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Abstract
Longitudinal bone growth is rapid in prenatal and early postnatal life, but then slows with age and
eventually ceases. This growth deceleration is caused primarily by a decrease in chondrocyte
proliferation, and is associated with other structural, functional, and molecular changes
collectively termed growth plate senescence. Current evidence suggests that growth plate
senescence occurs because the progenitor chondrocytes in the resting zone have a limited
replicative capacity which is gradually exhausted with increasing cell division. In addition, recent
experimental findings from laboratory and clinical studies suggest that growth plate senescence
explains the phenomenon of catch-up growth. Growth-inhibiting conditions such as glucocorticoid
excess and hypothyroidism delay the program of growth plate senescence. Consequently, growth
plates are less senescent after these conditions resolve and therefore grow more rapidly than is
normal for age, resulting in catch-up growth.

In humans, body length increases rapidly during fetal life and early childhood, but linear
growth progressively slows and eventually ceases during adolescence. Similar declines in
linear growth rates are also observed in other mammals. Although linear growth is highly
regulated by endocrine factors, this decline in growth rate does not appear to be caused by a
change in hormone levels. Indeed, there is no known growth-regulating hormone whose
concentration changes in a pattern that would explain the slowing of linear growth. For
example, circulating insulin-like growth factor-I concentrations rise during early childhood
as growth is slowing [1]. Furthermore, growth plate transplantation experiments suggest that
growth deceleration is not caused by any systemic mechanism; when growth plates are
transplanted between rabbits of different ages, the growth rate of the transplanted growth
plates depends on the age of the donor animal rather than the recipient [2], indicating that
the decline in growth rate is primarily due to a mechanism intrinsic to the growth plates
themselves.

The rate of longitudinal bone growth and hence the rate at which body length increases, is
primarily determined by the rate of chondocyte proliferation, the size attained by the
hypertrophic chondrocytes, and the rate of cartilage matrix secretion [3]. In fact, the rate of
longitudinal bone growth can be approximated mathematically by the number of cell
divisions occurring in each proliferative column per unit time, multiplied by the height of
the terminal hypertrophic chondrocyte [4]. This formula has a simple theoretical
explanation; the number of cell divisions per column equals the number of new cells
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produced per unit time, and the height of the last hypertrophic chondrocyte approximates the
amount of linear distance that will eventually be provided by each of those new cells.
Cartilage matrix synthesis, while not explicitly part of the formula, is required to expand the
intercolumnar extracellular space in the direction parallel to the long axis of the bone at a
rate commensurate with that of the cellular expansion within the columns.

The decline in linear growth rate in the rat is due both to a decline in the proliferation rate
and the size of the terminal hypertrophic cells [5,6]. Of these, the greater fold change occurs
in the rate of chondrocyte proliferation. Presumably, the rate of cartilage matrix synthesis is
also declining to keep pace with the decline in cellular growth.

The progressive loss of function that occurs with increasing age in the growth plate is
accompanied by a structural involution [6,9,10]. With increasing age, the overall height of
the growth plate declines because of a decrease in the number of resting zone chondrocytes
and the number of proliferative and hypertrophic chondrocytes per column. In addition, the
columns of chondrocytes become more widely spaced with age. These senescent structural
changes have been best studied in rodents and rabbits. In humans, the rate of longitudinal
growth rate also declines with age, as does both the number of chondrocytes per cell column
[7,8] and proportion of proliferative chondrocytes per column [7] decreased with age.
However, unlike rats, the height of the terminal hypertrophic cells and the height of the
resting zone in human growth plates remains relatively constant during the period of
juvenile growth deceleration [8].

This postnatal development program, which includes both progressive loss of function and
progressive structural involution, has been termed growth plate senescence [11,12]. In
biology, the word senescence has two meanings [13]. First, it can refer to physiological
changes that occur with increasing age and typically involve a loss of function. Second, the
word can refer to a specific cellular program that was first identified in cultured cells and
includes a cessation in proliferation [13]. The term growth plate senescence uses the first
meaning and simply refers to a physiological program that involves a loss of function and
involution with increasing age.

The fact that growth plate senescence occurs with increasing age suggests the possibility that
senescence is driven by a timing mechanism within the growth plate, such as a biological
clock; however several studies indicate that this is not the case. Conditions that slow growth
in the growth plate also slow the entire development program of growth plate senescence,
suggesting that the process of growth, rather than age per se, is the underlying driver of
senescence. The specific experimental evidence for this conclusion comes from several
animal models including growth inhibition by glucocorticoid excess in the rabbit [12],
inhibition by hypothyroidism in rats [9], and inhibition by tryptophan deficiency (and
consequently decreased food intake) in rats (unpublished observation). In each system, the
experimental intervention slows longitudinal bone growth and also slows the changes in
structural and functional markers of growth plate senescence. These observations, that
slowing growth, using multiple different approaches, slows senescence, strongly imply that
senescence is a function of growth rather than simply a function of age. However, the data
do not exclude the possibility that age itself may also play some contributory role. How
might growth drive senescence? One possibility is that chondrocytes might have some
mechanisms to count cell cycles. Such cell-cycle counting appears to occur in some
developmental processes. For example, the Xenopus laevis embryo undergoes exactly
twelve synchronous cleavages before a period of slower asynchronous cell divisions [14].
This putative cell cycle counter in growth plate chondrocytes could involve some
characteristic of the cell that is progressively altered with each cell division. As the
cumulative number of cell divisions undergone increases, this putative counter might
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advance and then turn off growth-promoting factors and/or turn on growth-inhibiting
factors, causing proliferation to slow.

Whether or not a cell-cycle counter exists in the growth plate, it appears likely that this
structure retains information about its prior growth history and that this prior growth history
affects future growth. Theoretical considerations suggest that this information about the
prior growth history is not stored in the proliferative or hypertrophic zone. The hypertrophic
chondrocytes undergo apoptosis and are soon lost from the growth plate. The proliferative
chondocytes under clonal expansion briefly but are not thought to be self-renewing but
rather undergo terminal differentiation to become hypertrophic chondocytes and thus are
subsequently lost to apoptosis. One could imagine that the information regarding prior
growth history is somehow stored in these zones but passed on to surrounding cells so that it
is not lost as each cell dies. However, another simpler explanation is that the prior growth
history is retained in the resting zone. This zone appears to contain progenitor chondrocytes
that can produce new columnar clones of proliferative and hypertrophic chondrocytes and
are thought to persist, self-renewing by slow cell division, throughout the lifespan of the
growth plate [15]. If this slow replication of progenitor cells in the resting zone were to
gradually deplete their replicative capacity, then their clonal progeny in the proliferative
zone might also show progressively diminished proliferative activity, leading to growth
deceleration. Alternatively, if the progenitor cells were simply to become depleted
numerically, the proliferative columns might be renewed less often. This might account for
the decrease in column density that occurs with senescence as well as the decrease in
proliferation within each column. In fact, there is evidence that the resting zone
chondrocytes do become depleted both in number and proliferative activity as senescence
progresses [16]. This qualitative and quantitative depletion might be interrelated; a loss of
proliferative capacity in these cells might limit not only their ability to generate active
proliferative clones but also their ability to self-renew, leading to their own numerical
depletion. Interestingly, treatment with glucocorticoid excess in vivo slows chondrocyte
proliferation in the resting zone and also slows the numerical depletion of these cells,
consistent with the hypothesis that the numerical depletion of these cells is dependent on the
cumulative number of cell divisions undergone [16].

Although the proliferative activity of resting zone chondrocytes declines during senescence
in vivo, this decline may not necessarily be due to a cell-autonomous depletion of
proliferative capacity. When resting zone chondrocytes are isolated from rabbits and
cultured in vitro, they undergo a limited number of cell divisions before undergoing
replicative senescence. However, the number of population doublings that these cells
undergo seem to be fixed rather than dependent on whether the cells were obtained from
fetal rabbits, rapidly growing young rabbits, or older rabbits that grow more slowly [17].
This finding suggests that the mechanisms responsible for limiting proliferation in vivo and
the mechanisms that limit proliferation in cell culture are different. This observation also
raises the possibility that the mechanisms limiting growth in vivo are not cell autonomous
but rather require cell-cell interaction. As an example, slowing of proliferation might reflect
decreasing expression of a paracrine growth factor. When cells are taken from the growth
plate and placed in culture, their growth may no longer be limited by this factor but rather by
growth factors added to the culture medium, allowing them to bypass the in vivo limit and
continue growing until they reach a different limit, perhaps the same limit that prevents
other cell types from growing indefinitely when placed in culture, the Hayflick limit [18].

The molecular mechanisms that slow growth in vivo are not well understood. However,
recent studies suggest that there is a complex set of changes in gene expression that occurs
in the growth plate during senescence that may contribute to this developmental process.
Gene expression has been assessed in young rats, which are growing rapidly, and older rats,
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which are growing more slowly [19]. This comparison was done by micodissecting the
proliferative plus early hypertrophic zone from these rats, isolating RNA and then measuring
specific mRNA levels by expression microarray analysis, followed by verification using
real-time RT-PCR. This analysis has pointed to specific candidate genes, such as Igf2, a
growth-promoting gene which is downregulated almost 1000-fold during senescence [20].
This analysis also suggests that FGF, Wnt, eicosanoid, p38-MAPK and vitamin D receptor
signaling may be involved [19,21]. There is evidence that the decline in Igf2 mRNA
expression and a limited number of other changes in expression are driven by growth, rather
than by time, suggesting that these changes are part of the senescence program [9].
Nevertheless, substantial additional investigation will be required to test whether these
pathways are only temporally associated with growth plate senescence or they indeed play a
causal role.

Our improved understanding of growth plate senescence has provided insight into the
clinical phenomenon of catch-up growth. Catch-up growth is defined as body growth that
occurs at a rate greater than normal for age, following a period of growth inhibition [22].
Clinically, catch-up growth has been observed after growth inhibition due to a variety of
causes, including hypothyroidism, malnutrition, and glucocorticoid excess. Previously,
catch-up growth was ascribed to a homeostatic mechanism within the central nervous
system [23]. However, local growth inhibition within a single growth plate leads to local
catch-up growth, suggesting that the mechanism responsible for catch-up growth resides, at
least in part, within the growth plates themselves [24]. Subsequent studies have shown
evidence that this local catch-up growth results from delayed growth plate senescence.
Growth-inhibiting conditions slow senescence, including the decline in the chondrocyte
proliferation rate, the size of the hypertrophic chondrocyte and, consequently, the rate of
longitudinal bone growth [9, 12]. Therefore, when the growth-inhibiting condition resolves,
the growth plates grow more rapidly than is normal for age, resulting in catch-up growth.
Simply put, because growth-inhibiting conditions slow aging of the growth plate, after the
condition resolves, the growth plates grow more rapidly like those of younger animals. The
evidence for this mechanism comes from studies of catch-up growth after glucocorticoid
excess in rabbits [12] and after hypothyroidism in rats [9].

Indirect evidence suggests that catch-up growth in humans is also due to delayed growth
plate senescence. In children with celiac disease growth is often inhibited, and, when a
gluten-free diet is initiated, catch-up growth occurs. In these children, the rate of growth
during the first 4 years of treatment was greater than expected for age (indicating catch-up
growth) but normal for a younger child, based on their height age or bone age at the time of
treatment initiation [25]. This pattern of right-shift in the growth curve during catch-up
growth was consistent with the hypothesis of that delayed senescence contributes to catch-
up growth.

In summary, with increasing age, the growth plate undergoes programmed senescence,
including both loss of function and structural involution. Growth plate senescence appears to
be driven, not by time, which would suggest a biological clock mechanism, but by growth
itself, suggesting the possibility of a cell-cycle counting mechanism. Theoretical
considerations and limited empirical findings suggest that the information about the prior
growth history is stored in the resting zone. The stem-like cells in this zone appear to be
depleted during senescence, both quantitatively and also qualitatively, in terms of their
proliferative activity. The molecular mechanisms that cause growth plate senescence are not
well understood but may involve a complex set of changes in gene expression that occurs in
the growth plate postnatally. Finally, growth plate senescence appears to explain an
interesting clinical phenomenon; there is evidence that catch-up growth is due to delayed
growth plate senescence.
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