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Abstract

Nestin, a marker of neural stem cells, is also expressed by cells located in the epithelium of the 

pancreatic primordium and by a subpopulation of exocrine cells but not by endocrine cells. These 

findings raised the possibility that the pancreatic epithelium is heterogeneous and comprised of 

subpopulations of exocrine/ nestin-positive and endocrine/nestin-negative precursor cells. We 

examined this issue in two mutant mouse models characterized by protracted expression of several 

embryonal properties in islet cells. One mutant line comprises mice lacking mature glucagon due 

to abrogation of proprotein convertase-2 (PC2−/−), responsible for the conversion of proglucagon 

into glucagon, while the second line consists of mice with a global deletion of the glucagon 

receptor (Gcgr −/−). We demonstrate that nestin is transiently expressed by acinar cells and by 

insulin and glucagon cells of islets of both lines of mice. In addition, the lack of glucagon 

signaling increased nestin mRNA levels in pancreas of mutant embryos and adult mice. We 

conclude that nestin+ cells located in the pancreatic primordium generate the cells of the 

endocrine and exocrine lineages. Furthermore, our results suggest that nestin expression is 

regulated by glucagon signaling.
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INTRODUCTION

The pancreatic β cell has a pivotal role in the regulation of glucose homeostasis and its death 

leads to Type I diabetes. The search for sources of new β cells is driven by the shortage of 

islets of Langerhans suitable for replacement therapy for Type I diabetes. Recent advances 
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in stem cell research have led to promising sources of insulin-producing cells. However, a 

key step in the generation of islet stem cells is the identification of progenitor cell markers 

for proper lineage isolation of insulin secreting cells (Soria, 2001).

The selection of appropriate lineage markers is likely to be derived from analysis of 

pancreatic islet cell development. The first indication of morphogenesis of the pancreas 

occurs around day 9.5 of embryonic development (e-9.5) in mice (22–25 somites) when the 

dorsal endoderm evaginates forming the epithelium of the pancreatic primordium and 

becomes surrounded by condensed mesoderm (Pictet and Rutter, 1972). This process is 

concomitant with the initiation of endocrine cell differentiation. The different endocrine cell 

types, derived from the pancreatic epithelium, appear sequentially during development. 

Glucagon (GLU+) and insulin (IN+) cells are first seen at e-9.5 and 10, respectively, SOM at 

day 15, and PP at postnatal day one (Alpert et al., 1988; Gittes and Rutter, 1992; Guz et al., 

1995; Herrera et al., 1991). The epithelium of the pancreatic primordium also generates the 

exocrine component of the pancreas, which begins to differentiate at e-15 (Alpert et al., 

1988; Gittes and Rutter, 1992; Pictet and Rutter, 1972).

Recent studies highlighted the role of several families of transcription and growth factors in 

islet cell differentiation (Jensen, 2004), many of which also play key roles in the 

development of neural tissues. The fact that islet cells and neurons have similar molecular 

phenotypes (Ahlgren et al., 1997; Alpert et al., 1988; Gradwohl et al., 2000; Naya et al., 

1997; Sander et al., 2000; Sosa-Pineda et al., 1997; Sussel et al., 1998; Turque et al., 1994) 

raised the possibility that precursor cells of islets, like those of brain, express the 

intermediate filament nestin (Cattaneo and McKay, 1990; Lendahl et al., 1990), a classical 

marker of neuronal stem cells. This possibility was supported by the discovery of nestin+ 

cells in epithelial cells of the pancreatic bud of mouse embryos from e-10 to e-15 (Esni et 

al., 2004), raising the prospect that these cells were endocrine precursor cells. This 

possibility is controversial since several reports indicated that nestin expression was 

restricted to cells derived from the mesenchyme (Humphrey et al., 2003; Klein et al., 2003; 

Lardon et al., 2002; Selander and Edlund, 2002; Treutelaar et al., 2003). The derivation of 

pancreatic endocrine and exocrine cells from nestin precursors is further complicated by 

conflicting results obtained from cell lineage analysis of pancreatic cells using molecular 

marking techniques. The initial studies performed using this approach suggested that nestin 

precursors generated exocrine cells but not cells expressing insulin or glucagon (Delacour et 

al., 2004; Esni et al., 2004; Selander and Edlund, 2002) while more recent in vitro studies 

indicated that endocrine and exocrine cells of the embryonic pancreas derive from 

progenitors expressing the intermediate filament (Bernardo et al., 2006).

There is additional evidence from in vitro studies supporting the possibility that endocrine 

cells are derived from nestin+ precursors. Nestin was used as a marker to isolate a 

subpopulation of embryonic stem cells with the ability to initiate insulin expression in vitro 

(Blyszczuk et al., 2003; Lumelsky et al., 2001). Moreover, islets of adult mice and rats were 

found to contain nestin+ cells (Hunziker and Stein, 2000; Zulewski et al., 2001) and these 

cells were reported to differentiate into endocrine and exocrine cells in culture (Abraham et 

al., 2004; Hunziker and Stein, 2000; Klein et al., 2003; Seaberg et al., 2004; Zulewski et al., 

2001). These observations suggest that embryonic islet precursor cells express nestin but 
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that its expression in vivo is down-regulated and becomes undetectable during the initiation 

of endocrine differentiation.

In the present study, we sought to determine whether nestin is expressed in vivo by islet 

cells of two mutant mouse models characterized by protracted expression of several 

embryonal properties (Vincent et al., 2003; Vuguin et al., 2006), speculating that they may 

also retain expression of nestin after the initiation of hormone expression. One mutant line 

comprised mice with a deletion in the gene encoding for prohormone convertase-2 (PC2−/−), 

responsible for the conversion of proglucagon into the glucagon (Furuta et al., 1997; Steiner, 

1998) while a second line consisted of mice with a global deletion of the glucagon receptor 

(Gcgr−/−) (Gelling et al., 2003). We found that nestin is transiently expressed by endocrine 

cells of Gcgr+/+ and PC2+/+ embryos during early development and by a significant number 

of insulin and glucagon cells of Gcgr−/− and PC2−/− mice during early and midgestation. 

Moreover, the lack of glucagon signaling increased nestin mRNA levels in pancreas of 

mutant embryos and adult mice. These observations support the view that nestin+ cells of the 

epithelium of the pancreatic primordium are multipotent stem cells that generate not only 

exocrine but also endocrine cells of the pancreas.

RESULTS

Transient Expression of Nestin by Endocrine Cells of Mutant Mice During Development

To determine whether nestin is expressed by pancreatic cells during development, pancreata 

of PC2−/−, PC+/+, Gcgr−/−, and Gcgr+/+ embryos were examined. At e-11, the earlier stage 

analyzed, the pancreatic primordium of Gcgr+/+ and PC2+/+ embryos contained clusters of 

glucagons+ (Glu+) cells and cells expressing low levels of nestin immunoreactivity. In these 

clusters, most cells coexpressed glucagon and nestin (Fig. 1B–D). At this stage, the pancreas 

contained few insulin+ (IN+) cells and an occasional IN+ cell expressed nestin (Fig. 1E–G). 

Nestin expression by endocrine cells of pancreas of Gcgr+/+ and PC2+/+ embryos was 

transient and was extinguished by e-15 of development (Fig. 2D). Similar to Gcgr+/+ and 

PC2+/+ embryos, the pancreatic primordia of e-11 Gcgr−/− and PC2−/− embryos contained 

nestin+ glucagon+ cells (results not shown). However, e-11 Gcgr−/− and PC2−/− embryos 

lacked IN+ cells (Vincent et al., 2003; Vuguin et al., 2006). Lack of glucagon signaling also 

affected the time-table of expression of nestin in islet cells. Thus, in contrast to e-15 Gcgr+/+ 

and PC2+/+ embryos, nestin+ cells do not disappear during midgestation but, rather, were 

abundant in pancreas of e-15 Gcgr−/− embryos and a significant number of these cells were 

IN+ or GLU+ (Fig. 2A and B). At this stage, 30% of IN+ cells expressed nestin (544 IN+ 

cells scored). Similar results were obtained with e15 PC2−/− embryos (not shown). The 

pattern of nestin staining observed in embryos and adults (see below) is cytoplasmic rather 

than that characteristic of cytoskeletal proteins. Our results and results by others (Koso et al., 

2007; Yasuhara et al., 2006) suggests that the pattern of nestin staining is determined by the 

cellular environment. Cells in vitro that are attached to a surface have filamentous staining 

while those in vivo show uniformal cytoplasmic staining. The mutations also affected the 

level of expression of nestin mRNA, which were significantly higher in pancreas of e-15 

Gcgr−/− and PC2−/− than in pancreas of Gcgr+/+ and PC2+/+ littermates (see Fig. 6A).
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The number of cells co-expressing nestin and either insulin or glucagon decreased abruptly 

during the perinatal period and were not observed in islets of postnatal (P) day 1(P-1) 

PC2−/− pups (Fig. 3A,B) or Gcgr−/− pups (not shown). Few nestin cells were observed in the 

exocrine compartment of postnatal PC2+/+ or Gcgr+/+ (not shown). In contrast, a large 

number of cells expressing nestin were observed in the exocrine pancreas of P1 PC2−/− mice 

(Fig. 3D) and of Gcgr−/− mice (not shown) and these cells co-expressed amylase (Fig. 3C– 

E). These observations indicate that nestin was transiently expressed by endocrine cells 

during prenatal development and that the duration and level of nestin expression increased in 

pancreas of mice lacking glucagon signaling.

Reappearance of Nestin Expression in Pancreatic Cells of Adult Mutant Mice

Since our previous results indicated that pancreas of adult PC2−/− and Gcgr−/− contain 

subsets of islet cells expressing traits characteristic of endocrine cells of embryos (Vincent et 

al., 2003; Vuguin et al., 2006), we sought to determine whether these cells also expressed 

nestin. Large numbers of nestin cells were found in approximately 10% of the islets in both 

strains of mutant mice and some of these cells co-expressed insulin (Fig. 4A), glucagon (Fig. 

4C), somatostatin (Fig. 4D), or PP (Fig. 4E). Islets containing cells coexpressing nestin and 

a pancreatic hormone were not distributed throughout the pancreas but, rather, were 

localized to a subset of pancreatic lobules (Fig. 5A). In addition to these subsets of nestin+ 

endocrine and exocrine cells, all islets of Gcgr+/+ mice (Fig. 4F,G) and of PC2−/−, PC2+/+, 

and Gcgr−/− mice (not shown) contained nestin+ cells that did not express hormones. These 

cells are likely to be the mesenchymal nestin+ cells described by others (Delacour et al., 

2004; Esni et al., 2004; Humphrey et al., 2003; Klein et al., 2003; Lardon et al., 2002; 

Treutelaar et al., 2003).

The exocrine compartment of pancreas of 3-month-old Gcgr−/− mice (Fig. 5A) and of 

PC2−/− mice (not shown) contained a large number of nestin+amylase+ cells. Some of these 

cells were scattered within the exocrine tissue, resembling the pattern found in the exocrine 

tissue of pancreas of Gcgr+/+ (Fig. 5C) and PC2+/+ mice (not shown). However, abundant 

expression of nestin was found clustered in some lobules of the pancreas (Fig. 5A,D) where 

most of the nestin+ cells coexpressed amylase (Fig. 5E). The regions of the pancreas with 

abundant nestin expression in the exocrine tissue also contained islets harboring nestin+ 

endocrine cells (Fig. 5A). In agreement with the immunocytochemical results, the levels of 

nestin mRNA were also upregulated in pancreas of Gcgr−/− and PC2−/− adults as compared 

to that of Gcgr+/+ and PC2+/+ littermates (Fig. 6B).

DISCUSSION

The large overlap between neurons and pancreatic endocrine cells in the molecular program 

of differentiation (Ahlgren et al., 1997; Alpert et al., 1988; Gradwohl et al., 2000; Naya et 

al., 1997; Sosa-Pineda et al., 1997; Sussel et al., 1998; Turque et al., 1994) and the 

knowledge that nestin is a marker of neuronal stem cells (Cattaneo and McKay, 1990; 

Johansson et al., 1999; Lendahl et al., 1990) drove the search in the pancreas for a nestin-

positive population that would generate the cells of the endocrine and exocrine lineages. 

Previous reports indicated that nestin was expressed by mesenchymal cells of pancreas 
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during development (Selander and Edlund, 2002), by the epithelium of the pancreatic 

primordium, and by acinar but not endocrine cells produced by this embryonic layer 

(Delacour et al., 2004; Esni et al., 2004). In contrast to those reports, the observations 

reported in this study demonstrate that nestin is expressed during early development by IN+ 

and GLU+ cells of Gcgr+/+ and PC2+/+ and that its expression increased significantly in mice 

lacking glucagon signaling.

The difference between our results and those reported by others cannot be due to the source 

of the nestin antibody, since the antisera we used were from the same source as that utilized 

by other laboratories (Delacour et al., 2004). We believe that the discrepancy is related to 

the technique used to process the tissues. The tissues used in this study were embedded in 

sucrose, frozen and sectioned in a cryostat microtome while other groups examined tissues 

that were embedded in paraffin, which generally decreases the sensitivity of the 

immunostaining procedure (Guz and Teitelman, unpublished data). This is particularly 

important when the antigen level is very low, as is the case for nestin in e-11 embryos. In 

addition, while sections of older embryos and adults were incubated overnight with antisera 

to nestin, sections of e-11 embryos were incubated for 3 days, a length of time that improved 

the visualization of the fluorophore linked to the secondary antibody.

The persistence of nestin expression in differentiated endocrine cells of PC2−/− and Gcgr−/− 

embryos follows the pattern of other embryonal traits that have protracted expression in islet 

cells of these two mutant lines (Vincent et al., 2003; Vuguin et al., 2006). Thus, while the 

pancreatic specific transcription factor Pdx-1 is expressed by pancreatic cells of PC2+/+ and 

Gcgr+/+ embryos but only by beta cells of adults, non-beta cells of embryos and adult 

PC2−/− and Gcgr−/− mice expressed Pdx-1 (Vincent et al., 2003; Vuguin et al., 2006). 

Similarly, the glucose transporter 2 (GLUT2), which is transiently expressed by glucagon 

cells in control mice during development, is expressed by alpha cells of adult Gcgr−/− mice 

(Vuguin et al., 2006). Finally, cells co-expressing insulin and glucagon, found only in 

pancreas of e10 to e-15 control mice, populate islets of adult Gcgr−/− mice (Vuguin et al., 

2006). These observations suggested that the normal pattern of activation and inactivation of 

genes that occurs during normal development (Jensen, 2004; Wilson et al., 2003) is 

perturbed in mice lacking glucagon signaling. Nestin expression was down-regulated in islet 

cells of Gcgr+/+ and PC2+/+ mice soon after the initiation of endocrine cell differentiation. 

The lack of glucagon signaling in PC2−/− and Gcgr−/− mice resulted in the presence of 

higher levels of nestin in islet and exocrine tissue and in its protracted expression following 

the appearance of the hormones at e-15.

Nestin expression in pancreas was downregulated in PC2−/− and Gcgr−/− mice during late 

prenatal and early postnatal life, a period presumed to be characterized by a nadir in the rate 

of islet growth (Bonner-Weir, 2000) but it reappeared in pancreas of adults. In both lines, 

nearly 10% of the islets in adults contain abundant nestin expression and these islets were 

located in areas of the pancreas characterized by a large number of nestin+ exocrine cells. 

The pattern in the exocrine tissue differs from that reported in transgenic mice (nestin-Cre/

R26R) using a Cre-Lox system that resulted in the expression of a transgene comprised of 

the nestin promoter and the coding region for β galactosidase. In nestin-Cre/R26R mice, the 

transgene succeeded in permanently labeling cells that transcribe the nestin gene and their 
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descendants (Delacour et al., 2004; Treutelaar et al., 2003). Exocrine cells expressing β 

galactosidase were observed scattered throughout the pancreas (Delacour et al., 2004), 

presumably due to subtle differences in levels of expression of the transgene in acinar cells. 

In contrast, in PC2−/− and Gcgr−/− mice, nestin+ cells were found clustered in a subset of 

pancreatic lobes.

The reappearance of nestin+ cells in pancreas of mature PC2−/− and Gcgr−/− mice is 

intriguing. If nestin expression in adults was activated by the absence of glucagon signaling, 

it would be expected that all acinar cells of PC2−/− and of Gcgr−/− mice would express 

nestin and all islets of these two strains would contain nestin+ endocrine cells. However, 

nestin-positive cells were found in only a subset of islets and of exocrine cells of adult 

PC2−/− and of Gcgr−/− mice. These observations do not support the view that the lack of 

glucagon signaling led to the reappearance of nestin in all pancreatic cells. Rather, they 

suggest the possibility that the areas of the pancreas containing nestin+ cells were newly 

formed lobes that recapitulate the stages of pancreatic cells differentiation of embryos. The 

possible presence of islet neogenesis in PC2−/− and Gcgr−/− mice would account for the 

increased number of islets found in pancreas of both mutant lines (Vincent et al., 2003; 

Vuguin et al., 2006).

In conclusion, our results indicate that cells of the exocrine and endocrine lineages express 

nestin, and support the hypothesis that these cells are generated by nestin-positive precursors 

located in the epithelium of the pancreatic primordia. Moreover, it suggests that transient 

inhibition of glucagon signaling in pancreas of embryos ex vivo will increase nestin 

expression and will facilitate the isolation of pancreatic islet progenitors useful for 

transplantation therapy in Type I Diabetes.

EXPERIMENTAL PROCEDURES

Animals

The colony of PC2 mice used in this study and housed at Downstate was started with 

breeding pairs provided Dr. D.F. Steiner (Furuta et al., 1997). The generation and the 

procedure for determination of their genotype from tail biopsies by PCR of DNA is 

described elsewhere (Furuta et al., 1997; Vincent et al., 2003). Primers were obtained from 

Operon (Alameda, CA). The generation of Gcgr−/−mice has been previously reported 

(Gelling et al., 2003). Heterozygous (Gcgr+/−) and homozygous (Gcgr−/−) matings, 

conducted at AECOM, yielded null (Gcgr−/−) mice in a Mendelian ratio that were genotyped 

by PCR analysis as described (Vuguin et al., 2006). Heterozygous (Gcgr+/−) matings yielded 

null (Gcgr−/−), heterozygote (Gcgr+/−), and wild type (Gcgr+/+) mice in a Mendelian ratio. A 

similar mating protocol was used to generate PC2−/−, PC2+/− and PC2+/+ mice. At least 3 

embryos/ stage/genotype, 3 neonates/genotype, and 6 adults/genotype were examined. For 

timed pregnancies, it is assumed that the morning of plug detection corresponds to day 0.5 

of pregnancy and embryo ages are rounded to the nearest half-day.

Animals were fed ad libitum with free access to water and maintained in a murine hepatitis 

virus-free barrier facility on a 12-h light-12-h dark cycle. Pregnant mice were dissected and 

the embryos fixed overnight by immersion in a solution of 4% paraformaldehyde in 0.1M 

Kedees et al. Page 6

Dev Dyn. Author manuscript; available in PMC 2015 January 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



phosphate buffer (PF). Adult mice were perfused through the heart with a solution of 4% PF 

and postfixed for several hours in the same fixative. Fixed tissues were infiltrated in 30% 

sucrose and mounted in embedding matrix (Lipshaw Co., Pittsburgh, PA), and 10-μm 

cryostat sections were collected onto gelatin-coated slides. The animal protocols used in 

these studies were approved by the Downstate and AECOM Animal Care and Use 

Committees.

Source of Antibodies

Guinea pig antiserum to bovine insulin was purchased from Linco Research Inc (Eureka, 

MO). Rabbit antiserum to human glucagon (GLU) was purchased from Calbiochem (San 

Diego, CA). Rabbit antiserum to human pancreatic polypeptide (PP) and somatostatin 

(SOM) was supplied by Peninsula Labs (Belmont, CA). Monoclonal antibodies to nestin 

were purchased from Chemicon (Temecula, CA) and from the Developmental Studies 

Hybridoma Bank (U. of Iowa). Antibodies were used at the following dilutions: antiguinea 

pig insulin antibody at 1:400; rabbit antisera to human glucagon, somatostatin, and 

pancreatic polypeptide at 1:4,000, 1:8,000 and 1:10,000, respectively, and to nestin at 

1:5,000. Secondary antibodies: Alexa fluor 488 anti-mouse and anti-rabbit IgG, Alexa fluor 

594 anti-guinea pig, anti-rabbit, and anti-mouse IgG were purchased from Molecular Probes, 

Inc. (Eugene, OR). These antibodies were used at a 1:200 dilution.

Immunolabeling of Cryostat Sections

Sections were incubated overnight in an empirically derived optimal dilution of control 

serum or primary antibody raised in species “X” containing 1% goat serum in Tris-saline 

solution (TS; 0.9% NaCl in 0.1 M Tris, pH 7.4). Sections of e-11.5 pancreas were incubated 

for 72 hr with primary antibodies. Then, sections were rinsed in TS and incubated for 2 hr in 

a 1:200 solution of anti-(species x) fluorescent-IgG in 1% goat serum in TS. Sections 

labeled with fluorescent probes were washed in TS, covered with 2–3 drops of Prolong 

Antifade solution (Molecular Probes) after completion of the staining procedure, and dried 

at room temperature before examination. Immunostaining of embryos, neonates, and adult 

mutant and control litter-mates were processed in parallel. Number of slides examined: 12 

for e-11 embryos/genotype, 24 for e-15/genotype, 20 for P-1 and over 30 for adults/

genotype.

Confocal Microscopy

Confocal images were obtained using a Radiance 2000 confocal microscope (BioRad, 

Hercules, CA) attached to a Zeiss Axioskop microscope (Carl Zeiss Inc.). Images of 1,240 × 

1,240 pixels were obtained and processed using Adobe Photoshop 6.0 (Adobe Systems, 

Mountain View, CA). All images of sections from embryonic, postnatal, and adult control 

and mutant mice were captured using similar settings of the confocal microscope.

Quantitative Real Time RTPCR

Total RNA was isolated from Pancreata of E15 embryos or adult control (Gcgr+/+ or 

PC2+/+), Gcgr−/−, and PC2−/−sing TRIzol reagent (Invitrogen). RNA was treated with 

DNase-1 (Ambion, Austin, TX), and 5 μg of total RNA was transcribed using Oligo (dT)20 
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and SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. The reverse transcription was performed at 50°C for 45–50 min 

and stopped by incubating at 70°C for 15 min. PCR amplifications were performed using an 

ABI prism 7700 Sequence detection System (Applied Biosysytems, Foster City, CA). 

Reactions were performed in a 25-μl reaction using 2× solution of RT2 Real-Time™ SYBR 

green/ROX PCR Master Mix (SuperArray, Fredrick, MD). Primers for mouse nestin (Nes, 

Catalog Number: PPM04735A, RefSeq accession no. NM_016701.3) and 18S rRNA gene 

(18SrRNA, Catalog Number: PPM57735A, RefSeq accession no. K01364.1) were 

purchased from Super-Array (Fredrick, MD). Amplification was performed by initial 

polymerase activation for 10 min at 95°C and 40 cycles of 95°C for 15 s and 60°C for 60 s. 

Quantitative values were obtained as threshold PCR cycle number (Ct) when the increase in 

fluorescent signal of PCR product showed exponential amplification. Target gene mRNA 

level was normalized to that of 18sRNA in the same sample. In brief, the relative expression 

level of the target gene compared with that of 18SrRNA was calculated as 2–ΔCt, where 

ΔCt = Ct target gene – Ct (18sRNA). The ratio of relative expression of the target gene in 

Gcgr−/− and PC2−/− tissues to that in Gcgr+/+ and PC2+/+ tissues, respectively, was then 

calculated as 2–{Δ}{ Δ} Ct, where {Δ}{ Δ}Ct = {Δ}Ct Gcgr−/− islet – {Δ}Ct control 

Gcgr+/+ islet. Each sample was measured in triplicates.
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Fig. 1. 
Expression of nestin by pancreatic endocrine cells of Gcgr+/+ embryos at e-11.5. A: 
Immunolocalization of nestin in radial glial cells of brain of e-11 mouse embryos. This 

photomicrograph documents the specificity of the nestin antibody from Chemicon. Similar 

results were obtained with the nestin antisera from Developmental Studies Hybrid-oma 

Bank (not shown). B: Pancreas of e-11 Gcgr+/+ embryo immuno-stained for glucagon (red) 

and nestin (green). Note the presence of glucagons+nestin+ cells (yellow). C,D: Area 

indicated with dotted lines is shown in higher magnification, which illustrates single label 

staining for nestin and glucagon respectively. Scale bars for B–D = 35 and 20 μm. E: 
Pancreas of e-11 Gcgr+/+ embryo immunostained for insulin (red) and nestin (green). F,G: 
Area indicated with dotted lines is magnified, which illustrates single label immunostaining 

for nestin and insulin, respectively. Cell indicated with arrowhead is positive for nestin and 

insulin. Scale bars for E–G = 35 and 10 μm. H: Photomicrograph of a section of pancreas of 
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an e-11 Gcgr+/+ embryo incubated with a green fluorescent goat antimouse IgG (incubation 

with antibodies to nestin was omitted). Dotted circle indicates area containing an islet. This 

picture documents the absence of immunopositive nestin cells. Scale bar = 40 μm.
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Fig. 2. 
Expression of nestin by pancreatic endocrine cells of Gcgr−/− embryos at e-15. A: 
Photomicrograph of a section of pancreas of an e-15 Gcgr−/− embryo immunostained for 

nestin (green) and insulin (red) documents the presence of a large number of nestin+ insulin+ 

cells (yellow). Also note that many exocrine cells are nestin positive. Scale bar = 40 μm. B: 
Photomicrograph of a section of pancreas of an e-15 Gcgr−/− embryo immunostained for 

nestin (green) and glucagon (red) demonstrates the presence of nestin+glucagon+ cells 

(yellow). Scale bar = 50 μm. C: Pancreas of e-15 Gcgr−/− embryos immunostained for 

insulin (red) using a guinea pig anti-insulin sera and a secondary anti-guinea pig IgG to 

visualize the pancreas and a green fluorescent goat anti-mouse IgG (incubation with 

antibodies to nestin was omitted). This picture documents the absence of immunopositive 

nestin cells. Scale bar = 40 μm. D: Photomicrograph of a section of pancreas of an e-15 

Gcgr+/+ embryo immunostained for insulin (red) and nestin (green) demonstrates the 

absence of immunopositive double-labeled cells in control mice. Similar results were 

obtained with e-15 PC2+/+. Scale bar= 40 μm.

Kedees et al. Page 13

Dev Dyn. Author manuscript; available in PMC 2015 January 08.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 3. 
Decreased number of nestin+ cells in pancreas of perinatal PC2−/− mice. Photomicrographs 

illustrate islets of P1 PC2−/− immuno-stained for nestin and either insulin (A) or glucagon 

(B). Note that GLU+ or IN+ cells (red) do not coexpress nestin (green). C–E: Photomicro-

graphs illustrate pancreas of P1 PC2−/− mice immunostained for visualization of amylase (C, 

red) and nestin (D, green). E = C+D. Note expression of nestin (green) by amylase+ cells 

(red) located in a pancreatic lobe; coexpressing cells are yellow. Scale bar: 40 μm. F: 
Photomicrograph of pancreas of P1 PC2−/− incubated with green fluorescent goat antimouse 

IgG (incubation with antibodies to nestin was omitted). This picture documents the absence 

of immunopositive nestin cells. Comparable results were obtained with Gcgr−/− mice.
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Fig. 4. 
Reappearance of nestin+ cells in islets of adult PC2−/− mice. Photomicrographs of islets 

from 3-month-old PC2−/− mice immunostained for visualization of nestin (green) and 

insulin (red) (A,F), glucagon (red) (C,G), somatostatin (red) (D), or PP (red) (E). A–E: 

PC2−/− mice; F–G: PC2+/+ mice. Coexpressing cells are labeled yellow. Note that nestin is 

coexpressed by all four endocrine cell types of the islets. B: Pancreas of PC2−/− mice 

immunostained for glucagons (red) using a rabbit anti-glucagon sera and a secondary anti-

rabbit IgG to visualize islets and a green fluorescent goat anti-mouse IgG (incubation with 

antibodies to nestin was omitted). Note that nestin cells are not stained. Similar results were 

obtained with 3-month-old Gcgr−/− mice. Scale bar = 40 μm.
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Fig. 5. 
Increased number of nestin+ amylase+ cells in pancreas of adult Gcgr−/− mice. A: Low-

power photomicrograph of pancreas of 3-month-old Gcgr−/− mice immunostained for 

visualization of nestin. Note that nestin is expressed by many exocrine cells and islets 

(indicated by arrows). B: Pancreas of Gcgr+/+ mice immunostained for nestin. Note the near 

absence of nestin-positive cells in exocrine and endocrine tissue. Arrow indicates an 

unlabeled islet. Scale bar for A and B = 100 μm. C: Photomicrogaph illustrate the presence 

of scattered nestin+ cells in pancreas of Gcgr+/+. D: In contrast, pancreas of Gcgr−/− mice 

contain a large number of nestin+ cells. E: Many nestin-positive cells coexpress amylase. 

Scale bar = 40 μm. Comparable results were obtained with PC2−/− and PC2+/+ mice.
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Fig. 6. 
Pancreas of embryonic and adult mutant mice have high levels of nestin mRNA. Real time 

RT-PCR analysis of nestin expression in pancreas of (A) e-15 and (B) adult Gcgr−/−, 

PC2−/−, Gcgr+/+, and PC2+/+ mice, respectively. Note that that at both stages the levels of 

nestin mRNA are higher in pancreas of Gcgr−/− and PC2−/− mice than in islets of littermate 

controls. A: *WT vs. Gcgr−/− P < 0.0001; **WT vs. PC2−/− P < 0.0008. B: *WT vs. 

Gcgr−/− <0.0002; **WT vs. PC2−/− <0.0001.
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