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Background and Purpose: Glucagon-like peptide-1 (GLP-1) receptor activation

decreases stroke risk in people with Type 2 diabetes (T2D), while animal studies have

shown the efficacy of this strategy to counteract stroke-induced acute brain damage.

However, whether GLP-1 receptor activation also improves recovery in the chronic

phase after stroke is unknown. We investigated whether post-acute, chronic

administration of the GLP-1 receptor agonist, exendin-4, improves post-stroke

recovery and examined possible underlying mechanisms in T2D and non-T2D mice.

Experimental Approach: We induced stroke via transient middle cerebral artery

occlusion (tMCAO) in T2D/obese mice (8 months of high-fat diet) and age-matched

controls. Exendin-4 was administered for 8 weeks from Day 3 post-tMCAO. We

assessed functional recovery by weekly upper-limb grip strength tests. Insulin

sensitivity and glycaemia were evaluated at 4 and 8 weeks post-tMCAO. Neuronal

survival, stroke-induced neurogenesis, neuroinflammation, atrophy of GABAergic

parvalbumin+ interneurons, post-stroke vascular remodelling and fibrotic scar

formation were investigated by immunohistochemistry.

Key Results: Exendin-4 normalised T2D-induced impairment of forepaw grip

strength recovery in correlation with normalised glycaemia and insulin sensitivity.

Moreover, exendin-4 counteracted T2D-induced atrophy of parvalbumin+ interneu-

rons and decreased microglia activation. Finally, exendin-4 normalised density and

pericyte coverage of micro-vessels and restored fibrotic scar formation in T2D mice.

In non-T2D mice, the exendin-4-mediated recovery was minor.

Abbreviations: ASCVD, atherosclerotic cardiovascular disease; BBB, blood–brain barrier; CR, calretinin; DCX, doublecortin; ECA, external carotid artery; GLP-1, glucagon-like peptide 1; HFD,

high-fat diet; Iba-1, ionised calcium-binding adapter molecule 1; ICA, internal carotid artery; IHC, immunohistochemistry; ITT, insulin tolerance test; MCA, middle cerebral artery; NeuN, neuronal

nuclei; NIHSS, National Institute of Health Stroke Scale; NSC, neural stem cell; SVZ, subventricular zone; T2D, type 2 diabetes; tMCAO, transient middle cerebral artery occlusion; TTC,

3,5-triphenyltetrazolium chloride.
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Conclusion and Implications: Chronic GLP-1 receptor activation mediates post-

stroke functional recovery in T2D mice by normalising glucose metabolism and

improving neuroplasticity and vascular remodelling in the recovery phase. The results

warrant clinical trial of GLP-1 receptor agonists for rehabilitation after stroke in T2D.

LINKED ARTICLES: This article is part of a themed issue on GLP1 receptor ligands

(BJP 75th Anniversary). To view the other articles in this section visit http://

onlinelibrary.wiley.com/doi/10.1111/bph.v179.4/issuetoc

K E YWORD S

GLP-1R agonist, fibrotic scar, neurological recovery, stroke, T2D, vascular remodelling

1 | INTRODUCTION

Glucagon-like peptide-1 (GLP-1) receptor agonists are glucose-

lowering drugs for Type 2 diabetes (T2D) that act in a glucose-

dependent manner, with minimal risks of hypoglycaemia (Gutniak

et al., 1992, 1994; Holz Iv et al., 1993). Large randomised clinical

trials have shown that these drugs can also reduce the risk of major

cardiovascular events (Alfayez et al., 2020; Best et al., 2011;

Gerstein et al., 2020; Hernandez et al., 2018; Marso, Bain,

et al., 2016; Marso, Daniels, et al., 2016; Paul et al., 2015;

Zimmerman et al., 2017). Moreover, several preclinical studies using

experimental stroke models indicate that GLP-1 receptor agonists

can reduce stroke-induced brain damage when given acutely or sub-

acutely before stroke, at stroke onset or immediately after stroke, in

both normal or diabetic rodents (Darsalia, Klein, et al., 2018;

Darsalia, Larsson, et al., 2018; Dong et al., 2017; Marlet

et al., 2018; Yang et al., 2019). What remains to be determined is

whether the chronic activation of GLP-1 receptors in the post-acute

phase of stroke is efficacious to improve functional recovery. This

knowledge is crucial since T2D is a strong risk factor for stroke

(Benjamin et al., 2018; Rawshani et al., 2018; Zabala et al., 2019)

and it is estimated that by 2030 the number of people with diabe-

tes will reach 439 million (Shaw et al., 2010). Therefore, people with

T2D constitute an enormous candidate group not only for stroke

prevention but also for stroke treatment and care. Moreover, T2D

worsens initial stroke outcome and it is also a strong predictor of

post-stroke dependency on supportive care in activities of daily liv-

ing (Luitse et al., 2012; Megherbi et al., 2003; Pulsinelli et al., 1983;

Ullberg et al., 2015). Thus, new and efficacious post-stroke pharma-

cological treatments in people with T2D are highly needed.

Acute (Luitse et al., 2013) and persistent (up to 72 h; Baird

et al., 2003) hyperglycaemia after stroke is common in both normal

and diabetic individuals and is associated with worse outcome. The

effective achievement of normoglycaemia is considered to be

beneficial in the acute setting, but conclusive evidence is still lacking

because aggressive glucose control can be complicated by

hypoglycaemic episodes that are detrimental to stroke outcome

(Palaiodimou et al., 2019). Importantly, the potential efficacy of

glycaemia regulation in the post-acute, chronic phase after stroke to

improve recovery has not been studied clinically. We recently

showed the potential efficacy of this strategy by using both

dipeptidyl peptidase-4 (DPP-4) inhibition and sulfonylurea treatment

(Augestad et al., 2020). Whether GLP-1 analogues also can improve

neurological recovery after stroke remains to be addressed.

There are several mechanisms through which delayed GLP-1 recep-

tor activation after stroke could improve recovery in diabetes. For

instance, GLP-1 improves endothelial function in T2D (Nystrom

et al., 2004; Tuttolomondo et al., 2021) and GLP-1 receptor activation

after stroke can stimulate angiogenesis (Chen et al., 2018; Zhao

What is already known

• Type 2 diabetes (T2D) hampers recovery after stroke but

effective therapies are lacking.

• GLP-1 receptor agonists reduce stroke risk and promote

acute neuroprotection, but effects on rehabilitation are

undetermined.

What does this study add

• GLP-1 receptor activation improves rehabilitation during

the post-stroke chronic phase in T2D mice.

• The improved rehabilitation was associated with

improved glycaemia and insulin sensitivity and with vas-

cular remodelling.

What is the clinical significance

• This study encourages tight glycaemic regulation during

the post-stroke chronic phase to enhance stroke

rehabilitation.

• This strategy could potentially benefit an large group of

patients with T2D and stroke.
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et al., 2015). It has been also shown that the GLP-1 receptor agonist

exendin-4 can stabilise the blood–brain barrier (BBB) after stroke and

reduce inflammation (Chen et al., 2016; Kim et al., 2017; Shan

et al., 2019; Yang et al., 2019). Moreover, the modulation of GABAergic

activity plays a central role in facilitating functional recovery after stroke

(Johnstone et al., 2018) and recently it has been shown that GLP-1

receptor activation can modulate GABA signalling (Korol et al., 2015)

and affects specific populations of GABAergic interneurons (Larsson

et al., 2016; Lietzau et al., 2016). Finally, stroke-induced neurogenesis

from the neural stem cells (NSC) in the subventricular zone (SVZ) has

been suggested to contribute to stroke recovery (Dillen et al., 2020) and

GLP-1 receptor agonists do enhance this process in rodent stroke

models (Darsalia et al., 2012; Yang et al., 2019). Whether these or addi-

tional mechanisms triggered by GLP-1 receptor activation improve

recovery in the chronic phase after stroke remains to be determined. It

also remains to be investigated whether these positive effects occur

through normalisation of glucose metabolism (hyperglycaemia and insu-

lin resistance), as many of the preclinical studies already mentioned

have used non-diabetic rodents.

The first aim of this study was to determine whether a delayed

treatment after stroke (starting 3 days post-stroke) with the specific

GLP-1 receptor agonist exendin-4 (Goke et al., 1993) improves neuro-

logical recovery in a clinically relevant mouse model of obesity-

induced T2D (Augestad et al., 2020; Pintana et al., 2019). We also

investigated whether neurological recovery was associated with

improved glucose metabolism during the recovery phase. Finally, we

investigated whether GLP-1 receptor activation enhanced stroke-

induced neurogenesis, modulated neuroinflammation and GABAergic

interneurons, and impacted on vascular remodelling and fibrotic scar

formation in the peri-infarct/infarct regions. To investigate whether

the potential efficacy of GLP-1 receptor activation in stroke recovery

was due to the improvement of diabetic pathology, we performed a

parallel study in age-matched non-diabetic mice.

2 | METHODS

2.1 | The T2D animal model and experimental
design

All animal care and experimental procedures were in compliance

with the 2010/63/EU directive and were approved by the regional

ethics committee (approval ID1126, Karolinska Institutet). The study

is reported according to the ARRIVE guidelines (Percie du Sert

et al., 2020) and the recommendations by the British Journal of

Pharmacology (Lilley et al., 2020). Group sizes were determined by a

priori power analysis. Based on pilot experiments, anticipated differ-

ence between groups in functional recovery was set at 20 ± 10%,

with α = 0.05 and a statistical power of 90%. The analyses

suggested the sample size of minimum n = 5 per group. However,

after taking into consideration the success rate of stroke surgery,

mortality and likelihood of statistical outliers, the experimental

groups were set at n = 10 each.

2.1.1 | Study 1 (diabetic study)

Thirty male C57BL/6JRj mice (Janvier Labs, France RRID:MGI:2670020)

were used in this study. All mice were housed in environmentally con-

trolled conditions (25 ± 0.5�C, 12/12 h light/dark cycle with ad libitum

access to food and water). Mice were housed under specific pathogen

free conditions in type III size cages, with maximum 5 mice per cage.

Cages contained wood chip bedding, and cage enrichment was present

in the form of plastic red houses and nest material. Animal health and

well-being was evaluated daily. From 4 weeks of age, the mice were fed

with either standard laboratory diet (n = 10) or high-fat diet (HFD: 60%

energy from fat) (n = 20) for 8 months. This is a clinically relevant model

of T2D, mimicking the gradual development of T2D in humans. To con-

firm induced T2D after HFD feeding, body weight, fasting blood glucose

and insulin sensitivity were measured. Once obesity (over 25% increase

in body weight) and hyperglycaemia (fasting glucose over 7 mmol L�1)

were established, the mice were subjected to transient middle cerebral

artery occlusion (tMCAO) (see Figure 1a).

After tMCAO, HFD in the T2D group was replaced with a stan-

dard diet to reflect the clinical setting of a balanced post-stroke diet.

Mice fed standard diet from the beginning of the experiment will be

referred to as Non-T2D, whereas mice fed HFD until stroke time will

be referred to as T2D.

One mouse from the Non-T2D group was removed due to

unsuccessful tMCAO and 2 mice from the T2D group were removed

(euthanised) shortly after surgery as their condition reached a

humane endpoint as specified in the ethical approval. The remaining

T2D mice were randomised in two groups 3 days after stroke: 1) one

group was treated with daily i.p. injections of 0.2 μg kg�1 exendin-4

(referred to as T2D-Ex-4) for 8 weeks, 2) another group received

vehicle (PBS) injections (referred to as T2D-Ve). Two mice from T2D-

Ex-4 group were later removed since insufficient stroke damage was

detected after histological examination. The final number of animals

used in this study were as following: Non-T2D (n = 9), T2D-Ve

(n = 9) and T2D-Ex-4 (n = 7). The forelimb sensorimotor function

was then measured by assessing upper-limb grip strength for up to

8 weeks after stroke when the mice were killed (time when the non-

T2D mice have fully recovered). Brains were then collected for histol-

ogy. See Figure 1a for the plan of the experimental design.

2.1.2 | Study 2 (non-diabetic study)

Twenty 8-month-old male C57BL/6JRj mice were used. Six mice were

removed after surgery due to either unsuccessful tMCAO or after

reaching a humane endpoint. The remaining mice were randomised in

two groups: 1) Non-T2D-Ve (n = 6) and Non-T2D-Ex-4 (n = 8) and

received daily vehicle (PBS) or 0.2 μg kg�1 exendin-4 injections,

respectively, starting from Day 3 after tMCAO until 6 weeks. The

forelimb sensorimotor function was tested as for Study 1, but this

study was terminated 6 weeks after stroke (time when the

non-T2D-Ex-4 mice have fully recovered). Brains were then collected

for histology. See Figure 1b for the experimental design.

AUGESTAD ET AL. 679

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1135
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1067
info:x-wiley/rrid/RRID:MGI:2670020


2.2 | Transient middle cerebral artery occlusion
(tMCAO)

tMCAO was used to model ischaemic stroke and was induced by

the intraluminal filament technique as previously described (Hara

et al., 1996). Briefly, mice were anaesthetised with 3% isoflurane

and then maintained on 1.5% isoflurane through a snout-mask

throughout the surgery. Body temperature was maintained at 37–

38�C using a heated pad. Through a midline incision, the left exter-

nal (ECA) and internal (ICA) carotid arteries were exposed and a 7–

0 monofilament coated with silicone (total diameter 0.17–0.18 mm)

was inserted from an incision in ECA into the ICA until it blocked

the origin of the MCA. Then the wounds were temporarily closed,

and the mice were allowed to wake up. After 25 minutes, the mice

were re-anaesthetised, the wound re-opened and the occluding fil-

ament removed (total occlusion time = 30 min). Stroke induction

was considered unsuccessful when the occluding filament could

not be advanced within the internal carotid artery beyond 7–8 mm

from the carotid bifurcation or if mice lacked neurological impair-

ment symptoms based on the neurological severity score (Bederson

et al., 1986). All mice were given analgesic (Carprofen, 5 mg kg�1)

and soft food after the surgery.

2.3 | Fasting glycaemia and insulin tolerance test

Fasting glycaemia measurement and insulin tolerance test (ITT) were per-

formed before and at 4 and 8 weeks after stroke. Fasting glycaemia was

measured after an overnight fasting. For ITT, mice were fasted for 6 h

and injected i.p. with human insulin (0.5 unit kg�1) dissolved in saline.

Blood glucose was determined before injection of insulin and at pre-set

time points after injection (15, 30, 45, 60, 75 and 90 min). Data are pres-

ented as area under the curve (AUC); see Figure 2.

2.4 | Assessment of the recovery of forelimb
sensorimotor function

The forelimb sensorimotor function was measured by assessing

upper-limb grip strength (Augestad et al., 2020; Pintana et al., 2019)

using a grip strength meter (Harvard apparatus, MA, USA) before, at

3 days and at 1–8 weeks after tMCAO. Briefly, mice were firmly held

by the body and allowed to grasp the grid with the right forepaw.

Mice were gently dragged backward until the grip was released. Ten

trials were performed and the highest value was recorded as

described previously (Augestad et al., 2020; Pintana et al., 2019). The

F IGURE 1 The experimental design. Experimental design of (a) diabetic study and (b) non-diabetic study
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grip strength test was performed by an experimenter blinded to

the treatment groups (Ex-4 vs. vehicle), but not diet (standard

vs. HFD) due to the obvious weight differences during the first weeks

after tMCAO.

F IGURE 2 The effect of T2D and exendin-4 treatment on neurological recovery, metabolic parameters and ischaemic volume after tMCAO.
(a) Grip strength recovery and ANOVA table. Dashed line in (a) indicates mean of pre-stroke grip strength. (b) Body weight. (c) Fasting glucose.
(d) Insulin sensitivity (insulin tolerance test, ITT). (e) Ischaemic volume. (f) Representative images of NeuN staining. The dotted lines on images on
(f) panel indicate stroke area. Data in (a), (b) and (e) are presented as mean ± SD. Box plots on (c) and (d) show min–max values. Group sizes for
(b)–(d): Non-T2D n = 9, T2D-Ve n = 9, T2D-Ex-4 n = 7. For (a), one statistical outlier was excluded from the T2D-Ve group, resulting in the
following group sizes: Non-T2D n = 9, T2D-Ve n = 8, T2D-Ex-4 n = 7. For (e), one statistical outlier was excluded from the non-T2D group,
resulting in the following group sizes: Non-T2D n = 8, T2D-Ve n = 9, T2D-Ex-4 n = 7. Two-way repeated measures ANOVA with Geisser–
Greenhouse's correction followed by Sidak's test was used to analyse grip strength, body weight, fasting glucose and insulin sensitivity (a–d).
Kruskal–Wallis with uncorrected Dunn's test was used to analyse ischaemic volume (e). *, # P < 0.05, significantly different from T2D-Ve;
$ P < 0.05, Non-T2D significantly different from T2D-Ex-4
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2.5 | Immunohistochemistry and quantitative
microscopy

To prepare tissue for immunohistochemistry (IHC), the mice were ter-

minally anaesthetised with an overdose of sodium pentobarbital and

transcardially perfused with 4% ice-cold paraformaldehyde before the

brains were removed. After overnight post-fixation the brains were

transferred to a solution of phosphate-buffered saline (PBS) with 20%

sucrose until they sank. The brains were cut in 30-μm-thick

coronal sections using a sliding microtome and kept in anti-freeze

solution at �20�C.

Immunofluorescence staining was performed using the free-

floating method. Briefly, brain sections were washed in PBS. For DAB

staining, sections were incubated with PBS containing 3% H2O2 and

10% methanol for 20 min at room temperature to quench endogenous

peroxidases. For both DAB and immunofluorescence stainings, sec-

tions were then blocked in PBS containing 3–5% appropriate normal

serum and 0.25% Triton-X100 for 1 h (at room temperature), and incu-

bated overnight in primary antibody solution (at room temperature for

the CD31 and CD13 staining and at 4�C for all other staining). The fol-

lowing primary antibodies were used; mouse anti-NeuN (1:500 dilu-

tion, #MAB377, Millipore; RRID:AB_2298772), a neuronal marker;

goat anti-Iba-1 (1:1000 dilution, #ab5076, Abcam; RRID:

AB_2224402), a marker for microglia; rabbit anti-CD68 (1:2000 dilu-

tion, #ab125212, Abcam; RRID:AB_10975465), a marker for phago-

cytic microglia and macrophages; rabbit anti-parvalbumin (PV) (1:1000

dilution, #ab11427, Abcam; RRID:AB_298032), a marker of

parvalbumin-expressing interneurons; rat anti-CD13 (1:200 dilution,

#MCA2183, Bio-RAD; RRID:AB_323691), a marker for pericytes; goat

anti-CD31 (1:200 dilution, #AF3628, R&D Systems; RRID:

AB_2161028), a marker for endothelial cells; rabbit anti-calretinin

(CR) (1:400 dilution, #ab92341, Abcam; RRID:AB_2049245), a marker

for early post-mitotic neurons and calretinin-expressing interneurons;

mouse anti-cFos (1:800 dilution, #ab208942, Abcam; RRID:

AB_2747772), a marker for neuronal activation; mouse anti-

doublecortin (DCX) (1:200 dilution, #sc-271390, Santa Cruz Biotech-

nology; RRID:AB_10610966), a marker for migrating neuroblasts.

After overnight incubation with the primary antibody solution, sec-

tions were washed and incubated for 1.5–2 h at RT with the second-

ary antibody. The following secondary antibodies were used:

biotinylated horse anti-mouse (1:200 dilution, #BA-2000, Vector Lab-

oratories; RRID:AB_2313581); biotinylated horse anti-goat (1:200

dilution, #BA-9500, Vector Laboratories; RRID:AB_2336123); bio-

tinylated horse anti-rabbit (1:200 dilution, #BA-1100, Vector Labora-

tories; RRID:AB_2336201); horse anti-rabbit DyLight 594 (1:200

dilution, #DI-1094, Vector Laboratories; RRID:AB_2336414); horse

anti-rabbit DyLight 488 (1:200 dilution, #DI-1088, Vector Laborato-

ries; RRID:AB_2336403); horse anti-mouse DyLight 594 (1:200 dilu-

tion, #DI-2594, Vector Laboratories; RRID:AB_2336412); donkey

anti-rat Cy3 (1:500 dilution, #712-165-153, Jackson Immuno-

Research; RRID:AB_2340667). For CD31 and cFos, the signal was

amplified by incubating sections with a biotinylated secondary anti-

body, followed by incubation with Alexa fluor-conjugated streptavidin

(#S32357 or #S11223, respectively; both from Invitrogen). For DAB

stainings, incubation with biotinylated secondary antibody was

followed by incubation with avidin-biotin complex (1:200 dilution for

both reagent A and B, Vectastain Elite ABC kit, Vector Laboratories)

for 1 h at RT, and development with DAB. The performed IHC proce-

dures comply with the guidelines of the British Journal of Pharmacology

regarding immunoblotting and immunohistochemistry (Alexander

et al., 2018).

The Olympus BX51 microscope coupled with computerised set-

up for stereology (Visiopharm, DK or MBF Biosciences, USA) was

used for ischaemic volume measurement, Iba-1+ cell counting and PV

+ cell volume measurements. Manual counting of CD68+, PV+, cFOS

+, CR+ and DCX+ cells was performed on an Olympus BX40. For cell

counting, three consecutive brain sections spaced at 300 μm con-

taining striatum (from Bregma 1 to 0.5 mm) were used. The first

section was chosen based on an anatomical location 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. Microscopy was performed by experimenters blinded to

experimental groups.

In addition to counting of Iba-1 cells in the entire striatum, Iba-1

cells were also counted in a specific region of interest (ROI) within the

peri-infarct striatum. This ROI was defined as a 200 μm wide zone,

directly adjacent to the infarct region. The number of Iba-1+ cells

within the ROI was counted (in both the ipsilateral and contralateral

striatum) and the cell density was expressed as number of cells/mm2.

For analysis of CD31+ vessels and CD13+ pericytes, confocal

images were sampled using a LEICA DMi8 confocal microscope. The

images of the ipsilateral striatum overlapped both the infarct and peri-

infarct region; on average, images covered 65% infarct region, and

35% peri-infarct region (determined based on NeuN staining). The col-

lected images were obtained from a z-stack size of 10 μm at a step

size of 1 μm. For maximum image projection, ImageJ software (NIH,

USA RRID:SCR_003070) was used for z-stack image reconstruction.

The same acquisition settings were applied for each image. Blood ves-

sel (CD31+) and pericyte (CD13+) density were analysed using the

area fraction measurement tool of ImageJ software. The density was

expressed as the percentage of the CD31+ or CD13+ area. The cov-

erage of vessels by CD13+ pericytes was assessed by calculating the

proportion of CD13+ pericytes covering CD31+ vessels. We used

the co-localization plugin tool of ImageJ (NIH, USA) to define and

highlight the covering points of CD13+ with CD31+ in the z-stack

image. The images were reconstructed for a maximum projection and

the CD13+/CD31+ coverage area was measured and expressed as a

percentage of the total CD31+ area per image. Parenchymal CD13

density was quantified separately by subtracting the density of the

perivascular CD13+ cells from the total CD13 density.

2.6 | Ischaemic volume measurement

Ischaemic volume was evaluated based on NeuN staining and a

Cavalieri estimator probe (MBF Biosciences, USA) on all brain sections
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with visible stroke. NeuN staining is a consistent method for quantify-

ing neural damage since it exclusively stains neurons. Therefore, it is

reliable to evaluate neuronal loss even several weeks post-stroke

unlike live cell markers like TTC (3,5-triphenyltetrazolium chloride)

that accurately identify stroke-damaged tissue (by lack of positive

stain) only within few days after the injury, due to later inflammatory

cell infiltration and glial scar formation.

2.7 | Mouse insulin ELISA

Serum insulin levels were determined using the Ultra-Sensitive Mouse

Insulin ELISA Kit (CrystalChem, #90080) according to manufacturer's

instructions. A total sample volume of 10 μl of serum was used per

mouse.

2.8 | Data and statistical analysis

All data were analysed by GraphPad Prism Version 8 (GraphPad, USA,

RRID:SCR_002798) The data were first checked for statistical outliers

by using the ROUT method, and normality by using the Shapiro–Wilk

normality test to decide whether to perform parametric or non-

parametric tests. For the diabetic study we compared Non-T2D

versus T2D-Ve versus T2D-Ex-4 mice. For the non-diabetic study

Non-T2D-Ve versus Non-T2D-Ex-4 mice were compared.

2.8.1 | Parametric tests

Two-way repeated measures ANOVA with Geisser–Greenhouse's

correction followed by Sidak's test was used to analyse grip strength,

body weight, fasting glucose and insulin tolerance test (ITT) after

stroke. To analyse the volume of PV+ cells, number of cFOS+/PV+

and Iba-1+ cells, density of CD31+ vessels and CD13+ pericytes,

and coverage of CD31+ vessels by CD13+ pericytes, two-way

ANOVA followed by two-stage linear step-up procedure of Ben-

jamini, Krieger and Yekutieli test was performed. One-way ANOVA

with Tukey's post hoc test was used to analyse the number of PV+

cells and parenchymal CD13 density in the ipsilateral striatum, in the

diabetic study. The number of DCX+ cells in the ipsilateral striatum

was analysed using Brown-Forsythe and Welch ANOVA. In the non-

diabetic study, the ischaemic volume, the number of CD68+ cells

and insulin levels were analysed using unpaired t test. Post hoc tests

were conducted only if statistical significance was detected by

ANOVA.

2.8.2 | Non-parametric tests

For the statistical analysis of ischaemic volume and CD68+ cells in

the diabetic study, Kruskal–Wallis with uncorrected Dunn's test was

performed.

The group sizes declared above refer to the number of indepen-

dent values, and statistical analyses were done using these

independent values. In a few analyses, concerning the results pres-

ented in Figures 2a,e, 5e and 6f–h, some statistical outliers were iden-

tified and excluded. Where statistical outliers were excluded, this is

indicated in the respective figure legends. The data and statistical

analysis comply with the recommendations of the British Journal of

Pharmacology on experimental design and analysis in pharmacology

(Curtis et al., 2018). All data are expressed as mean ± SD. Values of P

< 0.05 were considered statistically significant.

2.9 | Materials

Exendin-4 was purchased from Sigma-Aldrich (#E7144; St. Louis, MO,

USA). For ITT, human insulin from Lilly (Indianapolis, IN, USA) was

used (Humalog, 100 units ml�1, #VL7516). Details of other materials

and suppliers are provided in the specific sections.

2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander et al., 2019).

3 | RESULTS

3.1 | Exendin-4 normalises the T2D-induced
impairment of neurological recovery after stroke in
association with the normalisation of glycaemia and
insulin resistance

To detect any potential effects of T2D and exendin-4 on stroke

recovery in T2D mice and potentially correlate this effect with histo-

logical outcomes, the experiment was terminated at 8 weeks after

tMCAO (time when the Non-T2D mice fully recovered forepaw grip

strength after stroke).

There was no difference between the forepaw grip strength in

Non-T2D and T2D mice before tMCAO (data not shown). At Day

3 post-tMCAO, stroke decreased forepaw grip strength approxi-

mately by 40% (pre-tMCAO levels are indicated by the dashed line

on Figure 2a) in both Non-T2D and T2D mice (Figure 2a). The two-

way repeated measures ANOVA analysis revealed that during the

recovery time (3 days to 8 weeks), forepaw grip strength signifi-

cantly increased in all mice (main effect–time) (Figure 2a). However,

the grip strength was significantly greater in Non-T2D than in T2D-

Ve mice (main effect–T2D) and a significant interaction between

time and T2D was recorded (Figure 2a). These results show that

T2D significantly worsened the grip strength recovery. The grip
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strength in T2D-Ex-4 mice was significantly greater versus T2D-Ve

mice (main effect–Ex-4 treatment) and here too, a significant inter-

action between time and treatment (Figure 2a) was recorded, indi-

cating that exendin-4 significantly improved the grip strength in the

recovery phase in T2D mice. Later, post hoc statistical tests showed

that Non-T2D mice fully recovered forepaw strength by 8 weeks

reaching the pre-tMCAO levels (Figure 2a), whereas in T2D-Ve

mice the forepaw strength stayed significantly lower (Figure 2a)

than in Non-T2D mice. Remarkably, T2D mice treated with

exendin-4 showed a significant increase in grip strength versus

untreated T2D-Ve mice already from 3 weeks after stroke

(Figure 2a) and onwards, and fully recovered their forepaw grip

strength by week 8. These differences in grip strength recovery

were not determined by the differences in stroke severity

(ischaemic volume) (Figure 2e). The stroke injury was generally

localised in the dorso-lateral striatum (Figure 2f).

T2D-Ve mice significantly and rapidly lost body weight

after tMCAO (and the substitution of HFD with standard diet) and

from 1–2 weeks after stroke we could not observe any difference in

body weight between the groups (Figure 2b). As expected, fasted

levels of blood glucose in T2D mice were significantly higher than in

Non-T2D mice before tMCAO (Figure 2c). After tMCAO and the

change from HFD to standard diet, blood glucose significantly

decreased in the T2D-Ve group at both 4 (pre-tMCAO vs. 4 weeks

post-tMCAO) and 8 weeks (4 weeks post-tMCAO vs. 8 weeks post-

tMCAO) but still remained significantly higher than in Non-T2D mice

both at 4 weeks post-tMCAO and at 8 weeks, although at this time

point the mean glucose levels in T2D-Ve mice decreased below the

diabetic threshold of 7 mmol L�1 (Figure 2c). In T2D mice treated with

exendin-4, fasted blood glucose of ≈ 6 mmol L�1 was reached already

at 4 weeks after tMCAO, although still significantly higher than the

Non-T2D mice, and was completely normalised (<5.6 mmol L�1) at

8 weeks after tMCAO (Figure 2c). We also evaluated insulin sensitiv-

ity in all groups before stroke and at 4 and 8 weeks post-tMCAO.

Non-T2D mice maintained normal insulin sensitivity throughout the

experiment and T2D-Ve mice remained insulin resistant (Figure 2d).

However, the T2D mice treated with exendin-4 showed improved

insulin sensitivity already at 4 weeks post-tMCAO compared to T2D-

Ve mice, and then reached the levels of Non-T2D mice at 8 weeks

after tMCAO (Figure 2d).

In summary, these results show that despite normalisation of

body weight shortly (2 weeks) after tMCAO, during a large part of

the post-stroke recovery phase (at least for 4 weeks) T2D-Ve mice

remained hyperglycaemic and for the entire recovery phase

(8 weeks) they were insulin resistant. Treatment with exendin-4 in

T2D mice normalised hyperglycaemia already 4 weeks after tMCAO

and gradually improved insulin sensitivity at 4 and 8 weeks post-

tMCAO. We conclude that the post-stroke decrease in body weight

does not correlate with improvement of recovery in T2D. On the

contrary, the impaired post-stroke neurological recovery in T2D

mice is associated with hyperglycaemia and insulin resistance, and

exendin-4 treatment improves stroke recovery by normalising these

parameters.

3.2 | Improved neurological recovery by exendin-4
in T2D mice correlates with normalisation of T2D-
induced atrophy of GABAergic parvalbumin+
interneurons, reduced inflammation and improved
vascular remodelling and fibrotic scar formation

Stroke similarly decreased (≈60%) the number of surviving PV+ inter-

neurons in the ipsilateral striatum, in all experimental groups

(Figure 3a). We have previously shown that shortly (2 weeks) after

stroke the soma volume of PV+ interneurons is decreased in the peri-

infarct region of the striatum, and whereas in Non-T2D mice the soma

volume recovers back to normal within 6 weeks after stroke, this atro-

phy persists in T2D (Pintana et al., 2019). In the present study, poten-

tial differences in stroke-induced atrophy of PV+ interneurons were

also assessed by measuring the soma volume of these neurons in the

contralateral and ipsilateral peri-infarct striatum. The results in

Figure 3b show a substantial atrophy of PV+ interneuron soma vol-

ume in the ipsilateral peri-infarct striatum of T2D-Ve mice compared

to the corresponding region in Non-T2D mice and compared to its

own contralateral striatum, at 8 weeks after stroke. In T2D mice

treated with exendin-4, no differences were detected in the soma vol-

ume of PV+ interneurons in the ipsilateral-peri-infarct striatum com-

pared with Non-T2D mice or compared with its own contralateral

striatum (Figure 3b), indicating that the exendin-4 treatment reversed

PV+ interneuron atrophy. To quantify potential differences in basal

activation of PV+ interneurons between the groups, we quantified

the number of cFos/PV double-positive neurons in the peri-infarct

striatum. A fraction of PV+ interneurons was activated in both con-

tralateral and ipsilateral striatum, without differences between the

groups (Supporting Information Figure S1).

To assess potential changes in the neuroinflammatory response

after stroke, we quantified Iba-1+ and CD68+ microglia cells in the

contralateral and ipsilateral striatum at 8 weeks post-tMCAO. The total

density of Iba-1+ microglia in the ipsilateral versus respective contralat-

eral striatum was significantly increased after stroke similarly in all

groups, indicating persistent neuroinflammation at 8 weeks post-

tMCAO without any additional effects of diabetes or exendin-4 treat-

ment (Figure 4a). However, when we evaluated density of Iba-1+

microglia specifically in infarct-adjacent areas (termed ROI, see Sec-

tion 2), we recorded a significant effect of exendin-4 in reducing Iba-1+

cell density in these regions for non-T2D compared with T2D-Ex-4, with

a strong trend for T2D-Ve compared with T2D-Ex-4 (Figure 4b).

Microglia/macrophage activation (number of CD68+ cells) was also

reduced by exendin-4 for non-T2D compared with T2D-Ex-4, with a

strong trend for T2D-Ve compared with T2D-Ex-4 (Figure 4c).

To assess the effects of T2D and exendin-4 treatment on vascular

remodelling after stroke, CD31+ vessel density and maturity were

examined. Striatal vessel density in the infarct area was increased in

all groups compared to the respective contralateral striatum

(Figure 5b). T2D-Ve mice, however, had a significantly reduced ipsilat-

eral striatal vessel density compared with non-T2D mice, which was

restored by exendin-4 treatment (Figure 5b). Notably, exendin-4

treatment increased vessel density in T2D mice to even slightly above
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non-T2D levels (Figure 5b). A similar pattern was found for the cover-

age of vessels by pericytes, an indicator of vessel maturity. In fact, the

coverage of CD31+ vessels by CD13+ pericytes was increased by

stroke in all groups, when comparing the ipsilateral versus contralat-

eral striatum (Figure 5c). However, pericyte coverage in the ipsilateral

striatum was reduced in T2D mice when comparing T2D-Ve com-

pared with non-T2D mice and normalised by exendin-4 treatment

(Figure 5c), indicating improved vascular remodelling and pericyte

recruitment.

Similarly, the total pericyte density was increased after stroke in

all groups when comparing the ipsilateral compared with contralateral

striatum (Figure 5d). The total density of CD13+ pericytes in the ipsi-

lateral striatum was reduced in T2D-Ve compared with non-T2D mice

and increased by exendin-4 treatment (Figure 5d). Changes in CD13+

pericyte density between T2D-Ve compared with non-T2D mice and

the restorative effect of exendin-4 were observed for both peri-

vascular and parenchymal pericytes, as indicated by the density of

parenchymal pericytes in the ipsilateral striatum, an indicator of the

F IGURE 3 Exendin-4 counteracts the diet-induced atrophy of PV+ cells. (a) Number of PV+ cells in the contralateral (represented by dotted
line) versus ipsilateral striatum. (b) The average soma volume of PV+ cells. Data presented as mean ± SD. Group sizes for all figures: Non-T2D
n = 9, T2D-Ve n = 9, T2D-Ex-4 n = 7. One-way ANOVA with Tukey's post hoc test was used to analyse the number of PV+ cells. Two-way

ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used to compare the volume of PV+ cells
between non-T2D and T2D-Ve and T2D-Ex-4. * P < 0.05, significantly different as indicated; # P < 0.05, contralateral significantly different from
ipsilateral, in the same group. (c) Representative images of PV+ interneurons in contralateral and ipsilateral striatum, scale bars = 200 and 25 μm
for inserts (c1) and (c2)
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fibrotic scar formation after stroke (Figure 5e). There were no differ-

ences between groups in the contralateral striatum for all analyses

(Figure 5b–d).

We also assessed potential changes in the early phase of stroke-

induced neurogenesis by quantifying neuroblasts (DCX+) and early

post-mitotic neurons (Calretinin+/NeuN-) (Brandt et al., 2003) in the

striatum 8 weeks after tMCAO. The number of DCX+ cells was

increased in ipsilateral compared with contralateral striatum in all

groups, whereas no differences between ipsilateral compared with

contralateral striatum were found for the number of Calretinin

+/NeuN� cells (data not shown). We did not record any significant

differences between the groups, for both of the assessed cell types

(Supporting Information Figure S3a,b).

Overall, these results suggest that T2D impairs recovery of fore-

paw grip strength during 8 weeks after stroke in association with a

substantial atrophy of PV+ interneurons and reduced vascular

remodelling and fibrotic scar formation, and that this effect is

counteracted by exendin-4 treatment. Exendin-4 also reduced neu-

roinflammation, although we could not correlate this effect with

improved neurological recovery, as no differences in Iba-1+ and

CD68+ microglia cells were observed between non-T2D and T2D-Ve

mice.

3.3 | Exendin-4 marginally improved neurological
recovery after stroke in non-T2D mice

The next step in our study was to investigate the potential efficacy

of exendin-4 to improve neurological recovery after stroke in non-

T2D mice. In order to detect any potential effects of exendin-4 on

stroke recovery in non-T2D mice and potentially correlate this

effect with histological outcomes, the experiment was terminated

at 6 weeks after tMCAO (time when the exendin-4-treated mice

fully recovered forepaw grip strength after stroke). The two-way

repeated measures ANOVA analyses showed a significant time

effect (both groups improved grip strength over time) and no sig-

nificant treatment/ exendin-4 effect (Figure 6a). However, a signifi-

cant interaction between time and exendin-4 treatment was still

found (Figure 6a), showing that the difference in grip strength

between the groups was increasing over time. This indicates a pos-

itive effect of exendin-4 on neurological recovery that we interpret

as minor in comparison with the effect obtained in the T2D study

(Figure 2a).

Histological/quantitative assessments of ischaemic volume

(Figure 6b), PV+ interneuron volume (Figure 6c), neuroinflammation

(Figure 6d,e), CD31+ vessel density (Figure 6f), coverage of vessels

F IGURE 4 Exendin-4 decreases neuroinflammation after stroke. (a) Density of Iba-1+ cells at 8 weeks after stroke. Representative image of
Iba-1+ cells in contralateral (a1) and ipsilateral striatum (a2). (b) Quantification of Iba-1+ cells in an infarct-adjacent region of interest (ROI). (b1)
Photomicrograph of Iba1 staining, ROI is outlined by dashed line. (c) Number of CD68+ cells in the ipsilateral striatum. (c1) Representative image

of CD68+ cells. Data are presented as mean ± SD. Group sizes for all figures: Non-T2D n = 9, T2D-Ve n = 9, T2D-Ex-4 n = 7. Two-way ANOVA
followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was used to compare the number of Iba-1+ cells in the
contralateral and ipsilateral striatum (in a); and in contralateral versus ROI (in b) between non-T2D and T2D-Ve and T2D-Ex-4. Kruskal–Wallis
with uncorrected Dunn's test was used to compare the number of CD68+ cells between non-T2D and T2D-Ve and T2D-Ex-4. * P < 0.05,
significantly different as indicated; # P < 0.05, contralateral significantly different from ipsilateral, in the same group. Scale bars in (a1), (a2), and
(c1) = 50 μm
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by pericytes (Figure 6g) and CD13+ pericyte density (Figure 6h) did

not reveal any significant effects of exendin-4 treatment. However,

despite the mice being normoglycaemic, we could detect a significant

increase of plasma insulin levels in the exendin-4-treated group

(Figure 6i).

4 | DISCUSSION

Several GLP-1 receptor agonists have been tested for stroke preven-

tion (Malhotra et al., 2020). However, no clinical studies have investi-

gated the potential efficacy of this class of drugs in post-stroke

recovery and the medical need in this area is very high (Darsalia, Lar-

sson, et al., 2018). We chose to use exendin-4 in our study because of

the well characterised beneficial effects mediated by this drug in the

injured brain after stroke (Darsalia, Klein, et al., 2018). Furthermore, it

is known that exendin-4 can cross the blood–brain barrier (Kastin &

Akerstrom, 2003).

We show that exendin-4 administered to diabetic mice after

ischaemic stroke leads to a significant improvement of post-stroke

recovery assessed by forepaw grip strength (indicative of neurological

functional recovery). This effect was associated with the normalisation

of hyperglycaemia and insulin sensitivity, as well as with a reversal of

stroke-induced PV+ interneuron atrophy, and improvement of vascu-

lar remodelling as assessed by vascular density, coverage of vessels by

pericytes and maintenance of fibrotic scar formation. Additionally, the

exendin-4 treatment reduced stroke-induced inflammation. In

normoglycaemic mice, (in the absence of T2D), exendin-4 treatment

only slightly accelerated neurological recovery after stroke.

The medical need to identify new strategies to improve neurolog-

ical recovery after stroke in the T2D population is urgent since the

global prevalence of T2D is not only markedly increasing but T2D is

also one of the strongest risk factors for stroke (see Section 1). This

will result in an exceptionally large increase of people with T2D in

need of post-stroke treatment and care. Our results showing that

exendin-4 improved post-stroke neurological recovery in T2D mice

suggest that exendin-4 could be a valid candidate to meet this medical

need. Indeed, exendin-4 and other GLP-1 receptor agonists could

have several advantages. Already, the 2020 Standards of medical care

for diabetes from the American Diabetes Association has rec-

ommended the use of GLP-1 receptor agonists with demonstrated

cardiovascular benefit, as an adjunct to metformin in T2D patients

with high atherosclerotic cardiovascular disease (ASCVD) risk or

established ASCVD for primary or secondary prevention of a cardio-

vascular event (American Diabetes, 2020). A meta-analysis of the

effect of GLP-1 receptor agonists including pooled analysis of 56,004

F IGURE 5 Exendin-4 restores the density and maturity of vessels in T2D mice after stroke. (a) Representative images of CD31+ (vessels) and
CD13+ (pericytes) staining in the ipsilateral striatum. Representative images of the contralateral striatum are included in Supporting Information
Figure S2. Scale bar: 100 μm for the left panel (CD31); 50 μm for the two centre and right panels (higher magnification). (b) Density of CD31+
vessels at 8 weeks after stroke. (c) Coverage of vessels by pericytes. (d) Total density of CD13+ pericytes, including both perivascular and
parenchymal pericytes. (e) Density of parenchymal CD13+ pericytes. Data presented as mean ± SD. Group sizes for (a)–(d): Non-T2D n = 9, T2D-
Ve n = 9, T2D-Ex-4 n = 7. For (e), one statistical outlier was excluded from the T2D-Ex-4 group, resulting in the following group sizes: Non-T2D
n = 9, T2D-Ve n = 9, T2D-Ex-4 n = 6. Two-way ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli was
used to compare the density of CD31+ vessels, the density of CD13+ pericytes, and coverage of CD31+ vessels by CD13+ pericytes, between
non-T2D and T2D-Ve and T2D-Ex-4, in the contralateral and ipsilateral striatum. One-way ANOVA with Tukey's post hoc test was used to
analyse the density of parenchymal CD13+ pericytes, in the ipsilateral striatum. * P < 0.05, significantly different as indicated; # P < 0.05,
contralateral significantly different from ipsilateral, in the same group
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F IGURE 6 The effect of Exendin-4 treatment after tMCAO in non-diabetic mice. (a) Recovery of grip strength and ANOVA table.
(b) Ischaemic volume. (c) Average volume of PV+ interneurons. (d) Number of Iba-1+ cells. (e) Number of CD68+ cells. (f) Density of CD31+
vessels. (g) Coverage of vessels by pericytes. (h) Total density of CD13+ pericytes (including both perivascular and parenchymal pericytes).
(i) Serum insulin levels. Data are presented as mean ± SD. Group sizes for (a)–(e): Non-T2D-Ve n = 6, non-T2D-Ex-4 n = 8. For (f)–(h), one
statistical outlier was excluded from the non-T2D-Ex-4 group, resulting in the following group sizes: Non-T2D-Ve n = 6, non-T2D-Ex-4 n = 7.
For (i), insulin levels were only measured in n = 6 mice for both groups, resulting in the following group sizes: Non-T2D-Ve n = 6, non-T2D-Ex-4
n = 6. Two-way repeated measures ANOVA with Geisser–Greenhouse's correction followed by Sidak's test was used to compare grip strength
between non-T2D-Ve and non-T2D-Ex-4. Two-way ANOVA followed by two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli
was used to compare the volume of PV+ cells, the number of Iba-1+ cells, the density of CD31+ vessels, the density of CD13+ pericytes, and
coverage of CD31+ vessels by CD13+ pericytes. Unpaired t test was used to analyse ischaemic volume, CD68+ cells and insulin levels.
(* P < 0.05, significantly different as indicated; # P < 0.05, contralateral significantly different from ipsilateral, in the same group
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patients encompassing the lixisenatide (ELIXA), liraglutide- (LEADER),

semaglutide (SUSTAIN-6 and PIONEER-6), exenatide (synthetic form

of exendin-4; EXSCEL), albiglutide (HARMONY) and dulaglutide

(REWIND) randomised control trials showed a 16% reduction in risk

of total stroke, a 15% reduction in risk of nonfatal stroke, and a non-

significant 19% reduction in fatal stroke (Bellastella et al., 2020). Fur-

thermore, there are many published reports that GLP-1 receptor acti-

vation can reduce acute brain damage after stroke in rodents with

(Darsalia et al., 2012, 2014) or without T2D (see in Darsalia, Klein,

et al., 2018; Maskery et al., 2020). Therefore, if our results are con-

firmed in other experimental settings (and by using other GLP-1

receptor agonists), they could reveal that a therapy based on GLP-1

receptor activation in T2D patients, in addition to preventive and

acute/reparative effects, could also present chronic beneficial effects

on neurological recovery in T2D patients suffering from stroke. Impor-

tantly, this question could also soon find an answer in the clinical set-

ting. Indeed, the Short-Term Exenatide in Acute ischemic Stroke

(STEXAS) study is currently testing the safety of exenatide versus

insulin in patients with hyperglycaemia in the acute phase after

ischaemic stroke and will include the modified Rankin scale

after 3 months in their secondary outcome analysis (Bellastella

et al., 2020). In addition, the Treatment with Exenatide in Acute

Ischemic Stroke (TEXAIS) PhaseII trial is currently including patients

both with and without hyperglycaemia in the acute phase after

ischaemic stroke to investigate neurological improvement at 7 days as

a primary endpoint and the modified Rankin scale after 90 days as a

secondary outcome (Muller et al., 2018). However, it should be noted

that these studies will not evaluate the effect of exenatide on a popu-

lation with a previous T2D diagnosis and thus more studies will be

needed in the future (Darsalia, Larsson, et al., 2018).

The mechanisms underlying the improved neurological recovery

mediated by exendin-4 are largely unknown. In our study we demon-

strated that neurological recovery by exendin-4 did not correlate with

weight loss during the recovery phase, as both vehicle and exendin-

4-treated groups achieved normal weight similarly and simultaneously

within the first weeks after tMCAO. However, exendin-4 treatment

rapidly (already at 4 weeks) reduced fasting hyperglycaemia and sig-

nificantly improved insulin sensitivity and both these parameters were

entirely normalised 8 weeks post-tMCAO by exendin-4. These results

suggest the key importance of normalising hyperglycaemia to improve

stroke recovery not only acutely after hospitalisation, but also chroni-

cally for the entire post-stroke recovery phase consistent with our

previous reports where two other glycaemic strategies (DPP-4 inhibi-

tors and sulfonylurea) were employed (Augestad et al., 2020). Taken

together, the results of the current and the previous study (Augestad

et al., 2020) strongly suggest an important contribution from insulin,

in order to achieve good rehabilitation after stroke.

Only a few clinical studies have so far investigated the potential

detrimental role of insulin resistance on neurological recovery after

stroke. A Chinese study of 1245 non-diabetic patients with mild

ischaemic stroke observed a correlation between insulin resistance

(measured by HOMA-IR) in the acute phase with worse functional

outcome defined as modified Rankin score 3–6 after 1 year with an

adjusted odds ratio 1.42 (1.03–1.95) (Jing et al., 2017). Moreover,

Ozkul and colleagues examined the relationships between inflamma-

tion, oxidative stress and stroke severity in a small study of 75 acute

stroke patients with and without insulin resistance. They found

increased IL-6 and decreased IL-10 levels in insulin-resistant patients

and a correlation with higher NIHSS scores indicating more severe

stroke (Ozkul et al., 2013). Finally, a Japanese registry study by Ago

et al. analysed 4655 patients with ischaemic stroke correlated insulin

resistance (measured by HOMA-IR) with worse functional outcome in

non-insulin dependent patients (Ago et al., 2018). Although specula-

tive, the results of these clinical studies support the potential role of

exendin-4 to improve neurological recovery after stroke, through the

normalisation of insulin resistance.

The positive effects mediated by exendin-4 in stroke recovery

could also be mediated by indirect (via glycaemia regulation and

normalisation of insulin resistance) or direct effects occurring in the

brain. Interestingly, we have shown that exendin-4 treatment

reversed T2D-induced PV+ interneuron atrophy (Pintana et al., 2019).

PV+ interneurons play a key role in neuronal plasticity and thus could

have significant effects on neurological recovery after stroke (Hattori

et al., 2017; Hu et al., 2014). It is difficult to determine whether the

efficacy of exendin-4 in reversing PV+ interneuron atrophy could be

linked to metabolic (reduced fasting hyperglycaemia and improved

insulin sensitivity) or to direct neuroplasticity effects. Analysing the

effects of exendin-4 on PV+ interneuron atrophy, in non-diabetic

conditions, should have answered this question. However, in the non-

diabetic study, PV+ interneuron volume was already normalised in

vehicle group at 6 weeks after stroke when the morphometric ana-

lyses were performed. Thus, whether exendin-4 had any effects on

PV+ interneuron volume normalisation at earlier time-points remains

to be investigated. It also remains to be investigated whether the

identified effect on PV+ interneurons is specific for these cells or also

involves other types of interneurons.

Exendin-4 treatment reduced stroke-induced inflammation in

T2D, but not in non-T2D mice. Although the anti-inflammatory

efficacy of exendin-4 after stroke is well-established in preclinical

studies (Darsalia et al., 2012; Kim et al., 2017), in the present

study we could not correlate this effect with improvement in

stroke recovery as we could not detect any increase of neu-

roinflammation in T2D compared with non-T2D mice at 8 weeks

after stroke. However, considering the very many published reports

regarding anti-inflammatory efficacy of GLP-1 analogues (Marlet

et al., 2018), the potential effects of exendin-4 treatment at earlier

time points should not be discounted.

Post-stroke recovery during the chronic phase requires

remodelling of the vasculature (Liu et al., 2014). Remodelling of the

vasculature is closely associated with vessel stabilisation by brain peri-

cytes (Ghori et al., 2017; Jean LeBlanc et al., 2018; Kokovay

et al., 2006; Zechariah et al., 2013). Impaired post-stroke vessel den-

sity in T2D indicates that diabetic conditions reduce recovery mecha-

nisms under pathological situations, such as stroke (Ergul et al., 2014).

Consistent with previous reports, we found that vessel density and

coverage of vessels by pericytes were significantly reduced in T2D
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mice after stroke indicating failure to form new mature micro-vessels

(Cui et al., 2011; Prakash et al., 2013). Interestingly, we show for the

first time that this negative impact of T2D on vascular remodelling in

the chronic phase of stroke could be completely reversed by

exendin-4 treatment. This novel finding is in line with previously

reported beneficial effects of GLP-1 receptor activation on the vascu-

lature. For example, GLP-1 has been shown to improve endothelial

function in T2D (Nystrom et al., 2004) and GLP-1 receptor activation

after stroke can stimulate angiogenesis (Chen et al., 2018; Zhao

et al., 2015), microvascular recruitment and blood flow (Almutairi

et al., 2019).

Pericytes play an active role in tissue remodelling after stroke. In

particular, it has been suggested that pericytes detach from the vessel

wall and migrate into the injured parenchyma where parenchymal

pericytes form a dense network contributing to the fibrotic scar after

stroke (Fern�andez-Klett et al., 2013; Makihara et al., 2015; Roth

et al., 2019; Shen et al., 2012). Interestingly, our study shows that the

density of parenchymal pericytes is reduced in T2D but is restored to

levels, comparable to those in of non-diabetic animals, when

exendin-4 was administered. Even though the fibrotic scar is still not

well studied in stroke, our results suggest that exendin-4 may play a

beneficial role in tissue remodelling during the chronic phase of

stroke.

In the non-diabetic study, we showed that exendin-4 was only

marginally effective to improve neurological recovery after stroke.

This was surprising considering the number of reports showing the

beneficial effects mediated by GLP-1 receptor activation in rodent

stroke models without T2D (Marlet et al., 2018). Decreased effi-

cacy under non-diabetic conditions could be explained by the

already very robust recovery in vehicle-treated non-T2D mice

(a ceiling effect). Indeed, these mice recover quickly after stroke

and are thus likely to provide little opportunity to further improve

recovery after pharmacological treatment. Another important aspect

to consider is that in addition to the normalisation of hyper-

glycaemia and insulin sensitivity, GLP-1 analogues (and by proxy

insulin) also improve or enhance synaptic plasticity and neuro-

plasticity (Korol et al., 2015; Larsson et al., 2016; Mainardi

et al., 2015; McClean et al., 2010). Furthermore several studies

have shown the neurotrophic and neuroprotective effects of insulin

and insulin-enhancing drugs in animal models of stroke (Mielke &

Wang, 2011; Pomytkin et al., 2018). Thus, the likelihood of the

beneficial effects mediated by insulin on stroke recovery should

not be discounted. We show that although standard diet-fed mice

(both untreated and treated with exendin-4) were normoglycaemic,

exendin-4 did induce a significant increase of plasma insulin levels,

6 weeks after tMCAO. Therefore, although speculative, the minor

but significant effect of exendin-4 to improve stroke recovery

could be potentially attributed to increased trophic/neuroplasticity

mechanisms induced by elevated insulin.

One of the limitations of the study is the use of male mice only.

Sex differences are an important issue in stroke research and should

not be side stepped. It has been shown that GLP-1 receptor agonists

are more effective in females at reducing the risk of cardiovascular

events including stroke (Raparelli et al., 2020), although it is unknown

whether the difference in efficacy could also persist during post-

stroke rehabilitation. Nevertheless, this is an important topic that

needs to be investigated. We limited our study to male mice, as

female mice are resistant to developing the metabolic syndrome after

HFD exposure (Pettersson et al., 2012) and thus an addition of

females to our study would have introduced an unwanted variable

(difference in metabolic state) in this ‘proof of concept’ study and

complicated the data interpretation. Other limitations of the study are

the lack of histological assessments at intermediate time points and

the reliance on a well-validated (Augestad et al., 2020; Chiazza

et al., 2018, 2020; Pintana et al., 2019) but single behavioural readout.

Therefore, we acknowledge that our findings will have to be con-

firmed by additional studies. On the other hand, a strength of our

study is represented by the experimental T2D model used here and

the clinically relevant study design. Unlike genetic or toxin-induced

T2D models, diet-induced obesity/T2D more accurately models

lifestyle-induced T2D in humans (Heydemann, 2016). Moreover, this

model perfectly replicates the T2D-induced impairment of functional

recovery that is observed in stroke patients (Ullberg et al., 2015).

Additionally, by replacing HFD with standard diet after stroke, we

have removed the potential confounding effects of different diets

during the stroke recovery phase, as well as mimicking the condition

of diabetic stroke survivors who experience lifestyle/diet changes

after stroke.

In conclusion, our results have demonstrated the effectiveness

of a GLP-1 receptor agonist in improving neurological recovery

after stroke in T2D. Our study expands on a previous report show-

ing the significant benefit of glycaemia regulation during the

post-acute, chronic, stroke recovery phase (Augestad et al., 2020)

and provides the first experimental evidence for the key role of

the normalisation of insulin sensitivity in the improvement of

long-term neurological recovery after stroke. These results

strongly motivate additional studies to investigate the use of T2D

therapies that, in addition to glycaemia regulation, also improve

insulin sensitivity thus promoting better functional recovery after

stroke.
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