of iINOS-immunoreactive cells in the striatum and cortex of vehicle-treated mice,
and 3,6’-DT treatment suppressed the accumulation of the iINOS-positive cells (Fig. 2E).

3,6’-DT Treatment Suppresses Glial Activation, Neutrophil Infiltration, and ICAM-1

Expression

Activated microglia and astrocytes and infiltrating blood-borne immune cells contribute to
ischemic damage by releasing proinflammatory cytokines and reactive oxygen species
(ROS). We found that the stroke-induced accumulation of activated microglia (Iba-1
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immunoreactive cells) and astrocytes (GFAP-positive cells) in the ischemic striatum and
cortex was attenuated significantly in mice treated with 3,6’-DT compared with vehicle-
treated mice (Fig. 3A-C, Supp. Info. Fig. 2). We also immunostained brain sections with an
antibody against myeloperoxidase (MPO), an inflammatory enzyme secreted by neutrophils
and microglia/macrophages (Breckwoldt et al., 2008). Stroke induced a dramatic increase in
numbers of MPO-positive cells in the striatum and cortex, and 3,6’-DT treatment
significantly reduced numbers of MPO-positive cells (Fig. 3A,D).

The ischemia-induced entry of circulating leukocytes and macrophages into the brain
parenchyma is mediated, in part, by binding to ICAM-1 on the surface of vascular
endothelial cells. As expected from previous studies (Yilmaz and Granger, 2010), levels of
ICAM-1, evaluated by immunostaining and immunoblot analysis, were increased in the
ischemic cortex (Fig. 3A,E,F). The ischemia-induced increase in ICAM-1 levels was
attenuated significantly in mice treated with 3,6’-DT, consistent with an anti-inflammatory
action of 3,6’-DT on vascular endothelial cells. Because ICAM-1 mediates, in part, the
infiltration of immune cells through the BBB after a stroke, we next determined whether
3,6/-DT modifies stroke-induced disruption of the BBB.

3,6’-DT Treatment Attenuates BBB Disruption by a Mechanism Involving Inhibition of
MMP-9 Expression and Preservation of Occludin

When infused into the bloodstream, the dye Evans blue will not cross an intact BBB but will
pass through a BBB compromised as the result of a stroke. The Evans blue concentration in
both the ipsilateral and the contralateral hemispheres of mice 48 hr after MCAO/R was
measured to determine an Evans blue index (EBI; ischemic/nonischemic hemisphere Evans
blue concentrations). The EBI in vehicle-treated mice subjected to MCAO/R was
significantly higher than that in sham mice, whereas 3,6’-DT-treated MCAO/R mice had a
significantly lower EBI compared with vehicle-treated MCAO/R mice (Fig. 4A,B). The
mechanism of BBB disruption in stroke involves increased expression of MMP-9 and
degradation of the endothelial cell tight junction protein occludin (Ferndndez-Lépez et al.,
2012). We found that 3,6’-DT treatment resulted in a significant attenuation of the stroke-
induced upregulation of MMP-9 (Fig. 4C-F). Levels of occludin were significantly reduced
after MCAO/R, and occludin was completely preserved in mice treated with 3,6’-DT 1 hr
prior to MCAOIR (Fig. 4G,H). Collectively, the data to this point demonstrated that delayed
treatment with 3,6’-DT can reduce brain damage and improve functional outcome in the
MCAO/R mouse stroke model by a mechanism involving suppression of multiple
inflammatory processes, including the production of proinflammatory cytokines, disruption
of the BBB, and infiltration of leukocytes.

Neuroprotection by 3,6°-DT Requires TNF Signaling

Because TNF expression is increased rapidly in response to MCAO/R and because TNF can
induce or promote each of the inflammatory processes evaluated in the present study, we
designed an experiment to determine whether suppression of TNF signaling is sufficient to
account for the neuroprotective actions of 3,6’-DT in this stroke model. Mice lacking both
TNF receptors (TNFR KO) and wild-type (WT) control mice were treated with either 3,6’-
DT or vehicle 1 hr prior to MCAO/R, and brain infarct size and functional deficits were
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measured at 72 hr poststroke. Whereas 3,6’-DT treatment reduced brain damage and
improved functional outcome in WT mice, 3,6’-DT had no significant effect on brain
damage or functional deficits in TNFR KO mice (Fig. 5). Thus, genetic disruption of TNF
signaling abolished the neuroprotective efficacy of 3,6’-DT treatment in a mouse model of
focal ischemic stroke.

DISCUSSION

Our results show that 3,6’-DT reduces neuronal loss and improves functional outcome in a
mouse model of focal ischemic stroke. Treatment with 3,6’-DT inhibited the expression of
TNF, IL-1p, and iNOS and reduced apoptotic cell death in the ischemic hemisphere. TNF
production occurs early (within several hours after a stroke) and is sustained at high levels
for several days as a result of glial cell activation and infiltration of circulating inflammatory
leukocytes and macrophages (Liu et al., 1994; Wang et al., 2007). Moreover, previous
studies have shown that TNF signaling mediates multiple inflammatory processes that occur
in the brain parenchyma and cerebral vasculature in response to a stroke, including
activation of microglia/macrophages (and their production of other proinflammatory
cytokines and nitric oxide), upregulation of ICAM-1, disruption of the BBB, and leukocyte
infiltration (Mayhan, 2002; Pan and Kastin, 2007). The inhibition of poststroke TNF
production by 3,6’-DT may therefore be responsible for its ability to suppress microglia/
macrophage activation, BBB disruption, and leukocyte inflammation, thereby limiting brain
damage and improving functional outcome.

In support of inhibition of TNF production as the primary mechanism for the
neuroprotective action of 3,6’-DT, we found that the ability of 3,6’-DT to reduce ischemic
brain damage was abolished in mice lacking TNF receptors. Functional deficits were also
not lessened in TNFR-KO mice treated with 3,6’-DT. There are two different TNF receptors,
TNFR1 and TNFR2. In our previous study (Bruce et al., 1996), we found that mice lacking
both TNFR1 and TNFR2 exhibit increased vulnerability to seizure- and ischemia-induced
neuronal damage. Data from subsequent studies suggest that activation of TNFR1 in
microglia and in neurons (Fontaine et al., 2002; He et al., 2012) contributes to ischemic
neuronal injury, whereas activation of TNFR2 in neurons protects them against ischemia via
a nuclear factor-kB-mediated pathway (Barger et al., 1995; Fontaine et al., 2002). In
response to ischemic stroke, microglia are a major source of endogenous TNF, and
suppression of this TNF production by 3,6/DT likely protects neurons by reducing
production of microglia-derived toxins and/or by preventing activation of TNFR1 in
neurons. Selective inhibition of TNFR1 might therefore be expected to prevent the
detrimental actions of TNF while preserving the neuroprotective effects of TNFR2-mediated
signaling (Chadwick et al., 2008). Previous studies have shown that both T and 3,6’-DT can
inhibit TNF production in cultured immune cells (Tweedie et al., 2009). Interestingly, we
found that both T and 3,6’-DT reduced brain damage and improved functional outcome
when administered prior to MCAO/R, but only 3,6’-DT was effective when treatment was
delayed for 3 hr after the stroke. This differential efficacy of T and 3,6’-DT with delayed
treatment may be the result of the different abilities to enter and be retained within the brain,
in line with the ability of 3,6’-DT but not T to lower brain TNF levels and improve cognition
in an animal model of Alzheimer’s disease (Gabbita et al., 2012).
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TNF is known to induce the expression of ICAM-1 in vascular endothelial cells and to
increase MMP-9 levels at the BBB (Siesjo and Siesjo, 1996; Rosenberg, 1999; Gidday et al.,
2006; Rosell et al., 2008). An early and major pathological action of MMP-9 in cerebral
ischemia is to degrade the tight junction protein occludin, thereby increasing the
permeability of the BBB to circulating factors and cells in the blood. We found that the
disruption of the BBB normally observed after MCAO/R was largely prevented by 3,6’-DT
treatment. Because TNF is known to induce the expression of both ICAM-1 and MMP-9
(Dobbie et al., 1999; Takata et al., 2011), suppression of TNF production is sufficient to
account for the BBB-preserving actions of 3,6’-DT. In this way, 3,6’-DT may limit the entry
of proinflammatory monocytes, lymphocytes, and macrophages into the ischemic brain
parenchyma. The increase in MMP-9 protein levels and the decrease in occludin levels (a
well-established substrate for MMP-9) support the conclusion that MMP-9 activity is
increased in response to ischemic stroke. Conversely, the suppression of both the increase in
MMP-9 levels and the decrease of occludin levels by 3,6’-DT suggest a reduction of MMP-9
activity by this T analog.

There has been considerable interest in the development of drugs that block pathological
actions of TNF in a range of inflammatory conditions. TNF antibodies are marketed for the
treatment of arthritis, inflammatory bowel disorders, and sepsis (Qiu et al., 2011; Aaltonen
etal., 2012; Ordas et al., 2012). T is known to inhibit TNF production and has exhibited
therapeutic efficacy in clinical trials in patients with a range of TNF-mediated disorders,
including cancer cachexia and arthritic disorders (Ossandon et al., 2002; Gordon et al.,
2005). Recent preclinical studies have also provided evidence that T can protect neurons and
improve function outcome in animal models of spinal cord injury (Esposito and Cuzzocrea,
2011) and excitotoxic injury to striatal neurons (Ryu et al., 2009). We previously developed
a series of thiothalidomide analogs of T and found that 3,6’-DT was more potent than T in
inhibiting TNF synthesis (Zhu et al., 2003). The mechanism by which 3,6’-DT inhibits TNF
synthesis appears to be by an interaction with the 3’UTR of the TNF mRNA (Zhu et al.,
2003). Although this has yet to be tested in humans, the greater potency and brain
penetrability of 3,6/-DT compared with T, taken together with its superior therapeutic
window in the present stroke model, suggest a potential use for 3,6’-DT in stroke patients.
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Fig. 1.
3,6’-DT reduces brain damage and improves functional outcome in a mouse stroke model.

A: Ischemic infarct volumes 72 hr after MCAOI/R in mice treated with vehicle (10 mice) or
the indicated concentrations of 3,6-dithiothalidomide (3,6’-DT; 10 mice per group) or
thalidomide (T; eight mice per group). B: Neurological deficit scores were recorded at the
indicated poststroke time points. C: Infarct volumes in mice treated with vehicle (3 hr
poststroke; n = 8) or with 3,6’-DT (n = 8) or T (n = 6) at the indicated poststroke time points.
D: Neurological deficit scores for the mice in the experiment described for C. E: Images
showing TUNEL-stained cells (n = 6 per group) in the cerebral cortex of mice in the
indicated groups. F: Results of quantification of numbers of TUNEL-stained cells in the
striatum and cerebral cortex of mice in the indicated groups. **P < 0.01, ***P < 0.001
compared with the value for vehicle-treated mice. Scale bar = 50 pm. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 2.

3,6’-DT treatment suppresses stroke-induced production of proinflammatory cytokines
(TNFa and IL-1B) and iNOS. Levels of TNF (A) and IL-1p (B) levels were measured in the
ipsilateral and contralateral hemispheres at the indicated poststroke time points and were
compared with their levels in sham-operated control mice. The mice (n = 6 for each time
point) were treated with either vehicle or 56 mg/kg 3,6’-DT 1 hr prior to MCAO/R. *P <
0.05, **P < 0.01, ***P < 0.001 compared with the value for sham mice. P < 0.05, ##p <
0.001 compared with the value for vehicle-treated mice at the same time point. C:
Immunoblot showing examples of relative levels of iNOS in tissue samples from striatum
and cortex in vehicle-treated or 3,6’-DT-treated mice at 72 hr after ischemic stroke. D:
Results of densitometric analysis of INOS immunoblots. ***P < 0.001 compared with the
value for sham mice. #P < 0.01 compared with the value for vehicle-treated mice. E:
Representative image of INOS immunoreactivity in the indicated groups of mice. Scale bars
=100 pm. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Fig. 3.

The thalidomide analog 3,6’-DT treatment decreases glial activation, cell adhesion molecule

expression, and neutrophil infiltration after ischemic stroke. A: Examples of

immunoreactivity for markers of activated microglia (Iba-1), astrocytes (GFAP), neutrophils
(MPO), and the vascular endothelial cell adhesion molecule ICAM-1 in the cerebral cortex
of mice from the indicated treatment groups. B-D: Results of quantification of numbers of

cells immunoreactive with Iba-1 (B), GFAP (C), and MPO (D) in the ipsilateral cerebral
cortex at 72 hr poststroke. E: Immunoblot showing examples of relative levels of ICAM-1 in
tissue samples from cortex in vehicle-treated or 3,6’-DT-treated mice at 72 hr after ischemic
stroke. F: Results of densitometry analysis of ICAM-1 immunoblots (n = 6 mice per group).
The mice were treated with either vehicle or 56 mg/kg 3,6’-DT 1 hr prior to MCAO/R. *P <
0.05, **P < 0.01, ***P < 0.001 compared with the value for sham mice. P < 0.05, #P <
0.01 compared with the value for vehicle-treated mice. Scale bar = 50 um. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Fig. 4.
Evidence that 3,6’-DT treatment inhibits stroke-induced disruption of the blood—brain

barrier. A: Images of stroke-induced extravasation of Evans blue dye into the cerebral
parenchyma (evaluated at 48 hr poststroke) in vehicle-treated and 3,6’-DT-treated (56
mg/kg; 1 hr prior to MCAQO/R) mice. B: Evans blue index in mice treated with vehicle or
3,6/-DT 1 hr prior to MCAO/R in comparison with sham-operated mice (eight or nine mice
per group). C: MMP-9 immunoreactivity in sections of striatum and cerebral cortex from
mice in the indicated treatment groups. D: Results of quantification of numbers of MMP-9-
immunoreactive cells (n = 6 mice per group). E: Immunoblot showing relative levels of
MMP-9 in the striatum and cortex of mice in the indicated treatment groups (48 hr
poststroke). F: Results of densitometric analysis of MMP-9 immunoblots. G: Immunoblot
showing relative levels of occludin in the striatum and cortex of mice in the indicated
treatment groups (48 hr poststroke). H: Results of densitometric analysis of occludin
immunoblots. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the value for sham
mice. P < 0.05, #P < 0.01, ##P < 0.001 compared with the value for vehicle-treated mice.
Scale bar = 50 um. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Fig. 5.
The therapeutic effect of 3,6’-DT treatment is abolished in mice lacking TNF receptors.

Wild-type mice (WT) and TNF receptor-deficient mice (TNFR KO) were treated with either
vehicle or 56 mg/kg 3,6’-DT 1 hr prior to MCAO/R (five or six mice per group). A:
Examples of TTC-stained serial brain sections from mice at 72 hr after ischemic stroke.
Infarct volumes (B) and neurological deficit scores (C) are shown. **P < 0.01 compared
with the value for vehicle-treated mice. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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