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In mammals, release from growth-inhibiting conditions re-
sults in catch-up growth. To explain this phenomenon, we pro-
posed the following model: 1) The normal senescent decline in
growth plate function depends not on age per se, but on the
cumulative number of replications that growth plate chondro-
cytes have undergone. 2) Conditions that suppress growth plate
chondrocyte proliferation therefore slow senescence. 3) After
transient growth inhibition, growth plates are thus less senescent
and hence show a greater growth rate than expected for age,
resulting in catch-up growth. To test this model, we administered
dexamethasone to growing rabbits to suppress linear growth.

After stopping dexamethasone, catch-up growth occurred. In
distal femoral growth plates of untreated controls, we observed a
senescent decline in the growth rate and in the heights of the
proliferative zone, hypertrophic zone, and total growth plate.
During the period of catch-up growth, in the animals previously
treated with dexamethasone, the senescent decline in all these
variables was delayed. Prior treatment with dexamethasone also
delayed epiphyseal fusion. These findings support our model that
linear catch-up growth is caused, at least in part, by a delay in
growth plate senescence. (Pediatr Res 50: 618–623, 2001)

More than 35 y ago, Prader, Tanner, and von Harnack
observed that children undergo supranormal linear growth after
release from growth-inhibiting conditions (1). This phenome-
non, termed catch-up growth, was attributed to a CNS mech-
anism that compares the individual’s actual body size with an
age-appropriate set-point and then adjusts the growth rate
accordingly (2). However, this neuroendocrine hypothesis has
not been subjected to a definitive experimental test.

More recently, we demonstrated that transient growth inhi-
bition within a single growth plate is followed by local
catch-up growth (3). This local catch-up growth cannot be
readily explained by a systemic mechanism, which would have
affected all the growth plates equally. Instead, it suggests that
catch-up growth is due, at least in part, to a mechanism
intrinsic to the growth plate.

To account for this finding, we speculated that catch-up
growth might be caused by a delay in the process of growth
plate senescence. The growth plate, a layer of cartilage located
between the epiphysis and the metaphysis of mammalian long

bones, is composed of three distinct zones: the resting zone,
proliferative zone, and hypertrophic zone. With increasing age,
the growth plate undergoes a program of structural and func-
tional changes. These senescent changes include a progressive
decline in the growth rate accompanied by a decrease in the
heights of the proliferative zone (4), the hypertrophic zone (5),
and the overall growth plate (6). In some mammals, including
humans and rabbits, the senescent growth plates are eventually
replaced by bone tissue, a process termed epiphyseal fusion.

Specifically, to explain the mechanism underlying local
catch-up growth, we hypothesized that growth plate senes-
cence is not a function of age per se, but rather of the
cumulative number of cell divisions that the chondrocytes have
undergone. Glucocorticoid excess and other growth-inhibiting
conditions slow linear growth (7), in part, by decreasing the
proliferation rate of growth plate chondrocytes (5, 8). Accord-
ing to our hypothesis, this decrease in proliferation rate would
slow growth plate senescence. If the growth-inhibiting condi-
tion resolves, the growth plates would be less senescent and
therefore grow more rapidly than expected for age, resulting in
catch-up growth.

To test this model, in the current study we transiently
inhibited longitudinal bone growth in rabbits by administering
glucocorticoid systemically. We then stopped the glucocorti-
coid treatment and assessed markers of growth plate senes-
cence to determine whether senescence had, in fact, been
delayed by the previous growth inhibition.
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METHODS

Animals. Animals were housed and cared for in accordance
with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (9). The experimental procedures
were approved by the National Institute of Child Health and
Human Development Animal Care and Use Committee.

Five-week-old male New Zealand White rabbits (Covance
Research Products, Denver, PA, U.S.A.) were treated with
dexamethasone (Phoenix Pharmaceutical, St. Joseph, MO,
U.S.A.), 0.5 mg/kg per day s.c. for 5 wk. Male New Zealand
White rabbits begin sexual maturation at approximately 2
months of age (10) and undergo epiphyseal fusion by approx-
imately 6 mo of age (11). Treatment was begun at 5 wk of age
to allow sufficient time for induction of growth retardation and
recovery before epiphyseal fusion occurs. Untreated animals
served as concurrent controls. One day after discontinuation of
dexamethasone, all rabbits began receiving oxytetracycline
(Phoenix Pharmaceutical), 10 mg/kg i.m. weekly, to label
newly formed bone. The last dose was given 1 d before
sacrifice. Animals were weighed weekly throughout the study.
Rabbits were killed by pentobarbital overdose at 2, 9, 16, 30,
and 114 d (expressed as 0, 1, 2, 4, and 16 wk for convenience)
after the discontinuation of dexamethasone (eight animals in
each treatment group per time point), and the femurs were
removed. Two of the dexamethasone-treated animals died
before scheduled sacrifice, and their femurs were not included
in the analysis.

Femoral length measurement. Left femur length was mea-
sured in triplicate by a single, blinded observer using a digital
caliper (Mitutoyo Corp, Kawasaki, Japan). Length was mea-
sured from the distal femoral articular surface to the greater
trochanter.

Quantitative histology. The right distal femurs were dehy-
drated in serial solutions of graded ethanol followed by clear-
ing in xylene and infiltration with methyl methacrylate. Serial
5-�m sections were cut near-parallel to the long axis of the
femur and stained with Goldner’s trichrome. Using a light
microscope with a VIA-100 video measurement system (Bo-
eckler, Tuscon, AZ, U.S.A.), the heights of the resting, prolif-
erative, and hypertrophic zones were measured at four sites
along the growth plate by a single, blinded observer and an
average was taken. The four sites were selected a priori
because, at these locations, the growth plate is perpendicular to
the long axis of the bone (Fig. 1). Total growth plate height was
determined by summing the heights of the three zones.

Sections from the 16-wk group were evaluated for growth
plate fusion by a blinded observer. Any areas of growth plate
with chondrocytes arranged in columns, even if disorganized,
were considered unfused. If chondrocyte columns were re-
placed by blood vessels and bone cells or only scattered lone
chondrocytes and cartilage matrix remnants were seen, the area
was considered to be fused. Some sections showed fusion
beginning in one region but not yet involving the entire growth
plate. For these growth plates, the percent fusion was estimated
visually.

Growth rate and proliferation rate. To measure growth rate,
the animals were injected weekly with oxytetracycline, which

is incorporated into bone and can be visualized by fluorescence
microscopy. The final dose, given 1 d before sacrifice, labels
essentially all of the metaphyseal trabecular bone. The previ-
ous dose, given 8 d before sacrifice, is only incorporated into
bone that had been present at the time that dose was given.
Therefore, the bone formed beneath the growth plate during the
8 d before sacrifice contains only a single band of fluorescent
label whereas the older bone contains more than one band of
label. Thus, the linear growth in the week before sacrifice was
assessed by measuring the height of the single-labeled metaph-
yseal bone beneath the growth plate (Fig. 1). To make this
measurement, unstained 8-�m longitudinal sections of the
distal femoral metaphyses were examined in the same areas
used for quantitative histology (Fig. 1) using a fluorescence
microscope, a videocamera, a computer, and Oncor Image
software (Version 2.0, Oncor Inc., Gaithersburg, MD, U.S.A.).
The four measurements were averaged for each specimen. If no
clear junction between singly and doubly labeled bone could be
identified, that subregion was not included in the average. For
this reason, growth velocity was unmeasurable in four animals
previously treated with dexamethasone. If the growth plate had
fused and there was no evidence of linear growth by fluores-
cence microscopy, a growth rate of 0 mm/d was recorded. The
observer was blinded to experimental group.

Proliferation rate (new cells per chondrocyte column per
day) was assessed by dividing the growth rate by the height of
the terminal hypertrophic cell according to the method of
Kember and Sissons (12). The terminal hypertrophic cell was
defined, in Goldner’s trichrome-stained sections, as the cell in
the last lacuna not invaded by metaphyseal blood vessels. For
each specimen, the heights of approximately 20 cells were
measured parallel to the chondrocyte columns and the results
averaged. Proliferation rate could not be assessed in fused
growth plates.

Statistical analysis. Data are presented as mean � SEM.
Comparisons between treatment groups and time points were

Figure 1. Diagram of a longitudinal section through the distal femur. The
four single-headed arrows indicate the regions of the growth plate where the
heights of the resting zone, proliferative zone, and hypertrophic zone were
measured. The height of the metaphyseal single-labeled bone was measured
beneath the growth plate in the same four regions.
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made, where appropriate, using a two-way ANOVA test fol-
lowed by a Tukey test for post hoc pairwise multiple compar-
isons. For analyses of the recovery period, the 0-wk time point
was not included. For analyses of proliferative zone height,
hypertrophic zone height, and total growth plate height, the
16-wk time point was excluded because there was a high
incidence of epiphyseal fusion. Inclusion of the 16-wk time
point would have increased statistical significance. Differences
in epiphyseal fusion were analyzed using a Mann-Whitney U
test.

RESULTS

Body weight. During the 5-wk treatment period, dexametha-
sone-treated animals did not gain weight as rapidly as control
animals (p � 0.001; Fig. 2). After dexamethasone treatment
was stopped, the treated animals gained weight more rapidly
than controls (p � 0.05; Fig. 2). Despite the recovery, differ-
ences in weight were still present at the end of the experiment
(p � 0.005).

Femoral growth and proliferation. Femoral length in the
dexamethasone-treated animals was 17.4 � 1.4 mm less than
control animals at the end of the treatment period (p � 0.001;
Fig. 3A). Progressive catch-up growth occurred (p � 0.001),
reducing this deficit to 1.6 � 1.6 mm (NS) by 16 wk (Fig. 3A).
Distal femoral growth rates, measured by fluorescence micros-
copy, were not significantly different between the two groups
during the first week after the dexamethasone treatment; how-
ever, there was a marked increase in the growth rate of
dexamethasone-treated animals between weeks 1 and 2 of the
recovery period (p � 0.001, Fig. 3B). The growth rate then
gradually decreased yet remained elevated compared with
controls of the same age (Fig. 3B). The proliferation rate of the
growth plate chondrocytes (Fig. 3C), assessed by the method of
Kember and Sissons (12), showed a pattern similar to that of
the femoral growth rate.

Growth plate histologic measurements. In the control ani-
mals, the distal femoral growth plates showed typical senescent
changes; over time, there was a gradual decrease in the heights
of the total growth plate (Fig. 4A), the proliferative zone (Fig.
4B), and the hypertrophic zone (Fig. 4C). In the dexametha-
sone-treated animals, at the end of the treatment period, the

Figure 2. Body weight (mean � SEM) during and after dexamethasone (Dex)
treatment. Young rabbits received dexamethasone (5 mg/kg per day, n � 7)
s.c. for 5 wk and were then allowed to recover for 16 wk. Untreated animals
served as controls (n � 8). The box below the curves represents the period of
dexamethasone treatment. At some time points, SEM bars are smaller than the
symbols.

Figure 3. Femoral length (A), distal femoral growth rate (B), and chondrocyte
proliferation rate (C) after stopping dexamethasone treatment (mean � SEM).
Five-week-old rabbits received dexamethasone (0.5 mg/kg per day, n � 7–8
per time point) s.c. for 5 wk and were then allowed to recover for 0 to 16 wk.
Untreated animals served as controls (n � 8 per time point). After dissection,
femoral length was measured with a digital caliper. To measure growth rate,
animals received weekly injections of oxytetracycline. Undecalcified longitu-
dinal sections were then obtained from the distal femurs, and the growth rates
were determined by fluorescence microscopy. Chondrocyte proliferation rate
was assessed by dividing the growth rate by the height of the terminal
hypertrophic cell.
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heights of the total growth plate, the proliferative zone, and the
hypertrophic zone were decreased compared with controls
(Fig. 4). In the first week after the dexamethasone was stopped,
these heights increased then subsequently exhibited a gradual
senescent decline (Fig. 4). The senescent curves for the dexa-
methasone-treated animals appeared right-shifted compared
with controls (p � 0.001, growth plate and hypertrophic zone;
p � 0.005, proliferative zone; Fig. 4). The magnitude of the

rightward shift was approximately 3 wk. Thus, at a given time
point, the chondrocyte columns of the treated animals were
longer than those of control animals (Fig. 5A).

Epiphyseal fusion. At the end of the dexamethasone treat-
ment period, none of the animals had fused distal femoral
epiphyses. By 16 wk of recovery, 88% of the control animals
had fused their distal femoral growth plates compared with
only 14% of the treated animals (p � 0.01; Fig. 5B).

DISCUSSION

In the control animals, the growth plates showed the ex-
pected senescent decline in function and size. With age, the
rate of longitudinal bone growth progressively decreased. This
slowing of growth was accompanied by a gradual decrease in
the rate of chondrocyte proliferation as well as the heights of
the proliferative zone, hypertrophic zone, and total growth
plate. Similar senescent changes have been observed in other
mammalian species (4–6). In humans, there is a dramatic
decrease in longitudinal bone growth, which begins during
intrauterine life and is interrupted only briefly by the pubertal

Figure 4. Heights (mean � SEM) of the total growth plate (A), the prolif-
erative zone (B), and the hypertrophic zone (C) of the distal femur after
stopping dexamethasone treatment. Five-week-old rabbits received dexameth-
asone (0.5 mg/kg per day, n � 7–8 per time point) s.c. for 5 wk and were then
allowed to recover for 0 to 16 wk. Untreated animals served as controls (n �
8 per time point). Longitudinal sections were obtained from the distal femurs,
and growth plate heights were measured using light microscopy and a video
measurement system.

Figure 5. Distal femoral growth plate structure 1 wk (A) and 16 wk (B) after
stopping dexamethasone. Five-week-old rabbits received dexamethasone (0.5
mg/kg per day) s.c. for 5 wk and were then allowed to recover. Sections were
stained with Goldner’s trichrome. Scale bar, 200 �m. E, epiphysis; RZ, resting
zone; PZ, proliferative zone; HZ, hypertrophic zone; M, metaphysis. In B, the
growth plate in the control animal has been largely replaced with bone tissue,
indicating epiphyseal fusion.
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growth spurt (13). The senescent decline in growth rate is
caused by a decrease in the proliferation rate of chondrocytes
in the proliferative zone (4) and in the hypertrophic cell size in
the hypertrophic zone (14). On the basis of growth plate
transplantation experiments, senescence appears to be caused
by a mechanism intrinsic to the growth plate (15).

Administration of systemic glucocorticoid for 5 wk inhibited
longitudinal bone growth. Excess glucocorticoid inhibits linear
growth in large part by suppressing chondrocyte proliferation
(5, 8, 16). After the glucocorticoid was stopped, the treated
animals exhibited catch-up growth. This catch-up growth was
rapid in onset and sustained throughout the period of growth.
This phenomenon of supranormal linear growth after release
from growth-inhibiting conditions has been attributed to a CNS
mechanism (2, 17). However, more recently, we demonstrated
that catch-up growth is due, at least in part, to a mechanism
intrinsic to the growth plate, rather than the CNS (3).

To explain the mechanism underlying local catch-up growth,
we proposed the following model: 1) The normal process of
growth plate senescence depends not on time, per se, but rather
on the cumulative number of replications that the growth plate
chondrocytes have undergone. Thus, as growth plate chondro-
cytes replicate, they become more senescent, and therefore
subsequent replications occur more slowly. 2) Conditions that
inhibit growth plate chondrocyte proliferation therefore slow
growth plate senescence. 3) After transient growth inhibition,
growth plates are thus less senescent and hence grow more
rapidly than expected for age, resulting in catch-up growth.

To test this delayed senescence model, we assessed struc-
tural and functional markers of growth plate senescence during
the recovery period. The model predicts that the decline in
these markers would be delayed in the animals previously
treated with dexamethasone. Our data are consistent with these
predictions; once the effects of the dexamethasone had worn
off, the treated animals showed a delay in the senescent decline
in growth plate structure and function. Specifically, the prolif-
erative zone height, hypertrophic zone height, and total growth
plate height of the treated animals were increased compared
with controls of the same age but similar to control animals
approximately 3 wk younger. The same pattern of delay was
seen for the growth rate and chondrocyte proliferation rate,
functional markers of growth plate senescence.

In addition, epiphyseal fusion was delayed in the animals
previously treated with dexamethasone. Epiphyseal fusion de-
notes the replacement of the growth plate by bone tissue. This
process occurs only in senescent growth plates (18). Therefore,
the delayed fusion observed in animals previously treated with
dexamethasone provides further support for the delayed senes-
cence model.

The catch-up growth observed after systemic glucocorticoid
administration in the current study was more complete than
that previously observed after local glucocorticoid administra-
tion (3). This difference may be related to differences in the
nature of the growth inhibition. Local infusion of glucocorti-
coid into the growth plate probably inhibits growth by acting
directly on growth plate chondrocytes (16, 19). Systemic glu-
cocorticoid administration could act on the growth plate both
directly and also indirectly through nutritional and hormonal

mechanisms (20–22). In the current study, for example, dexa-
methasone impaired weight gain, which may have indirectly
impaired linear growth. These different mechanisms of growth
inhibition might delay growth plate senescence to different
degrees and thus affect the magnitude of the catch-up growth.

Another possible explanation for the difference in complete-
ness of recovery is that both local and systemic mechanisms
might contribute to catch-up growth. It has been suggested, for
example, that increased GH levels might play a role (20, 23).
Increased GH could also explain the observed increased height
of the growth plates. However, increased GH levels would not
explain the observed delay in epiphyseal fusion.

In contrast to the complete catch-up in linear growth, recov-
ery of weight was more gradual, occurred later, and was
incomplete. We did not study the mechanisms contributing to
catch-up in body weight, which probably involve tissues other
than the growth plate. Rabbits do not appear to be a good
model for the glucocorticoid-induced weight changes in hu-
mans; unlike humans, glucocorticoid excess causes weight loss
in rabbits.

Although glucocorticoid excess appears to decrease both
growth rate and growth plate senescence, it is not known
whether other factors that affect growth, including nutritional,
mechanical, and other hormonal conditions, also affect senes-
cence. Indeed, we speculate that some conditions may affect
growth rate not by altering chondrocyte proliferation rate but
rather by altering the amount of cell enlargement in the hyper-
trophic zone (24). In such cases, the rate of senescence may not
be affected.

The delayed senescence model is based on the hypothesis
that growth plate senescence depends on the replicative history
of the growth plate chondrocytes. Such replicative senescence
does occur in other cell types. The limited proliferative capac-
ity of animal cells in culture, the Hayflick phenomenon, ap-
pears to result from replicative senescence (25). Replicative
senescence also probably occurs in vivo (26). The underlying
mechanisms are not fully understood but may include telomere
shortening (27) and increased expression of genes that nega-
tively regulate progression through the cell cycle (26).

In summary, our findings are consistent with the hypothesis
that the normal decline in the linear growth rate is caused by
replicative senescence of growth plate chondrocytes. The re-
sults further suggest that catch-up growth is due, at least in
part, to a delay in the normal program of growth plate
senescence.
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