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Abstract

b-Cells of the islet of Langerhans produce insulin to maintain glucose homeostasis. Self-replication of b-cells is
the predominant mode of postnatal b-cell production in mammals, with about 20% of rodent b cells dividing in a
24-hour period. However, replicating b-cells are rare in adults. Induction of self-replication of existing b-cells is a
potential treatment for diabetes. In zebrafish larvae, b-cells rarely self-replicate, even under conditions that favor
b-cell genesis such overnutrition and b-cell ablation. It is not clear why larval b-cells are refractory to replication.
In this study, we tested the hypothesis that insufficient activity of cyclin-dependent kinase 4 may be responsible
for the low replication rate by ectopically expressing in b-cells a mutant CDK4 (CDK4R24C) that is insensitive to
inhibition by cyclin-dependent kinase inhibitors. Our data show that expression of CDK4R24C in b-cells enhanced
b-cell replication. CDK4R24C also dampened compensatory b-cell neogenesis in larvae and improved glucose
tolerance in adult zebrafish. Our data indicate that CDK4 inhibition contributes to the limited b-cell replication in
larval zebrafish. To our knowledge, this is the first example of genetically induced b-cell replication in zebrafish.

Introduction

Controlled genesis of b-cells in situ is a potential
treatment for diabetes, as b-cell deficit underlies both

type 1 and type 2 diabetes.1–4 Physiologically, b-cells are
generated in three ways, neogenesis from precursor cells, self-
replication, and transdifferentiation from other cell types.
Understanding the molecular mechanisms that control b-cell
genesis is essential to harness the capacity for cell-based
therapy.3,5–7 In early stage mammalian embryos, b-cells are
generated primarily through neogenesis, and self-replication
is rare due to high levels of expression of inhibitors of cyclin-
dependent kinases.8 In contrast, in perinatal and postnatal
rodents, b-cell replication is the major contributor to b-cell
mass expansion. b-Cell replication is highest during the
perinatal period, occurring in about 20% of b-cells per day in
rodents.9,10 In prenatal human embryos, 3.4% of b-cells were
found to be positive for Ki67,11 a proliferation marker for all
phases of cell cycle. The fraction of dividing b-cells per day
may be much higher since the cell cycle length is likely shorter
than 24 hours. Replicating b-cells decline precipitously to
about 0.07%–3% in adults.9,10,12,13 The decline may result from

the increased expression of cell cycle inhibitors and epigenetic
modifications of key genes involved in cell cycle regula-
tion.14,15 Under metabolic stress such as obesity and insulin
resistance, some b-cells can re-enter the cell cycle to com-
pensate for the increased insulin demand.16,17 However, the
molecular underpinnings regulating self-replication of b-cells
are not well understood.

Several groups have started to use zebrafish to study b-cell
neogenesis, transdifferentiation, and replication.18–23 The zeb-
rafish pancreatic islet shares morphological and physiological
similarities with that of mammals.24 Many of the signaling
pathways and transcription factors regulating b-cell develop-
ment in zebrafish are homologous to mammals.24–26 However,
unlike rodents, b-cell replication is rare in newly hatched em-
bryos and free feeding larvae. Several groups reported that
replicating b-cells are very rare in larvae at 3 dpf,27 4–6 dpf,22

and 6–8 dpf18 using BrdU incorporation as a measure of pro-
liferation. Using PCNA expression as a measurement, Moro
and associates found only 3 of 57 larvae at 7 dpf have a single
PCNA-positive b-cell.20 Even under metabolic stress that pro-
motes b-cell expansion, such as overnutrition or after b-cell
ablation, replicating b-cells are still rarely observed.18,22
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Nevertheless, certain adenosine receptor agonists, such as
NECA, can stimulate b-cell replication after ablation, suggest-
ing that larval b-cells have the capacity to replicate.22 Why
larval b-cells are refractory to self-replication is not known.

A possible reason for the inability of larval b-cells to self-
replicate is insufficient activity of cyclin-dependent kinases
(CDKs), master regulators of proliferation. In addition to cy-
clins that activate CDKs, CDK inhibitors (CKI) that inactivate
CDKs are also critical for regulation of CDK activity. There are
two families of CKIs, the CIP family (p21, p27, and p57) and
INK4 family (p15, p16, p18, and p19).28 The first step in pro-
liferation stimulated by extracellular mitogens is induction of
D-type cyclins which in turn activates CDK4.28 Active CDK4
phosphorylates and inactivates retinoblastoma (Rb), initiating
G1-S progression.28 A mutant CDK4 found in human cancers,
CDK4R24C, promotes tumorigenesis because it is insensitive to
INK4 CKIs,29,30 the principal negative regulators of CDK4.28

In mice, knock-in of CDK4R24C at the Cdk4 locus results in
expansion of endocrine progenitors and b-cell precursors
during development and increases b-cell replication in
adults.31–34 Moreover, mice expressing Cdk4R24C in b-cells
have a 14.3-fold increase in the b-cell mass. These b-cells are
functional, as the mice have improved glucose tolerance.35

These results suggest that CKIs may have a key role in con-
trolling b-cell neogenesis and replication.

To determine whether insufficient CDK4 activity contributes
to the hindrance of b-cell replication in larval zebrafish, we
developed transgenic lines that express the CKI-insensitive
CDK4R24C under the control of insulin promoter. Our data in-
dicate that insufficient CDK4 activity, presumably through
inhibition by CKIs, contributes to the lack of b-cell self-
replication in zebrafish larvae.

Materials and Methods

Zebrafish strains, maintenance, and nutrient treatment

Adult zebrafish were raised in Aquatic Habitats systems on
a 14-/10-h light/dark cycle. Embryos were obtained from
natural crossing. Fertilized eggs were reared in 0.3 · Danieau
solution at 28.5�C in an incubator with lights on a 14-/10-h
light/dark cycle, and staged following standard methods.36

For egg yolk feeding, chicken eggs were obtained from local
grocery stores, the yolk separated and diluted to 5% by volume
with 0.3 · Danieau solution.37 Larvae were cultured in the egg
yolk solution according to Maddison et al.18 The transgenic
lines used for this study were Tg(- 1.2ins:H2BmCherry)VU506 18.
All procedures have been approved by the Vanderbilt Uni-
versity IACUC Committee.

Generation of transgenic zebrafish

We generated a miniTol2-based transgene consisting of
human CDK4R24C cDNA38 under the control of the zebrafish
insulin gene promoter, using a 1.2 kb fragment from up-
stream of the initiation ATG and tagRFP under the control of
0.9 kb promoter of zebrafish aA crystalline gene (Fig. 1A).
The transgene, Tg(- 1.2ins:CDK4R24C; - 0.9cryaa:-
tagRFP)VU508 or Tg(- 1.2ins:CDK4R24C; LR)VU508 for short,
was mixed with Tol2 transposase mRNA (25 ng/lL each)
and injected into zebrafish embryos at the one-cell stage
using standard protocol as described.39,40 Embryos with
tagRFP expression in lens were selected at 4 dpf after injec-
tion, and grown to adulthood. Individual F0 founders were
outcrossed to the wild-type AB line, and their F1 progeny
were screened for tagRFP expression in the lens and con-
firmed by PCR using primers zINSGTF:5¢-CCAC-
CATTCCTCGCCTCTGCTTC-3¢ and hCDK4NR: 5¢-
CAGATATGTCCTTAGGTCCTGGTC-3¢. Initial analyses
were performed in two independent lines and similar results
were obtained. All results reported here were from F2 or F3
fish of one line that has stronger red fluorescence in the lens,
Tg(- 1.2ins:CDK4R24C; LR)VU508.

Counting of b-cells

After fixation in 4% paraformaldehyde (PFA) overnight
in 4�C, larvae were washed with 1x PBS plus 0.1% Tween-20
(PBST) and flat mounted in Aqua-Mount (Richard-Allan
Scientific) with their right side facing the coverslip. The
larvae were flattened sufficiently to disrupt the islet slightly
to allow better resolution of individual nuclei. The b-cell
number was counted according to the nuclear mCherry
signal using a Zeiss AxioImager under a 40x lens or using
confocal projections taken by Zeiss LSM510 under a 40x
lens (Carl Zeiss).

Whole mount immunofluorescence

The larval zebrafish or dissected pancreata from
Tg(ins:CDK4R24C; LR)VU508 or wild-type zebrafish were fixed
in 4% PFA overnight at 4�C and then transferred to 100%
ethanol and stored at - 20�C. Larvae were rehydrated, per-
meabilized in acetone for 30 min at - 20�C, washed in PBST,
and nonspecific binding blocked with PBST plus 1.0% DMSO,
1% BSA, and 5% normal goat serum. Subsequently, anti-
bodies for Cdk441 (1:50, Santa Cruz sc-260) or insulin (1:1000,
DakoCytomation A0564) antibodies were diluted in blocking
buffer and incubated overnight at 4�C. Antibodies were de-
tected using the appropriate Alexa Fluor 488-conjugated

FIG. 3. Increased proliferation in Tg(- 1.2ins:CDK4R24C; LR) fish. Twenty-four-hour cell proliferation analysis using EdU
labeling in 6-dpf unfed Tg(- 1.2ins:H2BmCherry)VU506 (A), Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506

(B), or egg yolk fed Tg(- 1.2ins:H2BmCherry)VU506 (C), and Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506

(D) fish. In Tg(- 1.2ins:H2BmCherry)VU506 larvae b-cells (red) rarely incorporated EdU, while Tg(- 1.2ins:CDK4R24C; LR) VU508;
Tg(- 1.2ins:H2BmCherry)VU506 have multiple EdU positive b-cells. The images are confocal projections and scale bars indicate
10 lm. (E) Quantification of the b-cell number in 6-dpf Tg(- 1.2ins:H2BmCherry) and Tg(- 1.2ins:CDK4R24C; LR)VU508;
Tg(- 1.2ins:H2BmCherry)VU506, in unfed and egg yolk fed conditions. (F) Quantification of 24 h EdU labeled b-cells, in each
group, n = 8*9. (G and H) EdU was incubated from 2-dpf to 6-dpf in unfed Tg(- 1.2ins:H2BmCherry)VU506 (G) and
Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506 (H), the images are confocal slices and scale bars indicate 10 lm.
(I) Quantification of 2-dpf to 6-dpf EdU labeled b-cells, in both group, n = 10. All the values shown are means – S.E.,
***p < 0.001, *p < 0.05.

‰
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secondary antibodies (1:2000, Invitrogen). Slides were imaged
on a LSM 510 confocal microscope (Carl Zeiss).

Proliferation analysis

Proliferation was analyzed using the Click-iT EdU Alexa
Fluor 488 Imaging Kit (C10337; Invitrogen). For 24 hours label-
ing, 5 dpf zebrafish larvae were injected pericardially with 3 nL
of 100 mmol/L 5-ethynyl-2- deoxyuridine (EdU) and harvested
after 24 hours. For long-term incubation, 2 dpf embryos was
incubated with 100 lmol/L EdU, and harvested at 6 dpf. EdU
was detected according published protocols.18 All images were
collected using a Zeiss LSM510 or Zeiss LSM710 (Carl Zeiss).

FIG. 2. b-Cell specific overexpression of CDK4R24C increases
b-cell number. Images of b-cells Tg(- 1.2ins:H2BmCherry)VU506

(A,C), and double-transgenic Tg(- 1.2ins:CDK4R24C)VU508;
Tg(- 1.2ins:H2BmCherry)VU506 (B,D) fish at 6 dpf (A,B) and 23 dpf
(C,D). Scale bars, 10lm. (E) b-Cell number in Tg(-1.2ins:
H2BmCherry)VU506 and Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(-1.2ins:
H2BmCherry)VU506 at 3, 4, 5, 6, 14, and 23dpf. Expression of CDK4R24C

resulted in an increase in the number of b-cells throughout this de-
velopmental period. In each group, n= 7*18. The values shown are
means –S.E., ***p <0.001, **p < 0.01, *p <0.05.

FIG. 1. Schematic representation of the Tg(- 1.2ins:
CDK4R24C; LR) transgenic line and the expression pattern. (A)
Expression of a human CDK4 mutant (CDK4R24C) was con-
trolled by the zebrafish insulin promoter witha-crystallin driven
tagRFP used as an indication of transgene carriers. (B, C, D)
Confocal projections of CDK4R24C-expressing cells in double-
transgenic Tg(- 1.2ins:CDK4R24C; LR)VU508;Tg(- 1.2ins:
H2BmCherry)VU506 fish, with CDK4R24C-expressing cells labeled
by an antibody against human specific CDK4 protein (B).
b-Cells are indicated by nuclear mCherry protein (C).
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Glucose tolerance testing

Glucose tolerance was determined in adult fish based on
published protocols with the following modifications.42,43 The
glucose solution for injection was prepared with Hanks Buf-
fered Salt Solution (Cellgro). Fish were anesthetized using ice
water, injected intraperitonially42 with 0.5 mg glucose/g fish
weight and allowed to recover for the 30, 90, or 180 min after
injection. For blood collection, fish were fully anesthetized in ice
water, dried with a Kimwipe to remove as much water as
possible. An incision was made just posterior to the gill oper-
culum, resulting in puncture of the heart. Blood was collected
into heparinized hematocrit tubes (IRIS Sample Processing) and
subsequently transferred into microcentrifuge tubes and frozen
at - 80�C. Glucose concentration in the samples was deter-
mined using Amplex Red Glucose Assay (Life Technologies).
The glucose concentration was then normalized to hemoglobin
content, which was determined using Drabkin’s reagent (Sig-
ma). In our hands, this assay is more sensitive and less variable
than the OneTouch Ultra Glucose meter (LifeScan).

Beta-cell area

Adult fish were euthanized and immediately injected with
4% PFA into the peritoneal cavity to ensure rapid fixation of
internal organs. The fish were then placed in 4% PFA for 2
days at 4�C. The gastrointestinal tract was removed from each
fish and rinsed in PBS + 0.1% Tween-20, dehydrated in
methanol and stored at - 20�C. After insulin immunofluo-
rescence using the protocol outlined above, the pancreas was
carefully dissected away from the rest of the GI tract, placed
on slides, and flat mounted avoiding multiple layers of tissue.

To determine relative b-cell area, 6–10 islet-containing im-
ages for each fish were analyzed. The images were obtained
under a 20 · DIC lens on a Zeiss AxioVert 200 microscope
equipped with a CCD camera. The insulin-positive area and
the area of the exocrine pancreas for each image was deter-
mined using ImageJ software.

Statistics

Differences among groups were analyzed by Student’s t-
test or by one-way ANOVA, followed by Fisher post-hoc test
(SPSS, Chicago, IL). Data are shown as means – standard error
(SE). Statistical significance was accepted when p < 0.05.

Results

Generation of transgenic zebrafish with constitutive
expression of CDK4R24C in b-cells

We obtained two independent Tg(- 1.2ins:CDK4R24C;
LR)VU508 lines. Although the intensity of lens tagRFP differs in
the two lines, their b-cell phenotypes are indistinguishable.
The body length of Tg(ins:CDK4R24C; LR)VU508 fish was not
different from wild-type siblings at all stages measured (data
not shown), indicating that the transgene does not impact
growth. To ascertain that CDK4R24C was properly expressed,
we crossed Tg(- 1.2ins:CDK4R24C; LR)VU508 to Tg(- 1.2ins:
H2BmCherry)VU506 fish that express a nuclear localized
mCherry protein only in b-cells18 and performed whole-
mount immunostaining. Robust expression of CDK4R24C

protein was detected in b-cells of transgenic fish at 6 dpf, but
not in wild-type controls (Fig. 1B–D and data not shown).

FIG. 4. Adult Tg(- 1.2ins:CDK4R24C)VU508 fish have increased b-cell mass and improved glucose tolerance. (A, B) Images
of insulin positive islets in adult Tg(- 1.2ins:CDK4R24C; LR)VU508 (B) and nontransgenic siblings (A), scale bars indicate
20 lm. (C) b-Cell area relative to total pancreas area, 10 control and 8 Tg(- 1.2ins:CDK4R24C; LR)VU508 fish were analyzed,
**p < 0.001. (D) glucose clearance in Tg(- 1.2ins:CDK4R24C)VU508 and nontransgenic siblings. Glucose was injected in-
traperiotneally at 0.5 mg glucose/g body weight and blood glucose levels determined 30 and 180 min after injection. 10–
14 fish per time point for each group.
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CDK4R24C expression increases b-cell number
in larvae

To determine the consequence of CDK4R24C expression
on b-cell number, the number of b-cells was determined in
Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506

fish, and Tg(- 1.2ins:H2BmCherry)VU506 siblings at various
stages. Similar to other reports,18,19 we found 33.2 – 1.0
(mean – SE) b-cells in the principal islet of the control group at
6 dpf (Fig. 2A and E). Whereas in Tg(- 1.2ins:CDK4R24C;
LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506 fish, the number of b-
cells increased to 41.3 – 0.9 (Fig. 2B and E). No significant
difference in pancreatic a-cells was found between the two
groups (data not shown). An increased number of b-cells was
found in Tg(- 1.2ins:CDK4R24C; LR)VU508; Tg(- 1.2ins:
H2BmCherry)VU506 fish as early as 3 dpf (32.4 – 1.1 vs. 28.2 – 0.7,
p < 0.05). In each of the subsequent 11 days, roughly one extra
b-cell was added in Tg(- 1.2ins:CDK4R24C; LR)VU508 larvae
compared to control siblings. This results in Tg(- 1.2ins:
CDK4R24C; LR)VU508; Tg(- 1.2ins:H2BmCherry)VU506 fish having
10 more b-cells than Tg(- 1.2ins:H2BmCherry)VU506 fish
(66.4 – 3.2 vs. 56.3 – 1.7, p < 0.01) at 14 dpf. At some point after
14 dpf, substantially more b-cells were produced in Tg(- 1.2ins:
CDK4R24C; LR)VU508 fish. As a result, at 23 dpf there are 40%
more b-cells in Tg(- 1.2ins:CDK4R24C; LR)VU508 than control
(192.6 – 18.8 vs. 141.1 – 9.6, p < 0.05) (Fig. 2C–E). Taken to-
gether, these data indicate that expression of CDK4R24C causes
supernumerary b-cells in zebrafish.

CDK4R24C expression enhances b-cell replication
in larvae

To determine whether the supernumerary b-cells in
Tg(- 1.2ins:CDK4R24C; LR)VU508 fish is due to replication, we
labeled replicating cells for 24 h by pericardial EdU injection
in 5 dpf larvae. In the control group, no EdU labeled b-cells
were observed, consistent with previous data18,20,22 (Fig.
3A). However, we found 2.0 – 0.5 EdU positive b-cells in
Tg(- 1.2ins:CDK4R24C; LR)VU508 fish (Fig. 3B and F). These
cells presented predominantly as doublets, consistent
with b-cell replication. With long-term EdU labeling from
2 dpf to 6dpf, Tg(- 1.2ins:CDK4R24C; LR)VU508 larvae had
11.2 – 0.8 EdU-positive b-cells, while control siblings had
only 1.9 – 0.6 (Fig. 3G–I), indicating that all the extra b-
cells in Tg(- 1.2ins:CDK4R24C; LR)VU508 fish arose through
replication.

To determine whether the transgenic fish with extra b-cells
have an altered compensatory response to increased insulin
demand, we challenged Tg(- 1.2ins:CDK4R24C; LR)VU508 lar-
vae in an overnutrition paradigm that stimulates compensa-
tory b-cell expansion.18 Interestingly, although culturing in
5% egg yolk increased b-cell number in Tg(- 1.2ins:CDK4R24C;
LR)VU508 fish, (43.6 – 0.9 vs. 40.6 – 1.2, p = 0.015) (Fig. 3E), the
response is dampened compared to WT larvae, with only 3
additional b cells compared to the 7 b-cells added in WT lar-
vae. The increase is likely through neogenesis, since there was
not a significant increase of EdU-positive b-cells (2.6 – 0.6 vs.
2.0. – 0.5, p = 0.43) (Fig. 3C, D, and F).

CDK4R24C expression improves glucose tolerance

To determine if functional b-cells are continuously pro-
duced in Tg(- 1.2ins:CDK4R24C; LR)VU508 fish, we determined

b-cell content and glucose tolerance in 1-year-old fish. To
determine b-cell content, the pancreas of Tg(- 1.2ins:
CDK4R24C; LR)VU508 fish and wild-type siblings was dissected
and stained with an insulin antibody. The insulin-positive
areas in Tg(- 1.2ins:CDK4R24C; LR)VU508 pancreas was signifi-
cantly greater than in the control siblings (Fig. 4A and B). The
ratio of islet area to exocrine pancreas was *2 times greater in
the Tg(- 1.2ins:CDK4R24C; LR)VU508 fish than in their wild-type
siblings (Fig. 4C). To investigate glucose clearance, blood
glucose concentrations were examined at 0, 30, and 180 min
after IP glucose injection of 0.5 mg glucose/g body weight. As
shown in Figure 4D, glucose levels peaked at 30 min and de-
clined to nearly pre-glucose administration levels at 180 min.
When compared to control siblings, Tg(- 1.2ins:CDK4R24C;
LR)VU508 fish had lower blood glucose following glucose in-
jection, although there was no difference in fasting blood glu-
cose. These data suggest that adult Tg(- 1.2ins:CDK4R24C;
LR)VU508 fish have an increased b-cell mass, and this contrib-
utes to improved glucose tolerance.

Discussion

Postnatal plasticity of b-cell mass in mammals results
mainly from self-replication.44 Yet the molecular mechanisms
underlying b-cell replication is not fully understood. In con-
trast to perinatal mammals, larval zebrafish b-cells rarely
replicate, even under conditions that promote b-cell mass
expansion. Understanding the mechanism of this replication
refractory period should also shed light on regulation of b-cell
replication.

CDK4 plays a key role in cell cycle re-entry by integrating
extracellular mitogenic and antimitogenic signals. CDK4 is
normally inhibited by the INK4 family of CDK inhibitors. This
inhibition is relieved by D-type cyclins that can be induced by
mitogenic signals.28 To test if insufficient CDK4 activity
underlies the replication resistance of larval b-cells, we gen-
erated transgenic fish to express CDK4R24C, a mutant that is
insensitive to the INK4 family of CDK inhibitors,32,35,45 ec-
topically in the b-cells. As in mice, targeted expression of
CDK4R24C result in increased b-cell content and improved
glucose tolerance in adults (Fig. 4).35 Nevertheless, the 2-fold
expansion of b-cells compared to wild-type siblings is not as
large as seen in the CDK4R24C transgenic mice35, possibly due
to intrinsic differences in the two animal models. In larvae,
targeted expression of CDK4R24C resulted in one dividing b-
cells (or 2%–4%) each day in the first 2 weeks of life. Much
more b-cell replication occurred between 14 to 23 dpf. To our
knowledge, this is the first report of genetically induced b-cell
replication in zebrafish.

Since CDK4R24C still requires cyclin Ds for activity, the in-
creased b-cell self-replication in the transgenic fish suggests
sufficient cyclin D is present in b-cells to allow for replication.
High levels of INK4 inhibitors relative to D-type cyclins may
prevent these cells from self-replicating. More direct analyses
will be required to dissect the precise mechanisms and con-
tributions of cyclins and CKIs.

The impetus for generating the transgenic zebrafish model
was to understand the lack of b-cell replication in larval
zebrafish. Expression of CDK4R24C in zebrafish does lead to
replication in larval b-cells (Figs. 2 and 3). Furthermore, these
b-cells seem to be functional, since a less robust expansion was
induced by overnutrition in the CDK4R24C fish than control
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siblings and adult transgenic fish are more glucose tolerant
(Figs. 3E and 4). However, the fraction of replicating b-cells
(2%–4%) is still very small compared to perinatal rodents. In
addition, no significant increase of replication in induced by
overnutrition in the CDK4R24C fish. The data suggest that
insufficient CDK4 activity plays a minor role in limiting self-
replication of larval b-cells and other unidentified factors are
more predominant players. The adenosine pathway is un-
likely to be involved, since its activation only increases b-cell
replication after ablation.22 Identification of the factors that
control b-cell replication in zebrafish larvae may shed light on
the diminished self-replication of b-cells in adult mammals.
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