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A Model for Investigating the Local Action of Bone-Acting Agents In Vivo:
Effects of hPTH(1-34) on the Secondary Spongiosa in the Rat
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Summary. Cytokines and other local factors are
likely to play an important role in bone remodeling.
The purpose of this study was to develop an exper-
imental model for evaluating the local action of var-
ious hormones and other agents on rat femur tra-
becular bone in vivo. Through a 1 mm diameter hole
(1 mm deep) on the lateral aspect of the distal cortex
of a rat femur (0.9 cm above the joint), a polyeth-
ylene tube was inserted and glued onto the bone.
This tube was connected to a vascular-access-port
which was implanted subcutaneously in the hip area
of male Sprague-Dawley rats weighing 190-210 g.
To evaluate this model, a single 50 pl injection of
1078, 1071 or 1072 M hPTH(1-34) was given 1
day after catheter implantation and the number of
osteoclasts was estimated 30 hours later. Bones
were fixed, embedded, and stained with Masson’s
Trichrome stain and subjected to histomorphomet-
ric analysis. The single local parathyroid hormone
(PTH) injection caused a dose-dependent increase
in osteoclast number from 1.7 + 0.3 for phosphate-
buffered saline (PBS) controls to 3.4 + 0.5, 5.8 +
0.9, and 5.4 = 1.0/mm for 10 2,107 '°, and 10 ¥ M
PTH, respectively. There was no increase in osteo-
clast number in the femurs of PBS-injected control
rats, in the femurs of sham-operated rats, or in the
untreated contralateral femur of the PTH-injected
rat. The local injection of hPTH(1-34) did not
change serum calcium, serum phosphate, or the uri-
nary phosphate/creatinine ratio. This system can
provide a useful model for investigating the direct
physiological and pathological effects of hormones
and other factors on bone in vivo.
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The regulation of bone formation and resorption is
governed by complex interactions among systemic
and local factors [1]. Calcium (Ca)-regulating hor-
mones and other systemic growth regulatory hor-
mones can act on the skeleton directly as well as
indirectly via the local or systemic production of
growth factors. The role of local factors in bone
remodeling in vivo has been difficult to elucidate
because the available approaches are limited and
are often confounded by systemic effects.
Isaksson et al. [2] observed a direct growth-
promoting effect of growth hormone on the epiph-
yseal plate in vivo following its injection into the
proximal tibial epiphyseal plate of hypophysecto-
mized rats. Lidor et al. [3] reported that cholecal-
ciferol injected locally in vivo into the proximal
epiphyseal growth plate of the tibia of rachitic
chicks could cure unilaterally the rachitic lesions.
Recently, Schlechter et al. [4] developed an exper-
imental system that permits the delivery of a sub-
stance to one leg of an animal via its arterial blood.
The object of this study was to develop means for
studying the effect of very small amounts of bone-
active substances on trabecular bone in vivo.
Parathyroid hormone (PTH) is a very potent reg-
ulator of bone resorption and formation irn vivo and
in vitro {5]. Studies on the time course of PTH ac-
tion have shown a correlation between its effect on
osteoclast number and increases in plasma Ca lev-
els in vivo [6], as well as Ca release in vitro [7]. We
developed an experimental model for investigating
the local and direct action of various hormones and
other factors on rat femur trabecular bone in vivo
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Fig. 1. Diagram of the surgical field for catheterizing the distal
metaphyseal region of the right femur of rats. Solid line shows
the subcutaneous tunnel connecting the catheter to a vascular-
access-port in the right hip region of the rat.

and evaluated this model by examining the effects
of PTH on osteoclast number on the secondary
spongiosa.

Materials and Methods

Surgical Procedures

Male Sprague-Dawley rats weighing 190-210 g were anesthetized
with ketamine hydrochloride and acepromazine malate (3:1 v/v).
A small skin and muscle incision was made over the right femur.
A hole 1 mm in diameter and 1 mm deep was drilled with a dental
bur on the lateral aspect of the distal cortex of a rat femur (0.9 cm
above the joint). A 2 mm piece of Intramedic PE-50 tube (Clay
Adams, Parsippany, NJ) was inserted 1 mm deep and glued with
cyanoacrylate on the outside of the bone. This tube was con-
nected to a vascular-access-port (Harvard Apparatus, Boston,
MA) which was implanted subcutaneously in the right hip area of
the rat, as shown in Fig. 1. The filling space of the catheter was
approximately 50 pl. The catheter was secured by a Dexon 3-0
ligature in an adjacent tissue. The contralateral left limb re-
mained intact. Control rats were sham-operated.

To survey the distribution space and flow of the injected so-
lution in the femur, several injections of 50 wl Renografin-76
(Squibb) were given 1 day after catheter implantation and radio-
graphs were taken as shown in Fig. 2.

Fig. 2. Radiograph of rat after injection of radicopaque material
into right femur through a vascular-access-port. The longitudinal
vessel running through the center of the bone is indicated by the
arrow. (A) Vascular-access-port; (B) right femur; (C) kidney; (D)
urinary bladder.

To evaluate the physiological response of bone in this model,
a single 50 pl injection of 1073, 107'°, or 102 M hPTH was
given 1 day after catheter implantation and its effects were com-
pared to those of 50 ul phosphate-buffered saline (PBS).

Histology

Thirty hours after injection, three animals from each treatment
group were sacrificed, and the femora were removed and fixed in
70% ethanol. The bone was dehydrated in an ethanol series and
embedded in methyl methacrylate. Coronal sections (6 wm thick)
were cut parallel to the long axis of the femur and stained with
Masson’s trichrome. Histomorphometric quantification of osteo-
clast number per mm of trabecular surface was carried out with
a semiautomatic real-color image analyzer Magiscan (Joyce-
Loebl, Newcastle upon Tyne, England) at x488. A Sony model
DXC-M3AP color video camera attached to the microscope was
used to detect and transfer images to the image analyzer. Osteo-
clasts were identified as multinucleated cells, stained light red
with Masson’s trichrome stain, containing round nuclei located
immediately adjacent to the bone surface. Trabecular bone sur-
faces (stained blue) were quantified using the software package
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Fig. 3. Low power of photomicrograph of right femur of the
operated rat. A | mm diameter hole was drilled with a dental bur
on the lateral aspect of the distal cortex of a rat femur (0.9 cm
above the joint). Note, there is no traumatic destruction in the
secondary spongiosa of the distal metaphyseal region due to sur-
gery or injection.

‘“‘colormenu’’ developed for bone histomorphometry (Joyce-
Loebl). The distal femur metaphyseal region analyzed was lo-
cated in the secondary spongiosa extending between 1.5 and 2.8
mm mesial to the epiphyseal growth plate. For each condition,
slides from three animals were examined, a total of 1040 osteo-
clasts per slide, counted in six fields.

Serum and Urine Chemistry

Urine samples and blood samples from the tail vein were ob-
tained at the time of injection (time 0) and at 3 and 30 hours after
the injection. Serum Ca (mg/dl) was determined by atomic ab-
sorption spectrophotometry. Phosphorus (mg/dl) in serum and
urine was determined using the Gemstar inorganic phosphorus
U.V. procedure. Urinary creatinine was analyzed with the Jaffe
method by using the Gemstar creatinine system.

hPTH{(1-34) was purchased from Bachem, Torrance, CA (ac-
tivity 3,000 U/mg) and dissolved in PBS.

Student’s ¢ test was used for statistical comparison of means

Table 1. Effect of hPTH(1-34) injection on the number of osteo-
clasts apposed to trabecular bone of femur in rats

Osteoclasts/mm trabecular surface

Treatment Right femur Left femur
Sham-operated 2002 1.8 0.2
PBS injection 1.7+0.3 2.0x04
hPTH(1-34) injection
1072 M 34 0.5 2.1 +£0.1
107°M 5.8 +09 22+0.2
1078 M 5.4 =1.0% 1.9+04

2P < 0.05 compared to right and left femurs of the sham-
operated and PBS-injected rats

The number of osteoclasts and the trabecular surface were de-
termined for each condition in the distal femoral metaphysis of
sham-operated and operated rats after 30 hours of injection with
PBS or the indicated concentrations of hPTH(1-34). Results are
presented as the mean of three samples and SEM

and P value of less than 0.05 were considered statistically sig-
nificant.

Results

The flow of radioopaque material injected into the
femur is shown in Fig. 2. The vascular-access-port,
the catheter tube, and the longitudinal vessel run-
ning through the center of the femur could be visu-
alized immediately after injection of radioopaque
material into the vascular-access-port in the right
hip of the rat. One minute after injection, the ra-
dioopaque material disappeared from the central
venous sinus of the right femur, but remained in the
bone around the catheterizing tube near the inser-
tion hole. The radioopaque material was visualized
in the kidney and urinary bladder 5 minutes after
injection. Figure 3 shows a low-power histological
photomicrograph of the operated right femur. A
small hole was drilled through the distal cortex of
the rat femur 0.9 cm above the joint, where there is
no trabecular bone. No traumatic destruction and
no inflammatory response due to surgery or injec-
tion were seen in the secondary spongiosa of the
distal metaphyseal region.

The effects of a single injection of hPTH(1-34) on
the number of octeoclasts in the secondary spon-
giosa of the distal metaphysis of the rat femur is
shown in Table 1. A local injection of 50 wl 10~'2,
107 '° or 10~ M hPTH(1-34) caused a dose-
dependent increase in osteoclast number to 3.4 *
0.5,5.8 £ 0.9, and 5.4 + 1.0/mm trabecular bone
surface, respectively, compared to 1.7 = (.3 for
PBS. There was no increase in osteoclast number in
the trabecular bone of PBS-injected rats and in the
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Fig. 4. Photomicrographs of Masson’s trichrome-stained 6 wm sections from the distal femoral metaphyses of rats injected with
hPTH(1-34) or PBS. Injection of peptide at 10~ M results in abundant multinucleated osteoclasts (arrows) on trabecular surfaces of
right femur (A), whereas there was no increase in osteoclast number in the untreated contralateral femur of the PTH-injected rats (B).
(A) Right femur of rat injected with 50 pl hPTH(1-34) at 10~ % M. (B) Left (contralateral) femur of the PTH-injected rat (x575).

untreated contralateral femurs of the PTH-injected
rats compared to the femurs of sham-operated rats.
Furthermore, no increase in osteoclast number was
seen in the proximal region of the PTH-injected fe-
mur. The numerous multinucleated osteoclasts on
almost all subepiphyseal trabecular surfaces of dis-
tal metaphyses of PTH-injected femurs are shown
in Fig. 4. The cortical bone of animals injected with
107® M hPTH(1-34) also contained osteoclasts at
the endosteal surface near the hormone-injected
area.

The serum Ca, serum phosphate, and urinary
phosphate/creatinine ratio of PTH-injected rats did
not differ significantly from PBS-injected or sham-
operated rats 0, 3, and 30 hours postinjection (Table
2). The body weight of the rats was measured at the
time of surgery, at the time of the injection of
hPTH(1-34) or PBS, and at the time of sacrifice.
The surgery and local injection of hPTH(1-34) had
no significant effect on body weight and each group
showed almost the same body weight gain at the
time of sacrifice (data not shown).

Discussion
We present here an experimental model for inves-

tigating the local action of hormones and other fac-
tors on rat femur trabecular bone in vivo. As shown

in Fig. 2, radioopaque material injected into the di-
stal cortex of the rat femur diffuses into the area
around the site of injection; thereafter it flows from
the medullary sinusoids into the longitudinal central
venous sinus and into the systemic circulation, fi-
nally being secreted in the urine. The radiographic
evidence showing that the injected solution diffuses
locally and enters the blood vessels suggests that
this method can be used for the direct quasi-
physiological local application of hormones and
other factors to bone. However, no traumatic de-
struction and no inflammatory response were seen
in the secondary spongiosa of the distal metaphy-
seal region due to surgery or injection (Figs. 3, 4).
All animals recovered without difficulty and ap-
peared to have full usage of the operated limb.
There was no difference in body weight gains be-
tween sham-operated and PBS- or PTH-injected
rats.

Parathyroid hormone (PTH) plays a major role in
the maintenance of Ca homeostasis and the regula-
tion of bone remodeling [8]. Its main target organs
are the kidney and the skeleton. It has been shown
long ago that PTH increases bone resorption and
elevates plasma Ca in the absence of the kidneys,
indicating direct action of PTH on bone. Local ap-
plication of parathyroid tissue onto bone in vivo
showed a substantial increase in the number of os-
teoclasts [9]. The direct effect of PTH on bone has
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Table 2. Serum and urine chemistry from sham-operated and experimental rats before, 3, and 30 hours after injection of hPTH(1-34) or

PBS
Uri

Hours after Serum L

Treatment injection Ca mg/d! Pi mg/dl Pi/Creatinine
Sham-operated 0 10.0 = 0.9 8.9 £ 0.9 2.0 0.5
3 10.2 = 0.2 92 +0.4 1.9 0.3
30 10.0 = 0.5 8.8 £0.3 2.3+0.5
PBS injection 0 10.2 = 0.6 9.1 £0.2 1.7 £ 0.7
3 10.6 = 0.2 9.7 + 0.4 2.4 +0.5
30 10.8 = 0.8 9.7 + 0.6 23 +0.5
hPTH(1-34) injection ] 10.2 = 0.6 93 +0.2 2.1+04
102 M 3 10.0 = 0.5 9.4 + 0.2 2.5+03
30 103 = 9.7 9.6 + 0.4 20+0.3
10°°M 3 10.4 = 0.7 94 + 0.5 2304
30 10.7 = 0.8 9.5+ 0.5 24+ 1.0
10°8M 3 10.0 = 0.9 9.0 0.5 24 *06
30 10.0 = 0.5 9.5 +0.8 1.7 £ 0.3

Results are the mean = SD from 4 rats per group

also been extensively studied in vitro [1, 7). PTH
can increase the size of the osteoclast population
and the activity of individual osteoclasts {7]. PTH
was therefore used to evaluate the suitability of this
model for investigating the direct and local action of
bone-acting agents in vivo.

A single local injection of 50 wl 107121073 M
hPTH(1-34) (0.05-5 fmol) caused a dose-dependent
increase in osteoclast number on the secondary
spongiosa of the distal metaphysis of rat femora 30
hours later (Table 1). The response was obtained at
a concentration of injected hormone as low as 1012
M, probably further diluted following injection. The
maximum effect was seen at the injected concentra-
tion of 107 M which is probably around the phys-
iological concentration of PTH in rats [10, 11]. The
findings show that a single brief exposure to the
hormone sufficed to elicit the in vivo response. A
clear advantage of this system is the need for very
small amounts of hormone or growth factors to in-
vestigate the direct effects of active agents on bone
in vivo. Relatively large doses of PTH have been
given systemically to experimental animals to in-
vestigate the effect of PTH on osteoblastic bone
formation [12-15] or osteoclastic bone resorption
[16-18] in vivo. Because the liver and the kidney
metabolize and eliminate the intact and the amino-
terminal fragments of PTH, it is still unclear
whether the effect of systemically administered
large doses of PTH on bone requires physiological
modification of the molecule and whether different
metabolites have a different potency or different ef-
fects on bone [19, 20]. This approach can be used to
examine these questions for PTH and other sub-
stances.

The highly localized effect obtained in this sys-
tem was evident from the lack of osteoclast changes
in the untreated contralateral femurs of the PTH-
injected rats (Table 1), and especially in osteoclast
number in the proximal region of PTH-injected fem-
ora. This is consistent with the pattern of blood flow
in the rat femur. As expected, no PTH effects on Ca
or phosphate homeostasis could be detected in
these experiments. The PTH doses injected locally
did not significantly change the serum Ca, serum
phosphate, or urinary phosphate/creatinine ratio
compared with those of sham-operated rats and of
PBS-injected rats (Table 2). By replacing the vas-
cular-access-port with osmotic minipumps, this lo-
cal application system should make possible the
continuous infusion of very low doses of substances
over extended periods without inducing systemic
effects. This system should prove useful for inves-
tigating the direct physiological or pharmacological
effects of hormones and other factors on bone in
vivo.
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