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GLP-1� (Glucagon-like�peptide� 1)� is� an� incretin� (a�metabolic�hormone�modulating�
glucose�metabolism)�known�to�lower�blood�glucose�by�stimulating�insulin�release�
and�inhibiting�glucagon�release.�The�effects�of�GLP-1�are�well�documented�in�adults,�
but�little�is�known�about�the�role�of�GLP-1�during�development.�The�hypothesis�of�
this�project�is�that�GLP-1�assists�the�pancreas�in�development,�differentiation,�and�
proliferation.� To� test� this� hypothesis,� Glucagon-like� peptide� 1� receptor� knockout�
mice� (GLP-1R� KO)� were� compared� to� control� mice� to� block� the� mechanism� of�
GLP-1.� Sections� of� the� pancreas� were� taken� from� both� GLP-1R� KO� and� control�
mice�and�were�stained�for� insulin,�glucagon,�and�proliferation.�The�data�from�the�
experiment�suggests�that�GLP-1R�KO�mice�have�less�islet�cell�mass�(both�α�and�β)�
and�proliferation�compared�to�controls.�Further�studies�could�investigate�the�role�of�
GLP-1�during�pancreatic�organogenesis.
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Introduction

GLP-1�(Glucagon-Like�Peptide�1)�is�an�incretin�mostly�secreted�by�intestinal�epi-
thelial�endocrine�L-cells�lining�the�inside�of�the�large�intestine�and�the�α-cells�of�
the�pancreatic�islets�(Whalley�et�al.,�2011).�It�is�secreted�into�the�bloodstream�in�
response�to�nutrients.�GLP-1�travels�through�the�bloodstream�to�influence�many�
different�organs�in�our�body�such�as�the�brain,�liver,�and�pancreas�(Schematically�
represented�in�Figure�1)�(Alejandro�et�al.,�2014;�D’Alessio�et�al.,�1994;�Drucker�&�
Nauck,�2006;�Smith�et�al.,�2014).�GLP-1�binds� to�a�G�protein-coupled�receptor�
(GPCR)�on�the�cell�membrane.
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The�pancreas� is�composed�of� two�main�compartments:� the�exocrine� tissue�
(acinar�cells�and�ducts),�which�represent�about�80%�of�the�pancreas,�and�endo-
crine�tissue,�highly�vascularized�and�regrouped�into�islets�of�Langerhans�embed-
ded�within�the�acinar�cells,�representing�2–3%�of�the�pancreas.�The�exocrine�cells�
secrete�digestive�enzymes,�and�the�endocrine�glands�secrete�hormones�into�the�
bloodstream,�mostly� to� regulate� blood� glucose� levels.� There� are� five� types� of�
pancreatic�islet�cells:�α-cells�secreting�glucagon,�β-cells�secreting�insulin,�δ-cells�
secreting� somatostatin,� PP� cells� secreting� Pancreatic� Polypeptide,� and� ε-cells�
secreting�Ghrelin.

In� the� adult,� GLP-1� is� known� to� stimulate� insulin� secretion,� inhibit� glu-
cagon� release,� and� has� a� role� in� β-cell� survival,� targeting� pathways� known�
to� regulate� pancreatic� development� (Alejandro� et� al.,� 2014;� Cras-Méneur�
et�al.,�2016;�Cras-Méneur�et�al.,�2002;�Elghazi�et�al.,�2017;�Elghazi�et�al.,�2017;�
Elghazi�et�al.,�2002;�Light�et�al.,�2002;�Talchai�et�al.,�2015;�Thorens�et�al.,�1996;�
Villanueva-Peñacarrillo�et�al.,�2001).�This�shifts�the�body�to�anabolic�processes�
and�lowers�blood�glucose.

Diabetes� is� a� chronic� health� condition� that� affects� how� the� body� turns�
food� into� energy.� There� are� two� different� types� of� diabetes.� Type� 1� occurs�
when� the� body’s� immune� cells� attack� the� β-cells� in� the� pancreas.� This� can�
destroy�all�the�β-cells�causing�the�pancreas�to�be�unable�to�secrete�any�insulin�
or� deplete� the� amount� of� β-cells� causing� the� inability� to� produce� sufficient�
amounts�of� insulin� in�response� to�a�meal.�Type�2�diabetes�results�when�the�
body�is�not�able�to�provide�enough�insulin�to�adequately�lower�blood�glucose.�
Typically,� type� 2� diabetics� have� become� insulin� resistant,� and� their� β-cells�
fail�to�adapt�to�the�increased�demand�for�insulin.�GLP-1�has�been�used�as�a�
pharmacologic�treatment�for�Type�2�diabetes�because�of�its�ability�to�increase�
insulin�secretion�and�limit�β-cell�death.�(Alejandro�et�al.,�2014;�Cras-Méneur�

Figure 1. Pathway�of�GLP-1�and�its�effects�on�the�body�and�pancreas.
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et�al.,�2016;�Cras-Méneur�et�al.,�2002;�Elghazi�et�al.,�2017;�Elghazi�et�al.,�2017;�
Elghazi�et�al.,�2002;�Light�et�al.,�2002;�Talchai�et�al.,�2015;�Thorens�et�al.,�1996;�
Villaneuva-Peñacarrillo�et�al.,�2001).

While� the� effects� of�GLP-1� in� adults� have�been� extensively� studied,� few�
studies�have�addressed�its�impact�on�pancreatic�development�(Elghazi�et�al.,�
2017;�Elghazi�et�al.,�2017;�Elghazi�et�al.,�2002;�Gromada�et�al.,�1997;�Light�et�al.,�
2002;�Millamn�et�al.,�2016;�Pagliuca�et�al.,�2014;�Schindelin�et�al.,�2012;�Smith�
et�al.,�2014;�Sun,�X,�&�Kaufman,�2018;�Talchai�et�al.,�2015;�Thorens�et�al.,�1996;�
Villaneuva-Peñacarrillo�et�al.,�2001).�This�project�aims�to�investigate�whether�
GLP-1� could� affect� the� developing� islets� in� the� pancreas� during� embryonic�
development.�To�target�GLP-1�signaling�during�development,�we�used�mice�
that� have� a� deletion� of� the� GLP-1� receptor� and� are� therefore� insensitive� to�
GLP-1�itself.

Based�on�the�effects�of�GLP-1�in�the�adult,�we�hypothesize�that�mice�without�
GLP-1�receptors�would�have�decreased�islet�cell�mass�and�reduced�proliferation.�
As�illustrated�in�Figure�2,�different�key�developmental�stages�were�studied�in�
order�to�narrow�down�the�role�of�GLP-1�during�the�early�steps�that�control�the�
endocrine� fate,� or� the�maturation� of� β-cells.� If� there� is� no�difference� between�
pups�with�GLP-1�receptor�and�without�the�GLP-1�receptor,�we�expect�to�see�no�
difference�in�mass�nor�proliferation�of�cells.

Figure 2. Measuring�amount�of�differentiation�throughout�mouse�pancreatic�development�
(days).�The�primary�and�secondary�transitions�in�development�are�highlighted�with�red�
and�green�arrows,�respectively.
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Methods

Immunostaining

The�project�is�centered�on�the�analysis�of�the�pancreatic�phenotype�of�transgenic�
mice�models.�After�newborn�pancreatic�dissection,� the�tissue� is�fixed,�paraffin�
embedded�and�sectioned.�For�staining,�the�slides�are�deparaffinized�and�rehy-
drated�before�staining�with�different�specific�primary�antibodies.�The�antibod-
ies� are� chosen� to� target� specific�proteins� in� the�pancreatic� islets� (e.g.,� Insulin,�
Glucagon,�or�Ki67�for�proliferation�quantification).�A�secondary�antibody�with�
a�fluorophore�allows�us�to�visualize�the�staining�in�the�islets�under�a�fluorescent�
microscope.�Primary�antibodies�are�diluted� in�a�blocking� solution�which�pre-
vents�the�antibodies�from�binding�to�any�non-specific�antigen.�Slides�are�incu-
bated�with�the�antibody�overnight�at�4°C.�After�a�series�of�washes,�the�secondary�
antibody� (also�diluted� in� blocking� solution)� is� incubated� for� 2� hours� at� room�
temperature.�After�additional�washes,� the�slides�can�be�mounted�with�a�glass�
coverslip�using�an�anti-fading�mounting� solution�and�kept� in� the� refrigerator�
until�image�acquisition.�If�scanning�for�proliferation,�a�DAPI�counterstain�is�used�
when�mounting�the�slides�on�glass.�The�DAPI�counterstain�allows�us�to�stain�the�
nuclei�in�blue.

Image Acquisition

Image�acquisition�is�done�with�a�fluorescence�microscope�with�a�motorized�stage�
(Nikon�AZ-100).�Pictures�are�taken�in�three�separate�color�channels�(green,�red,�
and�blue)�with�a�cooled�monochrome�camera�with�high�bit�depth.�FITC�second-
ary�antibodies�are�used�to�stain�green,�Cy3�for�red,�and�the�DAPI�counterstain�
for�the�blue�channel.�In�our�experiments,�FITC�was�used�for�insulin�in�the�β-cells�
in� the�pancreatic� islets.�Cy3�was�used�for�either�glucagon�in�the�α-cells�of� the�
islets�or�for�Ki67�(a�proliferation�marker)�and�DAPI�provided�a�blue�counterstain�
for�the�nuclei.

Morphometric Analysis

As�previously�described,�after�the�images�are�captured�on�the�microscope,�they�
are�further�processed�using�Fiji,�an�image�processing�software�used�for�morpho-
metric�analysis�of�the�images�(proliferation,�β-�and�α-cell�mass)�(Cras-Méneur�
et�al.,�2016;�Elghazi�et�al.,�2017;�Elghazi�et�al.,�2017;�Schindelin�et�al.,�2012).�To�
determine�β-cell�mass,�Fiji�is�used�to�outline�the�boundaries�of�the�pancreas�and�
eliminate�extraneous�material�in�the�photo.�Next,�the�threshold�feature�is�used�
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to�highlight�the�tissue�and�quantify�the�area�of�insulin�positive�staining�of�the�
pancreatic�section.�The�β-cells�are�outlined�using�the�insulin�staining�in�the�green�
channel�and�use�thresholding�to�get�the�area�of�the�β-cells.�The�same�process�is�
followed�for�α-cells�in�the�red�channel.

The� total�area�of� the�α-�or�β-cells� can�be�divided�by� the�whole�pancreatic�
area�to�calculate�the�percentage�of�the�pancreas�that�consists�of�β-�or�α-cells.�The�
proportion�of�staining�and�the�whole�pancreas�weight�allow�for�the�determina-
tion�of�the�mass�of�the�corresponding�cell�type.�Proliferation�is�measured�using�
the�Ki67� stain.�Ki67� is�used� to�measure�proliferation�because� it� is� exclusively�
expressed�during�interphase�of�mitosis,�and�it�binds�to�DNA.�Ki67�is�not�pres-
ent�in�G0�cells,�but�is�expressed�in�G1,�G2,�S�and�M�phase�(Sun,�X,�&�Kaufman,�
2014).�Ki67-expressing�nuclei�can�be�automatically�counted�in�Fiji�using�different�
plugins�allowing�to�reinforce�contrast�using�Limited�Adaptive�Histogram�Equal-
ization�(CLAHE)�and�identify�the�nuclei�based�on�their�sizes,�roundness,�staining�
intensity,�and�distance�from�one�another�using�segmentation�through�an�addi-
tional� plugin� (ITCN� https://imagej.nih.gov/ij/plugins/itcn.html)� (Zuiderveld,�
1994).�The�percentage�of�proliferation�was� found� in� the�pancreas� through� the�
ratio�between�proliferating�cells�expressing�Ki67�in�red�and�the�total�number�of�
nuclei�counterstained�with�DAPI�in�blue.�This�also�allows�examination�of�β-cell�
proliferation.�This�can�be�achieved�by�outlining�the�β-cells�in�all�three�channels�
based�on�the�insulin�staining�and�deleting�the�surrounding�material.�The�blue�
channel� and� nuclei� counter� help� determine� the� total� number� of� nuclei� in� the�
β-cells�and� the� red�channel� is�used� to�determine�which�cells�are�proliferating�
within�the�β-cells.

Because� the�binomial�distribution�of� the�data� could�not� be�demonstrated,�
the�data�was�analyzed�using�nonparametric�tests�(Mann�Whitney)�using�the�sta-
tistical�analysis�software�Prism�9�(Graphpad�Inc.).�Prism�was�used�to�plot�data�
and�compare�the�differences�between�GLP-1�knockout�mice�and�GLP-1�mice�at�
different�stages�of�the�development�and�at�birth.

Results

Reduced α- and β-cell mass in GLP-1R KO mice at birth

The�data�gathered�for�this�experiment�involved�pancreatic�sections�4�μm�thick�
from�five�mice.�Data�was�collected�from�5�independent�pancreatic�sections.�Sec-
tions�were�stained�for�insulin,�glucagon,�proliferation�(Ki67),�and�nuclei�(DAPI).�
Sections�were�isolated,�stained,�and�analyzed�for�these�factors�to�determine�the�
role�of�GLP-1�during�development.�β-�and�α-cell�mass�is�determined�by�isolating�
the�cells�and�determining�their�mass�relative�to�the�entire�section.�The�CLAHE�



	 Imaging	the	Effects	of	GLP-1	on	the	Developing	Pancreas • 59

UMURJ • vol. 16, no. 1 • 2023

tool�is�used�to�determine�proliferation�in�the�blue�and�red�channels�to�count�the�
number�of�proliferating�nuclei.

The� pancreas� sections� for� the� GLP-1R� KO� mice� on� average� were� much�
smaller� than� sections� for� the�wild�mice.� There�was� also�more�fluorescence� in�
the�wild�type�mouse�and�more�cells�stained�positive�for�insulin�and�glucagon.�
Figure�3�which�shows�that�there�is�an�89%�reduction�in�β-cell�fraction�in�GLP-1R�
KO�mice.�The�difference�in�size�could�constitute�for�the�higher�expression�of�β−
cells�in�the�wild�type�mouse.�Differentiated�β-cells�release�insulin�which�we�can�
measure�through�immunostaining.�Since�the�GLP-1R�KO�mice�have�less�β-cell�
mass,�the�results�suggest�that�GLP-1�has�a�role�in�differentiation�and�growth�of�
the�pancreas.

Overall α-and β-cell proliferation is also reduced in KO mice

The�wild�type�mice�appear�to�have�more�red�staining,�indicative�of�Ki67,�a�marker�
of�proliferation.�The�wild�type�mice�have�an�increased�percentage�of�positively�
stained�cells�which�indicates�that�they�have�increased�proliferation�in�islet�cells�

Figure 3. Expression�of�insulin�and�glucagon�in�wild�type�and�GLP-1�KO�mice.�Pancreatic�
slices�from�newborn�wild�type�(WT)�and�GLP-1�receptor�knockout�mice�(GLP-1R�KO)�
were�obtained�and�stained�with�Cy3�antibodies�for�glucagon,�shown�in�red,�and�FITC�
antibodies�for�insulin,�shown�in�green.�Average�percentage�of�β-cells�across�sections�of�
control�(WT)�and�GLP-1�KO�mice.�(**P<0.01)
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(Figure�4).�This�indicates�that�the�GLP-1R�KO�mice�have�less�β−cell�proliferation�
as�well� as� less� overall� proliferation.�This� result� shows� that�pancreatic� cells� in�
KO�mice�are�not�dividing�as�often�and�can�account�for�the�smaller�size�of� the�
pancreas�seen�in�Figure�1.�GLP-1R�KO�mice�are�shown�to�have�less�pancreatic�
growth�and�islet�cell�concentration�in�comparison�to�their�control�counterparts.

The�gathered�data�demonstrates�that�the�GLP-1R�KO�mice�exhibit�less�pro-
liferation�and�reduced�overall� islet�cell�mass�(both�β�and�α)�than�their�control�
counterparts�at�birth.�The�fewer�number�of�cells�could�be�due�to�reduced�prolif-
eration�or�increase�apoptosis.

Discussion

These�findings�suggest�that�the�GLP-1�protein�has�a�role�in�the�development�of�the�
pancreas.�Considering�the�smaller�size,�decreased�proliferation,�and�decreased�
islet�mass�in�both�α�and�β−�cells,�GLP-1�seems�to�be�involved�in�development�at�
birth.�Concomitantly,�both�α-�and�β-positive�cells�were�drastically�reduced�in�the�
GLP-1R�KO�mice�compared�to�the�control,�therefore�increasing�the�deficit�in�islet�
mass�at�birth.�The�mass�of�the�pancreas�itself�was�less�in�the�GLP-1R�KO�mice�as�
well.�The�proliferation�rate�was�also�lower,�suggesting�that�the�GLP-1�protein�has�
a�role�in�pancreatic�growth�and�differentiation�during�development,�resulting�in�

Figure 4 .�Expression�of�proliferation,�insulin,�and�nuclei.�Pancreatic�slices�from�newborn�
mice� were� stained� for� proliferation� (Ki67),� nuclei� count� (DAPI),� and� insulin� (FITC).�
Average�β-cell�proliferation�and�overall�proliferation�across�wild�type�and�GLP-1R�KO�
mice�is�shown�in�the�graphs.�(*P<0.05)
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reduced�mass�and�differentiation�at�birth.�Further�analysis�will�need�to�be�per-
formed�to�find�out�the�exact�timing�GLP-1�is�acting�during�development.

As�a�newborn,�a�glucose�tolerance�test�is�impractical,�but�due�to�decreased�
mass,�we�can�anticipate�that�insulin�and�glucagon�secretions�might�be�impaired�
in�these�animals�after�birth.�Further�studies�could�block�the�GLP-1R�on�specific�
cells�in�the�islets�to�determine�if�a�certain�type�of�cell�in�the�pancreas�has�a�larger�
role�in�development�and�differentiation.�This�research�could�investigate�if�GLP-1�
has�a�role�in�paracrine�signaling.�The�paracrine�effect�is�the�process�by�which�one�
cell�influences�the�differentiation�of�another�nearby.�Another�potential�direction�
for� research� could�be� investigating� the� effect� of�GLP-1�on� cell� differentiation.�
Islet�cells�can�differentiate�into�either�α-,�β-,�δ-,�ε-,�and�PP�cells.�Differentiation�is�
a�key�part�of�development,�and�this�research�could�further�uncover�the�function�
of�the�GLP-1�protein.

It�is�hypothesized�that�GLP-1�assists�in�the�differentiation�of�pancreatic�cells�
during�organogenesis.�Further� studies�at�key�embryonic� stages� (see�Figure�2)�
could� determine�whether�GLP-1� could� affect� pancreatic�mass� by� altering� the�
proliferation�or�the�differentiation�of�the�progenitors.�This�hypothesis�could�be�
studied� by� culturing� pancreatic� progenitor� cells� in� the� presence� and� absence�
of�GLP-1.�Cells� can� be�marked� for� proliferation�with�Ki67.� If� proliferation� of�
pancreatic�progenitors� is�equal�across�conditions,� then�GLP-1�does�not�play�a�
role�in�proliferation�of�progenitors.�It�is�also�possible�that�GLP-1�absence�could�
be�decreasing� the�endocrine�mass�of� the�pancreas�by� reducing�differentiation�
of�islet�cells.�In�a�similar�setup,�progenitors�can�be�cultured�with�and�without�
GLP-1.�Cells�can�be�stained�for�determinants�of�differentiation,�such�as�staining�
for�insulin�in�β�cells.�Studies�of�this�type�are�limited�because�of�the�α-cells�ability�
to� secrete�GLP-1.�To�account� for� this,� future� studies� could�genetically�modify�
mice�and�delete�the�genes�coding�for�secretion�of�GLP-1.�The�results�of�this�study�
can� give� researchers� important� information� on� pancreatic� development� with�
GLP-1�and�can�help�make�strides�towards�the�therapeutic�treatment�of�diabetes�
that�could�further�be�adapted�for�the�in�vitro�differentiation�of�embryonic�stem�
cells�towards�β-cells�(Millman�et�al.,�2016;�Pagliuca�et�al.,�2014).
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