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Type 1 diabetes is known to cause circulatory problems
in the eyes, heart, and limbs, and the brain is no excep-
tion. Because of the insidious effects of diabetes on brain
circulation, patients with diabetes are two to four times
more likely to have an ischemic stroke and are less likely
to regain functions that are lost. To provide a more
mechanistic understanding of this clinically significant
problem, imaging studies have focused on how stroke
affects neural and vascular networks in experimental
models of type 1 diabetes. The emerging picture is that
diabetes leads to maladaptive changes in the cerebro-
vascular system that ultimately limit neuronal rewiring
and recovery of functions after stroke. At the cellular
and systems level, diabetes is associated with abnor-
mal cerebral blood flow in surviving brain regions and
greater disruption of the blood-brain barrier. The abnor-
mal vascular responses to stroke can be partly attributed
to aberrant vascular endothelial growth factor (VEGF)
signaling because genetic or pharmacological inhibition
of VEGF signaling can mitigate vascular dysfunction and
improve stroke recovery in diabetic animals. These experi-
mental studies offer new insights and strategies for optimi-
zing stroke recovery in diabetic populations.

Although type 1 diabetes (T1D) and type 2 diabetes (T2D)
have different etiologies, they share many common
features, such as chronically elevated blood glucose levels
and vascular-related pathology of the heart, kidneys,
limbs, and eyes. With respect to vascular dysfunction of
the brain, both T1D and T2D confer an increased risk of
ischemic stroke (1). Although improvements in acute

stroke care have reduced mortality, the unintended con-
sequence has been to increase the number of survivors
living with disabilities, shifting the research priority from
survivability to recovery. Patients with diabetes and stroke
face the grim reality that their prognosis for recovering
sensory, motor, and cognitive functions, not to mention
independence in daily life, is poor (2,3). Therefore, a press-
ing need exists to intensify efforts at the basic science level
to understand how diabetes impairs stroke recovery. To
this end, the present review focuses on experimental in-
sights on the deleterious effects of T1D on recovery from
ischemic stroke. For reviews about molecular mechanisms
of dysfunction after stroke associated with T2D models,
the reader is directed to Ergul and colleagues (4,5). Fur-
thermore, we emphasize findings from imaging studies
that have generated new knowledge about the neural and
vascular mechanisms that underlie poor functional out-
come after stroke.

IMPAIRED STROKE RECOVERY IN RODENT
MODELS OF DIABETES

Epidemiological studies have shown that patients with
diabetes suffer higher stroke mortality (5). Those who
survive are more likely to suffer severe disability and ex-
hibit slower short- and long-term recovery than patients
without diabetes (1,2,6). Many basic science studies have
tried to replicate these clinical findings in the laboratory
to better understand the cellular and molecular underpin-
nings. One widely used animal model of T1D involves the
administration of streptozotocin (STZ). This drug selec-
tively kills insulin-producing cells in the pancreas, rendering
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mice hyperglycemic and leading to sequelae that mimic T1D
(7). STZ-treated mice with chronic elevations in blood glu-
cose levels (;2–4 weeks) show greater neurological deficits
and are less likely to regain full use and dexterity of
the stroke-affected limbs after focal ischemic or embolic
stroke (8–10). One caveat with this finding is that it
occurs after persistent hyperglycemia rather than after
chronic low-grade dysregulation of glucose levels that
would typically be present in human patients with di-
abetes. To better model the human condition, hypergly-
cemic mice were treated with insulin to lower blood
glucose before or after the induction of stroke. If insulin
was introduced immediately after the stroke, it did not
normalize or improve functional recovery in previously
hyperglycemic animals (9). However, treating rodents with
insulin immediately after the induction of hyperglycemia
can reduce ischemic damage and improve neurological func-
tion (11). Therefore, the longer experimental animals are
hyperglycemic, the less likely they are to recover function
after stroke.

CAN INFARCT SIZE EXPLAIN POOR STROKE
RECOVERY?

One explanation for why diabetic animals may have a
reduced rate of neurological recovery is that they simply
have a larger cerebral infarction, as indicated in a meta-
analysis by MacDougall and Muir (12). However, most
studies induced stroke shortly (a few hours to days) after
the induction of hyperglycemia (12,13). In this scenario,
the brain and systemic vascular networks may be acutely
compromised or abnormal before the stroke because of
the sudden change in blood glucose levels. Studies exam-
ining infarct size after more prolonged periods of hyper-
glycemia (.2 weeks) in T1D models are somewhat mixed.
Those that used transient or permanent occlusion of the
middle cerebral artery (MCA) showed a general trend for
hyperglycemia to increase stroke damage (12). However,
this trend does not always hold for this stroke model
(10,14) and not when photothrombosis is used (9,15,16).
In this sense, various models of ischemic stroke may be
more or less affected by hyperglycemia. For example, tran-
sient or permanent occlusion of the MCA produces a larger
region of penumbra-like tissue (defined as potentially sal-
vageable tissue in acute stroke) than the photothrombotic
model where a sharp transition is seen between ischemic
and perfused tissue. Therefore, in the MCA occlusion
model, there may be more of a dynamic range to detect
an influence of hyperglycemia on tissue damage. Of note,
studies that used T2D models (e.g., the Goto-Kakizaki
[GK] rat where hyperglycemia occurs gradually) found
no difference or even smaller infarcts than normoglyce-
mic controls (17), although this has not been found in
the db/db mouse (18). Beyond the necrotic infarct, evi-
dence shows that chronic hyperglycemia can increase the
number of apoptotic cells labeled with caspase-3 (19). In
this sense, quantifying infarct volume alone would not
fully capture the extent of ischemic damage, something

future studies could consider. In summary, these studies
have indicated that an acute elevation in blood glucose is
usually associated with greater infarction, but this is not
necessarily the case when longer durations of hypergly-
cemia are used before the induction of stroke.

IMPACT OF DIABETES ON NEURAL CIRCUIT
REWIRING DURING STROKE RECOVERY

The degree to which a person can recover from stroke
depends not only on the amount of damage incurred but
also on how well surviving tissues reorganize (20,21). The
peri-infarct region is a well-established hotspot for growth
factor production and neurovascular plasticity and has
been shown to play a critical role in the restoration of
brain functions after stroke (20,21). How T1D affects
neuronal circuits in the peri-infarct region has not been
well studied. To address this knowledge gap, Sweetnam
et al. (9) used in vivo voltage-sensitive dye imaging to
study forepaw-evoked cortical network activity and reor-
ganization after stroke. Voltage-sensitive dye imaging is a
powerful tool because it allows the visualization of neu-
ronal activity across many cortical regions in real time
(22). Normally, mechanical touch of the forepaw evokes
a rapid and robust depolarization in the primary and
secondary forelimb somatosensory cortex (Fig. 1A). In
the first week after stroke, cortical responses to touch
are greatly diminished in both diabetic animals and their
respective controls (Fig. 1B). This loss of cortical respon-
siveness corresponds to the same period when functional
deficits in forepaw use and dexterity are greatest. Over
several weeks (;100 days), sensory-evoked cortical re-
sponses reemerge in peri-infarct cortical regions in non-
diabetic animals (Fig. 1C) contemporaneously with the
spontaneous recovery of paw function. By contrast, mice
with chronically elevated blood glucose levels do not show
this characteristic pattern of sensory cortex reorganization
and recovery. In fact, hyperglycemic mice show very little
improvement in cortical responses to touch from 7–100
days after stroke (Fig. 1C). Furthermore, treating hypergly-
cemic mice with insulin after the induction of stroke
showed little benefit in improving cortical responsive-
ness (Fig. 1C). Accompanying these deficits in cortical
plasticity, hyperglycemic and insulin-treated mice show
persistent impairments in sensory function of the fore-
paw. These observations indicate that diabetes leads to
profound impairments in cortical plasticity and recovery
of paw function after stroke.

The reorganization of large-scale cortical networks after
stroke involves extensive modifications at the synaptic
level (21,22). How diabetes alters the rewiring of axon
terminals and their postsynaptic targets onto dendritic
spines is an open question. Of the few studies to address
this issue in diabetic animals, Yan et al. (23) found that
T1D rats have significantly reduced density of intra-
cortically labeled axons (labeled with biotinylated dex-
tran amines or axonal neurofilament markers) in the
peri-infarct cortex relative to normoglycemic controls.
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Figure 1—Diabetes impairs cortical plasticity after stroke and exacerbates the loss of synaptic connections. Voltage-sensitive dye imaging
shows that diabetes impairs the reorganization of the forelimb sensory representation after stroke. A–C: Montages show the spatiotemporal
dynamics of cortical responses to stimulation of the contralateral forepaw (initiated at 0 ms). In the absence of stroke damage (A), forelimb-
evoked cortical responses were similar between nondiabetic and diabetic mice. Seven days after stroke (B) (circles denote infarct), the
peri-infarct cortex shows little, if any, response to forelimb stimulation (FLS1), whereas responses are preserved in the secondary forelimb
somatosensory cortex (FLS2). One hundred days after stroke (C), forelimb-evoked depolarizations reemerge in peri-infarct cortex of
nondiabetic mice but not in diabetic or insulin-treated mice. The secondary forelimb somatosensory cortex also appears more responsive
to forepaw touch in nondiabetic mice. Correlating with these impairments in cortical plasticity, diabetic mice also exhibit greater loss of
apical dendritic spines on layer 5 neurons in peri-infarct cortex (D and E). Representative high-resolution confocal images illustrate that
although stroke leads to a significant loss of spines, diabetes further exacerbates this synapse loss. Panels A–C were modified with
permission from Sweetnam et al. (9).
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Consistent with the idea that diabetes exacerbates the
loss of synaptic connections in the peri-infarct cortex,
our group and others have reported lower spine density
in layer 5 cortical apical dendrites (Fig. 1D) as well as
synaptophysin protein expression 1 week after stroke
(15,24). In tandem with synapse loss, diabetic mice
show an abnormal increase in hyperphosphorylated
t- and b-amyloid protein expression after ischemia
(24,25), thereby raising an intriguing link among diabetes,
impaired neural plasticity, and molecular signatures
of dementia. This is significant because both stroke and
diabetes are independent risk factors for cognitive im-
pairment or dementia (26). Furthermore, elevated blood
glucose levels in humans with stroke increases the risk
of white matter disease (26,27). Many unanswered
questions remain about the effect of diabetes on re-
covering neural circuits, such as how diabetes affects
the rewiring of thalamocortical connections that de-
liver sensory information to the cortex or the function
of inhibitory neurons that regulate cortical excitability.
What impact diabetes might have on activity-dependent
forms of synaptic plasticity that help to establish new
routes of information processing when circuits are dam-
aged by stroke needs further study. A study by Jing
et al. (28) showed a reduction in the amplitude and
slope of long-term potentiation in the CA1 hippocam-
pal region in diabetic rats subjected to transient global
ischemia. However, because there was not an ischemic
nondiabetic control group, knowing the extent that di-
abetes exacerbates long-term potentiation deficits after
stroke is difficult. Finally, because stroke can induce
widespread alterations to cerebral blood flow and me-
tabolism as well as functional and structural modifica-
tions in remote, but connected neurons (29,30), we have
little knowledge of how hyperglycemia affects these dis-
tant networks.

EFFECTS OF DIABETES ON CEREBRAL BLOOD
FLOW AND VASCULAR REMODELING AFTER
STROKE

Because T1D leads to poorer stroke outcome, perhaps
abnormal patterns of cerebral blood flow could explain
this phenomenon. In nondiabetic animals, focal cerebral
ischemia induced by photothrombosis or MCA occlusion
leads to an immediate and severe reduction in blood flow
in the infarct core (31). In the peri-infarct region of non-
diabetic animals, blood flow is reduced ;50% within the
first few hours, which recovers over several days or weeks,
although not always to prestroke levels (32–34). In dia-
betic animals, cerebral blood flow exhibits a notably dif-
ferent pattern after stroke. Recent in vivo imaging studies
have shown that both T1D and T2D exacerbate the acute
reduction in regional blood flow and velocity of blood flow
in peri-infarct arteries and microvessels after MCA occlu-
sion (Fig. 2A–E and I) (35,36). These acute deficits in
blood flow are evident in the first few hours after stroke
and may be linked to an impaired recruitment of collateral

cerebral blood flow (36) or a downregulation of clot-
busting proteins, such as tissue plasminogen activator,
in cerebral capillaries (37).

To our knowledge, only two studies have tracked blood
flow patterns in cerebral vessels of diabetic animals for
several days to weeks after focal ischemic stroke. In the
first study, Tennant and Brown (16) used longitudinal
two-photon imaging to repeatedly image blood flow in
microvessels before and after photothrombotic stroke in
the STZ model of T1D (Fig. 2F). They reported that blood
flow velocity in hyperglycemic mice was unexpectedly, yet
significantly elevated in the peri-infarct cortex 3–28 days
after stroke relative to nondiabetic controls (Fig. 2G and
I). Although this finding may seem counterintuitive, a
study by Li et al. (38) that used laser Doppler imaging
for regional estimates of cerebral blood flow also showed
elevated blood flow 24 h after stroke in the GK T2D rat.
In the Tennant and Brown study, administration of in-
sulin to hyperglycemic mice immediately after stroke pro-
vided only a partial normalization of blood velocity levels
(Fig. 2G). Blood flow in vessels more distant from the
infarct was unaffected and not significantly different be-
tween experimental groups (Fig. 2H), proving that these
abnormal peri-infarct vascular responses are related to
the stroke and not to global complication of diabetes.
Although there is no other longitudinal imaging study
in T1D models for comparison, we believe that these re-
sults contrast with those recently obtained in a T2D model.
Akamatsu et al. (36) used laser Doppler optical coherent
tomography to track blood velocities in leptomeningeal
surface vessels after MCA occlusion in the db/db mouse
model. Their experiments revealed that T2D was associated
with a reduction in collateral leptomeningeal blood flow to
ischemic zones immediately after stroke and for up to 1
week later. Several experimental factors could explain the
differences in blood flow changes between the two longi-
tudinal imaging studies, most notably the model of diabe-
tes used, the specific vessels studied, and the model of
ischemia used. However, despite these differences in the
direction of blood flow changes after stroke (i.e., abnor-
mally increased or decreased), both studies reported the
common theme of poor recovery of paw function. In this
respect, perhaps the direction of abnormal blood flow
after stroke is secondary to the fact that blood flow needs
to be within a certain limit to most efficiently exchange
oxygen and nutrients to the brain (39).

Stroke-related disruptions to cerebral blood flow and
its restoration, particularly over the long term, could
include vessel remodeling. In animal models of T2D,
researchers have shown in postmortem specimens that
the increase in vascular density normally observed after
stroke is attenuated in hyperglycemic GK rats (4,40). By
contrast, the nature of vessel remodeling after stroke in
T1D models is less conclusive. For example, Ye et al. (10),
reported that mice with T1D showed greater arterial den-
sity in the peri-infarct zone relative to nondiabetic mice
14 days after MCA occlusion. However, the abnormal
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Figure 2—Abnormal patterns of blood flow in diabetic animals recovering from stroke. A: Experimental setup for in vivo two-photon
imaging of acute changes in blood flow after stroke through a cranial window. B: A maximum-intensity z projection showing cerebral
vessels labeled with a fluorescent dye injected into the bloodstream. Line scans across microvessels reveal a streaking pattern of diagonal
lines created by nonfluorescent red blood cells moving through the vessel lumen. Velocity is determined by calculating the slope of the
streaks. C: Changes in regional cerebral blood flow in control (Con) and diabetic (DM) mice after MCA occlusion (MCAO) by using a laser
Doppler flow meter. Histograms show arterial (D) and microvessel (E ) blood flow velocity in Con, DM, MCAO, and DM + MCAO mice. *P <
0.05, **P < 0.01, ***P < 0.001 vs. Con; #P < 0.05, ##P < 0.01, ###P < 0.001. Panels A–E modified with permission from Huang et al. (35).
F–H: Diabetic animals also showed abnormal patterns of blood flow in the days to weeks after stroke. F: Representative in vivo two-photon
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increase in vessel density in diabetic mice could not be
explained by an increase in sprouting of the vascular en-
dothelium because there were no group differences in the
fraction of cells labeled with BrdU, a marker of cell di-
vision. More recently, our group explored the effect of
T1D on vessel density and sprouting after stroke by using
both histological and in vivo time lapse imaging. Although
we also found that stroke led to an increase in the density
of vessels in the peri-infarct cortex, no difference existed
between diabetic and nondiabetic animals (16). This in-
crease in vessel density was likely a result of the robust
dilation of vessels commonly observed after stroke rather
than the sprouting of vessels (16,34). The general absence
of vessel sprouting in peri-infarct cortex was confirmed by
directly imaging the same microvessels before and after
stroke (Fig. 2F) (16), which is consistent with the Ye et al.
study and other in vivo imaging studies in nondiabetic
animals (33,41). Therefore, vessel sprouting could con-
ceivably occur in T1D models near the ventricles after
stroke where proliferating and migrating cells reside
(42) or on the pial surface where obstructions to vessel
growth (e.g., the dense extracellular matrix in brain pa-
renchyma) would be less of a factor. On the basis of our
examination of vessel branch points (15), one could argue
that a slight trend exists toward greater vessel pruning in
diabetic animals after stroke. This explanation fits with
the reduction in vessel density observed in T2D rats after
stroke (40). In summary, we believe that the primary
effect of T1D on vascular structure in the stroke-affected
hemisphere could be to promote vessel pruning rather
than inhibit the sprouting of new vessels.

DYSFUNCTION OF THE BLOOD-BRAIN BARRIER

The blood-brain barrier (BBB) primarily comprises the
vascular endothelium, basement membrane, pericytes,
and astrocyte endfeet, although microglia modulate BBB
function as well (43). The BBB plays a critical role in
regulating the passage of blood-borne proteins, sugars,
and ions into the brain. It is well established that stroke
compromises the integrity of the BBB, and this exacer-
bates tissue injury and dysfunction (44). Many studies
have examined the effects of diabetes on BBB function
(45) and its response to stroke. The results have been in
striking agreement, showing that diabetes exacerbates the
disruption of the BBB (15,38). By using the STZ model of
T1D, our group and others (8,10,15) have demonstrated
that diabetic mice exhibit significantly greater hemor-
rhage volume and extravasation of blood-borne dyes in
peri-infarct cortex 1–3 days after stroke (Fig. 3A). In some

of these studies, greater BBB disruption correlated with
greater infarct volume, suggesting that the BBB may en-
hance the spread of necrotic tissue damage into the pen-
umbra (8,10). However, in our study (15), greater BBB
disruption, even 3 days after stroke, did not equate with a
larger infarct but instead exacerbated damage at the level
of synapses/dendritic spines in peri-infarct regions (Fig. 1D
and E). These studies revealed that diabetes has insidious
effects on BBB integrity, which can damage the brain in
obvious ways by enhancing the spread of cerebral infarc-
tion or in more subtle ways by stripping surviving neurons
of their synaptic connections.

The defining characteristic of the BBB—the restriction
of free flux between blood and the brain—arises primarily
from two distinct properties of the brain’s vascular endo-
thelium: the presence of tight junctional complexes
(TJCs) and low rates of vesicle movement or transcytosis
(43). TJCs are adhesion-based connections between vas-
cular endothelial cells, forming a seal around the vessel
lumen and restricting the passage of anything larger than
180 Da (46). TJCs can be modified by phosphorylation of
TJC-associated protein subunits (e.g., occludins), which
can lead to TJC disassembly and possibly BBB permeabil-
ity (46). In vitro studies have shown that hypoxia reduces
TJC protein expression, which correlates with increased
monolayer permeability (47). In animal models of T1D
and T2D, several studies have shown a correlation be-
tween increased BBB disruption after stroke and an exag-
gerated loss of TJC protein expression in peri-infarct
regions. However, direct visual evidence of tight junction
disruption with electron microscopy were missing in these
studies (8), which relied on Western blots or fluorescence
microscopy (35). This caveat is significant because recent
studies that combined electron microscopy with fluores-
cence imaging of TJC proteins in regions with confirmed
BBB disruption noted that tight junction ultrastructure is
generally unaltered or, at worst, contain small gaps at these
sites (48,49). One unanimous finding of all electron micros-
copy studies has been the striking increase in transendothelial
vesicle trafficking through the endothelium (48,49). In
accordance with this, our own ultrastructural studies in
T1D mice revealed a marked upregulation of vesicles and
vacuoles in peri-infarct microvessels (Fig. 3B) without
compelling evidence for TJC uncoupling (15). We con-
firmed the transendothelial route of permeability by
finding blood-borne horseradish peroxidase or 5-nm gold
particles in endothelial vesicles and beyond the vascular
wall (Fig. 3C). We failed to detect blood-borne tracers trap-
ped within TJCs after stroke, but the possibility that TJC

images reveal peri-infarct vascular networks before stroke (baseline [BL]) and various time points afterward. The vascular structure was
stable, although the occasional vessel was permanently lost after stroke (arrow). Long-term measurements of microvessel velocity in peri-
infarct cortex (G) and regions distant from the stroke (H). **P < 0.001, non-DM vs. DM; ††P < 0.001, non-DM vs. DM + insulin; #P < 0.01
DM vs. DM + insulin. Colored P values refer to within-group differences compared with BL velocity values. I: Summary of changes to peri-
infarct blood flow velocity in non-DM (blue) and DM (red) mice relative to BL after stroke. Panels F–Hmodified with permission from Tennant
and Brown (16). d, day; PV, portal venous.
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opening is an ephemeral event, quickly disassociating and
reassembling at a rate not captured by electron microscopy,
still exists. Regardless of this uncertainty, endothelial trans-
cytosis is a major player in BBB permeability and edema
after stroke, particularly for animals with diabetes.

ABERRANT VEGF SIGNALING AND VASCULAR
DYSFUNCTION AFTER STROKE

As described previously herein, cerebral blood flow and
BBB function are highly dynamic after stroke, and di-
abetes adds to this complexity, involving many molecular
factors that go beyond the scope of this review, such as
inflammatory cytokines, matrix metalloproteases, and
angiopoetin signaling (4,8,50). Briefly, we focus on the

contribution of vascular endothelial growth factor (VEGF),
which is an established regulator of vasculature structure
and function (51). Several different VEGF ligands exist
of which VEGF-A is the predominant variant (referred to
as VEGF). VEGF binds to three receptor tyrosine kinases,
VEGF receptor (R) 1, 2, and 3 (51). Although the full role
of VEGF-R1 and -R3 remains an enigma, VEGF-R2 is
known to mediate most of the effects of VEGF signaling
(52). VEGF-R2 signaling is the major driver of angiogen-
esis and a survival signal for vessels in developing organs
(52). After stroke, upregulation of VEGF-R2 signaling in
peri-infarct regions is significant (15,53) and not fully
understood, but it could protect vulnerable vessels from
cell death or initiate angiogenic processes for restoring

Figure 3—Aberrant VEGF-R2 signaling in diabetic mice plays a critical role in BBB disruption and diminished recovery of function. A:
Representative confocal images showing cortical vascular networks labeled with Evans blue dye in diabetic and nondiabetic mice 3 days
after sham surgery or stroke. In the absence of stroke, fluorescence was restricted to blood vessels (left). After stroke, extravascular dye
fluorescence was evident in peri-infarct cortex, especially in diabetic mice. Treatment with the VEGF-R2 inhibitor SU5416 significantly
attenuated BBB disruption in diabetic mice but had no beneficial effect and actually increased Evans blue extravagation in nondiabetic
mice. B: An electron micrograph reveals increased transcytotic activity in a peri-infarct capillary 3 days after stroke. The inset shows a
thickened endothelium laden with caveola-like vesicles. C: Diabetic peri-infarct capillary 3 days after stroke and a higher-magnification
image of the boxed region show 5-nm gold particles (arrows) present in transcytotic vesicles within the endothelium, basement membrane
(BM), and adjacent glial cells. D: Chronically inhibiting VEGF-R2 signaling (2–42 days poststroke) improves recovery of forepaw function in
diabetic mice relative to those treated with saline. Sensorimotor function was tested by measuring the change latency to remove adhesive
tape from the stroke-affected forepaw. Images show sample frames of trial initiation and removal of adhesive tape from the forepaws
(arrow). *P < 0.05, diabetic saline vs. diabetic SU5416; †P < 0.05, ††P < 0.01, diabetic saline vs. nondiabetic saline. Modified with
permission from Reeson et al. (15). BL, baseline or prestroke tape removal latency.
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blood flow. Increased VEGF-R2 signaling could also be
detrimental by inducing BBB permeability and edema
(53).

Two recent articles from independent groups studying
a mouse model of T1D found abnormally elevated VEGF
signaling after stroke (8,15). First, diabetes significantly
amplified the upregulation of VEGF (8) and VEGF-R2 ex-
pression (15) on peri-infarct blood vessels compared with
controls. This overexpression of VEGF signaling was
somewhat delayed, evident 3–7 days after stroke, in the
same region where enhanced BBB permeability was ob-
served. Inhibiting VEGF-R2 signaling in diabetic mice
with a clinically tested cancer drug (SU5416) or through
an inducible gene knockdown in vascular endothelial cells
(15) greatly reduced BBB permeability (Fig. 3A, right
panel). Ameliorating BBB disruption in diabetic mice
also significantly reduced the loss of synapses in peri-
infarct cortical neurons and improved recovery of the
stroke-affected limb (Fig. 3D). One unexpected finding
from the VEGF-R2 inhibitor experiments was that the
treatment benefit was only evident in diabetic mice be-
cause nondiabetic mice did not show improvements in BBB
integrity, synapse density, or behavioral recovery (Fig. 3A
and D). Collectively, these findings highlight the importance
of finely balanced cell signaling after stroke, where too
much VEGF signaling, as in the case of diabetic animals,
exacerbates vascular dysfunction after stroke. Furthermore,
the development of new stroke therapies cannot take a
one-size-fits-all approach because comorbidities such as
diabetes can dictate the efficacy of a particular treatment.

CONCLUSIONS AND FUTURE DIRECTIONS

Although the debate continues about the mechanisms by
which hyperglycemia affects cell death in the ischemic
core, the influence of diabetes extending beyond this
region is now well established. This influence is perhaps
most pronounced in surviving peri-infarct regions, which
are critical for recovery of function (21). As illustrated in
Fig. 4, T1D is associated with abnormal peri-infarct blood
flow in both acute and chronic stages of stroke recovery,
potentially reducing the efficiency of oxygen and nutrient
delivery to surviving neurons (16). Concurrently, diabetes
exacerbates the disruption of the BBB (8,15). A greater
loss of BBB integrity is mediated primarily by an increase
in endothelial transcytosis, and this further amplifies in-
jury to peri-infarct neurons by stripping them of their
synaptic connections. At a molecular level, our studies
and those of others have indicated that aberrant VEGF
signaling plays a central role in vascular pathology (8,15).
Insulin treatment immediately after stroke was often in-
sufficient to improve or normalize patterns of blood flow
or BBB integrity in the diabetic brain (15,16). This un-
fortunate result suggests that better glucose control is not
the only answer to improving stroke recovery, and com-
binatorial treatments will need to be considered in the
future. Furthermore, it implies that hyperglycemia, even
for relatively brief periods of time (on the order of days to

weeks) could fundamentally alter the intracellular signal-
ing milieu in the vascular endothelium. These signaling
changes, some of which likely manifest at the epigenetic

Figure 4—Summary of changes to peri-infarct blood vessels and
dendritic structure after stroke. At baseline (before stroke), no sig-
nificant differences were seen between diabetic and nondiabetic
mice in blood flow velocity, vessel width, VEGF-R2 expression, or
neuronal dendritic spine densities. Three days after stroke, micro-
vessels in the nondiabetic peri-infarct cortex were dilated, with
blood flow and VEGF-R2 expression increased. The endothelium
was swollen and packed with caveola-like vesicles, which coincided
with extravagation of blood-borne dyes through the BBB. In the di-
abetic peri-infarct cortex, vessels were also dilated, but blood flow
was significantly increased and VEGF-R2 overexpressed compared
with nondiabetic mice. Diabetic mice exhibited much greater disrup-
tion of the BBB (note extravagation of plasma) and loss of dendritic
spines. Treatment with a VEGF-R2 inhibitor (arrow) attenuated the
disruption of the BBB and loss of dendritic spines in diabetic mice.
Seven to 28 days after stroke, VEGF-R2 expression and BBB per-
meability gradually returned to baseline levels, although blood flow in
diabetic mice remained abnormally high during this time frame.
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level, dictate how well the vascular networks adapt or not
to an ischemic event.

Because the goal of preclinical research is to use animal
models to first dissect the neurobiological mechanisms
that mediate or explain a certain phenomenon and then
exploit this knowledge to improve treatment options, the
clinical realities of stroke and diabetes are important to
keep in mind. These conditions, much like the experi-
mental models used to study them, are highly heteroge-
neous. Therefore, more work is needed to understand
how various models of stroke (e.g., embolic vs. hemor-
rhagic) affect recovery in patients with diabetes because
each have a unique effect. Although this review focuses
primarily on the STZ model of T1D, other genetic models
in other species should be considered in future study. For
example, NOD mice frequently are used in the study of
diabetes pathophysiology in other organ systems (54), but
little has been done with respect to stroke recovery. Even
with the STZ model, we still do not know exactly what
duration or magnitude of hyperglycemia can lead to poor
stroke outcome. Thus, many important unresolved ques-
tions remain. Finally, we are encouraged by the develop-
ment of new diagnostic tools for imaging vascular
dysfunction in patients with stroke. Advanced imaging
techniques like MRI are now capable of monitoring BBB
permeability in patients with stroke. Before new BBB-
targeting therapies can be responsibly applied in humans,
we need to map the exact timing, location, and magnitude
of BBB disruption in human patients with diabetes recov-
ering from stroke. In conclusion, we are optimistic that
the combined insights from imaging studies in humans
and animal models will eventually provide a sufficiently
nuanced and detailed roadmap for when, where, and how
to intervene after stroke, with the ultimate goal of min-
imizing the burden of disability in the diabetic population.
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