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ABSTRACT

Pancreatic islet ontogeny involves endocrine cell neogenesis
from ductal epithelium and islet expansion by cell replication,
balanced by apoptotic deletion of endocrine cells which, in rat, is
pronounced in the neonate. Fibroblast growth factors (FGF) are
involved in tissue morphogenesis, and we examined the distri-
bution and ontogeny of several FGF within rat pancreas from late
fetal life until weaning. Islet cell replication (immunohistochem-
istry for proliferating cell nuclear antigen) did not change, but a
transient increase in ductal epithelial cell replication existed
between postnatal days (pnd) 10 and 14. Immunoreactive FGF-1
was found mainly in « cells of islets, and FGF-2 immunoreac-
tivity and mRNA throughout the islets, their distribution increas-
ing with age. Both FGF-1 and -2 were also located in ductal
epithelium, being maximally distributed at pnd 10-14, coinci-
dent with increased cell replication, and when mRNA transcripts
encoding FGF-1 (4.4 kb) and FGF-2 (7 kb) were relatively

Insulin is a major developmental hormone in the embryo and
fetus, and its absence due to gene ablation by homologous gene
recombination in mouse results in severe growth retardation at
birth (1). Similarly, gross pancreatic deficiency in the human
infant, sometimes associated with abnormality in the gene
structures of morphogenic transcription factors, causes intra-
uterine growth restriction, poor lean body mass, and a defi-
ciency of adipose tissue (2, 3). Less extreme intrauterine
growth retardation in both rat and man as a result of fetal
malnutrition is accompanied by a reduced pancreatic (-cell
mass and insulin content (4, 5). The implications of this may be
long-lived because individuals have a pronounced increase in
susceptibility to diseases such as type 2 diabetes, hypertension,
and cardiac ischemia in later life (6). Understanding the locally
acting signals that control the normal progression of pancreatic
B-cell growth and maturation are therefore central to under-
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increased in pancreata. FGF-4 and -6 immunoreactivities were
localized strongly within islets and ductal cells. In contrast,
immunoreactive FGF-7 was associated with pancreatic mesen-
chyme and intra-and extraislet endothelial cells, and mRNA
abundance was transiently increased between pnd 4 and 12,
suggesting a role in the initiation of endocrine cell neogenesis.
Exogenous FGF-7 was fivefold more potent than FGF-1 or -2 in
stimulating DNA synthesis within isolated rat islets. Multiple
FGF are expressed within defined compartments of developing
pancreas and may contribute to endocrine cell neogenesis and
islet function. (Pediatr Res 48: 389—403, 2000)

Abbreviations
FGF, fibroblast growth factor
PCNA, proliferating cell nuclear antigen
pnd, postnatal day

standing the mechanisms of fetal “programming” of adult
disease.

The FGF family of 19 related peptides transmit mitogenic,
angiogenic, and morphogenetic signals to a wide range of
developing fetal and neonatal cell types via four high-affinity
receptors, designated FGFR1 to FGFR4 (7). However, little is
understood of their contributions to the development of the
endocrine pancreas. FGFR are normally absent from isolated
adult islets (8), but in both the rat and midtrimester human
fetus, FGF-2 (basic FGF) and FGFR1 have been localized to
the pancreatic ductal epithelial cells and to small developing
islets (9, 10). Additionally, FGFR4 is highly expressed in a
model of fetal rat islet development in vitro (11, 12).

Endocrine cells are thought to develop from pancreatic duct
epithelial cells during embryogenesis and undergo a lineage
progression and replication. Initially, they exist as individual
cells or small clusters close to the pancreatic ducts and only
form mature islets, with outer « cells and & cells and an inner
mass of B cells, a few days before birth. The growth and
cytodifferentiation of the pancreas depends on mesenchymal-
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Figure 1. Immunohistochemical localization of insulin (4), glucagon (B), cytokeratin (C), and amylase (D) to distinguish endocrine cell components of the
islets, ductal epithelial tissues, and exocrine cells in rat pancreas at pnd 12—14. Arrows show the cellular distribution of staining to « cells (@), B cells (b), ductal
epithelium (d), or exocrine cells (ex). Counterstaining of tissues is with Carazzi’s hematoxylin. Magnification bar = 10 wm.

epithelial interactions. Pancreatic mesenchyme accumulates
around the dorsal gut epithelium and induces pancreatic bud
formation and branching. Endocrine cells develop from the
pancreatic duct epithelial cells and undergo a lineage progres-
sion and replication that has been modeled by Teitelman (13,
14). The earliest endocrine cells in the lineage express gluca-
gon alone and form « cells. Insulin-expressing 3 cells develop
from cells coexpressing glucagon, whereas somatostatin-
expressing D cells develop from cells coexpressing insulin.
These lineages are likely to be controlled by epigenetic signals

including transcription factors and the effects of peptide growth
factors, such as the FGF, within the total environment of the
pancreatic rudiment.

Neogenesis of islets is rapid in the fetus and continues
through neonatal life in the rat, but ceases shortly after weaning
(15). This derives not only from B-cell replication but from the
recruitment and maturation of undifferentiated B-cell precur-
sors (16). Conversely, the rate of mitosis in adult pancreatic 3
cells is normally low (3% replication rate of 3 cells per day)
(17). A transient wave of apoptosis occurs in neonatal rat islets
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Table 1. Percentage of islet cells (I) or ductal epithelial cells (D) demonstrating immunoreactivity for FGF-1, -2, -4, or -6, insulin,
glucagon, or PCNA between 21 d gestation and pnd 22

Age
(days) FGEF-1 FGF-2 FGF-4 FGF-6 Insulin Glucagon PCNA
Fetal 21 1 75*29 145+13 482 €52 35328 78.1 £ 0.5 122*03 35206
D 424 +55 76.1 9.3 123 +38 853114 - - 72=*1.1
pnd 6 I 92+ 1.7 255*+49 528 £49 329*33 77.4 = 0.6 153202 48+ 12
D 52.1+6.2 50.8 £7.2 103 £ 0.5 80.6 £ 9.2 - - 8.7+%25
pnd 10 1 126 = 1.4 28.8 = 4.8* 553 *64 483+ 45 80.2 £ 1.1 134+ 0.8 35+05
D 55363 532 £6.0 8842 78.1 £ 3.8 - - 11.2 = 2.6*
pnd 12 1 15319 262 = 2.57 67.0 279 52139 81.8 = 1.5 142 * 0.8 3.6 =06
D 65.5*+83 62.7*+55 73 *35 754 42 - - 10.8 = 3.5%
pnd 14 I 18.9 £ 2.1* 28.1 = 3.5% 61434 63.1 £5.7 72.5+09 16.5 € 1.1 53*+07
D 71.0 = 5.7* 734 8.1 99 +42 82.8 123 - - 12.5 = 1.9*%
pnd 22 1 25.6 = 2.2F 344 =39} 582 * 4.6 399 *+42 728 =02 22.1+0.6 3.1*+07
D 32944 36.2 £4.0 51x22 52.0 £ 8.7 - - 9.0 34

Figures represent mean values = SEM (n = 5 animals).
*p < 0.05, fp < 0.0l vs fetal d 21.

Figure 2. Immunohistochemical localization of PCNA in rat pancreas at fetal d 21 (4), and pnd 10 (B), 14 (C), or 22 (D). Arrows show the cellular distribution
of staining to islets (7), endothelial cells (e), ductal epithelium (), exocrine cells (ex), or stroma (s). Magnification bar = 10 um.
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between 1 and 2 wk of age (18, 19), and increased numbers of
insulin-positive cells are seen near to the ductal epithelia after
12 d, suggesting the generation of new islets to maintain 3-cell
mass. This ontogeny may provide a 3-cell population suited to
metabolic control in later adult life.

To better understand the contribution of various FGF to islet
cell neogenesis and replication we have examined in this study
their ontogeny and distribution in the developing rat pancreas
between late fetal life and weaning, and their mitogenic actions
on isolated islets.

MATERIALS AND METHODS

Animals. Pregnant Wistar rats (Charles River, Montreal, PQ,
Canada) were euthanized at d 21 of gestation or were allowed
to deliver and the offspring were killed at 2-d intervals between
pnd 2 and 22. Pregnant and suckling rats were allowed free
access to food and water and were maintained on a 12-h
light/dark cycle. All procedures were performed with the ap-
proval of the Animal Care Committee of the University of
Western Ontario in accordance with the guidelines of the
Canadian Council for Animal Care. Rat fetuses and rats up to
pnd 6 were euthanized by decapitation. Pregnant mothers and
older postnatal-aged animals were killed by CO, asphyxiation.
After death, the pancreas was immediately homogenized in 4
M guanidine as previously described (20) for RNA isolation, or

Figure 3. Immunofluorescent localization of Pdx-1 in pancreas from rats at
pnd 4 (4) and pnd 14 (B). i, islet; e, exocrine tissue. Arrows indicates
immunofluorescence in the core of the islet containing the B cells and in ductal
epithelial cells. Magnification bar = 10 pum.
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fixed for histology in ice-cold 4% (wt/vol) paraformaldehyde
buffered with 70 mM phosphate buffer (pH 7.4) containing
0.2% (vol/vol) glutaraldehyde for 16 h at 4°C, followed by four
washes at 4°C in PBS over a 48-h period. Fixed tissues were
dehydrated in 70% (vol/vol) ethanol and embedded in paraffin.

Immunohistochemistry. Histologic sections of pancreas (5
um) were cut and mounted in Superfrost-plus slides (Fisher
Scientific, Toronto, ON, Canada). Immunohistochemistry was
performed to localize FGF-1, -2, -4, -6, or -7, insulin or
glucagon, PCNA, the endothelial cell marker CD31, and the
transcription factor Pdx-1 within the pancreas by a modified
avidin-biotin peroxidase method (21). Sections were deparaf-
finized in xylene, rehydrated in descending ethanol series
(100%, 90%, and 70% vol/vol), and washed in PBS before
incubation in 1% (vol/vol) hydrogen peroxide to block endog-
enous peroxidase activity, followed by a 15-min incubation in
5% (wt/vol) BSA in PBS to reduce nonspecific binding. Slides
were incubated for either 24 h or 48 h at 4°C in a humidified
chamber with primary antibodies diluted in 0.01 M PBS (pH
7.5) containing 2% (wt/vol) BSA and 0.01% (wt/vol) sodium
azide (100 pL/slide). The antisera used were rabbit anti-bovine
FGF-1 (1:100) (R&D Systems, Minneapolis, MN, U.S.A.),
rabbit anti-FGF-2 (Ab 773) raised against the 1-24 synthetic
fragment of bovine FGF-2 (kindly provided by Dr. Andrew
Baird, Ciblex Corporation, San Diego, CA, U.S.A.) (1:500),
goat anti-human FGF-4 (1:1000) (R&D), goat anti-human
FGF-6 (1:1000) (R&D), mouse anti-human FGF-7 (4 pug/mL)
(R&D), guinea pig anti-insulin antibody (1:250) or rabbit
anti-porcine glucagon (1:200) (both provided by Dr. T.J. Mac-
Donald, University of Western Ontario, London, ON, Canada),
mouse anti-PCNA (1:750) (Sigma Chemical Co., St. Louis,
MO, U.S.A.), mouse anti-human cytokeratin 20 (1:50) (Dako
Corporation, Santa Barbara, CA, U.S.A.), rabbit anti-human «
amylase (1:2000) (Sigma Chemical Co.), or anti-CD31 (1:30)
(Dako). All subsequent incubations were performed at room
temperature. For the visualization of cytokeratin, tissues were
first incubated with Bacto-Trypsin (0.015% wt/vol in Trizma
buffer, pH7.6) (Difco Laboratories, Detroit, MI, U.S.A.) for 45
min at 37°C. Biotinylated anti-rabbit IgG (1:30) (Sigma Chem-
ical Co.), anti-guinea pig IgG (1:500), anti-mouse 1gG (1:30),
or anti-goat IgG (1:100) (Vector Laboratories, Burlingame,
CA, U.S.A)) were diluted in the same buffer and incubated at
room temperature for 2 h. Slides were then washed in PBS and
incubated with avidin and biotinylated horseradish peroxidase
for 1.5 h. After washing with PBS, peptide immunoreactivity
was visualized using the Sigmafast diaminobenzidine (DAB)
tablet set (Sigma Chemical Co.). Tissues were counterstained
with Carazzi’s hematoxylin, dehydrated in ascending ethanol
series, cleared with xylene, and mounted under glass coverslips
with Eukit (Ruth Wagener Ent., Newmarket, ON, Canada).

To establish the specificity of the antibodies, those against
FGF were preabsorbed overnight at 4°C with excess homolo-
gous ligand (2 uM) (R&D) before they were applied to the
sections. Cross-reactivity of each antisera with other FGF
species was negligible according to the suppliers. In all cases
staining was abolished. Further controls included substitution
of the primary antibody with nonimmune serum or omission of
the secondary antisera.
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Figure 4. Immunohistochemical localization of FGF-1 (4) and glucagon (B), or FGF-1 (D) and somatostatin (£), in sections from the same islet within rat
pancreas at pnd 14. Arrows show the cellular distribution of staining for FGF-1 to glucagon-containing « cells and its absence from somatostatin-containing &
cells. Panel C is a negative control to show the specificity of the FGF-1 antiserum after preabsorbtion with homologous antigen. Magnification bar = 10 wm.
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Figure 5. Dual-staining immunohistochemical localization of PCNA (blue) and FGF-1 (brown) within an islet (4), and a pancreatic duct (B) in rat pancreas at
pnd 12. i, islets; d, ductal tissue. Arrows indicate dual immunoreactivity associated with either islet or ductal cells. Magnification bar = 10 um.
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Figure 6. Northern blot hybridization of mRNA for FGF-1 within total RNA
extracted from whole rat pancreata for animals of 21 d gestation to pnd 18.
Three major mRNA transcripts were seen for FGF-1 (4.4, 2.5, and 1.2 kb). The
same filter was rehybridized with a cDNA for 18 S rRNA to demonstrate the
efficiency of loading and equivalency of transfer of total RNA. Transcript sizes
are shown at left.

Dual staining for FGF-1, -2, or -7 and PCNA was performed
by first using the FGF antibody as described above using DAB
as a chromogen. Before counterstaining, the sections were
further subjected to immunohistochemistry for PCNA using
alkaline phosphatase (blue) as a chromogen. Alkaline phospha-

tase substrate kit III was obtained from Vector Laboratories.
Anti-mouse alkaline phosphatase conjugate (Sigma Chemical
Co.) was applied to each section for 1.5 h at room temperature,
and the sections washed and alkaline phosphatase substrate
applied for 20 min. Sections were further washed and coun-
terstained with Mayer’s haemalum and mounted with Aqua-
mount (Polysciences, Warmington, PA, U.S.A.).

Immunofluorescent microscopy was used to visualize the
distribution of the transcription factor, Pdx-1, in sections of
pancreas. The primary antiserum used (1:2500 dilution) was
kindly provided by Dr. Christopher Wright (Vanderbilt Uni-
versity, Nashville, TN, U.S.A.). A secondary antibody of
donkey anti-rabbit IgG was conjugated to CY3 red fluoro-
chrome (1:1000, ML Grade, Jackson ImmunoResearch Labs,
Inc., West Grove, PA, U.S.A.).

In situ hybridization. A 486 bp antisense cDNA and a 461
bp sense strand cDNA encoding human FGF-2 in pBluescript
SK+ (Stratagene, San Diego, CA, U.S.A.) were kindly pro-
vided by Dr. Andrew Baird (Ciblex Corporation, San Diego,
CA, U.S.A)). The restriction enzymes (GIBCO-BRL, Burling-
ton, ON, Canada) and RNA polymerases (Promega, Madison,
WI, U.S.A)) used to linearize the plasmid containing these
¢DNAs and to generate **S-radiolabeled riboprobes were, for
the antisense hFGF-2, SAL1/T7, and the sense hFGF-2 EcoRI/
T7. Thio[**SJUTP (400 Ci/mM) was obtained from ICN (Ir-
vine, CA, U.S.A.). Radiolabeled antisense and sense cDNA
probes for hFGF-2 were transcribed using a Riboprobe GEM-
INI II core system (Promega) and [**S] UTP was incorporated
with a T7 RNA polymerase as described previously (20). Fixed
tissues were dewaxed and permeabilized with 0.2% (vol/vol)
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Figure 7. Immunohistochemical localization of FGF-2 (4), insulin (B), and cytokeratin (C) in an islet from a rat pancreas at pnd 14. Panel D is a negative control
to show the specificity of the FGF-1 antiserum after preabsorbtion with homologous antigen. Staining is shown over a and (3 cells of the islets (¢ and b), ductal

tissue (d), or stroma (s). Magnification bar = 10 wm.

Triton X-100 and in situ hybridization performed following the
protocol that has been described in detail by us (22).
Northern blot analysis. RNA was extracted from the pan-
creata using the thiocyanate guanidinium cesium chloride
method immediately after killing the animals as previously
described (20). The integrity and relative amounts of RNA
from each tissue were assessed by size separation by 1%
agarose gel electrophoresis and RNA visualized with ethidium
bromide. Tissues in which ribosomal RNA showed degrada-

tion were discarded. A hFGF-2 cDNA was obtained from Dr.
A. Baird and cDNA encoding fragments of rFGF-1 and rFGF-7
were generated from total newborn rat pancreatic RNA using
reverse transcriptase PCR (RT-PCR) as described (23) using
the ACCESS RT-PCR kit (Promega). The products obtained
from primers for rFGF-1 and rFGF-7 (24, 25) were 400 bp and
570 bp, respectively, and were inserted in a PGEM-T vector
(Promega) and grown in competent bacteria, to obtain large-
scale DNA. The restriction enzymes used to digest the inserts
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Figure 8. Light field (4 and B) and dark field (C and D) microscopy to visualize mRNA signal encoding FGF-2 by in situ hybridization in tissue sections of
rat pancreas from 6-d-old animals. Panels 4 and C show hybridization with an antisense cRNA probe. FGF-2 mRNA is abundant (arrows) within the islets (i)
and in some acinar cells (ex). Panels B and D show a control hybridization with a sense strand cRNA. Magnification bar = 10 wm.

were Sstl and Ss2 (GIBCO-BRL). An 18 S ribosomal RNA
cDNA was kindly provided by Dr. D. Denhardt (Rutgers
University, Piscataway, NJ, U.S.A.). This was used to deter-
mine equality of RNA loading and transfer.

Northern blot hybridization was performed as previously
described by us for FGF-2 (22) using 20 ug total RNA per lane
on 1% agarose, 2.2 M formaldehyde gels. The RNA was
blotted by capillary transfer onto Zeta-probe (Bio-Rad, Her-
cules, CA, U.S.A.) membranes and hybridization performed
with hFGF-2, rFGF1, rFGF-7, or 18 S RNA c¢cDNA radiola-
beled with [**P] dCTP to a specific activity of 10° dpm/ug
DNA. Hybridizations were carried out at 42°C overnight with
2 X 10° cpm/mL labeled cDNA probes. Between hybridiza-
tions with different cDNA probes, membranes were washed
with 0.01X standard saline citrate and 0.5 (wt/vol) SDS at
80°C two to three times for 15 min to remove previous
radiolabeled cDNA.

Islet isolation and culture. The isolation technique for the
production of B-cell-rich islets used collagenase digestion and
was modified from that of Hellerstrom et al. (26). It has been
described in detail by us previously (27). By the beginning of
the experimental incubations, islets consisted of more than
90% B cells when assessed by immunohistochemistry for
insulin. Pregnant rats were euthanized and the fetuses were
removed and euthanized by decapitation. The average number

of fetuses per mother was 12, and 4050 fetal pancreata were
obtained in each experimental group from three to four moth-
ers. After digestion, dispersed tissue was distributed in 1 mL
volumes into tissue culture petri dishes (100 mm; A/S NUNC,
Toronto, ON, Canada) containing 14 mL tissue culture medium
(RPMI 1640, pH 7.4, containing 11.1 mM glucose and 25 mM
N-2-hydroxyethylpiperazine-N -2-ethanesulfonic  acid
[HEPES; GIBCO], supplemented with antibiotics [100 U/mL
penicillin and 0.1 mg/mL streptomycin], Fungizone [0.25ug/
mL], and 10% [vol/vol] heat-inactivated, virus- and mycoplas-
ma-free fetal bovine serum [GIBCO]). The culture plates were
incubated for 8 d at 37°C in a humidified atmosphere of 5%
CO, in air and the medium changed daily. Islets were har-
vested and transferred to nontissue culture grade petri dishes
(100 mm; Falcon, Lincoln Park, NJ, U.S.A.) that did not permit
cell attachment, containing the same tissue culture medium,
until the experimental or treatment period. A typical yield of
islets for 40-50 pancreata was approximately 1500-2000.

At the beginning of the treatment period, the islets were
distributed in equal batches (100-200 islets per plate) onto
nontissue culture grade petri dishes (50 mm, Falcon) contain-
ing 1 mL tissue culture medium. Culture medium consisted of
glucose-free Dulbecco’s modified Eagle’s medium (DMEM;
Imperial Laboratories, Andover, Hants, U.K.) pH 7.4, contain-
ing antibiotics and Fungizone (as above), supplemented with 2
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Figure 9. Northern blot hybridization of mRNA for FGF-2 within total RNA
extracted from whole rat pancreata for animals of 21 d gestation to pnd 20.
Three major mRNA transcripts were seen for FGF-2 (7, 3.7, and 1.2 kb). The
same filter was rehybridized with a cDNA for 18 S rRNA to demonstrate the
efficiency of loading and equivalency of transfer of total RNA. Transcript sizes
are shown at left.
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mM glutamine (GIBCO), 2 mg/mL BSA, and 8.7 mM glucose.
Medium was further supplemented with recombinant human
FGF-1, -2, or -7 (0.1-16 nM) (R&D), or IGF-II (0.1-16 nM)
(Bachem Inc., Torrance, CA, U.S.A.). The islets were main-
tained in culture for a further 48 h. For the final 24 h of the
treatment period, the culture medium was supplemented with 1
wCi [methyl->H] thymidine/mL (20 Ci/mmol; ICN). At the end
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of the treatment period islets were washed in PBS and pro-
cessed for liquid scintillation counting.

After culture, the islets were washed in 500 wL. PBS and
disrupted ultrasonically in microcentrifuge tubes containing
250 pL distilled water. Two 50 uL aliquots of homogenate
were removed and the DNA was precipitated in 500 uL
ice-cold 5% trichloroacetic acid. The precipitates were col-
lected by filtration through a glass fiber disc (2.5 cm; Whatman
GF/A, Whatman International Ltd., Maidstone, Kent, U.K.).
Any remaining free isotope was removed by washing with
distilled water. The radioactivity on the filters was determined
by liquid scintillation counting and the incorporation of [*H]
thymidine expressed as dpm/ug DNA. Islet DNA was mea-
sured by fluorometry using Hoechst fluorochrome 33258 (Al-
drich Chemical Co., Milwaukee, WI, U.S.A.) as described
previously (27).

Image analysis and statistics. Morphometric analysis was
performed using a Zeiss transmitted light microscope at a
magnification of X250 or X400. Analyses were performed
with Northern Eclipse version 2.0 morphometric analysis soft-
ware (Empix Imaging Co., Mississauga, ON, Canada). The
percentage of islet cells immunopositive for FGF, insulin,
glucagon, or PCNA was calculated at each age from up to five
sections of each pancreas representing predominantly the head
regions. Sections chosen contained at least five islets, and
pancreata from up to five animals were examined for each age.
Individual cell area and total areas of immunoreactive cells
within islets were circled for image analysis and selected by
gray-level threshold. Differences between mean values for
variables within individual experiments were compared statis-
tically by two-way ANOVA, followed by a Scheffé test. Ex-

Figure 10. Dual-staining immunohistochemical localization of PCNA (blue) and FGF-2 (brown) within an islet (¢), stroma and matrix (s), pancreatic ducts (d),
and vascular endothelium (e) in rat pancreas at pnd 12. Arrows indicate dual immunoreactivity associated with either islet or ductal cells. Magnification bar =
10 wm.
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Figure 11. Immunohistochemical localization of FGF-4 (4) and FGF-6 (B), insulin(C), and glucagon (D) in rat pancreas at pnd 12—14. Arrows show the cellular
distribution of staining to islet cells (7) and ductal tissue (). Panels £ and F show negative controls where the primary antisera for FGF-4 and —6, respectively,
were preabsorbed with homologous antigen. Magnification bar = 10 um in 4, C, D, and E and 15 um in B and F.
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Figure 12. Immunohistochemical localization of FGF-7 (4 and C), and CD31 (B) in rat pancreas at pnd 14. Arrows show the cellular distribution of staining
to endothelial cells (e) or stroma (s). Panel D is a negative control to show the specificity of the FGF-7 antiserum after preabsorbtion with homologous antigen.

Magnification bar = 10 wm.

periments on islet DNA synthesis were repeated three times
using islets from separate pools of animals.

RESULTS

Cell replication. ldentification of the islet a- and B-cell
populations, and of the ductal epithelial and exocrine tissue
compartments, was achieved by immunohistochemistry for
glucagon, insulin, cytokeratin, and amylase, respectively (Fig.
1). The ductal epithelial cell marker used, cytokeratin 20, was

also present in cells in the outer parts of the islets of Langer-
hans. Immunohistochemistry for PCNA was used to determine
whether the relative incidence of cell replication within and
between tissue compartments altered substantially between
birth and weaning. Only 3 to 4% of islet cells were undergoing
cell replication in late fetal life, and this did not significantly
alter at ages up to pnd 21 (Table 1 and Fig. 2). The percentage
of ductal epithelial cells, from which new endocrine cells
derive, which stained for PCNA was significantly greater at d
10—14 than in late fetal life (Fig. 2B and C, and Table 1), and
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abundant cell replication was seen within the exocrine com-
partment at this time compared with earlier or later ages.
Immunofluorescent signal for the transcription factor Pdx-1,
which is involved both in B-cell ontogeny and subsequent
insulin gene expression, was present throughout the central
core of islet B cells at all ages with equal intensity (Fig. 3).
Pdx-1 was also present within focal groups of ductal epithelial
cells, particularly between d 10 and 14, which presumably
represented sites of endocrine cell neogenesis.

FGF-1. FGF-1 was mainly present in endocrine cells around
the edges of the islets (Fig. 44). These were identified as «
cells from the presence of glucagon within sections from the
same islets (Fig. 4B), whereas many of the somatostatin-
containing 6 cells did not contain immunoreactive FGF-1 when
assessed in consecutive sections (Fig. 4D and E). When tissues
were incubated with antiserum preabsorbed with excess FGF-1
peptide, the staining was completely abolished, confirming the
specificity of the antibody (Fig. 4C). FGF-1 was seen within
fetal islets, but only 7% of islet cells were immunopositive.
This increased with age to 26% of cells by pnd 22 (Table 1).
Because the percentage contribution of « cells to islets re-
mained almost constant at approximately 15% throughout this
period (Table 1), only about half of the « cells contain detect-
able FGF-1 at birth. Dual-label immunohistochemistry for
FGF-1 and PCNA showed that many of the islet cells under-
going DNA synthesis in the outer region of the islets also
contained FGF-1 (Fig. 54). FGF-1 immunoreactivity was also
present in ductal epithelium, whereas weak staining was seen
in acinar cells. In ductal epithelium, the percentage of immu-
nopositive cells increased to a maximum of 71% at d 14, and
declined to 33% by d 22 (Table 1). This paralleled changes in
cell replication determined by PCNA staining, and dual-label
immunohistochemistry showed a colocalization in many cells
(Fig. 5B). To determine whether the changes in peptide distri-
bution reflected changes in total pancreatic mRNA abundance
for FGF-1, Northern blot hybridization was performed. Three
mRNA transcripts of 4.4 kb, 2.5 kb, and 1.2 kb were detected
(Fig. 6). FGF-1 mRNA was expressed at all ages in the
pancreas, but the dominant transcript size changed with age,
the 1.2 kb transcript being most abundant up to d 4 and after d
10, whereas the larger, more abundant transcripts were prefer-
entially expressed between d 6 and 10.

FGF-2. Similar analyses were performed for FGF-2. FGF-2
immunoreactivity was localized in both exocrine and endocrine
cells, in small ducts adjacent to the islets, in the vascular
endothelium of capillaries, and throughout the stromal cells
and associated extracellular matrix (Fig. 74), as determined by
staining of sections from the same islets with antisera against
insulin and cytokeratin (Fig. 7B and C). Preabsorbtion of
FGF-2 antibody with excess ligand completely abolished the
staining (Fig. 7D). Within the islets, FGF-2 staining was
widespread, but was more intense within the outer « cell
population (Fig. 74). Nuclear staining for FGF-2 was often
seen in acinar cells and islet cells. The percentage area of islets
containing FGF-2 was only 14% in late fetal life, but increased
to 29% by pnd 10 and did not significantly change until
weaning (Table 1). The distribution of FGF-2 mRNA was
examined by in situ hybridization to determine whether the
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distribution of peptide reflected changes in gene transcription
within the same cell populations. In late fetal life there was
little detectable signal. However, by d 6 FGF-2 mRNA was
abundant throughout islet cells and in ductal epithelium, and
was also present, but less abundant, in acinar tissue (Fig. 8).
Hybridization was specific because very low signal was visu-
alized when using the sense strand cRNA. When analyzed by
Northern blot, mRNA for FGF-2 was seen at all ages within
pancreas but was most abundant between d 6 and 12, although
the dominant mRNA transcript sizes varied with age (Fig. 9).
In early postnatal life and after d 12 a transcript of 2.2 kb
predominated, but between d 6 and 12 the major transcripts
were 7 kb and 3.7 kb. Changes in the abundance of FGF-2
mRNA or the extent of peptide immunoreactivity in islets
showed no relationship to PCNA labeling in islet cells, and
little colocalization of PCNA and FGF-2 was seen (Fig. 10),
suggesting that FGF-2 may not function primarily as an auto-
crine mitogen for islet endocrine cells. In contrast, in the ductal
epithelial cells colocalization of FGF-2 and PCNA was more
frequently seen (Fig. 10B).

FGF-4, -6, and -7. Immunoreactive FGF-4 and FGF-6 were
both localized strongly within islets including both the a- and
B-cell-rich regions as determined by staining for insulin or
glucagon within the same islets (Fig. 114 to D). The relative
distribution of FGF-4 did not significantly change with age, but
FGF-6 gradually increased to over 60% of islet area on d 14
before declining thereafter (Table 1). FGF-4 immunoreactivity
was also strong in vascular endothelium and FGF-6 within
ductal epithelium. Both FGF-4 and -6 were located within a
discrete subpopulation of acinar cells. In contrast, FGF-7 was
largely absent from islet endocrine cells, but was present in
intraislet and extraislet endothelial cells that were identified
with the endothelial cell marker, CD31 (Fig. 124 and B).
Abundant immunoreactivity for FGF-7 was also located within
the stromal mesenchymal tissue surrounding islets, both within
cell cytoplasm and associated with extracellular matrix. Stain-
ing was particularly intense around pancreatic ducts, but was
absent from the ductal epithelial cells (Fig. 12C). FGF-7
immunoreactivity was most apparent in late fetal life and up to
pnd 16, but was reduced in intensity at pnd 22. Preabsorbtion
of the FGF-7 antiserum with excess ligand abolished staining.
Northern blot hybridization was performed to determine
whether the changes in peptide distribution reflected changes in
total organ mRNA. The highest levels of FGF-7 mRNA
present in whole pancreas were found between d 4 and 12 with
a single mRNA transcript of 2.4 kb (Fig. 13).

Mitogenic effects on islets. To determine the likely effects of
some of the FGF observed to be present in the developing rat
pancreas on islet cell proliferation, isolated islets were pre-
pared from fetal rats on gestational d 21 and maintained in vitro
for 8 d before exposure to exogenous FGF-1, -2, or -7. All
three FGF stimulated an increase in [*H] thymidine incorpo-
ration into islet cell DNA (Fig. 144). FGF-7 was a more potent
mitogen for rat islets with a half-maximal concentration of
approximately 0.1 nM. FGF-1 and -2 both had half-maximal
responses at approximately 0.5 nM, and were maximal at 2
nM. The mitogenic actions of FGF-2 and IGF-II, a known
autocrine mitogen for fetal and neonatal rat islets, were addi-
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Figure 13. Northern blot hybridization of mRNA for FGF7 within total RNA
extracted from whole rat pancreata for animals of 21 d gestation to pnd 20. A
single transcript for FGF-7 (2.4 kb) was seen. Each panel represents a separate
Northern blot. The same filter was rehybridized with a cDNA for 18 S rRNA
to demonstrate the efficiency of loading and equivalency of transfer of total
RNA. Transcript size is shown at left.

tive, their combined effects being approximately double that of
their individual actions for maximally effective concentrations
of 8 mM or greater (Fig. 14B).

DISCUSSION

Late fetal and early postnatal life represents a period of
substantial restructuring of the rat endocrine pancreas. We
have shown previously that a wave of B-cell apoptosis occurs
12—14 d after birth (19). Because total -cell mass does not
decline appreciably at this time (28), it seems likely that a new
B-cell cohort is formed, either from neogenesis within the
pancreatic ductal epithelia, or by replication of the remaining 3
cells within the islets. We found that there was no substantial
increase in the replication rate of islet cells between birth and
pnd 22, but there was a transient increase in PCNA labeling in
ductal epithelial cells, which was maximal on d 14. Both islets
and ductal epithelium expressed the transcription factor Pdx-1,
which is involved in the formation of endocrine cell lincages
from ductal epithelium, and also controls glucose transporter-2
and insulin gene expression in mature 3 cells (29). FGF-1 and
-2 and their receptor, FGFR1, are all detected in normal adult
human pancreas, and are highly expressed in advanced pan-
creatic tumors (30), making members of the FGF family strong
candidate trophic factors within the process of developmen-
tal islet neogenesis and replication. This study shows that a
distinct localization exists for different FGF in the endocrine
and epithelial ductal cell populations during rat pancreatic
maturation.

Our data are in agreement with the findings of others for the
adult rat digestive system where FGF-1 immunoreactivity was
localized in the periphery of the islets, mainly within « cells,
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Figure 14. Estimation of DNA synthesis (dpm [*H] thymidine X 10~ %/ug
DNA) for islets isolated from rats on d 21 gestation and subsequently incu-
bated in vitro for 8 d before exposure to increasing concentrations of (4)
FGF-1 (O), FGF-2 ([), or FGF-7 (A); or (B) IGF-II (IGF-1I) (O), FGE-2 ([J),
or FGF-2 together with IGF-II at the same molar concentrations (A). Figures
represent mean values = SEM, n = 4.

and in the mucosal epithelia from the jejunum to the colon,
particularly in the L cells, which express glucagon-like
polypeptides (GLP)-1 and -2 (31). Within the islet a cells we
found that, whereas many cells undergoing DNA synthesis
contained immunoreactive FGF-1, most cells containing
FGF-1 did not stain for PCNA, which would argue against a
purely mitogenic role for FGF-1. A localization of FGF-1 in
both «a cells and L cells suggests a role in the maturation and/or
control of release of several products of the proglucagon gene.
FGF-2 was more widely distributed within the islets and in situ
hybridization showed that mRNA was located in both the a-
and B-cell-rich regions. Both exogenous FGF-1 and -2 were
mitogenic for isolated rat islets, and the effects of FGF-2 were
additive to those of IGF-II, which is an important paracrine
mitogen for islet cells (32). However, whereas peptide distri-
bution in islets increased with postnatal age, there was a poor
correlation between the presence of FGF-2 immunoreactivity
and PCNA labeling within the B-cell-rich core. This suggests
that the role of FGF-2 within the islets may be more related to
endocrine function.

We found that both FGF-1 and -2 were also localized in the
exocrine pancreas, where they have been shown to control
amylase release from pancreatic acini (33). Similarly, both
FGF species were also localized to the ductal epithelial cells
where colocalization with PCNA was often seen and Pdx-1 is
expressed. This would suggest a possible role in ductal cell
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proliferation or islet cell neogenesis. Exogenous FGF-1 in-
creased the insulin content of fetal rat “islet-like structures”
(11), suggesting a potentiation of [-cell generation. In the
present study, the relative number of ductal epithelial cells
containing immunoreactive FGF-1, and to a lesser extent
FGF-2, was transiently increased between pnd 12 and 14 when
the nuclear labeling index with PCNA was also maximal. A
functional link between ductal cell replication and FGF expres-
sion is also supported by changes in mRNA. Several mRNA
encoding FGF-1 or -2 were detected in pancreas between late
fetal life and weaning, including 4.4 kb and 2.5 kb species for
FGF-1, as reported in other developing tissues, and 7 kb, 3.7
kb, and 2.2 kb species for FGF-2 (7, 34). The distribution of
transcripts varied with age, with the larger species predomi-
nating between pnd 6 and 12. Both FGF-1 and -2 have multiple
molecular size forms from 18 kD to 24 kD encoded from
separate mRNA (7). The larger forms have a predominantly
nuclear localization associated with cell cycle events and times
of rapid cell proliferation (35). The FGF-1 gene also utilizes
alternative promoters and splicing to generate a number of
mRNA transcripts that vary between tissues and with devel-
opment (36), which may account for the variation in transcript
sizes seen in pancreas with age.

FGF-7 is not obligatory for pancreatic endocrine develop-
ment because gene inactivation by homologous recombination
resulted in viable offspring without any obvious metabolic or
growth defects (37). Nevertheless, systemic injection of FGF-7
into adult rats for up to 2 wk caused a rapid increase in DNA
synthesis within the ductal epithelium of intercalating, in-
tralobular, and interlobular ducts within 24 h (38). Pancreatic
duct hyperplasia followed, especially in the intralobular ducts
adjacent to islets, but a progression to endocrine cells was not
seen. When FGF-7 was expressed within the embryonic liver
of transgenic mice, driven by an apo E promoter, pancreatic
duct hyperplasia was seen, with increased numbers of ductal
cells containing immunoreactive insulin (39). The ability of
circulating FGF-7 to promote 3-cell neogenesis in the embryo,
but only cause ductal cell proliferation in the adult, suggests
that additional growth factors, which are only available in early
life, are necessary to complete the neogenic process. Overex-
pression of FGF-7 within the B-cell population of the fetal
mouse using the human insulin promoter caused the appear-
ance of hepatocytes within islets and ducts, suggesting that it
may act on uncommitted stem cells (40). We found that
immunoreactive FGF-7 was present in the pancreatic mesen-
chyme and endothelial cells throughout the neonatal period,
but was absent from endocrine, exocrine, and ductal epithelial
cells. This is in agreement with its expression elsewhere by
stromal fibroblasts and other types of mesenchymal cells (41).
As in other tissues (42), pancreas contained a single mRNA
species encoding FGF-7 of 2.4 kb, which was of greatest
abundance between pnd 4 and 12. Although this would corre-
spond to a neonatal increase in ductal epithelial cell prolifer-
ation, FGF-7 may also support the ongoing proliferation of 3
cells. We found that exogenous FGF-7 was an extremely
potent inducer of islet cell DNA synthesis, being effective at
concentrations fivefold lower than either FGF-1 or -2.
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We also examined the presence of FGF-4 and -6 in pancreas,
inasmuch as both have been implicated in embryonic morpho-
genesis fetal tissue maturation, particularly of the musculoskel-
etal system (43, 44). Both were widespread within islets and
pancreatic ductal epithelium. Whereas homologous disruption
of the FGF-6 gene in mice has no obvious phenotype (45), the
abilities of FGF-1, -2, -4, and -6 to initiate mitogenic signaling
via the FGFR4 receptor, which is abundant in developing
pancreas (12), suggests a substantial cooperativity of action,
and consequently functional redundancy if one ligand is ab-
sent. This would be supported by the presence of all of these
ligands within fetal and neonatal islets and duct cells. In
contrast, FGF-7 signaling is exclusively via an alternatively
spliced product of the FGFR2 gene that will also bind FGF-1
but not FGF-2 (41). Each of the FGFR1 to FGFR4 genes are
expressed within pancreas, although their individual cellular
ontogeny is not clear (46). A specificity of FGF ligand presen-
tation to receptor species can also be determined by local
variation in the structures of heparan sulfate proteoglycans
(47). These are necessary for optimal coupling of ligand and
receptor.

In summary, we have found that multiple FGF species are
present in rat pancreatic ductal epithelium and in developing
islets and surrounding mesenchyme in late fetal and neonatal
life at a time when substantial remodeling of the endocrine
pancreas takes place. They are especially widespread at pnd
12—14 when a wave of ductal cell proliferation and endocrine
cell neogenesis is thought to take place.
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