-

-~
brought to you by .i. CORE

View metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector

Kidney International, Vol. 58 (2000), pp. 62-70

Growth hormone receptor abundance in tibial growth plates of
uremic rats: GH/IGF-I treatment

STEPHANIE R. EDMONDSON, NAOMI L. BAKER, JUN OH, GABOR KovAcs, GEORGE A. WERTHER,

and OrTro MEHLS

Centre for Hormone Research, Royal Children’s Hospital, Parkville, Victoria, Australia, and Section fur Pddiatrische
Nephrologie, Universitatsklinikum, Kinderklinik, Heidelberg, Germany

Growth hormone receptor abundance in tibial growth plates
of uremic rats: GH/IGF-I treatment.

Background. Children with chronic renal failure (CRF) ex-
hibit growth retardation and a disturbed growth hormone/insu-
lin-like growth factor-I (GH/IGF-I) axis. Treatment of children
with CRF with GH or GH/IGF-I can partially restore linear
growth. The molecular basis for decreased longitudinal growth
is not known but may involve an impaired action of GH.

Methods. We used the growth-retarded uremic rat model to
determine the abundance and distribution of GH receptors
(GHRs) in the tibial epiphyseal growth plate and the influence
of GH, IGF-I, or combined GH/IGF-I treatment. Pair-fed rats
were used as the control.

Results. While all treatment regimes increased body length
and weight in both rat groups, only GH/IGF-I treatment in-
creased the total growth plate width. This involved an increase
in cell number in the hypertrophic zone, which could also
be induced by IGF-I alone. Immunohistochemical analysis
showed that uremic rats had decreased abundance of GHRs
in the proliferative zone, and only GH/IGF-I therapy could
overcome this decrease. These data thus suggest that growth
retardation in uremic rats is, at least in part, due to a decrease
in GHR abundance in chondrocytes of the proliferative zone
of the tibial growth plate. This decreased GHR abundance can
be overcome by combined GH/IGF-I therapy, thus enhancing
generation and proliferation of hypertrophic zone chondro-
cytes and increasing growth-plate width.

Conclusion. These studies point to a mechanism for the
growth retardation seen in children with CRF, and suggest that
combined GH/IGF-I treatment may provide more effective
therapy for these patients than GH alone.

Chronic renal failure (CRF) in children is associated
with severe growth failure. Recent studies have shown
that a perturbed growth hormone/insulin-like growth
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factor-I (GH/IGF-I) axis is one of many factors that may
contribute to this growth retardation. In particular, CRF
is associated with normal or elevated serum levels of
GH and normal or decreased serum levels of IGF-I de-
pending on the state of renal failure, suggesting a state
of GH insensitivity in target organs [1-6]. Treatment of
CRF children with recombinant human GH (rhGH) can
partially restore linear growth, suggesting that the insen-
sitivity to endogenous GH can be overcome [7-11]. Rats
with experimental uremia are also growth retarded, and
studies have shown varying degrees of restoration of
linear growth with GH [12-20], IGF-I, or combinations
of GH/IGF-I treatment [21-23].

The molecular basis for the decrease in longitudinal
growth seen in CRF is not clearly understood. GH is a
major regulator of bone growth [24-27]. GH is likely to
act directly on GH receptors (GHRs) on growth-plate
chondrocytes [28] and, in association with local produc-
tion of IGF-I, increases growth plate width [29]. Uremic
rats show a disorganized tibial epiphyseal growth plate,
which may be slightly wider or narrower than normal
controls [13,22]. Treatment with GH results in expansion
of the growth plate width, which may selectively involve
specific zones [17, 23]. We therefore hypothesized that
retarded linear bone growth in uremia may be due to a
change in GHR distribution and/or abundance in the
growth plate. Furthermore, we predicted that treatment
with GH or IGF-I or combined GH/IGF-I may modulate
receptor abundance, thus providing a potential mecha-
nism for growth-promoting effects. In this study, we have
used the uremic rat model to characterize, by immuno-
histochemistry, the distribution and abundance of GHRs
in the tibial epiphyseal growth plate. We have then exam-
ined the effect of GH, IGF-I, and GH/IGF-I therapy on
abundance and distribution of GHRSs in the tibial growth
plate of the uremic rat.

METHODS

Female Sprague-Dawley rats (Ivanovas Co., Kisslegg/
Allgédu, Germany) weighing 70 to 80 g were used for the
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experiments. One week prior to the study, the animals
were kept in single cages at constant room temperature
(24°C) and humidity (70%) on a 12-hour on/off light
cycle. The animals had free access to food (Altro min
C 1000 diet; Altromin Co., Lage/Lippe, Germany) and
deionized water. The diet contained 13800 kJ/kg, 0.95%
calcium, 0.8% phosphorus, 500 IU/kg vitamin D;, and
18% protein (wt/wt). The animals were randomized to
the experimental groups according to their body weight.
The animals were subjected to two-stage subtotal ne-
phrectomy (NX), as described previously [13, 30]. Five
days after subtotal NX of the left kidney, when the ani-
mals had a mean body weight of 132 g, the contralateral
kidney was removed, and uremia resulted. Control ani-
mals were sham operated (renal decapsulation). Uremic
animals had free access to food and water, whereas the
control groups were pair fed to the uremic group, as
described previously [21]. Pair feeding started after the
first stage of operation. The duration of uremia in all
experiments was 10 days.

Experimental protocol

The uremic animals and the pair-fed control animals
were randomized into four groups (N = 4 animals/treat-
ment group). Group 1 received vehicle twice daily subcu-
taneously. Group 2 was treated with 7.5 IU rhGH/kg/day
twice daily subcutaneously. Group 3 was treated with
3 mg rhIGF-I’kg/day twice daily subcutaneously, and
group 4 received a combination of rhGH and rhIGF-I
in the doses indicated previously in this article. Recombi-
nant human GH (Genotropin) and rhIGF-1 (CH/B/
60229-51) was a gift of Pharmacia and Upjohn Company
(Stockholm, Sweden). Hormonal and vehicle injection
were started after the second operation for subtotal NX.
The duration of treatment was 10 days.

Processing of tissue

Tibias were excised, broken midshaft, trimmed of ex-
cess tissue, and placed in placed in 10% formalin in
phosphate-buffered saline (PBS; Oxiod, Basingstoke,
Hampshire, UK) for 24 hours at 4°C. Tibias were then
decalcified in 5% formic acid at 4°C for up to 20 days.
Following decalcification, tibias were split in the midline
sagittal plane and processed through graded ethanol,
cleared in two changes of xylene, and infiltrated with
paraffin wax. Six micrometer sections were cut, mounted
on aminoalkylsilane-coated slides [31], and baked over-
night at 37°C.

Immunohistochemistry

Epiphyseal growth plate sections were subjected to
immunohistochemistry as previously described [32] with
modifications as follows: Monoclonal antibody 263 (mAb
263) [33] was used at a concentration of 1:100 to detect
GHR. Monoclonal antibody 7 (mAb 7) [33] was used

as a negative control (1:100). The Vectastain ABC kit
(Vector Laboratories Inc., Burlingame, CA, USA) was
used for to detect bound primary antibody. Briefly, sec-
tions were dewaxed in Histolene (Riverstone, New South
Wales, Australia), rehydrated by passage through graded
ethanol and ultrapure water (Liquipure Continental Wa-
ter System, Melbourne, Victoria, Australia), and incu-
bated in H,0O, in PBS (pH 7.4) to quench endogenous
peroxidase activity, and nonspecific protein binding was
eliminated by incubation with horse serum. Sections
were then incubated with (7) diluted primary antibody
(mAb 263, mAb 7), followed by (2) diluted biotinylated
second antibody (antimouse), and then (3) Vectastain
ABC reagent. Following the diaminobenzidine (DAB)/
peroxidase reaction, sections were counterstained with
hematoxylin and eosin, dehydrated in graded ethanol,
cleared in histolene (Riverstone), and mounted under
DPX (BDH, Dorset, UK).

Analysis

In vivo measurement of body length and weight. Body
length and weight were measured during the afternoon
in nonfasting animals. Nose-to-tail tip distances were
measured in anesthetized animals under complete mus-
cle relaxation as described previously [13, 30]. The in-
crease in body weight and length in both uremic and
pair-fed animals was used for analysis.

Growth plate width analysis. Total growth plate and
regional [proliferative (P) and hypertrophic (H)] growth
plate width were analyzed using the microcomputer im-
aging device (MCID) M4 image analyzer (Imaging Re-
search Inc., St. Catherines, Canada). Total growth-plate
width was measured as the distance from the bone matrix
in the reserve zone to bone matrix in between the zone
of calcifying cartilage and developing trabeculae of the
metaphysis. P zone width was taken as the distance from
the bone matrix in the reserve zone to the distal border
of the last line of P cells prior to clear H change. H zone
width was taken as the distance from this line to the
mature edge of the growth plate. Following calibration
of the MCID system, 12 different measurements (um)
for each growth plate or growth plate zone were taken,
and a mean width was calculated.

Cell number. Cell numbers within the P and H zones
of tibial epiphyseal growth plates were counted blind
from three different microscopic fields per growth plate,
using a grid to maintain standard area counted. An aver-
age of the three fields was calculated, and data were then
expressed as average cell numbers for each treatment
group.

Growth hormone receptor-positive chondrocyte identi-
fication and distribution analysis. GHR-positive chon-
drocytes of tibial epiphyseal growth plates, indicated by
a dark-brown peroxidase reaction, were counted by a
blinded observer in both the P or H zones. Three differ-
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ent microscopic fields per growth plate were assessed
for GHR-positive cells using a grid to maintain a stan-
dard area, which was analyzed. Data were expressed as
the percentage of cells that were GHR positive per the
total number of cells per zone.

Statistical analysis

Data are reported as mean = SD. For comparison of
length gain and weight gain between groups, a two-way
analysis of variance (ANOVA) was performed followed
by all pair-wise multiple comparison (Student-Newman-—
Keuls method). Growth plate measurements were ana-
lyzed by a one-way ANOVA followed by a Newman—
Kuels Multiple Comparison test. P < 0.05 was accepted
as being statistically significant. All analyses were under-
taken using Prism GraphPad software (San Diego, CA,
USA).

RESULTS

Surrogate markers for renal function measured at sac-
rifice indicated a significant impairment of glomerular
filtration rate. Serum creatinine values were (mean and
range) 1.1 (0.7 to 1.3) mg/dL in uremic animals and 0.3
(0.2 to 0.3) mg/dL in pair-fed controls. GH and IGF-I
did not significantly influence those values.

GH, IGF-I, or GH/IGF-I treatment increases the
weight and length of uremic and pair-fed rats

Figure 1A represents the analysis of total weight gain
of both uremic and pair-fed rat groups treated with either
vehicle (saline), GH, IGF-I, or combined GH/IGF-I. The
administration of GH, IGF-I, or GH/IGF-I to uremic
rats resulted in a significant weight gain (P < 0.001),
with GH or GH/IGF-I being more effective than IGF-I
(P <0.01). No additive effect of GH and IGF-I in combi-
nation was seen in uremic animals compared with GH
alone. In the case of pair-fed rats, only GH was effective
alone (P < 0.001), but an additive effect of the combina-
tion of GH/IGF-I was seen (P < 0.001). The weight gain
for uremic rats either saline treated, IGF-I treated, or
GH/IGF-I treated was significantly different to their
equivalent pair-fed group (P < 0.001, P < 0.05, P <
0.01, respectively). In contrast, GH-treated uremic rats
gained weight to the same extent as GH-treated pair-
fed rats.

Figure 1B summarizes the analysis of body length gain
of both uremic and pair-fed rat groups treated with either
vehicle, GH, IGF-I, or GH/IGF-I. Treatment of both
uremic and pair-fed rats with GH, IGF-I, or combined
GH/IGF-I resulted in a significant gain in body length
when compared with their respective control groups (P <
0.001). However, no difference was seen between the
effect of GH or IGF-I alone or in combination in either
uremic or pair-fed animals. Uremic rats, including those
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Fig. 1. Effect of growth hormone (GH), insulin-like growth factor-I
(IGF-I), or combined GH/IGF-I treatment for 12 days on weight gain
and length gain in uremic (%) or pair-fed (M) rats. (A) Weight gain in
uremic or pair-fed rats treated with vehicle, IGF-I, GH, or GH/IGF-I.
#*P < 0.001 vs. vehicle-treated uremic rats; P < 0.01 vs. IGF-I-treated
uremic rats; *P < 0.001 vs. pair-fed vehicle-treated rats; #P < 0.001 vs.
vehicle-treated pair-fed rats; P < 0.05 vs. IGF-I treated pair-fed rats,
®P < 0.01 vs. GH/IGF-I treated pair-fed rats. (B) Length gain in uremic
(A) or pair-fed (M) rats treated with vehicle, IGF-I, GH, or GH/IGF-I.
*P < 0.001 compared with respective control groups, that is, uremic/
vehicle-treated or pair-fed/vehicle-treated rats. Data are mean * SD.

treated as previously described, were not significantly
different in their body length gain when compared with
their respective pair-fed, treated rat group.

Cumulative food intake for the uremic rats, and thus
pair-fed rats, was 142 = 12 g, and this volume of food
intake did not significantly alter with hormonal treat-
ment.

Tibial epiphyseal growth-plate widths are increased by
combined GH/IGF-I treatment

The total width of tibial epiphyseal growth plates from
uremic rats was not significantly different to pair-fed rats
(Fig. 2A). Only GH/IGF-I treatment of both uremic or
pair-fed rats resulted in a significant increase in total
growth plate width when compared with their corre-
sponding saline treated rat groups (P < 0.01, P < 0.001,
respectively), but growth-plate width of uremic GH/IGF-
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Fig. 2. GH/IGF-I treatment of uremic (7)) and pair-fed (M) rats in-
creases total growth-plate width. (A) Total growth-plate width is in-
creased by GH/IGF-I treatment of uremic and pair-fed rats. *P < 0.01
vs. uremic vehicle-treated rats; *P < 0.001 vs. pair-fed vehicle-treated
rats; *P < 0.01 vs. GH/IGF-I-treated pair-fed rats. (B) The P zone
width of tibial epiphyseal growth plates of uremic rats is increased by
GH/IGF-I treatment. ®P < 0.05 vs. vehicle-treated uremic rats; *P <
0.05 vs. IGF-I-treated uremic rats. (C) The H zone width of tibial
epiphyseal growth plates of uremic rats is increased by GH/IGF-I treat-
ment. ®P < 0.05 vs. vehicle-treated uremic or pair-fed rats, respectively.
Data are mean = SD.

I-treated rats was significantly less than pair-fed GH/
IGF-I-treated uremic rats (P < 0.01).

Tibial growth-plate widths were further analyzed by
assessing regional widths, within the P (Fig. 2B) or H
zones (Fig. 2C), of each rat treatment group. Only uremic

rats treated with GH/IGF-I showed an increase in P zone
width when compared with untreated uremic rats (P <
0.05). No differences in P zone widths were seen within
the pair-fed rat groups under any treatment regime com-
pared with saline-treated, pair-fed rats (Fig. 2B), al-
though the P zone width of IGF-I-treated pair-fed rats
was significantly wider compared with IGF-I-treated
uremic rats (P < 0.05).

Hypertrophic zone widths of tibial growth plates were
increased following GH/IGF-I therapy for both uremic
and pair-fed rats when compared to uremic-or pair-fed
vehicle-treated rats, respectively (P < 0.05; Fig. 2C). In
contrast, there was no difference in the H zone width
between uremic and pair-fed groups for all treatment
regimes.

GH/IGF-I treatment increases chondrocyte cell
numbers of the H zone in tibial epiphyseal growth
plates of both uremic and pair-fed rats

Chondrocyte cell numbers within both P and H zones
of tibial growth plates from all experimental rat groups
were analyzed (Fig. 3). Uremic rats under any treatment
regime did not show a significant change in P zone chon-
drocyte numbers. In contrast, only GH treatment of
pair-fed rats resulted in a significant increase in P zone
chondrocyte number when compared with GH/IGF-I
treatment of pair-fed rats (P < 0.05). A comparison of
uremic rats with pair-fed rats under the same treatment
regime did not reveal any significant differences in P
zone chondrocyte number.

In uremic rats, either IGF-I or GH/IGF-I treatment
led to an increase in H cell numbers of the tibial growth
plate when compared with vehicle-treated uremic rats
(P < 0.001 and P < 0.01, respectively; Fig. 3B). IGF-
treated uremic rats had significantly more H cells when
compared with both GH-treated and GH/IGF-I-treated
uremic rats (P < 0.001). Furthermore, IGF-I-treated
uremic rats had significantly more H cells when com-
pared with pair-fed rats treated with vehicle, GH, IGF-I,
or GH/IGF-I (P < 0.001). Only GH/IGF-I treatment of
pair-fed rats caused an increase in H chondrocyte num-
ber when compared with vehicle-treated pair-fed rats
(P < 0.05).

GHR abundance in tibial epiphyseal growth plates is
decreased in uremia, but increased by
GH/IGF-I treatment

Growth hormone receptor abundance in tibial epiphy-
seal growth plate chondrocytes was assessed by immuno-
histochemical staining [Fig. 4A (i), (ii)], and the results
are expressed as the percentage of cells that are GHR
positive. Firstly, tibial growth plate GHR abundance in
uremic rats was decreased when compared with growth
plates from pair-fed rats (P < 0.05; Fig. 4B). This de-
crease in GHR abundance was seen in the P zone only
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Fig. 3. GH/IGF-I treatment of uremic (Z) or pair-fed (H) rats in-
creases H cell number of tibial epiphyseal growth plates. (A) Analysis
of P zone chondrocyte cell number following treatment with vehicle,
GH, IGF-1, or GH/IGF-I1. Only GH treatment of pair-fed rats results
in an increase in P zone chondrocytes. ®P < 0.05 vs. GH/IGF-I-treated
pair-fed rats. (B) Analysis of H zone chondrocyte cell number following
treatment with vehicle, GH, IGF-I, or GH/IGF-1. *P < 0.01 vs. vehicle-
treated uremic rats; ®P < 0.05 vs. vehicle-treated pair-fed rats; *P <
0.001 vs. vehicle-treated uremic rats; #P < 0.001 vs. GH-treated and
GH/IGF-I-treated uremic rats; "P < 0.001 vs. vehicle-, GH-, IGF-1-,
and GH/IGF-I-treated pair-fed rats. Data are mean *= SD.

and was not overcome by individual GH or IGF-I treat-
ment of uremic rats. In contrast, the GHR abundance
in the P zone of GH/IGF-I-treated uremic rats was sig-
nificantly increased when compared with uremic vehicle-
treated rats (P < 0.001). GH/IGF-I therapy of uremic
rats was able to restore GHR abundance in the P zone
to levels seen in vehicle-, GH-, IGF-I-, or GH/IGF-
treated pair-fed rats. GH- or IGF-I-treated uremic rats
also had reduced GHR abundance in P zone chondro-
cytes when compared with their corresponding pair-fed
treated rats (P < 0.01, P < 0.05, respectively). GH treat-
ment of pair-fed rats also led to an increase in GHR
abundance in the P zone when compared with vehicle-
treated pair-fed rats (P < 0.05).

Growth hormone receptor abundance within the H
region of tibial growth plates was not significantly af-

fected by any treatment regime for either uremic or pair-
fed rat groups (Fig. 4C).

DISCUSSION

We have shown in this study that combined GH and
IGF-I therapy overcomes the growth failure of uremia,
and that this involves expansion of growth plate width
and cell number in the H zone. While such findings have
been described previously by ourselves and others, the
present study provides a likely mechanism for these
changes. To our knowledge, we demonstrate for the first
time that uremic rats show a decreased abundance of
GHR-positive chondrocytes in the P zone of the tibial
epiphyseal growth plate. Furthermore, and most signifi-
cantly, we show that combined therapy with GH and
IGF-I in these uremic rats results in an increased abun-
dance of GHRs in the P zone of the growth plate, thus
reversing the adverse effects of uremia on GH-respon-
sive chondrocytes and leading to growth plate expansion
in response to combined GH and IGF-I.

The reduction in GHR abundance in P zone chondro-
cytes in uremia is clearly a specific effect of uremia, since
it is not seen in pair-fed animals with a similarly reduced
food intake. Uremia has been previously shown to be
associated with reduced GH binding to liver membranes
[34] and associated reduction in hepatic GHR mRNA
expression [35]. Although we did not examine GHR
mRNA in the present study, it is likely that this would
be similarly reduced in the growth plate to account for
reduced GHR protein abundance. The in vitro findings
of Mak and Pak showing that chondrocytes from uremic
rats show “end-organ resistance” to GH and IGF-I are
consistent with reduced abundance of GHR and possibly
insulin-like growth factor-I receptor (IGF-IR) [36].

Although there are significant data on the in vivo
growth and weight-enhancing effects of GH and IGF-I
alone or together in growth-retarded uremic rats [12-23],
the underlying mechanisms of their effects have re-
mained unclear. Our finding that the combination of GH
and IGF-I is more effective on both weight gain and
growth plate expansion than GH or IGF-I alone is consis-
tent with findings of Hazel et al [22], who showed similar
effects on weight and metabolic changes.

The interpretation of the growth data in our present
study is, however, limited because the study was designed
for a semiquantitative analysis of GHR expression. In
contrast to earlier experiments [21, 23], the duration of
the experiment was reduced (but long enough to regulate
the GHR by hormonal treatment). The treatment dose
of GH and of IGF-I was suboptimal, and the number of
animals per group was smaller. Our earlier experiment
with maximally effective doses of GH and of IGF-I dem-
onstrated an additive effect of GH and of IGF-I [23].
In the present study, we used smaller doses of GH and
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IGF-1, intending not to maximally up-regulate the GHR
by either GH or IGF-I alone. Our results demonstrate
that the combination of GH and IGF-I was more effec-
tive at enhancing GHR expression in the tibial growth
plate than the treatment with one of the hormones alone.
This is consistent with the earlier results [23]. However,
we cannot exclude that a higher dose of GH or of IGF-I
would also have had a greater effect on the GHR expres-
sion. For logistic reasons, we could not perform dose-
response experiments.

The effect of GH/IGF-I to increase GHR abundance
in uremic rats was consistent with its positive effects on
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Fig. 4. Growth hormone receptor (GHR) abundance in tibial epiphy-
seal growth plates is decreased in uremia, but increased by GH/IGF-I
treatment. (A) Representative light field views of immunohistochemi-
cal staining for GHRs (mAb 263) in tibial epiphyseal growth plate of
(i) uremic and (ii) pair-fed vehicle-treated rats. GHR-positive cells
are stained brown. (iii) Tibial epiphyseal growth plate from pair-fed
vehicle-treated rats stained with MAb 7 control antibody. Abbrevia-
tions are: P, P zone; H, H zone. Bar = 50 wm. (B) GHR abundance
in P zone chondrocytes. Data are expressed as the percentage of cells
that was GHR positive per the total number of cells per P zone. ®*P <
0.05 vs. vehicle treated pair-fed rats; *P < 0.001 vs. vehicle-treated
uremic rats; *P < 0.01 vs. GH-treated pair-fed rats; #P < 0.05 vs. IGF-
I-treated pair-fed rats; ®P < 0.05 vs. vehicle-treated pair-fed rats. (C)
GHR abundance in H zone chondrocytes. Data are expressed as the
percentage of cells that were GHR positive per the total number of
cells per H zone. Data are mean = SD.

growth plate width, nose-tail length, and weight gain.
This provides further strong support for our original
hypothesis that the mechanisms of action of these pep-
tides on linear growth might be via regulation of growth
plate GHRs. The initial finding that the growth failure
of uremia was associated with reduced expression of
tibial GHRs also, of course, pointed to this possibility.
In contrast, pair-fed animals maintained higher levels of
GHR abundance, showing no change in response to GH/
IGF-I treatment, in spite of similar linear growth and
weight responses. Furthermore, in pair-fed animals, in-
creased growth plate width in response to GH and IGF-I
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was limited to the H zones. In contrast, in uremic rats
treated with GH and IGF-I, both P and H zones ex-
panded, in concert with the increased GHR expression
in the P zone. These findings clearly suggest that mecha-
nisms of growth regulation via the GH/IGF-I axis in
uremia are distinct from those in nutrition, specifically
involving regulation of GH action via control of growth
plate GHR abundance.

Our use of sham-operated pair-fed animals as controls
for uremic animals clearly allowed us to distinguish the
effects of uremia from the effects of inadequate nutrition
per se. Uremia has a distinct effect on the metaphyseal
width of long bones, particularly the H zone, an effect
dependent on duration and severity of uremia [13, 23,
37]. Chondrocyte cell turnover per column is reduced,
with a longer duration of the H phase and reduced cellu-
lar advance velocity and cartilage resorption, leading to
an accumulation of cartilage cells at the H zone [37].
These processes are dependent on the severity of uremia,
the duration of the experiments, and the age of the ani-
mals, explaining why differing findings on the height of
the growth plate in uremia have been reported [13, 23,
37]. In the present experiments, serum creatinine and
urea levels at sacrifice indicated a significant reduction
of renal function in uremic animals compared with pair-
fed controls. According to our model, uremia is even
higher shortly after the second stage of subtotal NX. In
earlier experiments, we observed within three days an
increase of serum creatinine to about 1.6 mg/dL and of
urea to more than 200 mg/dL [23]. As in earlier experi-
ments, GH and IGF-1 did not significantly influence renal
function [23].

In our short-term experiments, the growth plate width
did not differ between uremic and pair-fed control ani-
mals, probably because of the short duration of uremia.
In contrast to our previous results [23], GH or IGF-1
alone did not lead to increased growth plate width, prob-
ably because of the lower doses used and shorter experi-
mental duration; they were, however, effective in combi-
nation. The increase of the H zone width following
combined treatment with GH and IGF-I may be inter-
preted in the light of recent kinetic data [37]. Hormonal
treatment might increase cell proliferation and also the
conversion from proliferating cells into H cells, but not
the resorption of H cells to the same degree.

The finding that GHR abundance was increased in
the P and not the more mature H zone in response to
GH/IGF-1 is consistent with the original “dual effector”
theory [38, 39], in which GH is responsible for differenti-
ation of the less mature chondrocytes in the growth plate,
in this case inducing further GHR expression and en-
hanced GH sensitivity. Our data showing an increase
in growth plate width by GH/IGF-I treatment and the
resultant increase in H zone chondrocyte number only
further support the “dual effector” theory. Specifically,

we suggest that an increase in GHR-responsive P zone
chondrocytes would lead to an increase in the number
of differentiated H zone chondrocytes. The findings of
Hanna et al are also in support of these results, in which
they described an increase in IGF-I messenger RNA in
the P zone in response to GH therapy in uremic rats
[17]. This again would be expected in response to direct
local actions of GH and would be further enhanced by
GHR up-regulation. It is once again consistent with the
“dual effector” theory, in which proliferating chondro-
cytes synthesize IGF-I in response to GH and enhance
H bone expansion. Consistent with this, IGF-I treatment
of uremic rats increased H zone chondrocyte cell num-
ber, although it did not lead to an increase in growth plate
cell width, suggesting that factors other than chondrocyte
number, such as extracellular matrix production, contrib-
ute to growth plate width. An alternative model pro-
posed by Hunziker, Wagner, and Zapf [40], whereby the
role of GH and IGF-I overlap with respect to differentia-
tion and proliferation, would also be consistent with our
findings.

The dual role of GH and IGF-1 in growth plate matura-
tion and expansion is thus emphasized. It is not clear
whether locally synthesized IGF can itself induce up-
regulation of GHRs in vivo. Our earlier in vitro studies
using cultured rat growth plate chondrocytes showed a
positive effect of IGF-I on GHR abundance [41], while
our recent study showed no effect [42]. In contrast, recent
in vitro findings in bone cells suggest the converse [43].
Certainly, our current in vivo findings do raise the possi-
bility that IGF-I may play a role in up-regulating the
tibial GHR, since only GH/IGF-I, and not GH or IGF-I
alone, significantly increase GHR expression in the ure-
mic growth plate.

In spite of these findings that GHR expression and
growth plate width are only increased by GH and IGF
in combination, it is clear that both GH and IGF-I alone
are able to increase overall linear growth and weight
gain. In the case of IGF-I, we found that IGF-I therapy
increases H zone chondrocyte numbers in uremic rats,
consistent with the notion that expanded P zone clones
are IGF-I responsive [38]. Clearly, there may be a num-
ber of other systemic or local mechanisms whereby GH
or IGF-I alone increase linear growth and weight gain.

Our finding of decreased GHRs in rat tibial growth
plates thus suggests that the growth retardation exhibited
in children with CRF may be related to a similar reduc-
tion in GHR abundance, resulting in reduced sensitivity
to endogenous GH. Consistent with this notion is the
finding that children with CRF have low circulating levels
of GH-binding protein, a marker for tissue GHR [44].
Up-regulation of P zone chondrocyte GHR expression
in response to combined GH/IGF-I therapy is thus likely
to enhance GH sensitivity and accounts for growth plate
expansion, linear growth, and weight gain. Hence, these
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studies not only suggest that combined GH/IGF-I treat-
ment of CRF children may be a more appropriate ther-
apy than GH or IGF-I alone, but also provide a mecha-
nism for these observations.

ACKNOWLEDGMENTS

The study was supported by DFG grant KL 63015-1. thGH and
rhIGF-I were kindly provided by Pharmacia and Upjohn Company/
Stockholm (Sweden).

Reprint requests to Dr. Stephanie Edmondson, Centre for Hormone
Research, Royal Children’s Hospital, Flemington Road, Parkville 3052,
Victoria, Australia.

E-mail: edmondss@cryptic.rch.unimelb.edu.au

REFERENCES

1. PoweLL D, RoseNFELD R, SPErrY J, BAKER B, HiNnTZ R: Serum
concentrations of insulin-like growth factor (IGF)-I, IGF-II and
unsaturated somatomedin carrier proteins in children with chronic
renal failure. Am J Kidney Dis 4:287-292, 1987

2. TonsHOFF B, ScHAFER F, MEHLs O: Disturbance of growth hor-
mone-insulin-like growth factor axis in uremia. Pediatr Nephrol
4:654-662, 1990

3. BLum WF: Insulin-like growth factors (IGFs) and IGF binding
proteins in chronic renal failure: Evidence for reduced secretion
of IGFs. Acta Paediatr Scand 379(Suppl):24-31, 1991

4. HopsoN EM, BrRowN AS, Roy LP, RoseNBERG AR: Insulin-like
growth factor-I, growth hormone-dependent insulin-like growth
factor binding protein and growth in children with chronic renal
failure. Pediatr Nephrol 6:433-438, 1992

5. TonsHorr B, VELDHUIS JD, HEINRICH U, MEHLS O: Deconvolution
analysis of spontaneous nocturnal growth hormone secretion in
prepubertal children with preterminal chronic renal failure and
with end-stage renal disease. Pediatr Res 37:86-93, 1995

6. TonsHorF B, BLum WF, MEHLs O: Derangements of the somato-
tropic hormone axis in chronic renal failure. Kidney Int 58:S106—
S113, 1997

7. MEHLs O, BroYER M: Growth response to recombinant human
growth hormone in short prepubertal children with chronic renal
failure with or without dialysis: The European/Australian Study
Group. Acta Paediatr 399(Suppl):81-87, 1994

8. FINE RN, Konaur EC, BRowN D, PErRLMAN AJ: Growth after
recombinant human growth hormone treatment in children with
chronic renal failure: Report of a multicenter randomized double-
blind placebo-controlled study: Genentech Cooperative Study
Group. J Pediatr 124:374-382, 1994

9. HokkeN-KOELEGA AC, STUNEN T, DE JoNG MC, DONCKERWOLCKE
RA, DEmuinck KERZER-ScHRAMA SM, BLuM WF, Drop SL: Double
blind trial comparing the effects of two doses of growth hormone
in prepubertal patients with chronic renal insufficiency. J Clin
Endocrinol Metab 79:1185-1190, 1994

10. TonsHOFF B, FINE RN: Recombinant human growth hormone for
children with renal failure. (review) Adv Ren Replace Ther 3:37-47,
1996

11. FiNe RN, Konautr E, BRowN D, Kuntze J, Atrie KM: Long-
term treatment of growth retarded children with chronic renal
insufficiency, with recombinant human growth hormone. Kidney
Int 49:781-785, 1996

12. ALLEN DB, FoGo A, EL-HAaYEk R, LANGHOUGH R, FRIEDMAN AL:
Effects of prolonged growth hormone administration in rats with
chronic renal insufficiency. Pediatr Res 31:406-410, 1982

13. MenLs O, Rirz E, Hunziker EB, EcGL1 P, HEINRICH U, ZAPF J:
Improvement of growth and food utilization by human recombi-
nant growth hormone in uremia. Kidney Int 33:45-52, 1988

14. PoweLL DR, RosenrFeLD RG, Hintz RL: Effects of growth hor-
mone therapy and malnutrition on the growth of rats with renal
failure. Pediatr Nephrol 2:425-430, 1988

15. NakaNo M, KAINER G, Foreman JW, Ko D, CHAN JCM: The

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

effects of exogenous rat growth hormone therapy on growth of
uremic rats fed an 8% protein diet. Pediatr Res 26:204-207, 1989
ArNoLD WC, SHIRKERY B, FriNDIK P, ErLis E: Effect of growth
hormone on kidney growth and glomerula structure. Pediatr
Nephrol 5:529-532, 1991

HanNA JD, SANTOS F, FOREMAN JW, CHAN JCM, HaN VKM: Insu-
lin-like growth factor-I gene expression in the tibial epiphyseal
growth plate of growth hormone-treated uremic rats. Kidney Int
47:1374-1382, 1995

MiLLER SB, HANSEN V, HAMMERMAN MR: Effects of growth hor-
mone and IGF-I on renal function in rats with normal and reduced
renal mass. Am J Physiol 259:F747-F751, 1990

KAINER G, NAKONO M, MassIE FS, FoREMAN JW, Ko D, CHaN JCM:
Hypercalciuria due to combined growth hormone and calcitriol
therapy in uremia: Effects of growth hormone on mineral homeo-
stasis in 75% nephrectomized weanling rats. Pediatr Res 30:528—
533, 1991

Santos FS, CHAN JCM, HanNa JD, Nimi K, Kreig RJ, WELLONS
MD Jr: The effect of growth hormone on the growth failure of
chronic renal failure. Pediatr Nephrol 6:262-266, 1992

MenLs O, IrzyNJEC T, Ritz E, EpEN S, Kovacs G, Kraus G,
FroeGe J, MaLL G: Effects of hGH and rhIGF-I on renal growth
and morphology. Kidney Int 44:1251-1258, 1993

HazeL SJ, GiLLEsPIE CM, Moore RJ, CLARK RG, JUREIDINI KF,
MARTIN AA: Enhanced body growth in uremic rats treated with
IGF-I and growth hormone in combination. Kidney Int 46:58-68,
1994

Kovacs GT, On J, Kovacs J, TonsHOFF B, HUNZIKER EB, ZAPF
J, MEnLs O: Growth promoting effects of growth hormone and
IGF-I are additive in experimental uremia. Kidney Int 49:1413—
1421, 1996

IsakssoN OG, JanssoN JO, GAUSE IAM: Growth hormone stimu-
lates longitudinal bone growth directly. Science 216:1237-1238,
1982

ScHLECHTER NL, RusseLL SM, SPENCER EM, NicoLL CS: Evidence
suggesting that the direct growth-promoting effect of growth hor-
mone on cartilage in vivo is mediated by local production of soma-
tomedin. Proc Natl Acad Sci USA 83:7932-7934, 1986

NiLssoN A, ISGAARD J, LINDAHL A, PETERSON L, Isaksson O: Ef-
fects of unilateral arterial infusion of GH and IGF-I on tibial
longitudinal bone growth in hypophysectomized rats. Calcif Tissue
Int 40:91-96, 1987

IsGaarD J, NiLssoN A, LINDAHL A, JANSsoON JO, IsakssoN OGP:
Effects of local administration of GH and IGF-I on longitudinal
bone growth in rats. Am Physiol Soc E367-E372, 1986

WERTHER GA, HAYNES KM, BARNARD R, WATERS MJ: Visual dem-
onstration of growth hormone receptors on human growth plate
chondrocytes. J Clin Endocrinol Metab 70:1725-1731, 1990
ScHLECHTER NL, RUSSELL SM, GREENBERG S, SPENCER EM, NicoLL
CS: A direct effect of growth hormone in rat hindlimb shown by
arterial infusion. Am J Physiol 250(3 Pt 1):E231-E235, 1986
MEeHLs O, Ritz E, GILL1 G, ScHMIDT-GAYK H, KREMPIEN B, KOURIST
B, WEscH H, PraGer P: Skeletal changes and growth in experimen-
tal uremia. Nephron 18:288-300, 1977

REeNTROP M, KNAPP B, WINTER H, SCHWEITZER J: Aminoalkysilane
treated glass slides as support for in situ hybridization of keratin
cDNAs to frozen tissue sections under varying fixation and pre-
treatment conditions. Histochem J 18:271-276, 1986

OAKEs SR, HAyNEs KM, BatcHh J, ENNIS G, WATERS MJ, DAUGHA-
DAY W, HERINGTON AC, WERTHER GA: Immunoreactive growth
hormone receptor/binding protein is present on fibroblasts and in
serum of Laron-type dwarfs. Mol Cell Endocrinol 99:125-132, 1994
Logie PE, BreipoHL W, LINCOLN DT, GARCIA-ARAGON J, WATERS
M1J: Localization of the growth hormone receptor/binding protein
in skin. J Endocrinol 126:467-472, 1990

Finmpori J, PosTEL-VINAY MC, KELINKNECHT C: Lactogenic and
somatotropic binding sites in liver membranes of rats with renal
insufficiency. Endocrinology 97:1960-1965, 1980

TonsHorr B, EDEN S, WEISER E, CarLssoN B, RoBinson ICAF,
Brum WF, MEeHLs O: Reduced hepatic growth hormone (GH)
receptor gene expression and increased plasma GH binding protein
in experimental uremia. Kidney Int 45:1085-1092, 1994

Mak RH, Pak YK: End-organ resistance to growth hormone and



70

37.

38.

39.

40.

41.

Edmondson et al: GHR abundance in tibial growth plates of uremic rats

IGF-I in epiphyseal chondrocytes of rats with chronic renal failure.
Kidney Int 50:400-406, 1996

Coso A, Lorez JM, CarBoso E, SANTOS F, ALVAREZ J, FERNANDEZ
M, WERrUAGA A: Growth plate cartilage formation and resorption
are differentially depressed in growth retarded uremic rats. J Am
Soc Nephrol 10:971-979, 1999

GRrEeN H, Morikawa M, NixoN T: A dual effector theory of
growth-hormone action. Differentiation 29:195-198, 1985
IsakssoN OGP, LiINpAHL A, NiLssoN A, ISGAARD J: Mechanism
of the stimulatory effect of growth hormone on longitudinal bone
growth. Endocr Rev 9:426-438, 1987

Hunziker EB, WAGNER J, Zapr J: Differential effects of IGF-1
and growth hormone on developmental stages of rat growth plate
chondrocytes in vivo. J Clin Invest 93:1078-1086, 1994

WERTHER GA, HAYNES K, EDMONDSON S, OAKES S, BuCHANAN C,
HEerINGTON AC, WaTERs MJ: Identification of growth hormone
receptors on human growth plate chondrocytes: Proceedings of

42.

43.

44.

15th International Kabi-Pharmacia Symposium on Growth and
Disorders. Acta Paediatr 82:50-53, 1993

Jux C, LEBER K, HUGEL U, BLum W, OHLssoN C, KLaus G, MEHLS
O: Dexamethasone impairs growth hormone-stimulated growth by
suppression of local IGF-I production and expression of GH- and
IGF-I-receptor in cultured rat chondrocytes. Endocrinology 139:
3296-3305, 1998

LeunG K, Roskovic IA, Perers E, Markus I, VAN Wyk JJ, Ho
KK: Insulin-like growth factor I and insulin down regulate growth
hormone (GH) receptors in rat osteoblasts: Evidence for a periph-
eral feedback loop regulating GH action. Endocrinology 137:2694—
2702, 1996

TonsHorr B, CRoNIN MJ, RECHERT M, HAFFNER D, WINGEN AM,
BrLum WF, MEeHLs O: Reduced concentration of serum growth
hormone (GH)-binding protein in children with chronic renal fail-
ure: Correlation with GH insensitivity. J Clin Endocrinol Metab
82:1007-1013, 1997





