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Abstract (English)
Stroke is the leading cause of disability in adults in westernized societies and it has an important impact
on health and economy. Comorbid health conditions such as hypertension, inactive lifestyle, smoking,
obesity and diabetes considerably increase the risk of stroke. Moreover, studies have shown an increased
probability of stroke occurrence and recurrence in the type 2 diabetes (T2D). Stroke leads to neurological
deficits like motor impairments, disabilities and poor quality of life. The need of finding a novel treatment
that can assure neuroprotective effects is crucial considering that the incidence of T2D is increasing
around the world. Thrombolytic treatment given within 3-4 h from the stroke can assure some protection.
Unfortunately, too few patients can benefit of this treatment due to a delayed arrival at the hospital,
incorrect diagnoses or other causes. Furthermore, drugs that have shown some neuroprotective
effectiveness in the pre-clinical experiments, failed in the clinical trials and today, there is no treatment
for stroke based on neuroprotection. Glucagon-like peptide 1 (GLP-1) is a peptide found in L-cells of the
small intestine and is secreted after the meal. The activation of its receptor (GLP-1R) increases the
glucose-dependent insulin secretion and decreases the glucagon secretion. Exendin-4 (Ex-4) is a GLP-1R
agonist that showed efficacy against stroke in diabetes in animal models. Additionally, it has been
demonstrated that Ex-4 is acting through the activation of GLP-1R. The aim of the present study was to
determine if the receptor itself plays a role in stroke outcome (without Ex-4) and see if the stroke-induced
inflammation is affected by the lack of GLP-1R. We compared knockout vs. wild type mice by evaluating
the stroke volume and by performing stereological counting of neurons in the striatum and cortex. The
results showed no significant differences between the two groups, indicating that the lack of GLP-1R
plays no role in stroke outcome.

Abstract (Swedish)
Stroke är den vanligaste orsaken till handikapp hos vuxna i västerländska samhällen och den har en stor
inverkan på hälsa och ekonomi. Komorbida hälsotillstånd som högt blodtryck, inaktiv livsstil, rökning,
fetma och diabetes ökar kraftigt risken för stroke. Dessutom har studier visat en ökad sannolikhet för
stroke, förekomst och återfall, för typ 2 -diabetes (T2D) patienter. Stroke leder till neurologiska bortfall
som motoriska funktionsnedsättningar, funktionshinder och dålig livskvalitet. Behovet av att hitta en ny
behandling som kan säkra nervskyddande effekter är avgörande med tanke på att förekomsten av T2D
ökar runt om i världen. Trombolytisk behandling som ges inom 3-4 timmar från en stroke kan garantera
ett visst skydd. Tyvärr kan för få patienter dra nytta av denna behandling på grund av att den inte kan ges
beroende på sen ankomst till sjukhuset, felaktiga diagnoser eller andra orsaker. Dessutom har läkemedel
som har visat vissa nervskyddande effekter i prekliniska försök, misslyckats i kliniska prövningar och i
dag finns det ingen behandling för stroke som baseras på neuroprotektion. Glukagonliknande peptid 1
(GLP- 1) är en peptid som finns i L-celler i tunntarmen och utsöndras efter måltider. Aktiveringen av dess
receptor (GLP- 1 R) ökar den glukosberoende insulinutsöndringen och minskar glukagonutsöndringen.
Exendin-4 (Ex - 4) är en GLP - 1R agonist som visade effekt mot stroke vid diabetes i djurmodeller.
Dessutom har det visats att Ex- 4 agerar genom aktiveringen av GLP -1R. Syftet med föreliggande studie
var att bestämma om själva receptorn spelar en roll vid stroke utfall (utan Ex - 4) och att se om stroke inducerad inflammation påverkas av bristen på GLP - 1R. Vi jämförde knockout möss kontra möss av
vild typ genom att utvärdera strokevolym och genom att utföra stereologisk räkning av neuroner i
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striatum och cortex. Resultaten visade inte några signifikanta skillnader mellan de två grupperna, vilket
tyder på att avsaknaden av GLP -1R inte spelar någon roll i strokeutfall.
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Abbreviations

BBB

Blood brain barrier

CNS

central nervous system

GLP-1

glucagon like-peptide 1

cAMP

cyclic adenosine monophosphate

DPP-IV

dipeptidyl peptidase IV

Ex-4

exendin 4

PKA

protein kinase A

IBA1

ionized calcium-binding adapter molecule 1

IP3

Inositol triphosphate

T2D

Type 2 diabetes
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Introduction
Stroke
Stroke is the second most common cause of adult disability and death in 2012, according to
World’s Health Organization[2] . It is conditioned by a variety of factors which include high
blood pressure, diabetes mellitus, coronary heart disease, age [3], sex and race [4], tobacco [5].
Some of these factors associated with obstructive sleep apnea can lead to occlusion of a large
vessel such as internal carotid and results in a thrombotic stroke. This is a type of stroke, called
ischemic stroke accounts for 85% of the total stroke cases. Thrombotic stroke is characterized by
a thrombus obstructing the blood vessel and blocking the blood flow to a specific brain area. A
surgical removal of the clot can be efficient in the first 3-4h after stroke but most of the patients
cannot benefit of this treatment due to late arrival at hospital, delayed diagnosis or
contraindications[6] .
Intravenous thrombolytic treatment with recombinant tissue plasminogen activator (r-TPA) is a
Food and Drug Administration (FDA)-approved drug. When administrated within 3-4 hours
from the onset of stroke, it can have substantial benefits in the functional outcome. The
drawback of this therapy is the increased risk of intracerebral hemorrhage. Studies showed that if
the administration of the r-TPA is delayed beyond 3-4 hours, the therapeutic effects are
considerably diminished and the risk of hemorrhage is increased [5]. A great effort is focused in
finding an ideal acute therapeutic intervention that can protect the neural tissue from being
injured.
Diabetes is a medical condition where the body does not produce enough or is unable to use
insulin in the glucose metabolism to assure the necessary energy. Type 2 diabetes (T2D), also
called adult-onset or non-insulin-dependent is the inability of the body to use the produced
insulin (insulin resistance) or it does not produce enough (hypoinsulinemia). T2D is mostly
associated with obesity, which can cause insulin resistance, and leads to an increased blood
glucose level [7]. T2D is one of the most common diseases worldwide. An estimation of 6 % of
the world’s adult population has diabetes. T2D is extended to 85 % of all diabetes in developed
countries and even greater percentage in developing countries
Studies have shown that stroke is more likely to occur in diabetic patients. In the Framingham
study, the incidence of stroke is 2 to 4 times higher in diabetic than in non-diabetic subjects [8].
Moreover, higher mortality rate, slower post stroke recovery process and more severe disability
are encountered among patients with diabetes than non-diabetic ones. Studies have shown a link
between insulin resistance as an independent risk factor and increased ischemic stroke risk. In
addition, T2D doubles the chance of stroke recurrence, which has a worse functional outcome
than the first stroke [9] increasing the mortality rate [10].
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If r-TPA, is administrated in diabetic patients with elevated blood glucose that suffer a
thrombotic stroke, the risk of intracerebral hemorrhage increases even more, which makes this
treatment less preferable to be administrated in these situations.

Inflammation in the stroke outcome
Stroke induces strong inflammatory reaction in the brain. Damaged brain tissue secretes factors
that create cytotoxic environment [11]. Studies indicate a stronger post-ischemic inflammatory
reaction in T2D than in non-diabetic cases [12].
Inflammation is linked to the activation of microglia, the expression of the cellular adhesion
molecules on endothelial cells and inflammatory cell migration. These are activated by
proinflammatory cytokines and reactive oxygen species released by damaged cells. Infiltrating
inflammatory cells and activated microglia secrete additional cytokines and reactive oxygen
species, resulting in further tissue damage, oxidative stress, and activation of matrix
metalloproteinases leading to disruption of the blood-brain barrier and formation of fluid
accumulation called edema [11].
A novel treatment that can include anti-inflammatory and anti-hyperglycemic effects and reduce
edema would constitute a good way to minimize stroke-induced brain damage in diabetics.
Glucagon like Peptide-1 agonists, like Exendin-4 proved to be a novel treatment for type 2
diabetes in animal models but there is still a question of mechanism behind the process if there is
no drug administrated.

Glucagon like Peptide-1 physiology
Glucagon-like-peptide-1 (GLP-1) is a 30-amino acid peptide hormone released by intestinal
epithelial endocrine L-cells in the small intestine in response to food ingestion. GLP-1 regulates
glucose, reduces appetite and food intake [13, 14]. The increased secretion of GLP-1 by L-cells
starts approximately 10 min after meal intake. The plasma GLP-1 peak levels of 15-50 pmol/l are
achieved after 40 minutes. The presence of nutrients in the gut lumen and the interaction with the
microvilli in the L-cells activates the GLP-1 response [15].
An important regulator of biological activity of GLP-1 is dipeptidyl peptidase IV (DPP-IV) [16].
As we can see in Figure 1, nutrients in the gut lumen (villus) stimulate GLP-1 secretion. This
diffuses into the lamina propria across the basal lamina and, taken up by a capillary, it will be
broken down by DPP-IV, which is located on the luminal surface of the endothelial cells. Only
25% of the secreted GLP-1 gets to portal circulation and 10-15% gets into the systemic
circulation, reaching the pancreas and the brain through the endocrine pathway. Around 40% is
destroyed in the liver.
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Figure 1. The endocrine pathway for the actions of GLP-1. Figure used with permission [14]
GLP-1 receptors (GLP-1R) are found in a wide range of tissues like the pancreatic islets, lung,
kidneys, heart, vessels, stomach, intestine, skin and regions in the brain [17]. The receptor binds
via a stimulatory G protein with a seven-span trans-membrane domain where GLP-1 and its
analogues bind [14].GLP-1 effect on insulin production is exerted through the interaction with its
receptor located on the cell membrane of the pancreatic β cells [18]. GLP-1R is found widely in
the pancreatic tissue. It was first cloned by expression cloning from a rat pancreatic islet library
by Bernard Thorens in 1992. He was the one to confirm that Exedin-4 (Ex-4) is a full agonist of
GLP-1R [19]. Ex-4 was first discovered in the saliva of the lizard Heloderma suspectum[20]. Ex4 shares 53% amino-acid sequence identity to GLP-1. It has similar biologic actions as GLP-1
and has a longer half-life than GLP-1 by resisting to dipeptidyl peptidase-4 degradation.
Synthetic form of Ex-4 is a drug administrated to T2D patients, together with metformin and
sulfonylurea [6] or as monotherapy. Also, it induces pancreatic β-cell proliferation and higher
resistance to apoptosis [21, 22].
The process of GLP-1 binding to its receptors and leading to the insulin stimulation is pictured in
Figure 2. Binding of GLP-1 to its receptor couples to activation of adenylate cyclase,
intracellular cAMP levels are elevated and PKA is activated. The strong insulinotropic action of
this hormone results from its interaction with several important regulatory steps in the stimulussecretion coupling of the β -cell.
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Figure 2. The cellular actions of GLP-1 that lead to stimulation of insulin secretion. Figure
used with permission [1]
1. KATP channels closure is determined by the glucose metabolism and GLP-1 synergetic action.
Glucose transporters pick up the glucose and metabolize it. This leads to generation of adenosine
triphosphate (ATP) and decrease of adenosine diphosphate (ADP). ATP to ADP ratio increases,
the membrane is depolarized and the KATP channels are closed 90-95 %. GLP-1 facilitates the
closure of KATP channels thus the β cells excitability is augmented. The inhibitory effect of GLP1 on KATP channels is cAMP/PKA dependent.
2. When the electrical activity begins, the action potentials bursts are prolonged due to the slower
time course of Ca2+ inactivation. Moreover, because of the increased amplitude of Ca2+ current,
every action potential will be correlated to slightly higher Ca2+ influx.
As we can see in Figure 3, GCa (middle trace) is continuously decreasing during an action
potential. The lower trace in fig. 3 shows a decreased inactivation of Ca2+ currents
Moreover, we can observe a decreased inactivation of Ca2+ currents and on the membrane
potential (middle trace) when GLP-1 is administrated to the pancreatic cell.

Fig.3 Glucose and GLP-1 effects on pancreatic β-cell membrane potential. Figure
used with permission[1]
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3.. When GLP-1 is present and the levels of glucose are stimulating the release of Ca2+, the Ca2+
from the intracellular stores is mobilized by the Ca2+ influx through the Ca2+ channels and the
IP3-induced Ca2+ is stimulated also
4. Either from stimulated Ca2+ influx or from higher mobility in the intracellular stores, the
increased in [Ca2+]i leads to a larger exocytotic response. Mobilization is assured by Mg-ATP
and it’s increased when PKA is activated. cAMP stimulates exocytosis with a mechanism
independent of PKA activation.
This effect is principally attributable to the ability of cAMP to accelerate granule mobilization
resulting in an increased size of the pool of granules that is immediately available for release.
The last step may account for 70% or more of the total stimulatory action [1, 14].

GLP-1 effect on glucagon regulation
Glucagon actions are opposed to those of insulin to maintain the glucose level and so, glucagon
contributes strongly to hyperglycemia in diabetic patients [16]. The property of GLP-1R to
strongly inhibit glucagon secretion makes it a novel treatment for type 2 diabetes mellitus (T2D).
Patients with T2D present fasting hyperglucagonemia, which contributes to hyperglycemia [14,
23].
GLP-1 stimulates pancreatic somatostatin secretion which reduces the glucagon secretion by
paracrine interaction [14]. It is important to mention that GLP-1 (or Ex-4) does not have an
increased risk of hypoglycemia. It has been tested that GLP-1 effect to suppress glucagon
secretion is lost at glucose levels just below normal fasting levels [24].

GLP-1R activation for treatment of Type 2 diabetes
The insulinotropic effect of GLP-1 makes it an important interest in treating Type 2 diabetes
[14]. Its actions is strictly glucose dependent, which means that there is a low risk of
hypoglycemia because it has no effect on insulin secretion at glucose concentrations below
approx. 4.5mM/L. The fasting glucose level in a healthy subject is 4.4 to 6.1 mM/L. GLP-1R
increases insulin biosynthesis, which means that there is a continuous secretion of insulin. A
study showed that GLP-1R might stimulate the growth of new pancreatic cells in subjects having
too few functioning cells, like T2D patients [25].
Patients suffering of T2D have developed disturbances in multiple metabolic pathways such as
hyperinsulinemia, hyperglycemia, hypoglycemia, pro-inflammatory conditions and obesity.
Neuropathology has been showed to be facilitated by the presence of T2D. Conditions as
Alzheimer’s disease, Parkinson’s disease and stroke were developed in a higher percentage by
patients with T2D.
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GLP-1R agonist, a novel treatment against stroke
GLP-1R is expressed in the brains of rodents and humans [26, 27]. The receptor is expressed in
neurons, in the pyramidal cells in CA (cornu Ammonis) region and the cells in dentate gyrus in
the hippocampus, in the larger pyramidal neurons in the cerebral cortex. The Purkinje neurons
are the only ones expressing the receptors in the cerebellum. GLP-1R is expressed on dendrites
and around synapses [27]. This is an indication that GLP-1R agonists have effects on synaptic
plasticity in vivo. GLP-1 can act as neurotransmitter or modulator which release transmitter,
being the basis of its neuroprotective action [27]. GLP-1, together with Exedin-4 (Ex-4) can
cross the blood- brain -barrier (BBB) [28]. The BBB constitutes the defense mechanism of the
brain with a limited permeability for chemical compounds and protects the brain from potential
neurotoxins.
Studies have shown the efficacy of GLP-1R stimulation by Ex-4 treatment when administrated
before and after the stroke. Measurements performed on diabetic mice after having middle
cerebral artery occlusion (MCAO) showed less neurological impairment, decreased infarct
volume and improved functional score [29]. GLP-1 is considered to be a neurotransmitter but its
receptor may not be the mediator for Ex-4 anti-ischemic action [29].
One study has examined the impact of the lack of GLP-1R on the stroke outcome [21] using
knockout mice which showed no difference in stroke outcome between the lacking and existing
GLP-1 receptor. However the methods of analyses were incomplete. Here we provide detailed
analyses of the stroke outcome and the stroke-induced inflammation in GLP-1R knockout mice.

Aims
The aims of the present study is to determine:
1. Whether the lack of GLP-1R has an effect on the stroke outcome by quantifying the numbers
of neurons in GLP-1R knockout vs. wild type mice.
2. Whether the stroke-induced inflammation is affected by the GLP-1R knockout.
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Materials and Methods
Animals
The GLP-1R knockout (-/-) mice were used to investigate the importance of GLP-1R in stroke
outcome. The GLP-1R -/- mice develop spontaneous diabetes at mature age [30] and they are the
most used subjects for studying the GLP-1 action in the islet and brain. Therefore, they were
used for this study A total of 12 adult mice were used for this study: 7 ko (knockout) mice and 5
wt (wild type). Animals had permanent access to food, which is called fed state.

Transient middle cerebral artery occlusion (tMCAO)
The animals were first anesthetized with 3% isoflurane and the anesthesia continued during
surgery with 1.5 % isoflurane with a snout mask. The procedure of inducing tMCAO starts with
exposing the carotid arteries on the left side, then the external carotid was ligated and temporary
sutures were placed over the common carotid artery. Through a small incision in the external
carotid artery, a 7-0 silicone-coated monofilament (0.17 mm in diameter) was advanced through
the internal carotid artery to the origin of the MCA to block it, the wound was closed and the
animal was allowed to wake up. After 30 minutes of occlusion, the animals were anesthetized
again, the filament was withdrawn and the ligatures were removed from the common carotid
artery. During surgery, body temperature was maintained at 36-38°C with a heating pad. The
mice were transferred to a heated box for 2h and they were allowed to wake up again. The
surgeon performing the operation was blinded to the experimental groups.

Immunohistochemistry (IHC)
Animals were deeply anesthetized with overdose of sodium pentobarbital and perfused
transcardially with 4% paraformaldehyde. The brains were extracted, post-fixed in 4%
paraformaldehyde overnight at 4°C and submersed in 20% sucrose in phosphate buffer until they
sunk (indicating the saturation of the tissue with sucrose). Using sliding microtome, slices of
50µm thickness were cut and stained as free-floating sections. The following primary antibodies
were used: anti-NeuN (1:100) (Millipore, MA, USA) a neuronal marker to stain surviving
neurons in striatum and cerebral cortex and rabbit anti-Iba1 (1:1000 dilution) (Wako Chemicals,
USA) a marker for microglia.
Sections were incubated with the primary antibody for 24-36h at 4°C in phosphate buffer
containing 3% appropriate serum and 0.25% Triton-X. The primary antibody was detected using
biotin-conjugated secondary antibody (1:200) (Vector, CA, USA) against the host species of the
primary antibody. The incubation was applied for 2h at room temperature (approx. 18-21ºC) in
phosphate buffer containing 3% of the appropriate serum and 0.25% Triton-X. For chromogenic
visualization, avidin-boitin complex (ABC kit, Vector, CA, USA) and diaminobenzidine were
used to assure contrast effect. The thickness of the tissue shrinks after all the staining procedure
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to about 10-15 µm. The mounting of sections was made on coated microscopy glass of 1 mm and
covered with a cover slip of 0.1mm thickness.

Infarct volume measurement and cell quantifications
The measurements were performed using NewCast (Visiopharm, Hoersholm, Denmark)
software. The NeuN and Iba1-stained tissue sections were displayed live on a computer monitor,
this being connected to an Olympus BX51 microscope.
The infarct volume was calculated by subtracting the volume of remaining intact tissue in the
ipsilateral to stroke hemisphere from the volume of the contralateral hemisphere (this method
compensates for the stroke-induced morphological tissue changes). The number of neurons
(NeuN) and microglia (Iba1) was quantified using the fractionator method explained below.
Quantifications were performed using an x40 air objective with numeric aperture of 0.75. The
focus plan was moved through the thickness of the tissue so all the visible cells were
counted.Nine evenly spaced sections mounted on the microscope slide were used for counting.
For microglia volume, the nucleator method was used which is explained in details below.
Immunoreactive cells were counted using a computerized non-biased setup for stereology, driven
by NewCast software.

The fractionator and nucleator
The brains were cut 50 um thick consecutive sections. For stereological quantification every 8th
section was used, thus the section fraction was defined as 1/8. Because the sections in each series
(containing every 8th section) represented 1/8th of the whole brain, the total number of cells in the
brain could be mathematically estimated by multiplying the counted number of cells by the
section fraction (fractionator principle).
The count was performed in cortex and striatum and it included the entire thickness of the brain
section. Like in Fig. 4A, using the software, a dashed line was used to mark these regions and the
area around the contour and inside the delimitation was included in the counting. After this
delimitation, an evenly spaced grid (see the black rectangular in Fig. 4A) was applied with the
aid of the software where parameters like step length and space outside the contour to be
excluded were set. The step length represents the space between the black grids from figure 4A
and determines in how many samples (or frames) the counting will be performed. The step
length is chosen according to stroke area so that approx. 300 cells will be counted. For example,
if the stroke area covers a big part of the ipsilateral to stroke hemisphere, the step length should
be smaller, because there are fewer stained neurons to count, to have a bigger number of grids to
count in and reach the 300 cells. The step length chosen was 200-400 for the striatum and 6001000 for the cortex. The counting is done manually and the data was saved in excel file in the
software. The grid was applied over the cortex and striatum. The software randomly chose the
start point and the direction (if it starts with x or y axis) of the grid. The next step is to count in
every rectangular of the grid with a 2-colored counting frame, like in Figure 4 B. This frame
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systematically moves from one rectangular to another, which means the frame will have the
same position in every rectangular. The frame has a red and a green line. The cells being inside
the frame but crossing the red line are not counted, all the rest being added to the quantified
number (see Figure 4B).
The grid size (the number of black rectangulars) was determined by the step length. The aim is to
count around 300 cells [31] number used in the estimation of total number. Counting more cells
will not improve the precision and less counting would not give a valid quantification, having in
view the random distribution of the cells in the brain.
The total number of cells can be estimated by using the following formula:

Equation 1
N represents the estimation of the total number of cells. Q is the number of sampled cells using
the method described above. Sf is the section fraction and is 1/8th of the whole brain. Area
fraction (af) is calculated as followed: the area of the counting frame (the red-green frame from
figure 4B, with the lengths defined in the software) was divided by the rectangular distance (on x
axis) between each grid (the black rectangular in Figure 4A) in order to cover the entire surface
of cortex and striatum where the counting was performed. The estimation for each tissue slice is
then summed up to get the estimation in one brain (the sum limitations are 1 to n which
represents how many different tissue slices have been counted on one brain) According to
statement above, Q will always have a value around 300. The af term have an impact on the final
calculation since it is influenced by the size of the counting frame, implicit the stroke area.
I performed the dissection of the tissue, antibodies incubation, washing and quantification of the
cells under the close observation of my supervisor. tMCAO and extraction of the mice brains
was performed by a specialized team at Karolinska Institutet in Huddinge.

12

Figure 4. Stereology used to quantify cells
A. Dashed red lines delimitates the area of cerebral cortex and striatum. The black rectangulars represents grids
equally distanced over cortex and striatum where the counting is performed. The pictures were acquired with the
NewCast software and x10 lens. B. Frame used to count inside every grid from (A). The cells intersecting the green
line are counted (+) and the ones intersecting the red line are not counted (-).The pictures were acquired with the
NewCast software and x40 lens. The scale bar is 35um. C. Nucleator used to measure the cells volume. Blue lines
represents the lines generated from a central point of the cell towards the cell edges. Every intersection between the
lines and edges is marked with the green signs. The investigator was blinded to the experimental groups in order to
avoid biasing the quantification process.. The pictures were acquired with the NewCast software and x100 lens.

Nucleator is a method used to estimate the volume of cells. The fractionator is used to select
cells on which to apply the nucleator frame that has again red and green lines. The cells crossing
the green line and being inside the frame have been measured in volume but not the ones
crossing the red line. In this way, there is no risk of measuring the volume of the same cell when
the frame jumps in other random position, which may include one or more of the cells counted
before. The method implies to pick a point near the center of the particle (cell) and lines that
intersect with the edge of the particle are generated. Those intersection points are marked and the
shape that if formed is rotated around the central point by the software and a cell’s volumes is
estimated (Figure 4C). The brain tissue was cut in a Vertical Uniform Random (VUR) way,
13

which is an important requirement in the nucleator method. The estimation of the average
microglia volume in the stroke-damaged brain area was performed using this method.

Statistics
Statistics were performed with Graphpad Prism software using unpaired t-test. Differences
between groups were considered statistically significant when P<0.05. Results are presented in ±
standard error of mean.

Ethical considerations
The experiment was performed by following the guidelines of ‘Guide for the Care and Use of
Laboratory Animals’ published by US National Institutes of Health (NIH publication, # 85-23,
revised 1985) and approved by the regional ethics committee for animal experimentation.
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Results
To study the effect of the absence of GLP-1Rin a stroke outcome, we immunostained brain
sections for neurons and microglia cells using NeuN and Iba1 markers respectively. For the
study, we used knockout mice that lack receptors of GLP-1R and compared the data collected to
the estimated numbers of the cells in brain from wild type mice.

The stroke outcome not influenced by GLP-1R KO
Stroke volume was evaluated as described in methods. Figure 5 A shows that there is no
significant difference in the stroke volume between the KO (37.63 ± 12.87 mm3) and WT (31.77
± 13.25 mm3).
NeuN Immunoreactive cells were counted in both cortex (Figure 5B) and striatum (Figure 5C)
for the two groups. Quantitative analyses did not show any differences in number of neurons in
the cortex (KO 5.6x105 ± 1.2x105, WT 7.3x105 ± 2.4x105) or the striatum (KO 1.2x105 ±
0.8x105, WT 1.2x105 ± 0.5x105) between the two groups of stroke-subjected mice.

Figure 5. NeuN-labelled cells quantification in cerebral cortex and striatum
A. Statistical representation of stroke volume in mm3 for knockout and wild type. Bars represent means ± SEM,
unpaired t-test. B-C. Stereological quantification of NeuN-positive cells in stroke-damaged cortex, respectively in
striatum. Bars represent means ± SEM, unpaired t-test. D. Stroke ipsilateral cerebral hemisphere stained with NeuN.
Black dashed line delimitates the stroke area in both cortex and striatum. The figure is acquired using the NewCast
software and magnification of 10. The pictures were edited using Photoshop.
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Stroke-induced inflammation not influenced by GLP-1R KO
To evaluate stroke-induced inflammation we quantified Iba1-positive microglia and estimated
average microglia volume. Figure 6 A shows that GLP-1R knockout does not affect microglia
number after stroke (KO 8.1x105 ± 1.1x105, WT 8.6x105 ± 1.7x105) in the cerebral cortex.
To determine whether GLP-1R knockout had effect of microglia activation, the average
microglia cell volume was estimated using the nucleator method described above (Figure 4 C).
As shown in Figure 6 B the average microglia volume did not differ between the two groups
(KO 643 ± 167 μm3, WT 629 ± 281 μm3).

Figure 6. Iba1-labelled cells quantification in cerebral cortex
A. Stereological quantification Iba1-positive cells in stroke-damaged cortex.
Bars represent means ± SEM, unpaired t-test. B. Statistical representation of average microglia volume in mm3 for
knockout and wild type. Bars represent means ± SEM, unpaired t-test. C. Stroke ipsilateral cerebral hemisphere
stained with Iba1. The dashed line delimitates the stroke area in both cortex and striatum. The figure is acquired
using the NewCast software and x10 lens . D. Representative image of Iba1 immunoreactivity. The black marker
indicates an inactivated microglia and the white marker indicates an activated microglia. The figure is acquired
using the NewCast software and x40 lens. The pictures were edited using Photoshop.
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Discussion
Stroke is the second most common cause of death and chronic disability in adults according to
the World Health Organization [2]. Studies showed that diabetic patients have a two to four fold
increased risk to suffer a stroke compared to non-diabetic patients. There is even a stronger
comorbidity between T2D and neurological pathologies as stroke, AD and PD. The population of
diabetic patients is rapidly increasing and that is why we need to find a therapeutic treatment to
diminish the harmful effects that a stroke can cause.
Sensorimotor alterations and cognitive deficits are disabilities that can occur in a stroke outcome.
Studies on mice with induced MCAO stroke have demonstrated a very poor sensorimotor
abilities and a decreased performance in learning and memory. Although it is known that our
body can activate some regenerative mechanisms in the brain and effects like decreased edema,
partially repaired neurons and activated neuronal pathways, the brain still does not have the
ability to anatomically organize and thus, recovery is limited [32].The need of treatments that
can help in protecting the affected tissue is of a great interest and substantial efforts are mediated
for this drug to be created.
An accepted therapy to combat stroke is r-TPA drug, presented above. The side effects and
limitations of administration in a specific window time make it less of a successful solution. In
T2D, it is even less preferred because of the increased intracerebral hemorrhage incident.
There are studies demonstrating that Ex-4, the first GLP-1R agonist, can constitute an innovative
treatment, showing a promising result in the pre-clinical studies in reducing brain damage after
stroke in T2D. An experiment performed on diabetic Goto-Kakizaki rats presented anti-stroke,
neuroprotective and anti-inflammatory efficacy but only if Ex-4 was administrated at 5
µg/kg.[28]. Yet, in the absence of GLP-1, Ex-4 treatment showed to be ineffective in the
experiment performed by Li et.al.[21].
Exenatide, a synthetic form of Ex-4, is an additional drug used in clinical trials for treating T2D
patients. It showed effect in reducing bodyweight with 0.9-2.5 kg in obese patients, in improving
blood pressure and in lowering the total cholesterol [6]. Tests with Exenatide have been
performed on eleven acute stroke patients having a history of diabetes. Despite the mild nausea
and vomiting adverse events, the drug was safe and patient’s neurological and functional
outcome was not worsened[33].Ongoing clinical trials with Exenatide administrated to the
patients who suffer a stroke incidence and have hyperglycemia are carried out at Södersjukhuset,
part of Karolinska Institutet, Stockholm but no results are available yet.
It has been discovered another GLP-1R agonist. Liraglutide has ~97% amino acid sequence
identical to human GLP-1. In elevated glucose concentration, liraglutide induces an increased
insulin release but subsides when blood glucose lowers. Because of the ability to bind to albumin
and its slow metabolic degradation by DPP-IV, liraglutide has a half-life time of 10-14h after
being subcutaneous administrated to humans. The most common side effects are nausea,
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vomiting and diarrhea but in a mild and transient way [13]. It has been showed that liraglutide
can contribute to infarct volume reduction and neuroprotective effects [34]. Drugs with a longer
period of acting like dulaglutide and albiglutide are innovative treatments but not approved yet
for clinical trials [6, 35] .
The present study started from the hypothesis that activation of GLP-1R may assure
neuroprotection in a stroke outcome without any other agonist being additionally administrated.
It has been described before the ability of GLP-1 to enhance the insulin secretion in a glucosedependent manner and that decreases the glucagon secretion in the presence of hyperglycemia.
These facts make it a wanted treatment for T2D together with GLP-1R agonists discussed above.
Now it raises the question if GLP-1R activation can also help in neuroprotection after stroke. It is
important to mention that the animals used do not have diabetes at the age they were used for the
experiment. They may develop diabetes at a more mature age but that factor may be considered
for a future project. The main interest of this project is to determine the role of GLP-1 in the
stroke outcome.
The data presented in results section did not show any important difference between the two
groups of study, ko and wt, in the overall data. The quantification of surviving NeuN-positive
neurons using the fractionator method revealed that there is no significant difference between the
knock-out mice and wild type. It can be speculated that receptors of GLP-1 can be expressed in
other cerebral areas than cortex and striatum or there is a different pathway of receptor activation
that is presently unknown
The infarct volume does not account for neuronal loss in the tissue but is an additional
assessment for evaluating stroke damage. Quantifying microglia and average microglia volume
measurement were performed to estimate the inflammation volume. The data was compared to
determine whether GLP-1R activation can help in diminishing infarct volume. Results showed
no significant difference which lead to the conclusion that GLP-1R cannot assure the same
effects without the administration of a drug. This can also suggest that approximately the same
amount of microglia that led to edema were activated by the damaged cells in the cortex and
again, the presence of GLP-1R is not assuring protection against damaged tissue. The statistics of
microglia cells show no significant difference, which can be interpreted as there is a similar total
number of microglia in ko and wt

Strength and limitations
The strengths of the study are the stereology and immunohistochemistry protocols which are
validated methods. Moreover, the additional methods used compared with other articles [21]
which had the same target makes these experimental results to be more trusted.
The limitation of this study was the small number of animals used, this study being just a pilot.
Maybe a larger amount of implied subjects would give more power to the results. A statistical
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improvement could have been observed also if more animals would have been added to each
group.

Conclusions and future directions
Stroke is the most common cause of adult disability and the third most common cause of death.
T2D is a comorbid health condition that favorites stroke occurrence and the consequences are
related to decreased sensorimotor function. GLP-1R activation can help to treat diabetes but has
no input when it comes to neuroprotection effect after stroke without any administrated drug.
This study helps us to understand the importance of GLP-1R activation in treating stroke. Yet,
the mechanism behind the GLP-1R-mediated neuroprotection is widely unknown and it requires
more investigation. In conclusion, the present paper gives motivating factors to further
investigate the activation pathway of the GLP-1 receptors or the existing of receptors’ location in
the human body that it is not known yet.
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