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Type 2 diabetes (T2D) hampers stroke recovery though largely undetermined mecha-
nisms. Few preclinical studies have investigated the effect of genetic/toxin-induced di-
abetes on long-term stroke recovery. However, the effects of obesity-induced T2D are
mostly unknown. We aimed to investigate whether obesity-induced T2D worsens long-term
stroke recovery through the impairment of brain’s self-repair mechanisms – stroke-induced
neurogenesis and parvalbumin (PV)+ interneurons-mediated neuroplasticity. To mimic
obesity-induced T2D in the middle-age, C57bl/6j mice were fed 12 months with high-fat
diet (HFD) and subjected to transient middle cerebral artery occlusion (tMCAO). We evalu-
ated neurological recovery by upper-limb grip strength at 1 and 6 weeks after tMCAO. Gray
and white matter damage, stroke-induced neurogenesis, and survival and potential atrophy
of PV-interneurons were quantitated by immunohistochemistry (IHC) at 2 and 6 weeks after
tMCAO. Obesity/T2D impaired neurological function without exacerbating brain damage.
Moreover, obesity/T2D diminished stroke-induced neural stem cell (NSC) proliferation and
neuroblast formation in striatum and hippocampus at 2 weeks after tMCAO and abolished
stroke-induced neurogenesis in hippocampus at 6 weeks. Finally, stroke resulted in the at-
rophy of surviving PV-interneurons 2 weeks after stroke in both non-diabetic and obese/T2D
mice. However, after 6 weeks, this effect selectively persisted in obese/T2D mice. We show
in a preclinical setting of clinical relevance that obesity/T2D impairs neurological functions in
the stroke recovery phase in correlation with reduced neurogenesis and persistent atrophy
of PV-interneurons, suggesting impaired neuroplasticity. These findings shed light on the
mechanisms behind impaired stroke recovery in T2D and could facilitate the development
of new stroke rehabilitative strategies for obese/T2D patients.

Introduction
Stroke is the number one cause of permanent disability and a major social and economic burden [1–3]. Al-
though a large proportion of the stroke survivors regain neurological function after rehabilitation therapy,
approximately one-third of all stroke patients remain dependent on supportive care in activities of daily
living (ADL) [4]. Type 2 diabetes (T2D), which is one major risk factor for stroke [5], also dramatically
hampers neurological recovery in the surviving patients [6–8] and is a strong predictor of persistent ADL
dependency [4]. Experimental stroke studies using toxin-induced hyperglycemia have shown that, simi-
lar to clinical observations, the neurological recovery in hyperglycemic animals is significantly attenuated
[9,10]. Similar findings have been shown in genetically obese T2D animals (reviewed in [11]). The ones
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employing more physiological and clinically relevant obese/T2D models (induced by high-fat diet (HFD)) have
mostly focused on the acute outcome (infarct size and neurological impairment) after stroke and, in the cases with
more long-term outcome measures, the increase in the stroke injury was likely a determinant factor for decreased
neurological recovery (reviewed in [11]). At present, it is therefore undetermined whether T2D induced by a chronic
obesogenic diet affects long-term stroke recovery and if so, whether this effect is related to the impairment of brain’s
self-repair mechanisms.

Impaired neurological recovery in T2D could not be explained solely by more severe gray or white matter infarc-
tions [9,12,13] and several mechanisms including impaired vascular restoration [14] and increased inflammation [13]
have been proposed. Recently, diminished cortical plasticity [9] and impaired initial stages of stroke-induced neuro-
genesis [10] have also been suggested. However, these studies have employed genetic and toxin-induced models of
T2D, and the results need to be verified in more clinically relevant T2D models.

Stroke-induced neurogenesis in striatum is a potential contributor to stroke recovery [15]. After stroke, a portion
of neural stem cells (NSCs) from the subventricular zone (SVZ) of the lateral ventricle migrates to the adjacent dam-
aged brain areas, i.e. striatum, where they differentiate into neurons integrating in the brain circuits [16,17]. The
ablation of this process impairs stroke recovery [18,19]. Moreover, in their immature, neuroblast state, these cells ex-
hibit homeostatic, non-neurogenic functions by providing neurotrophic support to surviving neurons [20]. A recent
study has shown that hyperglycemia impairs the first stages of striatal stroke-induced neurogenesis, i.e. NSCs prolifer-
ation and neuroblast formation [10]. However, it is unknown whether obesity-induced T2D produces the same effects
and importantly, whether it leads to the actual reduction in terminal neuronal differentiation and striatal integration.

Experimental stroke after transient middle cerebral artery occlusion (tMCAO) can also affect hippocampus and
induce long-term cognitive deficits [21], which have been shown to be more severe and longer lasting with underlying
diabetes [22]. Similarly, hippocampal stroke in humans is associated with pronounced cognitive derangements [23].
Hippocampal neurogenesis is essential for the normal functioning of hippocampus [24,25] and since this process is
increased after stroke, it could be important for cognitive recovery [26–28]. Therefore, it is important to determine
whether reduced cognitive recovery in T2D after stroke is linked to decreased stroke-induced hippocampal neuro-
genesis. Few studies have in part addressed this question by showing that early stages of stroke-induced hippocampal
neurogenesis are impaired by T2D [10,29,30]. However, it remains unknown if terminal neuronal differentiation is
also affected by T2D.

The impairment of neuroplasticity mechanisms by hyperglycemia has been recently reported in the cerebral cortex
of mice after toxin-induced hyperglycemia [9,10], as well as in human T2D stroke patients [31]. Neuroplasticity is
an important contributor to stroke recovery and GABAergic inhibitory interneurons play a major role in this process
[32]. Parvalbumin+ (PV) interneurons are a subtype of GABAergic interneurons that have been shown to modulate
brain plasticity [33]. For instance, the regulation of PV expression in these interneurons has been recently shown to
correlate with improved neurological recovery, suggesting that the expression of PV could normalize aberrant neu-
ronal activities [34]. This is also supported by a study showing the vulnerability of these cells to stroke [35]. Moreover,
degeneration and reduction in size (as a measure of cell atrophy) of parvalbumin-positive (PV+) interneurons has
been reported in Huntington’s disease [36], suggesting that the regulation of these parameters can contribute to neu-
roplasticity after injury. Whether T2D-induced impairment of the normal functioning of PV+ interneurons could
have negative implications on stroke recovery is unknown.

The goal of the present study was to determine whether obesity-induced T2D in the middle aged mice impairs the
sensorimotor function during the stroke recovery phase in a mild stroke model mainly affecting basal ganglia. We
also investigated whether the obese/T2D effect is linked to impaired stroke-induced neurogenesis and pathological
alterations of striatal and cortical GABAergic inhibitory PV+ interneurons.

Materials and methods
Animal models and experimental design
Fifty-six male, 8-week-old C57/BL6j mice (Charles River Laboratories, Germany) were used. All applicable interna-
tional, national and/or institutional guidelines for the care and use of animals were followed. All procedures per-
formed in studies involving animals were in accordance with the ethical standards of the Karolinska Institutet where
all the studies were conducted. The ethical approval number is: S7-13 (Karolinska Institutet). All mice were housed in
environmentally controlled conditions (25 +− 0.5◦C, 12/12-h light/dark cycle with ad libitum access to food and wa-
ter). From the age of 2 months, mice were fed with either standard laboratory diet (SD) (n=28) or HFD (60% energy
from fat) (n=28) for 12 months. Body weight (BW), fasting blood glucose and oral glucose tolerance (OGT) were
measured to verify induced-obesity/T2D (the data are summarized in Supplementary Figure S1). Once HFD-induced
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impaired glucose tolerance, obesity and fasted hyperglycemia were established, mice were subjected to experimental
stroke (SD, n=20; HFD, n=20) or sham surgery (SD, n=8 HFD, n=8). Four mice (one SD, three HFD) died after
stroke and the remaining mice were then randomly allocated to two studies: Study 1 (see below), to assess the recov-
ery of forelimb sensorimotor function during 6 weeks following tMCAO and histological outcome at 6 weeks and
Study 2 (see below) to assess the histological outcome at 2 weeks after tMCAO. Since the main goal of the study was
to evaluate stroke recovery and neurogenesis at 6 weeks after MCAO, we prioritized Study 1 over Study 2 that was
performed only for the histological assessment of early neurogenic response. Thus, more animals were allocated to
Study 1 (see below).

Study 1: to assess the recovery of forelimb sensorimotor function during 6 weeks following
tMCAO and histological outcome at 6 weeks
The mice after tMCAO or sham surgery, (SD stroke, n=14; HFD stroke, n=12; SD sham n=4, HFD sham n=4) were
tested for forelimb sensori-motor function by employing the grip strength test [37–41] (see also below). The test was
performed before surgery and at 1 and 6 weeks after tMCAO/sham surgery. The mice were killed at 6 weeks and
the histological analyses of neurogenesis/neuroplasticity were then performed (see below). Four mice from the HFD
stroke group displayed lack of neurological deficits and had no visible brain damage (evaluated histologically at 6
weeks) after tMCAO. Therefore, they were removed from the study.

Study 2: to assess the histological outcome at 2 weeks after tMCAO
The mice (SD stroke n=5, HFD stroke, n=5; SD sham n=4, HFD sham n=4) were killed in week 2 after tMCAO/sham
surgery for additional histological analysis at this earlier time point.

In both the Studies, to mark newly born cells, all mice received daily intraperitoneal injections of the thymidine
analog bromodeoxyuridine (BrdU; 50 mg/kg of BW) for 2 weeks following tMCAO/sham surgery.

The Experimental Design of the study is summarized in Supplementary Figure S2.

tMCAO
tMCAO was used to model stroke by the intraluminal filament technique [42]. To induce striatal infarct mainly
affecting basal ganglia and with minimal cortical and hippocampal damage, MCA was occluded for 30 min. Briefly,
mice were anesthetized by 3% isoflurane, then maintained by 1.5% isoflurane through a snout-mask throughout the
surgery. Body temperature was maintained at 37–38◦C using a heated pad. Through midline incision, left common,
external and internal carotid arteries were exposed. Through an incision in an external carotid artery, a 15-mm long,
7-0 silicone-coated monofilament (total diameter 0.17 –0.18 mm) was inserted into the internal carotid artery until
it could not be advanced any further and at least 8–10 mm of filament length has passed the carotid bifurcation thus
blocking the origin of the middle cerebral artery. Then the wounds were temporarily closed, blood glucose levels were
measured (Supplementary Figure S3) and mice were allowed to wake up. After 25 min, mice were re-anesthetized,
wound reopened and the occluding filament removed (total tMCAO time: 30 min). Additionally, the success of the
stroke induction was evaluated by scoring the severity of neurological deficits 1 h after reperfusion and the next day
after MCAO surgery using a 3-point system: 1 point for circling toward the paretic side, 1 point for right forelimb
sensory deficit (left hanging from the table edge) and 1 point for hind limb sensory deficit. All animals used in the
study reached minimum 2 points.

Assessment of the recovery of forelimb sensorimotor function
The forelimb sensorimotor function was measured by forepaw grip strength [37–41] using grip strength meter (Har-
vard apparatus, MA, U.S.A.) before and at 1 and 6 weeks after tMCAO. Briefly, mice were firmly held by the body and
allowed to grasp the grid with individual forepaws. Mice were gently dragged backward until the grip was released.
Ten trials were performed and the highest value was recorded as described previously [41]. Grip strength of left and
right forepaws was measured separately, and motor asymmetry was determined by the right to left forepaws strength
ratio.

Immunohistochemistry
Brain preparation was performed as described previously [43]. Mice were deeply anesthetized and transcardially per-
fused with 4% ice-cold paraformaldehyde, then the brains were removed and after overnight post-fixation submerged
in phosphate-buffered saline (PBS) with 20% sucrose until they sank. The brains were cut in 30-μm-thick coronal
sections using a sliding microtome.
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Immunofluorescence staining was performed using free-floating method. Following primary antibodies were used;
rabbit anti-Ki67 (1:300 dilution; #ab15580; Abcam), a marker of cell proliferation; goat anti-DCX (doublecortin)
(1:300 dilution; #sc-8066; Santa Cruz Biotechnology), a marker for migrating neuroblasts; mouse anti-NeuN (1:200
dilution; #MAB377; Millipore), a neuronal marker; rabbit anti-DARPP32 (1:500 dilution; #ab40801; Abcam), a
marker of medium-size spiny neuron; rat anti-BrdU (1:500 dilution; #ab6326; Abcam), a marker of cell prolifera-
tion; and rabbit anti-parvalbumin (PV) (1:1000 dilution; #ab11427; Abcam), a marker of PV-expressing interneuron.
A combination of rat anti-BrdU with anti-NeuN and anti-DARPP32 were employed to assess neurogenesis, respec-
tively. Sections were incubated with primary antibodies overnight at 4◦C in a phosphate buffer containing 3% ap-
propriate serum and 0.25% Triton X-100. Primary antibodies were detected by Alexa 488- or Alexa 594-conjugated
(Vector) or Cyanine3-conjugated (Thermo Fisher Scientific) secondary antibodies (1:200 dilution). Sections were in-
cubated with secondary antibodies for 2 h at room temperature (approximately 21◦C) in phosphate buffer containing
3% of the appropriate serum and 0.25% Triton X-100. For antigen retrieval 1 mM EDTA for 30 min at 64◦C (for PV
immunostaining) or 1 M HCl for 20 min at 64◦C (for double staining with BrdU).

Luxol Fast Blue staining for myelin determination
Brain sections from bregma 0.98 mm, −1.06 mm and 2.06 mm were stained with Luxol Fast Blue (LFB) for quan-
titation of neuronal myelin fiber bundles/contents [44]. Brain sections were mounted on the gelatin-coated slides.
Sections were immersed in 95% ethanol for 3 min, then incubated with 0.1% LFB solution containing the Solvent
blue 38 (Sigma) at 58 C for 15 h. Sections were rinsed with 95% ethanol and distilled water, then differentiated by
lithium carbonate solution for 5 min followed by immersion in 70% ethanol and rinsed in water. The differentiation
process was repeated for six times.

Stroke volume measurement
Stroke volume was evaluated based on NeuN staining. NeuN staining is a consistent method for quantitating neu-
ral damage, since it exclusively stains neurons and can be reliably used to evaluate neuronal loss even several weeks
after stroke, unlike ubiquitous cell markers like TTC (3,5-triphenyltetrazolium chloride) or Hematoxylin and Eosin
that are accurate only within few days after the injury, due to later inflammatory cell infiltration and glial scar for-
mation at injury site. Stroke volume was determined as described previously [41,45–48]. Briefly, NeuN-labeled brain
sections that contained stroke damage were displayed live on a computer monitor and the areas of the whole con-
tralateral hemisphere and the intact region of the ipsilateral hemisphere were measured by using NewCast Software
(Visiopharm). The measured area was multiplied by the distance between the sections to estimate the volume. The
stroke volume was calculated by subtracting the volume of intact ipsilateral hemisphere from the volume of the whole
contralateral hemisphere.

Quantitative microscopy
The Olympus BX51 epi-fluorescent/light microscope (Olympus) connected with computerized setup for stereology
(NewCast Software, Visiopharm) were used for cell counting. Three consecutive brain sections spaced at 300 μm
containing striatum (from Bregma 1 to 0.5 mm) were used. The first section was chosen based on an anatomical lo-
cation along the rostra-caudal axis (approximately 1 mm from Bregma). The second and the third sections were 300
and 600 μm caudal from the first section respectively. Similarly, three evenly spaced sections were chosen for analy-
ses of hippocampal neurogenesis starting at −1.8 mm from Bregma. The number of Ki67-positive (Ki67+) cells was
counted in the SVZ and the subgranular zone (SGZ) of dentate gyrus of hippocampus. The number of DCX-positive
(DCX+) cells, NeuN/BrdU and DARPP32/BrdU double positive cells were counted in striatum and the granule cell
layer (GCL) of dentate gyrus (NeuN/BrdU). Double-staining was later verified using confocal microscopy. For count-
ing of PV+ interneurons the NewCast software (VisioPharm, Denmark) was used. Briefly, striatum or cortex on three
coronal sections (described above) was delineated and the counting frame was systematically moved at preset inter-
vals starting from random position, so that the representative fraction of the region of interest (ROI) was sampled.
The total cell number from three sections was estimated using the following formula: Total number of PV+ interneu-
rons = Counted number × (Step area/Counting frame area) [49]. Mean PV cell body volume (a measure of poten-
tial cellular atrophy) was estimated with the nucleator technique using 40–50 random (experimenter-independent,
software-determined random positions within the area of interest) cells from three sampled sections [49]. Myelin
determination includes the thickness of corpus callosum, the striatal number of neuronal myelin fiber bundles and
the striatal amount of myelin, based on optical density. The thickness of the corpus callosum was measured approx-
imately 2 mm from the midline of both hemisphere via using the NewCast Software (Visiopharm). ImageJ software
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was used for quantitations of the optical density and of the number of neuronal myelin fiber bundles. A rectangular
ROI was manually chosen in the center of ipsilateral striatum and corresponding location in contralateral striatum.
Since we observed the deformation in ipsilateral hemisphere, the ROI in the infract striatum was adjusted by defor-
mation value. The deformation value was calculated by subtracting the area of ipsilateral hemisphere from the area of
the contralateral hemisphere. The number of neuronal myelin fiber bundles were counted in ROI. LFB optical den-
sity was quantitated by measuring the intensity from ROI on RGB image with background correction as previously
described [44,50]. All procedures were performed by experimenter blinded to experimental groups.

Statistical analysis
For grip strength test analyses, two-way repeated measures ANOVA was used followed by Tukey’s test to compare
grip strength between time-points within each group and Bonferroni’s test to compare grip strength between the
groups at each time-point. Ordinary Two-way ANOVA followed by Tukey’s test was employed for the majority of
the immunohistochemistry (IHC) studies when comparing the differences between the groups in relation to two
parameters. When comparing the differences between two groups in relation to one single parameter, the unpaired
t test with Welch’s correction was used. The comparison versus the respective sham group in the IHC experiments
was performed using the ordinary one-way ANOVA test with Dunnett’s multiple comparisons. Data are expressed as
mean +− SD. P-value less than 0.05 was considered statistically significant. All data were analyzed by using GraphPad
Prism 7.

Results
Obesity/T2D impairs the recovery of forelimb sensorimotor function
without affecting the stroke-induced gray and white matter damage
Sham surgery did not affect the grip strength neither in SD- nor in HFD-fed mice (Figure 1A). No differences were
detected in upper-limb grip strength between SD-fed mice and HFD-fed mice before stroke and at 1 week after stroke,
although stroke significantly decreased upper-limb grip strength (before stroke vs. 1 week) in both SD and HFD
groups (P<0.0001 for both groups) (Figure 1A). However, at 6 weeks after stroke, SD-fed mice significantly recovered
upper-limb grip strength (1 vs. 6 weeks, P<0.0001), while HFD-fed mice did not and remained significantly different
from before stroke and HFD sham (Figure 1A). The recovery in the SD group was significant at 6 weeks compared
with 1 week after stroke, and also showed no difference to before stroke (Figure 1A). Additionally, a head to head
comparison of grip strength at 6 weeks between SD and HFD mice revealed that SD mice significantly outperformed
HFD mice in grip strength test (P<0.0001) (Figure 1A).

The ischemic brain damage was present within three-fourths of the striatum and mainly localized in dorsolateral
striatum without significant differences between SD- and HFD-fed mice (Figure 1B–D). Ipsilateral cortical damage
was minimal or not present.

We then determined the potential effects of obesity/T2D on the number of striatal myelinated fiber bundles after
stroke. The number of myelinated fiber bundles decreased similarly in the stroke-damaged striatum of both SD and
HFD-fed mice (as compared with uninjured, contralateral striatum; Supplementary Figure S4A–C). Furthermore,
the thickness of the corpus callosum in the dorso-ventral axis and the amount of myelin in the remaining ipsilateral
and contralateral striatal myelinated fiber bundles were not different between the two groups or hemispheres (data
not shown). This indicates that stroke decreased the number of neuronal myelinated fiber bundles, with no effect on
the content of myelin within the remaining myelinated fiber bundles. These effects were not modified by T2D.

Obesity/T2D impairs the initial stages of stroke-induced neurogenesis in
striatum without affecting neuronal formation
To study stroke-induced neurogenesis in striatum, we assessed NSCs proliferation and neuroblast formation by quan-
titating Ki67+ and DCX+ cells in the SVZ and striatum, respectively and neurogenesis by quantitating BrdU/NeuN
and BrdU/Darpp32 positive cells in striatum.

The results in Figure 2A–F show that at 2 weeks after stroke, SD-fed mice significantly increased the number of
Ki67+ and DCX+ cells in the ipsilateral versus the contralateral hemisphere (P=0.0126 and P<0.0001, respectively),
while in HFD-fed mice only a non-significant trend toward the increase in DCX+ neuroblasts was noted (P=0.1),
indicating that T2D impairs stroke-induced NSCs proliferation and neuroblast formation during the first 2 weeks
after stroke.

At 6 weeks after stroke, the number of Ki67+ cells was still higher in ipsilateral versus contralateral hemispheres
in SD-fed mice (P=0.0184; Figure 3A,C,D), but not in HFD-fed mice. Interestingly, the number of DCX+ cells was
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Figure 1. The effects of obesity/T2D on neurological function and stroke volume after tMCAO

Intact (right; R) to impaired (left; L) forepaw grip strength ratio before and at 1 and 6 weeks after tMCAO (A). Means +− SD, Two-way

Repeated measures ANOVA followed by Tukey’s test to compare grip strength between time-points within each group and Bon-

ferroni’s test to compare grip strength between the groups at each time-point. The following significant differences are shown on

the graph: **** denote P<0.0001 before stroke vs. 1 week and 1 vs. 6 weeks in SD mice. #### denote P<0.0001 before stroke vs.

1 week, and before stroke vs. 6 weeks in HFD mice. €€€€ denote P<0.0001 SD sham vs. SD stroke. $$$$ denote P<0.0001 HFD

sham vs. SD stroke. &&& denote P<0.001 SD stroke vs. HFD stroke. SD sham n=4, HFD sham n=4 SD stroke n=14, HFD stroke

n=8. Stroke volume (B). Means +− SD, Welch’s t test SD stroke n=14, HFD stroke n=8. Representative images of ischemic damage

after 30 min of tMCAO (C,D). The * on (C) and the dotted line on (D) indicate the stroke damage in striatum.
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Figure 2. The effects of obesity/T2D on stroke-induced NSCs proliferation and neuroblast formation at 2 weeks after tMCAO

The number of Ki67+ (A) and DCX+ (B) cells in SVZ and striatum respectively at 2 weeks after tMCAO. Means +− SD, Two-way ANOVA

followed by Tukey’s test. The comparison versus the sham group was performed using the one-way ANOVA test with Dunnett’s

multiple comparisons. *P<0.05 and ****P<0.0001 vs. own contralateral hemisphere, #P<0.05 and ###P<0.001 SD vs. HFD ipsilateral

hemisphere, $P<0.05 and $$$P<0.001 vs. respective sham (Dotted line). SD stroke n=5, HFD stroke n=5. Representative images

of Ki67+ cells in contralateral (C) and ipsilateral (D) SVZ. Representative images of DCX+ cells in contralateral (E) and ipsilateral (F)

striatum at 2 weeks after stroke.
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Figure 3. The effects of obesity/T2D on stroke-induced NSCs proliferation and neuroblast formation at 6 weeks after tMCAO

The number of Ki67+ (A) and DCX+ (B) cells in SVZ and striatum respectively at 6 weeks after tMCAO. Means +− SD, Two-way

ANOVA followed by Tukey’s test. The comparison versus the sham group was performed using the one-way ANOVA test with

Dunnett’s multiple comparisons. *P<0.05 and **P<0.01 vs. own contralateral hemisphere, $P<0.05 and $$P<0.01 vs. respective

sham (dotted line). SD stroke n=8, HFD stroke n=5. Representative images of Ki67+ cells in contralateral (C) and ipsilateral (D)

SVZ. Representative images of DCX+ cells in contralateral (E) and ipsilateral (F) striatum at 6 weeks after stroke.
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Figure 4. The effects of obesity/T2D on stroke-induced neurogenesis at 6 weeks after tMCAO

Number of NeuN/BrdU+ (A) and BrdU/Darpp32+ (C) neurons in ipsilateral striatum. Means +− SD, Welch’s t test (SD stroke n=8, HFD

stroke n=5). Representative confocal images with orthogonal reconstruction of NeuN/BrdU+ (B) and BrdU/Darpp32+ (D) neurons

in ipsilateral striatum.

significantly increased in the ipsilateral versus the contralateral hemispheres of both SD and HFD-fed mice (P=0.0041
and P=0.0036, respectively), see Figure 3B,E,F. In consideration of the results at 2 weeks after stroke (Figure 2B) where
the HFD mice show no increase in DCX+ positive cells in the ipsilateral hemisphere, the results at 6 weeks indicate a
delayed activation of neuroblast formation in the HFD group.

The number of Ki67+ and DCX+ cells were similar in SD- and HFD-fed, sham-operated mice at both 2 and 6
weeks after the surgery (Supplementary Figure S5A–D).

To assess neurogenesis, we quantitated the number of NeuN/BrdU+ and DARPP32/BrdU neurons in ipsilateral
to stroke striatum at 6 weeks after stroke. The results show no significant difference in stroke-induced neurogenesis
between SD-fed mice and HFD-fed mice (Figure 4A–D).

Obesity/T2D impairs stroke-induced neurogenesis in hippocampus
Activation of hippocampal neurogenesis after stroke even without detectable ischemic damage to hippocampus has
been shown in several rodent stroke models [18,51] allowing to study this process without local tissue damage being
a confounding factor. To evaluate stroke-induced NSCs proliferation and neuroblast formation in hippocampus, we
quantitated the number of Ki67+ cells and DCX+ cells in the SGZ and GCL, respectively, at 2 and 6 weeks after stroke.

The number of Ki67+ and DCX+ cells were similar in SD- and HFD-fed, sham operated mice at both 2 and 6 weeks
after the surgery (Supplementary Figure S6A–D).

The results in Figure 5A–D show that at 2 weeks after stroke, SD-fed mice increased the number of Ki67+ and
DCX+ cells in the ipsilateral versus the contralateral hemisphere (P=0.0256 and P=0.0001, respectively), while
HFD-fed mice did not. This indicates that obesity/T2D impairs stroke-induced NSCs proliferation and neuroblast
formation in hippocampus during the first 2 weeks after stroke.

At 6 weeks after stroke, we observed no difference in the number of Ki67+ and DCX+ cells between the ipsilateral
and contralateral hemispheres in either experimental group (Figure 6A–D).

To assess neurogenesis, we quantitated the number of NeuN/BrdU+ neurons in GCL at 6 weeks after stroke. The
result in Figure 6E,F show a significantly higher number of newly generated mature neurons in the ipsilateral versus
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Figure 5. The effects of obesity/T2D on stroke-induced NSCs proliferation and neuroblast formation in hippocampus at 2

weeks after tMCAO

The number of Ki67+ (A) and DCX + (C) cells in SGZ and GCL respectively at 2 weeks after tMCAO. Means +− SD, Two-way ANOVA

followed by Tukey’s test. The comparison versus the sham group was performed using the one-way ANOVA test with Dunnett’s

multiple comparisons. *P<0.05 and ***P<0.001 vs. own contralateral hemisphere. #P<0.05 and ###P<0.001 SD vs. HFD ipsilateral

hemisphere (SD stroke n=5, HFD stroke n=5). $$$$P<0.0001 vs. respective sham (dotted line). Representative images of Ki67+

(B) and DCX+ (D) cells in the SGZ/GCL. Dotted line (B,D) marks the border between SGZ and GCL.

the contralateral hemisphere of SD-fed mice (P=0.0328). On the contrary, the results in HFD-fed mice show no dif-
ference between the two hemispheres (Figure 6E,F), demonstrating the impairment of stroke-induced hippocampal
neurogenesis by obesity/T2D.

Stroke decreases the number and induces cellular atrophy of PV+
interneurons at 2 weeks after stroke in striatum
We quantitated the number of PV+ interneurons and measured their soma volume, as a measure of potential atrophy,
in striatum and overlaying cortex in both ipsilateral and contralateral to stroke hemispheres. The cortical assessment
was mainly aimed to determine potential effects of T2D on PV+ cell atrophy rather than cell number, since cortex was
not damaged by stroke after 30 min of tMCAO. The results show that the number of PV+ interneurons and PV cell
volume in either cortex or striatum were not different between SD-fed mice versus HFD-fed mice in the sham groups
(Supplementary Figure 7A–D). This suggests that T2D did not affect the number or soma volume of these neurons
under un-injured (sham) conditions. Moreover, we found no differences in the number of PV+ interneurons and PV
cell volume in cortex of stroke-subjected animals versus the sham in either diet group (Figure 7A–C), indicating, as
expected, no influence of stroke on cortical PV+ interneurons at 2 weeks after tMCAO.

In striatum, the number and soma volume of PV+ interneurons were significantly and similarly reduced in the
ipsilateral hemisphere of both SD-fed mice and HFD-fed mice after stroke compared with sham mice (P=0.0001
and P=0.0001; Figure 7D,E). The soma volume of PV+ interneurons was measured separately within infarct and
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Figure 6. The effects of obesity/T2D on stroke-induced NSCs proliferation, neuroblast formation and neurogenesis in hip-

pocampus at 6 weeks after tMCAO

The number of Ki67+ (A) and DCX+ (C) and NeuN/BrdU+ (E) cells in SGZ, GCL and GCL respectively at 6 weeks after tMCAO. Means
+− SD. Two-way ANOVA followed by Tukey’s test. The comparison versus the sham group was performed using the one-way ANOVA

test with Dunnett’s multiple comparisons. *P<0.05 vs. own contralateral hemisphere. #P<0.05 SD vs. HFD ipsilateral hemisphere

(SD stroke n=8, HFD stroke n=5). $$$P<0.0001 vs. respective sham (dotted line) Representative images of Ki67+ (B) DCX+ (D)

cells in the SGZ/GCL. Dotted line (B,D) marks the border between SGZ and GCL. Representative confocal images with orthogonal

reconstruction of NeuN/BrdU+ (F) neurons in the GCL of SD-fed mouse at 6 weeks after tMCAO.

peri-infarct areas. The analyses revealed that the stroke-induced reduction in PV+ cell volume affected both infarct
(P=0.0001 and P=0.0001 in SD and HFD, respectively) and peri-infarct areas (P=0.0023 and P=0.042 in SD and
HFD, respectively) and was significantly greater within the infarcted region, independently from diabetes (Figure
7E,F). Altogether, our results demonstrate striatal PV+ interneuron loss, as well as cellular atrophy of surviving PV+
interneurons at 2 weeks after stroke. These effects were not influenced by obesity/T2D.

Obesity/T2D impairs plasticity-like mechanisms occurring in PV+
interneurons in both cortex and striatum at 6 weeks after stroke
At 6 weeks after surgery, the sham groups, similar to stroke groups at 2 weeks, were not different regarding the number
of PV+ interneurons and their average cell volume in either cortex or striatum (Supplementary Figure S8A–D). No
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Figure 7. The effects of obesity/T2D on the number and soma volume of PV+ interneurons at 2 weeks after tMCAO

The number (A) and mean soma volume (B) of PV + cells in cortex. The number (D) and mean soma volume (E) of PV + cells in

striatum. Means +− SD. Two-way ANOVA followed by Tukey’s test. The comparison versus the sham group was performed using

the one-way ANOVA test with Dunnett’s multiple comparisons. *P<0.05, **P<0.01, ****P<0.0001 vs. sham (dotted line). SD stroke

n=5, HFD stroke n=5). Representative images of PV+ interneurons at 2 weeks after tMCAO in cortex (C) and striatum (F).

difference in the number of PV+ interneurons versus the sham was found in cortex of stroke-subjected animals in
both groups (Figure 8A,C). However, the PV+ cell volume of SD-fed mice was increased in both ipsi- and contralateral
hemispheres in comparison with the sham groups (P=0.0213 and P=0.0401, respectively; Figure 8B,C). This effect
was blunted in HFD-fed mice (Figure 8B,C), indicating the modifying effect of obesity/T2D on the increase of PV
cell volume in cortex in response to stroke. As expected, no difference in PV+ cell number was detected in the cortex.
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Figure 8. The effects of obesity/T2D on the number and soma volume of PV+ interneurons at 6 weeks after tMCAO

The number (A) and mean soma volume (B) of PV+ cells in cortex. The number (D) and mean soma volume (E) of PV+ cells in

striatum. Means +− SD. Two-way ANOVA followed by Tukey’s test. The comparison versus the sham group was performed using

the one-way ANOVA test with Dunnett”s multiple comparisons. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. sham (dotted line).

SD stroke n=8, HFD stroke n=5. Representative images of PV+ interneurons at 6 weeks after tMCAO in cortex (C) and striatum

(F).

In striatum, the number of PV+ interneurons in the ipsilateral hemisphere in both SD- and HFD-fed mice were
similarly reduced by stroke (P=0.0001 and P=0.0001, respectively; Figure 8D,F). As at 2 weeks, the average volume
of PV+ cells was measured separately in the infarct and peri-infarct areas. The results show that the PV+ cells in the
peri-infarct area of SD-fed mice recovered to original soma size, while in HFD-fed mice the cell bodies remained
shrunken at 6 weeks after stroke (P=0.0269; Figure 8E,F).
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These results show that 6 weeks after stroke SD-fed mice increase the size of PV+ interneurons in cortex and that
this neuroplasticity-like effect is impaired by T2D (Figure 8B,C). The results also show that 6 weeks after stroke, striatal
PV+ interneurons in the peri-infarct striatum of SD-fed mice respond to the brain damage by recovering (Figure 8E,F)
from the stroke-induced soma atrophy observed 2 weeks after stroke (Figure 7E,F). This neuroplasticity-like response
in striatum is hampered by obesity/T2D.

Discussion
The primary goal of the present study was to determine whether obesity-induced T2D impairs the recovery of fore-
limb sensorimotor function after stroke. We show that obesity/T2D induced by 12 months of HFD feeding dra-
matically hampers recovery without exacerbating neuronal or white matter injury. Secondarily, we demonstrate that
the obesity/T2D-induced impairment of the recovery of forelimb sensorimotor function after stroke correlates with
transient changes in the turnover of NSCs and neuroblasts in striatum and with a dramatic decrease in hippocampal
neurogenesis. Finally, we show that stroke induces the atrophy of surviving PV+ interneurons early after the insult
and that these cells gradually recover to their original size. However, obesity/T2D dramatically impairs such recovery
effect.

The effect of genetic, toxin-induced T2D, or short-term ‘high fat, high sugar’ diets to worsen brain injury and exac-
erbate neurological deficits after stroke has been reported by a number of preclinical studies [9–11]. In these studies,
the difference in the severity of brain injury after stroke between normal and T2D animals not only complicates the
clear-cut determination of whether T2D also influences post-acute neurological recovery, but also the understand-
ing of the underlying mechanisms, since the initial differences in injury severity influences both these parameters
[52]. In agreement with our results, an interesting study by Zhang et al. [10] showed that hyperglycemia induced by
streptozocin (STZ) administration impaired neurological recovery in rats without affecting the severity of the neu-
ronal damage. However, differently from our study, Zhang et al. [10] also recorded the exacerbation of white matter
injury, which could play a role in the observed reduction in long-term neurological recovery under hyperglycemia.
Moreover, as interesting as these results are, this model of diabetes might not fully represent the clinical reality of
T2D patients, as it induces fast changes in glycemic state and establishes sustained hyperglycemia, as opposed to slow
development of metabolic syndrome in typical, lifestyle-induced T2D [53]. Therefore, the likelihood of such acute
stress to modify stroke outcome, as well as to alter neurological recovery cannot be discounted. The goal of the present
study was to determine whether obesity/T2D impairs the recovery of forelimb sensorimotor function after stroke by
employing an animal model that resembles the clinical situation of progressive T2D in the middle age. Indeed, the
incidence of T2D increases with age [54]. Additionally, as explained above, the absence of differences in brain injury
was an important requirement to study the cellular processes behind the impaired motor-recovery. The strength of
our model is that unlike genetic/toxin-induced diabetes, or short term ‘high fat, high sugar’ diet-exposure, the chronic
(12 months) feeding with HFD resulted in a condition similar to severe clinical obesity accompanied with mild T2D
in the middle age. Indeed, models of obesity based on HFD feeding are believed to mimic better the state of com-
mon obesity in humans than most of the genetically modified models [55,56] that often do not model the disease
etiology of the majority of patients by representing mutations leading to very rare cases of obesity in humans (e.g.
of the leptin pathway) [57] and limiting reliable and translatable insight into human T2D [58]. Our model based on
chronic HFD feeding did not exacerbate neuronal injury after stroke (compared with age-matched healthy mice), but
strongly impaired the recovery of forelimb sensorimotor function. These results are in line with a clinical study by
Megherbi et al. [8] who showed that 3 months after stroke T2D patients present increased handicap and disability
compared with non-diabetics. This model also did not exacerbate white matter injury after stroke. The disruption of
white matter integrity in the uninjured brain of T2D patients has been recently shown [59]. However, whether it is
exacerbated after stroke in T2D patients is still largely undetermined [60,61]. A few preclinical studies show increased
white matter injury in T2D rodents, although they have been conducted in hyperglycemic models induced by STZ
[10] or by employing genetic animal models of T2D, i.e. db/db mice (already hyperglycemic and hyperinsulinemic a
few weeks after birth) [62–64]. To our knowledge, the present study is the first to report no major difference in the
white matter damage after stroke after a prolonged obesogenic diet. Altogether, the lack of both white and gray matter
damage exacerbation in our obese/T2D model allowed the study of the recovery of forelimb sensorimotor function,
stroke-induced neurogenesis and neuroplasticity without the increased brain injury as a confounding factor.

The deficiency in the capacity to recover from stroke-induced neurological impairments in T2D patients has long
been established [6–8]. To understand the mechanisms underlying this phenomenon, animal models that accurately
reflect this clinical reality are needed. The challenge of modeling long-term motor deficits in animals is hampered by
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the ability of small rodents to shortly recover from stroke-induced motor deficits, unless the brain injury is consider-
ably severe [65–67]. A potential positive aspect of our study was the use of a motor assessment test that was sensitive
enough to detect neurological impairments for several weeks after stroke. The forepaw grip strength as a measure
of forelimb sensorimotor function has been used previously for the evaluation of neurological recovery in experi-
mental stroke [37–41]. However, the grip strength has been usually measured in mice grasping the instrument with
both forepaws simultaneously, while the stroke-induced motor impairment is unilaterally localized. These studies
report quick recovery (within a couple of weeks) to baseline. In our study, we measured the grip strength of indi-
vidual forepaws that we believe has increased the sensitivity of the test. Additionally, it has been reported that the
grip strength test can detect ageing-associated decline in skeletal muscle function in the mouse [68] suggesting that
when using this test, the age of the animals needs to be taken under consideration. Indeed, we have recently demon-
strated full recovery of grip strength within 3 weeks in young mice after focal ischemia [41], while in this study in
middle-aged mice, even at 6 weeks after tMCAO the grip strength did not fully recover. Taken together, these data
argue that individual forepaw grip strength measurement is sufficiently sensitive for evaluating motor recovery for
several weeks after experimental stroke in middle-aged and obese/T2D mice. On the other hand, the neurological
recovery assessed by solely measuring the forelimb sensorimotor function with the grip strength test also represents
a weakness of the present study and the results will have to be confirmed by employing additional behavioral tests.
Another limitation of the present study is also represented by the fact that only one animal model of stroke and obesity
has been employed and therefore additional studies in the field will be needed to confirm our results.

We hypothesized that the impairment of motor recovery by obesity/T2D could be linked to suppression of brain’s
self-repair mechanisms such as stroke-induced neurogenesis and neuroplasticity. Besides the potential direct effect
of T2D on NSCs and neurons [69], T2D-induced adverse microvascular changes could also potentially be of impor-
tance for explaining decreased recovery after stroke and several recent studies have investigated this matter [70–73].
Moreover, the role of vasculature on stroke-induced neurogenesis has been previously demonstrated [74].

The effect of diabetes on basal adult neurogenesis has been previously described in rodent in vivo (for review,
see [75]) and in vitro models [69,76]. Different models as well as differences in the stages of the diabetes devel-
opment at the time of investigation, resulted in discrepancies ranging from decrease to no effect or even increase
in the proliferative activity of NSCs and neural progenitor cells [75]. Although the negative effect of toxin-induced
hyperglycemia on the initial stages of striatal neurogenesis after stroke has been reported by Zhang et al. [10], the
effect of obesity-induced T2D on the generation of new, mature neurons in striatum has not been previously deter-
mined. In the present study, we observed the suppression of the initial stages of stroke-induced striatal neurogenesis
such as SVZ cell proliferation and neuroblast formation by T2D early (2 weeks) after stroke. This effect was not
detectable at later time-point (6 weeks). These observations are different from those reported by Zhang et al. [10],
where the reduction in both SVZ stem cell proliferation and neuroblast formation was sustained up to 5 weeks post
stroke. Model differences between toxin-induced and diet-induced diabetes or the rodent species could potentially
account for this discrepancy. Importantly, when we examined the end-result of stroke-induced striatal neurogene-
sis (the formation of mature neurons) by quantitating the cells expressing BrdU and the mature neuronal markers
NeuN and Darpp32, we did not observe differences between healthy and obese/T2D mice. These results indicate that
obesity/T2D does not affect the differentiation of neuroblasts into mature striatal neurons while it affects the initial
stages of the stroke-induced neurogenesis.

The data from Arvidsson et al. [16] show that more than 80% of newly formed neural precursor cells in striatum
die before neuronal differentiation and thus before final integration in the neuronal circuits. Our results confirm this
observation by showing that despite large numbers of DCX+ neuroblasts at 2 weeks, very few newly formed, mature
striatal neurons (BrdU/NeuN+, BrdU/DARPP32+) were present in either group at 6 weeks after tMCAO. On the
other hand, non-neurogenic, trophic effects of neural precursor cells after brain injury have been previously reported
(for review, see [77]). Although speculative, it is likely, that the initial increase (at 2 weeks) of NSCs (Ki67+) and
neuroblasts (DCX+) in striatum of healthy mice can contribute to improved functional recovery and that this effect
is hampered by obesity/T2D. Due to increased neural precursor turnover, these cells could die more in healthy versus
obese/T2D mice thus explaining the lack of difference between healthy and obese/T2D mice in the amount of newly
formed, mature striatal neurons.

As in striatum, the initial stages of hippocampal neurogenesis after stroke (by quantitating the proliferative marker
Ki67 and the neuroblast marker DCX 2 weeks after stroke) were also impaired by obesity/T2D. These results are in line
with previous studies [10,29,30,75]. Interestingly, in contrast with striatum, the generation of hippocampal mature
neurons 6 weeks after stroke (by detecting double positive BrdU/NeuN mature neurons) was also severely suppressed
by obesity/T2D. To our knowledge this is the first study showing that obesity/T2D impairs stroke-induced hippocam-
pal neurogenesis. The functional role of hippocampal neurogenesis in the overall recovery of impaired hippocampal
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function after stroke is largely unknown, although studies suggest it is limited or even harmful, mainly due to the lim-
ited ability of new neurons to integrate in neuronal networks properly [51,78]. However, recent animal studies have
shown that T2D decreases cognitive functions after stroke [10,79], also by employing HFD feeding [22,80]. Whether
the impairment of hippocampal neurogenesis by T2D has functional implications is an exciting question that needs
to be addressed in future studies.

Functional recovery after brain injury heavily relies on neuroplasticity (for review see [81]) and an impairment of
this process has been reported in rodents after toxin-induced hyperglycemia [9]. GABAergic, PV+ striatal interneu-
rons are important contributors to neuroplasticity after injury [32,33]. Interestingly, it has been recently reported
that toxin-induced hyperglycemia reduces PV+ interneurons survival after focal ischemia [82], although it is unclear
whether slow development of metabolic syndrome (after HFD exposure) would lead to similar results. To determine
the effect of chronic HFD on PV+ interneurons in the post-stroke recovery phase, we quantitated the number of
surviving PV+ interneurons and evaluated the magnitude of short- and long-term soma atrophy [36] after tMCAO.

A significant number of PV+ interneurons were lost in striatum after stroke and a strong atrophy was recorded in
surviving PV+ interneurons at 2 weeks after stroke. The atrophy of PV+ interneurons has been observed in neurode-
generative conditions [36]. We did not record any additional effect by obesity/T2D on these parameters at this time
point. However, 6 weeks after stroke, PV+ interneurons in non-diabetic mice regained their original soma volume
in peri-infarct striatum. In addition, in the uninjured cerebral cortex of these mice PV+ interneurons grew by ≈10%
in size in both contralateral and ipsilateral hemispheres (Figure 8B,C). Larger neuronal soma size has been shown
to be associated with increased neuronal activity and consequently elevated metabolic demands [83,84]. Therefore,
we hypothesize that an increase of cortical PV+ interneuron soma size after stroke could indicate increased neuronal
activity, which could in turn be interpreted as a compensatory response to the loss of striatal neurons. These effects
were blunted in the obese/T2D mice suggesting an impairment of these potential compensatory mechanisms. The
results suggest a previously uncharacterized form of neuroplasticity in the post-stroke recovery phase where PV+
interneurons can regulate their activity based on size changes, both in cortex and in the peri-infarct ischemic brain
regions. Whether this mechanism plays a determinant role in stroke recovery remains to be addressed in future stud-
ies. If so, our data showing that obesity/T2D impairs this process will have an important role for understanding the
mechanisms behind impaired stroke recovery in T2D.

In conclusion, we show impaired long-term recovery of forelimb sensorimotor function in middle-aged obese/T2D
mice without substantial effects on stroke-induced brain injury. We also show for the first time that stroke-induced
neurogenesis in striatum (initial stages) and hippocampus (terminal neuronal differentiation) are severely impaired
by obesity/T2D. In this regard, future studies will have to determine whether the modulation of non-neurogenic
trophic effects by NSCs and/or neural precursor cells in striatum and of newly formed neurons in the hippocam-
pus could affect motor recovery and cognition, respectively. Finally, we identified a potentially new form of PV+
interneuron-mediated neuroplasticity in the long-term recovery phase after stroke which is characterized by changes
in neuronal cell size and that was severely impaired by obesity/T2D.

Overall, the results provide new knowledge on the effects of obesity/T2D on the recovery phase after stroke that
could be exploited to develop new strategies for stroke rehabilitation.

Clinical perspectives
• The present study was undertaken to determine whether obesity-induced T2D affects long-term neu-

rological recovery after stroke and if so, through which cellular mechanisms.

• We show in a preclinical setting of clinical relevance that obesity-induced T2D dramatically impairs
long-term motor recovery after stroke. This detrimental effect was not associated with stroke-induced
gray or white matter damage, but with impaired neurogenesis and atrophy of surviving PV+ interneu-
rons.

• The results of thepresent study could be clinically relevant to understand the stroke pathology in T2D.
Moreover they could contribute to identify the cellular mechanisms behind impaired stroke recovery
in T2D thus facilitating the development of new strategies for stroke rehabilitation in the obese/T2D
population.
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Foundation [grant number 20160511]; the Svensk Förening för Diabetologi; Konung Gustaf V:s och Drottning Victorias Frimu-
rarestiftelse; the Novo Nordisk Foundation; the EFSD Albert Renold Travel Fellowship Programme (to F.C.); the Karolinska Insti-
tutet (Foundation for Geriatric Diseases (to H.P.) and the KI Stiftelser och Fonder (to G.L.); the Stohnes Stiftelse, O. E. och Edla
Johanssons Stiftelse, Magnus Bergvalls Stiftelse, STROKE Riksförbundet, Gamla Tjänarinnor Stiftelse and by the Regional Agree-
ment on Medical Training and Clinical Research (ALF) between Stockholm County Council and the Karolinska Institutet; in part by
the Boehringer Ingelheim; unrestricted grants from the Astrazenca (to T.N.); Consultancy Fees from Boehringer Ingelheim (to T.N.);
the Eli Lilly (to T.N.); the Novo Nordisk (to T.N.); the Merck (to T.N.); and the Sanofi-Aventis (to T.N.).

Author Contribution
H.P. performed IHC studies and stereology analysis; acquired and processed images and figures; contributed to discussion; and
wrote the manuscript. F.C. and G.L contributed to discussion and helped with the immunohistochemistry experiments. I.L.A. par-
ticipated in the analysis of additional behavior data and edited the manuscript. T.N. provided expertise and resources, contributed
to discussion and edited the manuscript. C.P. conceived, designed, and coordinated the research plan, contributed to discussion
and edited the manuscript. V.D. conceived and designed the study, performed the stroke experiments, contributed to discussion
and edited the manuscript.

Abbreviations
ADL, activities of daily living; BrdU, bromodeoxyuridine; DCX, doublecortin; GCL, granule cell layer; HFD, high-fat diet; IHC,
immunohistochemistry; Ki67+, Ki67-positive; LFB, Luxol Fast Blue; NSC, neural stem cell; PV+, parvalbumin-positive; PBS,
phosphate-buffered saline; ROI, region of interest; SD, standard laboratory diet; STZ, streptozocin; SVZ, subventricular zone;
T2D, type 2 diabetes; tMCAO, transient middle cerebral artery occlusion.

References
1 Di Carlo, A. (2009) Human and economic burden of stroke. Age Ageing 38, 4–5, https://doi.org/10.1093/ageing/afn282
2 Mukherjee, D. and Patil, C.G. (2011) Epidemiology and the global burden of stroke. World Neurosurgery 76, S85–S90,

https://doi.org/10.1016/j.wneu.2011.07.023
3 Berkowitz, A.L. (2015) Stroke and the noncommunicable diseases: a global burden in need of global advocacy. Neurology 84, 2183–2184,

https://doi.org/10.1212/WNL.0000000000001618
4 Ullberg, T., Zia, E., Petersson, J. and Norrving, B. (2015) Changes in functional outcome over the first year after stroke: an observational study from the

Swedish stroke register. Stroke 46, 389–394, https://doi.org/10.1161/STROKEAHA.114.006538
5 Liao, C.C., Shih, C.C., Yeh, C.C., Chang, Y.C., Hu, C.J., Lin, J.G. et al. (2015) Impact of diabetes on stroke risk and outcomes: two nationwide

retrospective cohort studies. Medicine 94, e2282, https://doi.org/10.1097/MD.0000000000002282
6 Jorgensen, H., Nakayama, H., Raaschou, H.O. and Olsen, T.S. (1994) Stroke in patients with diabetes. The Copenhagen Stroke Study. Stroke. 25,

1977–1984, https://doi.org/10.1161/01.STR.25.10.1977
7 Baird, T.A., Parsons, M.W., Barber, P.A., Butcher, K.S., Desmond, P.M., Tress, B.M. et al. (2002) The influence of diabetes mellitus and hyperglycaemia

on stroke incidence and outcome. J. Clin. Neurosci. 9, 618–626, https://doi.org/10.1054/jocn.2002.1081
8 Megherbi, S.E., Milan, C., Minier, D., Couvreur, G., Osseby, G.V., Tilling, K. et al. (2003) Association between diabetes and stroke subtype on survival

and functional outcome 3 months after stroke: data from the European BIOMED Stroke Project. Stroke 34, 688–694,
https://doi.org/10.1161/01.STR.0000057975.15221.40

9 Sweetnam, D., Holmes, A., Tennant, K.A., Zamani, A., Walle, M., Jones, P. et al. (2012) Diabetes impairs cortical plasticity and functional recovery
following ischemic stroke. J. Neurosci. 32, 5132–5143, https://doi.org/10.1523/JNEUROSCI.5075-11.2012

10 Zhang, L., Chopp, M., Zhang, Y., Xiong, Y., Li, C., Sadry, N. et al. (2016) Diabetes mellitus impairs cognitive function in middle-aged rats and
neurological recovery in middle-aged rats after stroke. Stroke 47, 2112–2118, https://doi.org/10.1161/STROKEAHA.115.012578

11 Haley, M.J. and Lawrence, C.B. (2016) Obesity and stroke: can we translate from rodents to patients? J. Cereb. Blood Flow. Metab. 36, 2007–2021,
https://doi.org/10.1177/0271678X16670411

12 Tulsulkar, J., Nada, S.E., Slotterbeck, B.D., McInerney, M.F. and Shah, Z.A. (2016) Obesity and hyperglycemia lead to impaired post-ischemic recovery
after permanent ischemia in mice. Obesity (Silver Spring) 24, 417–423, https://doi.org/10.1002/oby.21388

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

1383

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/133/13/1367/845267/cs-2019-0180.pdf by guest on 20 M
arch 2024

https://doi.org/10.1093/ageing/afn282
https://doi.org/10.1016/j.wneu.2011.07.023
https://doi.org/10.1212/WNL.0000000000001618
https://doi.org/10.1161/STROKEAHA.114.006538
https://doi.org/10.1097/MD.0000000000002282
https://doi.org/10.1161/01.STR.25.10.1977
https://doi.org/10.1054/jocn.2002.1081
https://doi.org/10.1161/01.STR.0000057975.15221.40
https://doi.org/10.1523/JNEUROSCI.5075-11.2012
https://doi.org/10.1161/STROKEAHA.115.012578
https://doi.org/10.1177/0271678X16670411
https://doi.org/10.1002/oby.21388


Clinical Science (2019) 133 1367–1386
https://doi.org/10.1042/CS20190180

13 Dhungana, H., Rolova, T., Savchenko, E., Wojciechowski, S., Savolainen, K., Ruotsalainen, A.K. et al. (2013) Western-type diet modulates inflammatory
responses and impairs functional outcome following permanent middle cerebral artery occlusion in aged mice expressing the human apolipoprotein E4
allele. J. Neuroinflammation 10, 102, https://doi.org/10.1186/1742-2094-10-102

14 Ergul, A., Valenzuela, J.P., Fouda, A.Y. and Fagan, S.C. (2015) Cellular connections, microenvironment and brain angiogenesis in diabetes: lost
communication signals in the post-stroke period. Brain Res. 1623, 81–96, https://doi.org/10.1016/j.brainres.2015.02.045

15 Marlier, Q., Verteneuil, S., Vandenbosch, R. and Malgrange, B. (2015) Mechanisms and functional significance of stroke-induced neurogenesis. Front.
Neurosci. 9, 458, https://doi.org/10.3389/fnins.2015.00458

16 Arvidsson, A., Collin, T., Kirik, D., Kokaia, Z. and Lindvall, O. (2002) Neuronal replacement from endogenous precursors in the adult brain after stroke.
Nat. Med. 8, 963–970, https://doi.org/10.1038/nm747

17 Parent, J.M., Vexler, Z.S., Gong, C., Derugin, N. and Ferriero, D.M. (2002) Rat forebrain neurogenesis and striatal neuron replacement after focal stroke.
Ann. Neurol. 52, 802–813, https://doi.org/10.1002/ana.10393

18 Sun, C., Sun, H., Wu, S., Lee, C.C., Akamatsu, Y., Wang, R.K. et al. (2013) Conditional ablation of neuroprogenitor cells in adult mice impedes recovery
of poststroke cognitive function and reduces synaptic connectivity in the perforant pathway. J. Neurosci. 33, 17314–17325,
https://doi.org/10.1523/JNEUROSCI.2129-13.2013

19 Sun, F., Wang, X., Mao, X., Xie, L. and Jin, K. (2012) Ablation of neurogenesis attenuates recovery of motor function after focal cerebral ischemia in
middle-aged mice. PLoS ONE 7, e46326, https://doi.org/10.1371/journal.pone.0046326

20 Butti, E., Bacigaluppi, M., Rossi, S., Cambiaghi, M., Bari, M., Cebrian Silla, A. et al. (2012) Subventricular zone neural progenitors protect striatal
neurons from glutamatergic excitotoxicity. Brain 135, 3320–3335, https://doi.org/10.1093/brain/aws194

21 Li, W., Huang, R., Shetty, R.A., Thangthaeng, N., Liu, R., Chen, Z. et al. (2013) Transient focal cerebral ischemia induces long-term cognitive function
deficit in an experimental ischemic stroke model. Neurobiol. Dis. 59, 18–25, https://doi.org/10.1016/j.nbd.2013.06.014

22 Ward, R., Valenzuela, J.P., Li, W., Dong, G., Fagan, S.C. and Ergul, A. (2018) Post stroke cognitive impairment and hippocampal neurovascular
remodeling: the impact of diabetes and sex. Am. J. Physiol. Heart Circ. Physiol. 315, H1402–H1413, https://doi.org/10.1152/ajpheart.00390.2018

23 Kumral, E. and Zirek, O. (2017) Major neurocognitive disorder following isolated hippocampal ischemic lesions. J. Neurol. Sci. 372, 496–500,
https://doi.org/10.1016/j.jns.2016.11.001

24 Yau, S.Y., Li, A. and So, K.F. (2015) Involvement of adult hippocampal neurogenesis in learning and forgetting. Neural Plast. 2015, 717958,
https://doi.org/10.1155/2015/717958

25 Juliandi, B., Tanemura, K., Igarashi, K., Tominaga, T., Furukawa, Y., Otsuka, M. et al. (2015) Reduced adult hippocampal neurogenesis and cognitive
impairments following prenatal treatment of the antiepileptic drug valproic acid. Stem Cell Rep. 5, 996–1009,
https://doi.org/10.1016/j.stemcr.2015.10.012

26 Kee, N.J., Preston, E. and Wojtowicz, J.M. (2001) Enhanced neurogenesis after transient global ischemia in the dentate gyrus of the rat. Exp. Brain Res.
136, 313–320, https://doi.org/10.1007/s002210000591

27 Nakatomi, H., Kuriu, T., Okabe, S., Yamamoto, S., Hatano, O., Kawahara, N. et al. (2002) Regeneration of hippocampal pyramidal neurons after ischemic
brain injury by recruitment of endogenous neural progenitors. Cell 110, 429–441, https://doi.org/10.1016/S0092-8674(02)00862-0

28 Tureyen, K., Vemuganti, R., Sailor, K.A., Bowen, K.K. and Dempsey, R.J. (2004) Transient focal cerebral ischemia-induced neurogenesis in the dentate
gyrus of the adult mouse. J. Neurosurg. 101, 799–805, https://doi.org/10.3171/jns.2004.101.5.0799

29 Tanokashira, D., Kurata, E., Fukuokaya, W., Kawabe, K., Kashiwada, M., Takeuchi, H. et al. (2018) Metformin treatment ameliorates diabetes-associated
decline in hippocampal neurogenesis and memory via phosphorylation of insulin receptor substrate 1. FEBS Open Bio 8, 1104–1118,
https://doi.org/10.1002/2211-5463.12436

30 Han, H., Wu, L.M., Han, M.X., Yang, W.M., Wang, Y.X. and Fang, Z.H. (2016) Diabetes impairs spatial learning and memory and hippocampal
neurogenesis via BDNF in rats with transient global ischemia. Brain Res. Bull. 124, 269–277, https://doi.org/10.1016/j.brainresbull.2016.05.011

31 Huynh, W., Kwai, N., Arnold, R., Krishnan, A.V., Lin, C.S., Vucic, S. et al. (2017) The effect of diabetes on cortical function in stroke: implications for
poststroke plasticity. Diabetes 66, 1661–1670, https://doi.org/10.2337/db16-0961

32 Calcagnotto, M.E. (2016) Interneurons: role in maintaining and restoring synaptic plasticity. Front. Psychiatry 7, 86,
https://doi.org/10.3389/fpsyt.2016.00086

33 Caillard, O., Moreno, H., Schwaller, B., Llano, I., Celio, M.R. and Marty, A. (2000) Role of the calcium-binding protein parvalbumin in short-term synaptic
plasticity. Proc. Natl. Acad. Sci. U.S.A. 97, 13372–13377, https://doi.org/10.1073/pnas.230362997

34 Inacio, A.R., Ruscher, K. and Wieloch, T. (2011) Enriched environment downregulates macrophage migration inhibitory factor and increases
parvalbumin in the brain following experimental stroke. Neurobiol. Dis. 41, 270–278, https://doi.org/10.1016/j.nbd.2010.09.015

35 Meade, C.A., Figueredo-Cardenas, G., Fusco, F., Nowak, Jr, T.S., Pulsinelli, W.A. and Reiner, A. (2000) Transient global ischemia in rats yields striatal
projection neuron and interneuron loss resembling that in Huntington’s disease. Exp. Neurol. 166, 307–323, https://doi.org/10.1006/exnr.2000.7530

36 Reiner, A., Shelby, E., Wang, H., Demarch, Z., Deng, Y., Guley, N.H. et al. (2013) Striatal parvalbuminergic neurons are lost in Huntington’s disease:
implications for dystonia. Mov. Disord. 28, 1691–1699, https://doi.org/10.1002/mds.25624

37 Kilic, E., ElAli, A., Kilic, U., Guo, Z., Ugur, M., Uslu, U. et al. (2010) Role of Nogo-A in neuronal survival in the reperfused ischemic brain. J. Cereb. Blood
Flow Metab. 30, 969–984, https://doi.org/10.1038/jcbfm.2009.268

38 Reitmeir, R., Kilic, E., Kilic, U., Bacigaluppi, M., ElAli, A., Salani, G. et al. (2011) Post-acute delivery of erythropoietin induces stroke recovery by
promoting perilesional tissue remodelling and contralesional pyramidal tract plasticity. Brain 134, 84–99, https://doi.org/10.1093/brain/awq344

39 Doeppner, T.R., Kaltwasser, B., Bahr, M. and Hermann, D.M. (2014) Effects of neural progenitor cells on post-stroke neurological impairment-a detailed
and comprehensive analysis of behavioral tests. Front. Cell Neurosci. 8, 338, https://doi.org/10.3389/fncel.2014.00338

40 Ferrara, A., El Bejaoui, S., Seyen, S., Tirelli, E. and Plumier, J.C. (2009) The usefulness of operant conditioning procedures to assess long-lasting
deficits following transient focal ischemia in mice. Behav. Brain Res. 205, 525–534, https://doi.org/10.1016/j.bbr.2009.08.011

1384 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/133/13/1367/845267/cs-2019-0180.pdf by guest on 20 M
arch 2024

https://doi.org/10.1186/1742-2094-10-102
https://doi.org/10.1016/j.brainres.2015.02.045
https://doi.org/10.3389/fnins.2015.00458
https://doi.org/10.1038/nm747
https://doi.org/10.1002/ana.10393
https://doi.org/10.1523/JNEUROSCI.2129-13.2013
https://doi.org/10.1371/journal.pone.0046326
https://doi.org/10.1093/brain/aws194
https://doi.org/10.1016/j.nbd.2013.06.014
https://doi.org/10.1152/ajpheart.00390.2018
https://doi.org/10.1016/j.jns.2016.11.001
https://doi.org/10.1155/2015/717958
https://doi.org/10.1016/j.stemcr.2015.10.012
https://doi.org/10.1007/s002210000591
https://doi.org/10.1016/S0092-8674(02)00862-0
https://doi.org/10.3171/jns.2004.101.5.0799
https://doi.org/10.1002/2211-5463.12436
https://doi.org/10.1016/j.brainresbull.2016.05.011
https://doi.org/10.2337/db16-0961
https://doi.org/10.3389/fpsyt.2016.00086
https://doi.org/10.1073/pnas.230362997
https://doi.org/10.1016/j.nbd.2010.09.015
https://doi.org/10.1006/exnr.2000.7530
https://doi.org/10.1002/mds.25624
https://doi.org/10.1038/jcbfm.2009.268
https://doi.org/10.1093/brain/awq344
https://doi.org/10.3389/fncel.2014.00338
https://doi.org/10.1016/j.bbr.2009.08.011


Clinical Science (2019) 133 1367–1386
https://doi.org/10.1042/CS20190180

41 Chiazza, F., Tammen, H., Pintana, H., Lietzau, G., Collino, M., Nystrom, T. et al. (2018) The effect of DPP-4 inhibition to improve functional outcome after
stroke is mediated by the SDF-1alpha/CXCR4 pathway. Cardiovasc. Diabetol. 17, 60, https://doi.org/10.1186/s12933-018-0702-3

42 Hara, H., Huang, P.L., Panahian, N., Fishman, M.C. and Moskowitz, M.A. (1996) Reduced brain edema and infarction volume in mice lacking the
neuronal isoform of nitric oxide synthase after transient MCA occlusion. J. Cereb. Blood Flow Metab. 16, 605–611,
https://doi.org/10.1097/00004647-199607000-00010

43 Darsalia, V., Heldmann, U., Lindvall, O. and Kokaia, Z. (2005) Stroke-induced neurogenesis in aged brain. Stroke 36, 1790–1795,
https://doi.org/10.1161/01.STR.0000173151.36031.be

44 Quattromani, M.J., Hakon, J., Rauch, U., Bauer, A.Q. and Wieloch, T. (2018) Changes in resting-state functional connectivity after stroke in a mouse
brain lacking extracellular matrix components. Neurobiol. Dis. 112, 91–105, https://doi.org/10.1016/j.nbd.2018.01.011

45 Darsalia, V., Mansouri, S., Ortsater, H., Olverling, A., Nozadze, N., Kappe, C. et al. (2012) Glucagon-like peptide-1 receptor activation reduces ischaemic
brain damage following stroke in Type 2 diabetic rats. Clin. Sci. 122, 473–483, https://doi.org/10.1042/CS20110374

46 Darsalia, V., Hua, S., Larsson, M., Mallard, C., Nathanson, D., Nystrom, T. et al. (2014) Exendin-4 reduces ischemic brain injury in normal and aged type
2 diabetic mice and promotes microglial m2 polarization. PLoS ONE 9, e103114, https://doi.org/10.1371/journal.pone.0103114

47 Darsalia, V., Larsson, M., Lietzau, G., Nathanson, D., Nystrom, T., Klein, T. et al. (2016) Gliptins-mediated neuroprotection against stroke requires
chronic pre-treatment and is glucagon-like peptide-1 receptor independent. Diabetes Obes. Metab. 18, 537–541, https://doi.org/10.1111/dom.12641

48 Darsalia, V., Ortsater, H., Olverling, A., Darlof, E., Wolbert, P., Nystrom, T. et al. (2013) The DPP-4 inhibitor linagliptin counteracts stroke in the normal
and diabetic mouse brain: a comparison with glimepiride. Diabetes 62, 1289–1296, https://doi.org/10.2337/db12-0988

49 Larsson, M., Lietzau, G., Nathanson, D., Ostenson, C.G., Mallard, C., Johansson, M.E. et al. (2016) Diabetes negatively affects cortical and striatal
GABAergic neurons: an effect that is partially counteracted by exendin-4. Biosci. Rep. 36, e00421, https://doi.org/10.1042/BSR20160437

50 Khodanovich, M.Y., Kisel, A.A., Akulov, A.E., Atochin, D.N., Kudabaeva, M.S., Glazacheva, V.Y. et al. (2018) Quantitative assessment of demyelination in
ischemic stroke in vivo using macromolecular proton fraction mapping. J. Cereb. Blood Flow Metab. 38, 919–931,
https://doi.org/10.1177/0271678X18755203

51 Cuartero, M.I., de la Parra, J., Perez-Ruiz, A., Bravo-Ferrer, I., Duran-Laforet, V., Garcia-Culebras, A. et al. (2019) Abolition of aberrant neurogenesis
ameliorates cognitive impairment after stroke in mice. J. Clin. Invest. 129 (4), 1536–1550, https://doi.org/10.1172/JCI120412

52 Thored, P., Arvidsson, A., Cacci, E., Ahlenius, H., Kallur, T., Darsalia, V. et al. (2006) Persistent production of neurons from adult brain stem cells during
recovery after stroke. Stem Cells 24, 739–747, https://doi.org/10.1634/stemcells.2005-0281

53 Reeson, P., Jeffery, A. and Brown, C.E. (2016) Illuminating the effects of stroke on the diabetic brain: insights from imaging neural and vascular
networks in experimental animal models. Diabetes 65, 1779–1788, https://doi.org/10.2337/db16-0064

54 CDC (2017) Estimates of diabetes and its burden in the United States. National Diabetes Statistics Report, Centers for Disease Control and Prevention,
US Department if Health and Human Services.

55 Lutz, T.A. and Woods, S.C. (2012) Overview of animal models of obesity. Curr. Protoc. Pharmacol. Chapter 5, Unit5.61,
https://doi.org/10.1002/0471141755.ph0561s58

56 Sone, H. and Kagawa, Y. (2005) Pancreatic beta cell senescence contributes to the pathogenesis of type 2 diabetes in high-fat diet-induced diabetic
mice. Diabetologia 48, 58–67, https://doi.org/10.1007/s00125-004-1605-2

57 Bunner, A.E., Chandrasekera, P.C. and Barnard, N.D. (2014) Knockout mouse models of insulin signaling: relevance past and future. World J. Diabetes
5, 146–159, https://doi.org/10.4239/wjd.v5.i2.146

58 Wang, B., Chandrasekera, P.C. and Pippin, J.J. (2014) Leptin- and leptin receptor-deficient rodent models: relevance for human type 2 diabetes. Curr.
Diabetes Rev. 10, 131–145, https://doi.org/10.2174/1573399810666140508121012

59 Ben Assayag, E., Eldor, R., Korczyn, A.D., Kliper, E., Shenhar-Tsarfaty, S., Tene, O. et al. (2017) Type 2 diabetes mellitus and impaired renal function are
associated with brain alterations and poststroke cognitive decline. Stroke 48, 2368–2374, https://doi.org/10.1161/STROKEAHA.117.017709

60 You, C.J., Liu, D., Liu, L.L. and Li, G.Z. (2018) Correlation between acute stroke-induced white matter lesions and insulin resistance. Medicine 97,
e9860, https://doi.org/10.1097/MD.0000000000009860

61 Yu, X., Song, R., Jiaerken, Y., Yuan, L., Huang, P., Lou, M. et al. (2017) White matter injury induced by diabetes in acute stroke is clinically relevant: a
preliminary study. Diabetes Vasc. Dis. Res. 14, 40–46, https://doi.org/10.1177/1479164116675491

62 Ma, S., Wang, J., Wang, Y., Dai, X., Xu, F., Gao, X. et al. (2018) Diabetes mellitus impairs white matter repair and long-term functional deficits after
cerebral ischemia. Stroke 49, 2453–2463, https://doi.org/10.1161/STROKEAHA.118.021452

63 Yatomi, Y., Tanaka, R., Shimada, Y., Yamashiro, K., Liu, M., Mitome-Mishima, Y. et al. (2015) Type 2 diabetes reduces the proliferation and survival of
oligodendrocyte progenitor cells in ishchemic white matter lesions. Neuroscience 289, 214–223, https://doi.org/10.1016/j.neuroscience.2014.12.054

64 Chen, J., Cui, X., Zacharek, A., Cui, Y., Roberts, C. and Chopp, M. (2011) White matter damage and the effect of matrix metalloproteinases in type 2
diabetic mice after stroke. Stroke 42, 445–452, https://doi.org/10.1161/STROKEAHA.110.596486

65 Trueman, R.C., Diaz, C., Farr, T.D., Harrison, D.J., Fuller, A., Tokarczuk, P.F. et al. (2017) Systematic and detailed analysis of behavioural tests in the rat
middle cerebral artery occlusion model of stroke: tests for long-term assessment. J. Cereb. Blood Flow Metab. 37, 1349–1361,
https://doi.org/10.1177/0271678X16654921

66 Hernandez-Jimenez, M., Pena-Martinez, C., Godino, M.D.C., Diaz-Guzman, J., Moro, M.A. and Lizasoain, I. (2017) Test repositioning for functional
assessment of neurological outcome after experimental stroke in mice. PLoS ONE 12, e0176770, https://doi.org/10.1371/journal.pone.0176770

67 Girard, S., Murray, K.N., Rothwell, N.J., Metz, G.A. and Allan, S.M. (2014) Long-term functional recovery and compensation after cerebral ischemia in
rats. Behav. Brain Res. 270, 18–28, https://doi.org/10.1016/j.bbr.2014.05.008

68 Takeshita, H., Yamamoto, K., Nozato, S., Inagaki, T., Tsuchimochi, H., Shirai, M. et al. (2017) Modified forelimb grip strength test detects
aging-associated physiological decline in skeletal muscle function in male mice. Sci. Rep. 7, 42323, https://doi.org/10.1038/srep42323

© 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

1385

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/133/13/1367/845267/cs-2019-0180.pdf by guest on 20 M
arch 2024

https://doi.org/10.1186/s12933-018-0702-3
https://doi.org/10.1097/00004647-199607000-00010
https://doi.org/10.1161/01.STR.0000173151.36031.be
https://doi.org/10.1016/j.nbd.2018.01.011
https://doi.org/10.1042/CS20110374
https://doi.org/10.1371/journal.pone.0103114
https://doi.org/10.1111/dom.12641
https://doi.org/10.2337/db12-0988
https://doi.org/10.1042/BSR20160437
https://doi.org/10.1177/0271678X18755203
https://doi.org/10.1172/JCI120412
https://doi.org/10.1634/stemcells.2005-0281
https://doi.org/10.2337/db16-0064
https://doi.org/10.1002/0471141755.ph0561s58
https://doi.org/10.1007/s00125-004-1605-2
https://doi.org/10.4239/wjd.v5.i2.146
https://doi.org/10.2174/1573399810666140508121012
https://doi.org/10.1161/STROKEAHA.117.017709
https://doi.org/10.1097/MD.0000000000009860
https://doi.org/10.1177/1479164116675491
https://doi.org/10.1161/STROKEAHA.118.021452
https://doi.org/10.1016/j.neuroscience.2014.12.054
https://doi.org/10.1161/STROKEAHA.110.596486
https://doi.org/10.1177/0271678X16654921
https://doi.org/10.1371/journal.pone.0176770
https://doi.org/10.1016/j.bbr.2014.05.008
https://doi.org/10.1038/srep42323


Clinical Science (2019) 133 1367–1386
https://doi.org/10.1042/CS20190180

69 Mansouri, S., Barde, S., Ortsater, H., Eweida, M., Darsalia, V., Langel, U. et al. (2013) GalR3 activation promotes adult neural stem cell survival in
response to a diabetic milieu. J. Neurochem., https://doi.org/10.1111/jnc.12396

70 Harris, A.K., Hutchinson, J.R., Sachidanandam, K., Johnson, M.H., Dorrance, A.M., Stepp, D.W. et al. (2005) Type 2 diabetes causes remodeling of
cerebrovasculature via differential regulation of matrix metalloproteinases and collagen synthesis: role of endothelin-1. Diabetes 54, 2638–2644,
https://doi.org/10.2337/diabetes.54.9.2638

71 Li, W., Prakash, R., Chawla, D., Du, W., Didion, S.P., Filosa, J.A. et al. (2013) Early effects of high-fat diet on neurovascular function and focal ischemic
brain injury. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304, R1001–R1008, https://doi.org/10.1152/ajpregu.00523.2012

72 Deutsch, C., Portik-Dobos, V., Smith, A.D., Ergul, A. and Dorrance, A.M. (2009) Diet-induced obesity causes cerebral vessel remodeling and increases
the damage caused by ischemic stroke. Microvasc. Res. 78, 100–106, https://doi.org/10.1016/j.mvr.2009.04.004

73 Deng, J., Zhang, J., Feng, C., Xiong, L. and Zuo, Z. (2014) Critical role of matrix metalloprotease-9 in chronic high fat diet-induced cerebral vascular
remodelling and increase of ischaemic brain injury in micedagger. Cardiovasc. Res. 103, 473–484, https://doi.org/10.1093/cvr/cvu154

74 Thored, P., Wood, J., Arvidsson, A., Cammenga, J., Kokaia, Z. and Lindvall, O. (2007) Long-term neuroblast migration along blood vessels in an area
with transient angiogenesis and increased vascularization after stroke. Stroke 38, 3032–3039, https://doi.org/10.1161/STROKEAHA.107.488445

75 Dorsemans, A.C., Couret, D., Hoarau, A., Meilhac, O., Lefebvre d’Hellencourt, C. and Diotel, N. (2017) Diabetes, adult neurogenesis and brain
remodeling: new insights from rodent and zebrafish models. Neurogenesis (Austin) 4, e1281862, https://doi.org/10.1080/23262133.2017.1281862

76 Mansouri, S., Ortsater, H., Pintor Gallego, O., Darsalia, V., Sjoholm, A. and Patrone, C. (2012) Pituitary adenylate cyclase-activating polypeptide
counteracts the impaired adult neural stem cell viability induced by palmitate. J. Neurosci. Res. 90 (4), 759–768, https://doi.org/10.1002/jnr.22803

77 Butti, E., Cusimano, M., Bacigaluppi, M. and Martino, G. (2014) Neurogenic and non-neurogenic functions of endogenous neural stem cells. Front.
Neurosci. 8, 92, https://doi.org/10.3389/fnins.2014.00092

78 Woitke, F., Ceanga, M., Rudolph, M., Niv, F., Witte, O.W., Redecker, C. et al. (2017) Adult hippocampal neurogenesis poststroke: more new granule cells
but aberrant morphology and impaired spatial memory. PLoS ONE 12, e0183463, https://doi.org/10.1371/journal.pone.0183463

79 Ma, M., Hasegawa, Y., Koibuchi, N., Toyama, K., Uekawa, K., Nakagawa, T. et al. (2015) DPP-4 inhibition with linagliptin ameliorates cognitive
impairment and brain atrophy induced by transient cerebral ischemia in type 2 diabetic mice. Cardiovasc. Diabetol. 14, 54,
https://doi.org/10.1186/s12933-015-0218-z

80 Zhang, T., Pan, B.S., Zhao, B., Zhang, L.M., Huang, Y.L. and Sun, F.Y. (2009) Exacerbation of poststroke dementia by type 2 diabetes is associated with
synergistic increases of beta-secretase activation and beta-amyloid generation in rat brains. Neuroscience 161, 1045–1056,
https://doi.org/10.1016/j.neuroscience.2009.04.032

81 Alia, C., Spalletti, C., Lai, S., Panarese, A., Lamola, G., Bertolucci, F. et al. (2017) Neuroplastic changes following brain ischemia and their contribution
to stroke recovery: novel approaches in neurorehabilitation. Front. Cell Neurosci. 11, 76, https://doi.org/10.3389/fncel.2017.00076

82 Park, D.J. and Koh, P.O. (2018) Diabetes aggravates decreases in hippocalcin and parvalbumin expression in focal cerebral ischemia. Neurosci. Lett.
662, 189–194, https://doi.org/10.1016/j.neulet.2017.10.039

83 Attwell, D. and Laughlin, S.B. (2001) An energy budget for signaling in the grey matter of the brain. J. Cereb. Blood Flow Metab. 21, 1133–1145,
https://doi.org/10.1097/00004647-200110000-00001

84 Sengupta, B., Faisal, A.A., Laughlin, S.B. and Niven, J.E. (2013) The effect of cell size and channel density on neuronal information encoding and
energy efficiency. J. Cereb. Blood Flow Metab. 33, 1465–1473, https://doi.org/10.1038/jcbfm.2013.103

1386 © 2019 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

D
ow

nloaded from
 http://port.silverchair.com

/clinsci/article-pdf/133/13/1367/845267/cs-2019-0180.pdf by guest on 20 M
arch 2024

https://doi.org/10.1111/jnc.12396
https://doi.org/10.2337/diabetes.54.9.2638
https://doi.org/10.1152/ajpregu.00523.2012
https://doi.org/10.1016/j.mvr.2009.04.004
https://doi.org/10.1093/cvr/cvu154
https://doi.org/10.1161/STROKEAHA.107.488445
https://doi.org/10.1080/23262133.2017.1281862
https://doi.org/10.1002/jnr.22803
https://doi.org/10.3389/fnins.2014.00092
https://doi.org/10.1371/journal.pone.0183463
https://doi.org/10.1186/s12933-015-0218-z
https://doi.org/10.1016/j.neuroscience.2009.04.032
https://doi.org/10.3389/fncel.2017.00076
https://doi.org/10.1016/j.neulet.2017.10.039
https://doi.org/10.1097/00004647-200110000-00001
https://doi.org/10.1038/jcbfm.2013.103

