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Background: It has been claimed that the regenerative potential of pancreatic beta cells is lost with advanced age.
Results:We demonstrate compensatory replication of beta cells in very old mice, albeit at low levels.
Conclusion: The potential for compensatory replication above base line is retained in beta cells of old mice.
Significance:We present mouse evidence for retention of regenerative potential in old beta cells.

Recent studies suggested that in old mice, beta cells lose their
regenerative potential and cannot respond to mitogenic trig-
gers. These studies examined beta cell replication in aged mice
under basal conditions and in response to specific stimuli
including treatment with the glucagon-like peptide-1 analog
exenatide, streptozotocin injection, partial pancreatectomy,
and high fat diet. However, it remains possible that the ability to
mount a compensatory response of beta cells is retained in old
age, but depends on the specific stimulus. Here, we asked
whether partial ablation of beta cells in transgenic mice, using
doxycycline-inducible expression of diphtheria toxin, triggers a
significant compensatory proliferative response in 1–2-year-old
animals. Consistent with previous reports, the basal rate of beta
cell replicationdeclines dramaticallywith age, averaging 0.1% in
2-year-old mice. Transient expression of diphtheria toxin in
beta cells of old mice resulted in impaired glucose homeostasis
and disruption of islet architecture (ratio of beta to alpha cells).
Strikingly, the replication rate of surviving beta cells increased
3-fold over basal rate, similarly to the -fold increase in replica-
tion rate of beta cells in young transgenicmice. Islet architecture
and glucose tolerance slowly normalized, indicating functional
significance of compensatory beta cell replication in this setting.
Finally, administration of a small molecule glucokinase activa-
tor to old mice doubled the frequency of beta cell replication,
further showing that old beta cells can respond to themitogenic
trigger of enhanced glycolysis. We conclude that the potential
for functionally significant compensatory proliferation of beta
cells is retained in oldmice, despite a decline in basal replication
rate.

Regenerative therapy for diabetes will depend on the ability
to enhance beta cell mass, either in patients or in isolated islets,
hence it is critical to understand the dynamics and determi-
nants of beta cell turnover. It has become clear that infrequent
replication of differentiated beta cells is the major mechanism
accounting for the maintenance of beta cell mass during
healthy postnatal life in mice (1–3) and humans (4) (hereafter
called “basal replication”). Moreover, we and others have
shown that under certain injury or stress conditions inmice, the
rate of beta cell replication increases and facilitates the regen-
eration of normal beta cell mass and recovery from diabetes (5,
6) (hereafter called “compensatory replication”). Both basal and
compensatory replication appear to be driven to a large extent
by the rate of glucose metabolism in beta cells (7). These find-
ings point to basal and compensatory beta cell replication as key
targets for regenerative strategies in diabetes. However, this
view is complicated by the fact that the basal rate of beta cell
replication declines dramatically with age, in both rodents (8, 9)
and humans (10–12). The molecular basis for age-related
decline in beta cell replication is under intense investigation,
with evidence for enhanced expression of cyclin kinase inhibi-
tors due to Polycomb-related chromatin remodeling (13, 14)
and a role for p38/MAPK (15) and PDGF receptor signaling
(16). Regardless of the mechanism of age-related decline, it has
been suggested that studies of beta cell replication inmice, typ-
ically done on young animals (5–6 weeks of age) overestimate
the significance of this process for human diabetes. To realisti-
cally model adult human beta cell dynamics in mice, it was
proposed that one has to study very old animals, aged 18
months or older, where basal beta cell replication is extremely
low. More recently, two studies have examined compensatory
beta cell replication in old mice (17, 18). Using partial pancre-
atectomy, high fat diet, or administration of either exenatide or
streptozotocin as triggers for replication, these studies reported
that compensatory replication, and hence the regenerative
capacity of beta cells, is severely restricted with age. If validated
and shown to be general, this view questions the prospects for
development of regenerative therapies for diabetes in adult
humans.
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Wehave previously developed a transgenicmouse system for
conditional ablation of beta cells, using doxycycline-induced
expression of diphtheria toxin in beta cells of transgenic Insu-
lin-rtTA;TET-DTA3 mice (5). Following administration of
doxycycline to mice, approximately 80% of beta cells are elim-
inated, and animals become severely diabetic. Surprisingly, we
found that drug withdrawal led to a slow but consistent recov-
ery of normoglycemia. The underlying mechanism was accel-
erated replication of surviving beta cells, due to increased glu-
cose level causing increased glycolysis in beta cells (7). Our
initial studies were carried out using 5-week-old mice and
therefore were not informative regarding the potential for beta
cell regeneration in oldmice. Here, we report on compensatory
replication of beta cells following genetic ablation in very old
mice. We find that although the basal rate of beta cell replica-
tion drops with age as described previously, injury triggers a
�3-fold increase in the fraction of replicating beta cells, regard-
less of age, which suffices for recovery of normoglycemia and
proper islet architecture even in old mice. Thus, compensatory
replication of beta cells is a function of the basal rate of replica-
tion and is not directly affected by age.

EXPERIMENTAL PROCEDURES

Mice—Genotyping, doxycycline administration of Insulin-
rtTA;TET-DTA mice, and glucose tolerance tests were as
described previously (5). BrdU (Sigma-Aldrich) was injected
intraperitoneally (100 mg/kg) every 24 h, starting 3 days before
sacrificing, three injections in total. Glucokinase activator (19)
was diluted in saline containing 20% dimethyl sulfoxide and 1%
Tween 80 and injected intraperitoneally at 50 mg/kg body
weight, 16 h before sacrifice. The joint ethics committee
(IACUC) of theHebrewUniversity andHadassahMedical Cen-
ter approved the study protocol for animal welfare. The
Hebrew University is an AAALAC International accredited
institute.
Immunostaining—Pancreas was fixed with 4% buffered

formaldehyde for 4 h. Paraffin sections (5 �m thick) were rehy-
drated, and antigen retrieval was performed using a Biocare
pressure cooker and citrate buffer. The following primary anti-
bodies were used: guinea pig anti-insulin (1:200; DAKO),
mouse anti-glucagon (1:800; Beta Cell Biology Consortium),
rabbit anti-Glut2 (1:300; Millipore), rabbit anti-Ki67 (1:200;
Neo markers), rabbit anti-pHH3 (1:100; Cell Signaling), and
mouse anti-BrdU (1:300; Amersham Biosciences kit). For DNA
counterstain we used either DAPI (Sigma) or Toto3 (1:1,000;
Molecular Probes). Secondary antibodies were from Jackson
ImmunoResearch: anti-guinea pig Cy2 (1:200), anti-mouse Cy3
(1:500), anti-rabbit Cy5 (1:500). Immunofluorescence images
were captured using a Nikon C1 or Olympus FV1000 confocal
microscope. For replication analysis at least 30 islets or 1,500
beta cells were counted per 1-month-old animal and 50 islets or
8,000–10,000 cells in old animals.
Analysis—To determine the alpha to beta cell ratio, slices of

pancreaswere stained for insulin and glucagon.At least 20 islets
(all islets in the slice) were photographed using the same mag-

nification. Threshold values were set to eliminate background
using the NIS Elements program and were applied equally
across all slides. The alpha to beta ratio was determined using
NIS Elements software by calculating the area occupied by glu-
cagon (after thresholding) and dividing it by the area occupied
by insulin (after thresholding). Values are given as percent area.
Beta cell mass analysis was done as described previously (5).
Statistical analyseswere performed using a two-tailed Student’s
t test. A p value � 0.05 was considered significant. Data are
presented as mean � S.E.

RESULTS

Beta Cell Ablation in OldMice—To characterize the dynam-
ics of beta cell ablation in old mice, we prepared a cohort of
transgenic mice aged 1–2 years, on ICR background. In the
absence of doxycycline, 25-month-old mice had normal body
weight (data not shown), normal fed and fasted blood glucose
levels, and normal glucose tolerance, indicating that expression
of the diphtheria toxin transgene is tightly controlled (Fig. 1, A
and B). Administration of doxycycline in the drinking water
(0.4 mg/ml) led to a mild but significant elevation of fed and
fasted blood glucose levels comparedwithwild-type littermates
and caused impaired glucose tolerance (Fig. 1, A and B, and
supplemental Fig. 1). Histological examination revealed the
typical alterations in islet architecture seen in younger mice
following beta cell ablation (5). Abundant glucagon-expressing
alpha cells were seen in islets, often in atypical locations at the
center of islets. In addition, the expression of Glut2 was greatly
reduced in surviving beta cells, reflecting their chronic expo-
sure to high glucose levels (Fig. 1C). The phenotypic conse-
quences of beta cell ablation in old mice were consistently less
severe than in youngmice, due to a smaller fraction of beta cells
that expressed diphtheria toxin and died. The reason for this
diminished expressivity of the transgene in old age is not
known. Notwithstanding the reduced efficiency of cell killing,
these results show that the Insulin-rtTA;TET-DTA beta cell
ablation system functions sufficientlywell in oldmice to disrupt
glucose homeostasis.
Age Dependence of Basal and Compensatory Beta Cell

Replication—To examine how age affects beta cell replication
in normal mice and in diabetic mice after beta cell ablation, we
determined the fraction of Ki67� cells in transgenic mice and
control littermates of different ages, following treatment with
doxycycline. As shown in Fig. 2A, the basal rate of beta cell
replication (in control animals) gradually declined with age,
from 2.5% Ki67� beta cells in 5-week-old mice to �0.2% in
25-month-old mice. These results are in agreement with previ-
ous studies (8, 9) and reflect the age-dependent decline of beta
cell replication. The fraction of Ki67� beta cells in Insulin-
rtTA; TET-DTA mice also declined with age. In 5-week-old
mice, beta cell ablation caused the replication of �7.5% of beta
cells that survived ablation. In 25-month-oldmice,�1% of sur-
viving beta cells in such mice were Ki67�. Thus, both basal and
compensatory beta cell replication rates decline with age. How-
ever, at any given age the fraction of replicating beta cells fol-
lowing injury was 2–4-fold higher than the basal rate of repli-
cation. In other words, the ability to mount a compensatory
proliferative response, as defined by -fold increase over basal, is

3 The abbreviations used are: TET-DTA, tetracycline-diphtheria toxin A; GKA,
glucokinase activator.
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age-independent. We note that due to the difficulty in obtain-
ing very old animals, each age group contains a relatively small
number of mice. However, in total we have analyzed 17 trans-
genic and 18 wild-type mice aged 15 months or older, which
together provide strong support to the view that the potential
for compensatory proliferation is retained in old age (Fig. 2 and
supplemental Table 1).
To confirm that Ki67 staining reflected true beta cell replica-

tion, we injected mice with the thymidine analog BrdU (once
per day in the last 3 days before sacrifice) and stained sections
for BrdU. In addition, we stained for the mitotic marker phos-

phohistone H3. As shown in Fig. 2B, multiple beta cells in
25-month-old transgenicmice were stained for Ki67, phospho-
histoneH3, and BrdU, supporting the view that these cells were
undergoing normal DNA synthesis and cell division. These
results show that whereas basal beta cell replication drops with
age, the potential to triple replication rate in response to injury
remains intact.
Functional and Morphologic Evidence for Regeneration of

Beta Cells—The observed compensatory replication in old
mice could in principle lead to regeneration of beta cell func-
tion, as with young mice following a pulse of beta cell ablation.

FIGURE 1. Characterization of beta cell ablation in 25.5-month-old Insulin-rtTA;TET-DTA transgenic mice. Mice were treated with doxycycline for 2 weeks
before sacrifice. In all panels, control mice were single-transgenic littermates. A, blood glucose levels in the fed state before and after administration of
doxycycline for 2 weeks. n � 3 wild-type mice, 5 transgenic mice. B, glucose tolerance before (left) and after (right) administration of doxycycline. Assay was
performed after 12 days of doxycycline administration, 2 days prior to sacrifice. C, islet morphology after doxycycline administration. Images are of islets from
wild-type and transgenic mice. For each genotype two images are shown in two different magnifications. Transgenic mice show the hallmarks of beta cell
ablation observed in young mice: abundant and mislocalized alpha cells, and reduced levels of Glut2 in surviving beta cells. Scale bars, 50 �m. In each pair of
images, the left panel is a composite of insulin, glucagon, Glut2, and DNA staining, and the right panel shows only the Glut2 channel.
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Alternatively, the absolute low rate of compensatory beta cell
proliferation in old mice could be of no functional significance.
To distinguish between these possibilities, we monitored glu-
cose tolerance in a cohort of 16-month-old transgenic mice for
3 months after beta cell ablation. As shown in Fig. 3, adminis-
tration of doxycycline led to a clear impairment of glucose tol-
erance in transgenic but not control littermates. Strikingly, 3
months after doxycycline withdrawal, glucose tolerance nor-
malized and was indistinguishable between control and trans-
genic littermates. These results show that old mice can regain
control of blood glucose after beta cell ablation and strongly
suggest that the observed compensatory replication of beta
cells in old age has functional significance.
To further study the impact of increased beta cell replication,

we examined islet morphology. Morphometric measurements

of total beta cell mass proved highly variable in old mice, such
that the natural variation in beta cell mass in normal old mice
exceeded the extent of beta cell ablation (data not shown). As an
alternative, we examined the ratio of alpha cells to beta cells
within individual mice. In normal mice aged 16 months, there
were about 30 times more beta cells than alpha cells in islets.
This ratio was reverted after beta cell ablation. Strikingly, 3
months after doxycyclinewithdrawal the alpha to beta cell ratio
normalized, providing a quantitative evidence for normaliza-
tion of islet morphology (Fig. 4A). Fig. 4B provides a visual
demonstration of these results, highlighting in addition the
localization of each cell type within islets. Whereas in normal
islets beta cells are located at the center and alpha cells are
organized in the periphery, beta cell ablation led to a disruption
of this architecture and to the present of numerous alpha cells

FIGURE 2. Basal and compensatory beta cell replication as a function of age. A, quantification of beta cell replication rate in transgenic Insulin-rtTA;TET-DTA
and control littermates after administration of doxycycline at different ages. Values are mean � SE. *, p � 0.05; **, p � 0.01; NS, not significant. B, representative
images of beta cell replication in 25-month-old mice using different replication markers, co-stained with insulin. Mice were injected with BrdU for 3 days prior
to sacrifice. Arrows point to doublets of BrdU� beta cells in DTA mice, suggesting productive mitosis. Original magnification, �400 in left and middle panels,
�800 in right panels. See supplemental Table 1 for detailed information on the mice analyzed.

Compensatory Beta Cell Replication in Very Old Mice

27410 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 33 • AUGUST 10, 2012

http://www.jbc.org/cgi/content/full/M112.350736/DC1


at the center of islets. Strikingly, doxycycline withdrawal in
16-month-old mice led to restoration of normal islet architec-
ture (Fig. 4B), as reported previously for beta cell regeneration
in young mice (5).
Glycolysis Triggers Beta Cell Replication in Old Mice—In a

parallel work, we have studied the molecular basis for beta cell
regeneration in young mice and found that the key driver for
compensatory beta cell replication in the DTA system is blood
glucose, acting via the rate of glucose metabolism in beta cells
(7). Administration of a small molecule Glucokinase activator
(GKA) mimics the effect of high blood glucose and boosts both
insulin secretion and beta cell replication. To test whether
increased glucose metabolism can enhance similarly the rate of
beta cell replication in old mice, we treated 6-month-old mice
withGKA. As expected, this led to a transient decrease in blood
glucose levels, due to enhanced insulin secretion (Fig. 5, A and
B). As seen with young mice, the fraction of replicating beta
cells in these mice doubled, showing that beta cells in old age
retain the ability to increase replication in response to the phys-
iological trigger of enhanced glucose metabolism (Fig. 5C).

Taken together, the results show that in old mice, beta cells
retain the capacity to enter the cell division cycle in response to
physiological triggers, most notably increased blood glucose
levels and increased glycolysis. The magnitude of this response
appears to be limited by the gradual decline of basal replication
rate, but our results suggest that this low replication rate does
have functional significance in normalizing glycemia and islet
architecture.

DISCUSSION

We show here that injury triggers compensatory replication
of beta cells even in very old mice, up to an age representing
two-thirds the life span of amouse.Moreover, agedmice retain
the ability to spontaneously recover glucose homeostasis and to
normalize islet architecture following beta cell ablation, likely
as a consequence of continuous enhanced beta cell replication.
Treatment with GKA supports the idea that old beta cells
remain sensitive to glucose-induced replication, the central
determinant of beta cell mass homeostasis. Thus, the funda-
mental potential of beta cells for regeneration and functional
recovery remains largely intact in old age.
These results seem at odds with two recent studies that

reported on severe age-dependent restriction of compensatory,
or adaptive, beta cell proliferation with advanced age in mice
(17, 18). These studies examined the adaptive response to a
number of challenges: high fat diet, partial pancreatectomy,
injection of the beta cell-selective toxin streptozotocin, and
injection of the glucagon-like peptide-1-mimetic exenatide. In
all cases, youngmice (aged�2months) presentedwith a robust
proliferative response of beta cells to challenge, whereas old
mice (aged 8–19months; notably younger than the oldest mice
used in our studies) failed to mount such a response. The rea-
sons for the different results are not known, but we speculate
that selection of the specific mode of beta cell injury is crucial.
In each of the models used in these studies, additional factors
may have masked the inherent regenerative potential of beta
cells. For example, streptozotocin is a DNA-alkylating agent
that probably damages all beta cells, including those that sur-
vive killing; diminished DNA repair activity with old age (20)
could thus preclude compensatory beta cell replication in old
streptozotocin-treated mice. Likewise, high fat diet challenge
involves peripheral insulin resistance, inflammation, and glu-
colipotoxicity (21); age-dependent diminution in coping with
these stresses could negatively affect adaptive beta cell replica-
tion. By contrast, expression of diphtheria toxin has a binary
mode of action: because a single molecule of the toxin is suffi-
cient to kill a cell (22), beta cells in this system are either killed
or remain completely intact, in a normal metabolic environ-
ment. Consequently, compensatory beta cell replication is trig-
gered in the DTA systemmostly via increased glucose metabo-
lism (7). This view is supported by our finding that GKA can
trigger beta cell replication in old mice and is consistent with
recent papers that reported considerable beta cell replication in
islets from old mice (23) or humans (24) grafted into hypergly-
cemicmouse recipients. The setting of DTA-mediated beta cell
ablation likely provides optimal conditions for compensatory
beta cell replication, exposing the regenerative potential that
remains through old age. Obviously, metabolic derangements

FIGURE 3. Impairment of glucose tolerance after beta cell ablation in
16-month-old mice and normalization 3 months after doxycycline with-
drawal. n � 7 wild-type and 5 transgenic mice prior to and after ablation; 6
wild-type and 4 transgenic mice after recovery. Values are mean � SE. *, p �
0.05; **, p � 0.01; NS, not significant.
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and genetic defects in the cell cycle machinery are the rule
rather than the exception in human diabetes and could explain
why spontaneous recovery from diabetes is not seen in old (as
well as young) human patients. Nonetheless, the current study
defines a “ground state” of regenerative potential of beta cells
and suggests a positive outlook for addressing the adverse fac-
tors precluding human beta cell regeneration.
Our results expose a previously ignored disconnect between

the determinants of basal and compensatory beta cell replica-
tion. Basal replication declines with age, as shown here and
elsewhere, likely reflecting the combinatorial effects of changes
in signal transduction pathways, chromatin remodeling, and
additional factors. By contrast, the capacity for adaptive/com-

pensatory replication (likely driven by enhanced glycolysis),
defined as the -fold change of replication rate beyond basal
levels, appears to be age-independent. We propose that the
diminished absolutemagnitude of adaptive beta cell replication
in old mice reflects the reduced pool of beta cells that are rep-
lication-competent. Despite this limitation, increased beta cell
replication in old mice does have functional consequences,
as suggested by the slow but robust recovery of glycemic
control as well as normalization of islet architecture in very
old Insulin-rtTA;TET-DTA mice. We speculate that this
distinction between basal and compensatory replication
applies to age-related decline of tissue regeneration in other
organs as well.

FIGURE 4. Recovery following beta cell ablation in old age. A, quantification of alpha to beta ratio in islets of transgenic Insulin-rtTA;TET-DTA and control
littermates after administration of doxycycline for 2 weeks (starting at 16 months of age) and upon 3 months of recovery. n � 3 wild-type, 4 transgenic mice
after ablation; n � 4 wild-type, 4 transgenic mice after recovery. Values are mean � SE. *, p � 0.05; NS, not significant. B, representative images of islets
co-stained for insulin (green) and glucagon (red) in 16-month-old mice after beta cell ablation for 2 weeks and in 19-month-old mice after 3 months of recovery.
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Why do so few beta cells in very old mice replicate, in the
basal state and in response to injury?One possibility is that beta
cells are intrinsically heterogeneous in their replicative capac-
ity. For example, some beta cells could have been born recently
from progenitor cells (neogenesis) (25, 26) or other types of
nonbeta cells (27) and thus might be endowed with a higher
capacity for replication compared with their “old” neighbors.
Although we cannot exclude this possibility, we note that most
evidence so far suggests that under normal conditions (1), as
well during regeneration in the TET-DTA system (5), beta cells
derive from beta cells, not from any type of progenitor. More-
over, there is ample evidence that all beta cells in adult mice
have a similar likelihood to replicate (2, 28). The mechanism
that underlies the gradual decrease in basal and compensatory
beta cell replicationwith age is under intense investigation (13–
16) and represents a major future challenge.
In summary, we show that beta cells in old mice retain a

potential to mount a functionally significant compensatory

proliferation in vivo. Further study is required to determine the
regenerative potential of adult human beta cells, particularly in
the context of adverse genetic and environmental conditions in
diabetes.
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