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Figure 16B Longitudinal sections of the tibia from a
control (top) and a hypercalcaemic (bottom) mouse
showing the trabecular region which illustrates the
increased bone resorption in this region as well.

(OC = osteoclast) Goldner s modified Masson s
trichrome stain. Magnification approximately x250.
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Description Plasma calcium Percentage Bone
(mmol /L) resorption + S.D
mean + S.D

Endosteal Trabecular
Control mice (n=3) 2.85 + 0.28 2.9 &+ 3.2 2.2 + 0.7
Inoculated normo- 2.28 + 0.22 12.6 + 10.5} 14.2 + 11.0
calcaenic (n=2)
Inoculated hyper- 4.79 + 0.60 24.7 + 7.5 2.0 » 2.4
calcaemic (n=8)

Table 5.10 Percentage endosteal and trabecular bone resorption in the
tibiae of control, inoculated normocalcaemic, and inoculated
hypercalcamic mice, as measured by histomorphometry.
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and the plasma levels of bioPTH-like material can be compared. Furthermore, since these two types
of assays (ie., the renal and the metatarsal) use the two tissues which are the site of action for PTH
or PTH-like materials, the potencies of this material in the two assays can be compared in order to
establish the extent to which the action of this material on the bone or the kidney can contribute to
the development of hypercalcaemia.

In this study, eighteen of the twenty four inoculated nude mice developed hypercalcaemia (Ca?*
>3.0 mmol/L); only one of these mice did not develop a solid tumour. Of the six normocalcaemic
inoculated mice two had dc;'clopcd solid tumours. One of the tumours from the hypercalcaemic mice
was analysed for PTH-like bioactivity; this was detected in the tumour extract (renal assay: 0.13 ng/mg
protein, metatarsal assay: 0.55 ng/mg protein) and the supernatant (renal assay: 0.24 ng/mg protein
and metatarsal assay: 0.39 ng/mg protein).

Unlike the uninoculated control mice, the range of plasma PTH-like bioactivity in both groups of
the inoculated animals was very wide. There was no significant difference in plasma bioactivities of
the two inoculated groups in the two assays. A significant difference in plasma bioactivity was
observed in the levels recorded in the metatarsal assay in the inoculated mice and the control animals
(hypercalcaemic mice [210.0 + 61.2 pg/ml] vs controls [17.2 + 3.6 pg/ml}: p<0.003 and inoculated
normocalcaemic mice [49.4 = 17.0 pg/ml] vs controls: p<0.02; Mann-Whitney U test). Although in
the renal assay the mean plasma bioactivity of the two groups of the inoculated mice (hypercalcaemic:
129.0 + 43.0 pg/ml and normocalcaemic: 121.0 + 45.0 pg/ml) were much higher than the control mice
(19.7 + 3.7 pg/ml), the difference was not shown to be significant. This was mainly due to the wide
variation in the plasma bioactivities obtained for the inoculated mice in the renal bioassay. There was
no correlation between the plasma PTH-like bioactivities of the inoculated mice between the two
assays. This material/s showed a higher potency in the bone than the kidney.

Surprisingly, no correlation was found between the individual plasma calcium levels of the
inoculated mice and their corresponding plasma PTH-like levels as measured by either bioassay. The
histomorphometric studies on the tibiae of inoculated hypercalcaemic mice showed extensive endosteal
and trabecular bone resorption as compared to the inoculated normocalcaemic and control mice.
However, the degree of bone resorption did not correlate with the plasma calcium levels or the level
of plasma PTH-like bioactivity.

The nature of the factor/s produced by the tumour and released into the circulation was tested in
two ways: the effect of a partial antagonist (Nleu®®, Tyr**] bPTH [3-34] amide) and the effect of a
specific bPTH antiserum (AS 211/32). It was shown that the antagonist inhibited the action of these
circulating factor/s in both the bioassays, suggesting that they work via the PTH receptor and thus
are PTH-like in nature. The plasma bioPTH activity in the control mice was nullificd by the
antiserum indicating that although this antibody was raised against bPTH (1-84), it can cross react
with mouse PTH. This antiserum also nullified the PTH-like bioactivity in the tumour extract and
supernatant in both the bioassays, providing further evidence that the factor/s produced by the tumour

is PTH-like. Interesting results were observed when the plasma from inoculated hypercalcacmic mice
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were tested with this antiserum. In the renal assay, the antibody did not nullify the plasma bioactivity,
whereas in the metatarsal assay it did. Further consideration of this will be dealt with in the general

discussion.

The most striking features of this study was observed when the inoculated hypercalcaemic mice
were divided into groups according to their period of inoculation prior to death. In this way it was
shown that plasma calcium levels were at their highest at 6 weeks following inoculation and declined
thereafter. The plasma PTH-like bioactivities as measured by the renal assay and the ‘in vivo’ G6PD
activity in the kidney distal convoluted tubules followed a similar pattern (table 5.9). On the other
hand, the pattern of NADPH-diaphorase and alkaline phosphatase activities were the reverse of that

seen for G6PD in that they reached a minimum at 6 weeks and increased thereafter (figure 5.17).
Chayen et al (1980) reported that in kidney segments maintained in vitro, PTH stimulated the
diaphorase activity in the pars recta. Thus the low diaphorase activity at 6 weeks seemed surprising
since at this time the plasma PTH-like activity was highest. On the other hand, Bachelet et al
(1983)claimed that this activity was related to 1-a-hydroxylation of 25(OH) vitamin D, and that the
plasma calcium concentration had a direct effect on the diaphorase activity. They showed that
increasing plasma calcium concentration was accompanied by a reduction in the diaphorase activity.
This study seems to support this view and indicates that the calcium levels may override the effect of
PTH-like material on the diaphorase activity in the pars recta. The role of alkaline phosphatase in
the kidney proximal tubules has not been fully established. It is commonly accepted that phosphate
reabsorption takes place in these tubules and that PTH decreases this reabsorption. Definitive proof
for the role of alkaline phosphatase in phosphate transport is lacking. However, circumstantial
evidence suggests that there is indeed a correlation between phosphate transport and alkaline
phosphatase (Melani et al, 1967; Dousa et al, 1982; Kempson et al, 1980, 1983). Therefore it can be
postulated that if in vivo alkaline phosphatase is related to phosphate transport, then since PTH
decreases phosphate reabsorption, PTH-like factors are likely to inhibit this activity. This is supported
by the fact that when the plasma PTH-like bioactivity was at its highest (6 weeks following inoculation)
the renal alkaline phosphatase was at its lowest, and as the bioPTH-like levels decreased so the
alkaline phosphatase activity increased.

In summary, when the inoculated mice were grouped according to the time after inoculation there
was a good correlation between the degree of hypercalcaemia, the plasma PTH-like bioactivities (as
assessed by the renal assay) and the renal {in vivo’ enzymic activities. There was no such correlation
in individual animals. This discrepancy may be explained in two ways. First, it is possible that
materials other than PTH-like proteins are produced in the tumour and secreted into the circulation
which may affect the degree of hypercalcaemia. The second and most likely explanation is that an
ectopically produced parent PTH-like protein undergoes metabolism to yield fragments. Since these
fragments may have different biological activities, it is conceivable that they would interfere with each
other so that inconsistent results would be obtained.
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It was fortunate that quite recently a few PTH-related proteins became commercially available so
that I was able to test whether the later explanation could account for the wide range of results with

the mouse plasma. The results are shown in the next chapter.



-118-

Chapter 6 Studies on Fragments of the PTH-related Peptide.
6.1 The biological activities of these fragments.

At the annual meeting of the American Society for Bone and Mineral Research in June 1987,
three groups announced the isolation and partial amino-acid sequencing of a protein which appeared
to be responsible for HHM. All three groups used variations of the PTH sensitive adenylate cyclase
assay (in bone and kidney cells) to identify and purify the HHM-factor, from either HHM associated
tumours or from tissue culture medium in which HHM associated tumours had been grown (lung
squamous carcinoma: Mosely et al, 1987; renal carcinoma cells: Strewler et al, 1987; breast carcinoma:
Stewart et al, 1987). Later that year one group published the putative full-length peptide structure
(141 amino-acids) based on the complementary DNA nucleotide sequence (Suva et al, 1987). It is
suggested that this long protein is the precursor form analogous to the ‘pre pro’ form of PTH, and the
low molecular weight form identified originally by the three groups appears to be an amino-terminal
cleavage product of the larger form. The important finding was the fact that all these peptides
irrespective of their tissue origin were identical. In each case there was a high homology between
the N-terminus of this factor and bPTH or hPTH (figure 6.1). In the first 13 amino-acids the HHM
factor (named PTH-related protein, PTHrP) had 8 amino-acids identical with bPTH and 7 amino-
acids identical with hPTH. Within the first 34 amino-acids there are 13 identical residues between
PTHrP and bPTH and 12 identical residues between PTHrP and hPTH.

The availability of information on the PTHrP sequence has lead to the synthesis of several
fragments of this protein and they have become available commercially. In the previous chapter it was
shown that the hypercalcaemia that developed in immunosuppressed mice inoculated with a tumour
cell line might well be due to the production of a PTHrP by the tumour. It was also discussed that
the observed inconsistent results between the degree of hypercalcaemia and plasma bioPTHIrP levels
could be due to the cleavage of a parent molecule and the possible interaction of the biological actions
of the fragments. The biological activities of three different fragments (1-25, 1-29, 1-34) were
compared to bPTH (1-84) in the renal and metatarsal cytochemical bioassays.

6.1.1 Methods.

The renal and metatarsal cytochemical bioassays were done in the same way as described in the
previous two chapters. Sections from the tissues were reacted for G6PD mainly, but in some cases
the effect of various fragments on glyceraldehyde 3-phosphate dehydrogenase and NADPH-diaphorase
were also investigated. The methods for these reactions are shown in Appendix 3.

The PTHrP fragments obtained from Professor Lowry (1-29 and 1-25) and Dr Zanelli (1-34) were
prepared and stored in aliquots at -70°C in the same way as the bPTH (1-84) standard (see Appendix
2).
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hPTH ser| val ser glu| ile {gln 1leu| met |his| asn

bPTH ala val ser glu| ile |gin| phe met [his| asn

hHCF (Rosenblatt)2 | ala val ser glu| his |gin Tleu| leu |his| asp
hACSP(Broadus)® ala val ser glu| his {gln leu} leu |his| asp

PTHrP(Martin)c ala val ser glu]l his {gin leu| leu [his| asp

11 12 13 14 15 16 17 18 19 20 21 22 23

hPTH leu|gly 1lys| his leu asn ser met glu |arg| val glu trp
bPTH Tleulgly 1lys| his 1leu ser ser met glu {arg| val glu trp
hHCF 1ys|gly 1lys| ser ile gIn asp leu arg |arg| arg phe phe

hACSP 1ys|gly 1lys| ser ile gIn asp leu arg jarg} arg phe phe

PTHrP 1ys|gly 1lys| ser ile dgln

26 25 26 27 28 29 30 31 32 33 34 35 36

hPTH jleularg lys 1lys 1leu gin asp val }his}] asn phe
bPTH |leularg 1ys 1lys leu gin b val fhis| asn phe

hHCF |leulhis his leu ile ala glu ile |his| thr ala

hACSP|leu]lhis his leu 1ile ala glu ile |his] thr ala glu tyr-am.

e8hHCF : thumoral hypercalcaemic factor (Horiuchi etal,1987) ,
bhACSP : humoral adenylate cyclase stimulating protein(Sartori etal,1988)
SPTHrP : PTH-related peptide(Moseley etal,1987)

Figure 6.1 The N-terminal amino acid sequence of PTH-
like factor, as characterised by three different groups,
compared with that of bovine(b)PTH and human(h)PTH.
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6.12 Results.
6.12.1 Time course of response to 1-25, 1-29 and 1-34 PTHrP in the renal bioassay.
(a) G6PD activity.

The time course of responses to PTHrP fragments in the renal bioassay are shown in figure 6.2.
The results are shown in terms of G6PD activity in MIE x 100 units. In all these experiments the time
course of PTHrP fragments was compared to bPTH (1-84) standard.

The standard bPTH (1-84) showed maximum response at 8 minutes as expected. The PTHrP (1-
25) fragment (10.0 pg/ml) did not seem to show any bioactivity even at 10 times the concentration
of the standard (figure 6.:2.3). On the other hand both the 1-29 (1.0 pg/ml) and 1-34 (1.0 pg/ml)
PTHIrP fragments showed maximal responses at 8 minutes exposure time, coinciding with that of the
bPTH standard (0.1 pg/ml: figure 6.2b and 6.2c). Interestingly, both these fragments showed a second
peak at 14 minutes exposure time which again coincided with a second peak at this time for the bPTH
(1-84) standard. However, whereas in the bPTH (1-84) the recorded G6PD activity in the second
peak is as high as that for the 8 minute exposure time, the fragments showed half the G6PD activity
at 14 minutes exposure time compared to 8 minutes. The second peak of G6PD activity for the intact
1-84 PTH has been attributed to the C terminal of this peptide (Arber et al, 1980). Arber (1982) also
showed a diminished peak of G6PD at 14 minutes for the hPTH (1-34), in which the 14 minute peak
had only about 30% of the activity of the maximum response at 8 minutes for this fragment. He
suggested that this activity was due to the utilization of G6P in the Embden-Meyerhof glycolytic
pathway, with glyceraldehyde 3-phosphate dehydrogenase (G3PD) as the oxidative step. The intact
1-84 bPTH showed a peak of G3PD response at 16 minutes, whereas this peak was missing for 1-34
bPTH. Therefore the effect of the active PTHrP fragments (1-29 and 1-34) on the glycolytic pathway
was investigated.

(b) G3PD activity.

The time course of responses for G3PD in the renal assay exposed to bPTH (1-84) , PTHrP (1-
29) and PTHrP (1-34) are shown in figure 6.3. The standard bPTH (1-84) showed a time course of
response for G3PD activity peaking at 6 and 14 minutes exposure time (figure 6.3c). However, neither
of the bioactive PTHrP fragments (ie. 1-29 and 1-34 fragments; 1.0 pg/ml) showed the same pattern
of G3PD response as that of the intact 1-84 bPTH (0.1 pg/ml). The lack of G3PD response suggests
that the 1-29 and 1-34 PTHrP fragments have similar bioactivity to the N-terminal of bPTH.
Furthermore, this study confirms Arber’s (1980) suggestion that the 16 minute peak of response for
G6PD is due to the C-terminal of PTH.
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Figure 6.2 Time course of G6PD response in the renal
cytochemical bioassay:

A) bPTH(1-84),1.0 pg/ml ; PTHrP(1-25),10.0 pg/ml

B) bPTH(1-84),0.1 pg/ml ; PTHrP(1-29),1.0 pg/ml

c) bPTH(1-84),0.1 pg/ml ; PTHrP(1-34),1.0 pg/mi
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C) 0.1 pg/ml bPTH(1-84)
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6122 Time course of response to PHTrP fragments in the metatarsal bioassay.

The pattern of the time course of the G6PD response to the three PTHrP fragments in the
metatarsal assay was the same as that seen in the renal assay. The 1-25 PTHrP fragment showed a
flat response over 10 minutes of exposure (figure 6.4a) even at 100.0 pg/ml. On the other hand the
1-29 and 1-34 fragments (1.0 and 0.1 pg/ml respectively) showed a peak at 8 minutes following
exposure which was similar to that of the standard bPTH (1-84: 1.0 pg/ml).

6123 The potency of PTHrP fragments in the two bioassays.

The time course studies of the bioactive PTHrP fragments (1-29 and 1-34) in the two assays showed
maximal G6PD activity at 8 minutes exposure time, which was the same as that for the standard bPTH
(1-84). Therefore, the tissues were exposed to different concentrations of the PTHrP fragments or
the bPTH standard for 8 minutes.

(a) Renal bioassay.
i. 1-25 PTHrP fragment

The time course study showed that this fragment did not seem to have any bioactivity. The time
course of response was done only at one concentration and there was the possibility that this fragment
might be active at high or low concentrations. Therefore, the response to various concentrations of
1-25 PTHrP (1000.0 pg/ml to 0.01 pg/ml) was compared to a range of concentrations of the 1-84
bPTH standard (10 pg/ml to 0.001 pg/ml).

A dose response for G6PD was obtained for the standard bPTH between 1.0 and 0.01 pg/ml (figure
6.5). In contrast to the response seen for the standard, the 1-25 PTHrP fragment did not show a
dose related response over the tested concentrations. This experiment further supported the
observation that the 1-25 PTHrP fragment is not biologically active.

il 1-29 PTHrP fragment.

1-29 PTHrP fragment was tested at concentrations of 100.0 pg/ml to 0.001 pg/ml against the
standard bPTH (1.0 - 0.001 pg/ml). Figure 6.6 shows a dose response observed for this fragment.
The 1-29 fragment gave a response between 1.0 and 0.001 pg/ml that was parallel to that of the
standard bPTH (tested using the parallelism test in European Pharmacopeia, 1973).

This experiment was repeated twice and the mean molar potency was calculated. In this way the
PTHrP 1-29 was shown to have only 28% of the bioactivity of intact 1-84 bPTH in the renal assay
(Table 6.1).
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Equivalent Concentration
pg/mi
Dilution of Experiment number
stock solution
(2 pg/ml) 1 2
1:2,000 1.2 0.8
1:20,000 0.8 0.6
1:200,000 0.7 -
Mean concentration 0.9 0.7
Mean concentration of the 0.8
experiments (pg/ml)
Table 6.1 Corrected concentrations of

PTHrP(1-29) in terms of pg/ml equivalance
of bPTH(1-84) standard in the renal bioassay.

- - = G AP W e, S S e e s D D . G S R R Eh S S S e S Gh G G G G e . G - .

Molecular weight of bPTH(1-84)
Molecular weight of PTHrP(1-29)

10,800
3,790

Molar potency of PTHrP(1-29) compared to bPTH(1-84):

3790  x 0.8 = 0.28
10800
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fii. 1-34 PTHrP fragment

For this fragment the dose response was tested over the same concentration range as the standard
bPTH (figure 6.7). The 1-34 fragment gave a linear response parallel to that of the standard between
0.1 and 0.01 pg/ml. This experiment was repeated twice and the molar potency of the 1-34 PTHrP
fragment was calculated to be 0.61 (61%) of the bPTH standard (Table 6.2). This fragment was twice
as potent as the 1-29 PTHrP fragment in this assay.

(b) Metatarsal bioassay
i 1-25 PTHrP fragment

In the time course experiments this fragment did not show any bioactivity even at a concentration
of 100.0 pg/ml. In view of the fact that this fragment did not appear to be active in the renal assay,
no dose response experiments were done in the metatarsal assay.

fi. 1-29 PTHrP fragment

The dose response for the 1-29 PTHrP was tested between 10.0 and 0.1 pg/ml. Figure 6.8 shows
a typical response seen for this fragment which is parallel to that of the bPTH standard. This
fragment was tested three times for its potency against bPTH standard and it showed a very low
molar potency compared to the standard (7% of the activity; Table 6.3). The potency of this fragment
in the bone was one quarter of that seen for the same peptide in the kidney.

iii.  1-34 PTHrP fragment

The potency of this PTHrP fragment was tested against the bPTH (1-84) at concentrations of 1.0
to 0.01 pg/ml. This peptide on four occasions gave linear responses between 1.0 and 0.1 pg/ml which
were parallel to that of the standard bPTH. Figure 6.9 shows one of these experiments. The 1-34
PTHrP fragment was 4.6 times more potent than bPTH in the metatarsal assay (Table 6.4). Thus
this peptide was about 66 times more potent than the 1-29 PTHrP fragment and about 8 times more
active on the bone than on the kidney.

6.12.4 The effect of bPTH antibody (AS 211/32) and PTH antagonist 3-34 (PTH) amide.

In order to verify that the bioactive fragments were indeed working via the PTH receptors, their
actions were tested in the two bioassays in the presence of a PTH antagonist, 3-34 (PTH) amide.
Also the effect of a specific PTH antibody (AS 211/32) on the two fragments was tested. This
antibody is raised against the intact bPTH (1-84) but appears to react predominantly with the N-
terminal (Zanelli et al, 1983). In the cytochemical bioassays for PTH an initial antiserum dilution of
1:20,000 is used and the concentration of the PTH antagonist is 100 pg/ml at each concentration of
the tested material.
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Figure 6.7 Comparison of the dose response of
bPTH(1-84) and PTHrP(1-34) in the renal bioassay.
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Equivalent Concentration
pg/ml
Dilution of
stock solution experiment 1 | experiment 2
(1 pg/ml)
1:10,000 2.0 1.3
1:100,000 1.6 1.5
Mean concentration 1.9 1.2
Mean concentration of the 1.50
experiments (pg/ml)
Table 6.2 Corrected concentrations of

PTHrP(1-34) in terms of pg/ml equivalance
of bPTH(1-84) standard in the renal bioassay.

Molecular weight of bPTH(1-84)

10,800
Molecular weight of PTHrP(1-34)

4,388

Molar potency of PTHrP(1-34) compared to bPTH(1-84):

4388 x 1.5 =0.61
10800
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Equivalent Concentration
pg/ml
Dilution of Experiment number
stock solution

(2 pg/ml) 1 2 3
1:200 0.13 0.40 ----
1:2,000 0.20 0.30 0.12
1:20,000 -==- ---- 0.11
Mean concentration 0.17 0.35 0.12

Mean concentration of the 0.21
experiments (pg/mi)

Table 6.3 Corrected concentrations of
PTHrP(1-29) in terms of pg/ml equivalance
of bPTH(1-84) standard in the metatarsal
bioassay.

Molecular weight of bPTH(1-84)
Molecular weight of PTHrP(1-29)

10,800
3,790

Molar potency of PTHrP(1-29) compared to bPTH(1-84):

3790 x 0.21 = 0.07
10800
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Figure 6.9 Comparison of the dose response of
bPTH(1-84) and PTHrP(1-34) in the metatarsal
bioassay.



-134-

Equivalent Concentration
pg/ml
Dilution of Experiment number
stock solution
(1 pg/ml) 1 2 3 4
1:10,000 7.9 | 10.0 | 12.5 | 10.5
1:100,000 12.5 1 19.0 7.9 | 10.4
Mean concentration| 10.2 | 14.5 | 10.3 | 10.45

Mean concentration of the 11.4
experiments (pg/ml)

Table 6.4 Corrected concentrations of

PTHrP(1-34) in terms of pg/ml equivalance
of bPTH(1-84) standard in the metatarsal

biocassay.

Molecular weight of bPTH(1-84)
Molecular weight of PTHrP(1-34)

10,800
4,388

Molar potency of PTHrP(1-34) compared to bPTH(1-84):

4388 x 11.4 = 4.63
10800
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(a) Renal bioassay.

On addition of the 3-34 amide (100 pg/ml) to various concentrations of 1-29 PTHrP (figure 6.10)
and 1-34 PTHrP (figure 6.11) a flat response was observed over the range of the concentrations
examined. This indicated that this antagonist had inhibited the actions of these two fragments in the
kidney tissues. This suggests that the PTHrP fragments do indeed bind to the PTH receptors in this
tissue in order to cause their biological actions.

In the same assays it was shown that the antiserum nullified the action of the PTHrP fragments (1-
29, figure 6.10; 1-34, figure 6.11).

(b) Metatarsal assay.

The same results were obtained in this assay as were seen in the renal assay. Thus, the PTH
antagonist inhibited the G6PD dose response to PTHrP (1-34) in the cells of the hypertrophic zone
of the growth plate (figure 6.12). Also a flat response to two concentrations of 1-29 and 1-34 PTHrP
fragment was obtained when the antibody was added to the two dilutions of these fragments (figure
6.13).

6.12.5 Interactions between different PTHrP fragments.

In order to test whether PTHrP fragments could interfere with each other’s actions on a target
tissue, segments of kidney were exposed in vitro to the two different concentrations of bPTH or 1-

29 PTHrP (0.1 and 0.01 pg/ml) in the presence or absence of the biologically inactive fragment,
namely PTHrP (1-25). For this, two different concentrations of 1-25 PTHrP fragment (100.0 and
0.01 pg/ml) were tested against bPTH (figure 6.14) and only one concentration of this inactive peptide
(100.0 pg/ml) was used in the presence of the active fragment 1-29 PTHrP (figure 6.15).

Again the two different concentrations of the inactive fragment did not show a significant dose
response relationship (2.8 MIE x 100 units difference between 100 and 0.01 pg/ml) further indicating
that this fragment is indeed biologically inactive. On the other hand a very good dose related G6PD
response was seen for the two concentrations of bPTH and PTHrP (1-29). Exposing the kidney
segments to the 1-25 fragments together with either bPTH (1-84) or PTHrP (1-29) affected this dose
response. Two types of effects were observed. In some cases one concentration of the 1-25 fragment
reduced the high activity induced by the higher concentrations of bPTH or PTHrP (1-29) to the levels
recorded for the lower concentrations of these peptides. In others the response to the lower

concentrations of the active peptides was enhanced in the presence of the inactive peptide.

The results of this experiment clearly indicate that these fragments can interfere with each other’s
actions on the target organs.
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J\ bPTH(1-84)

o0 A, PTHP(1-29)

PTHrP(1-29
A, +3—34(PSH)am%de

A, PTHIP(1-29)+ Ab

3o

G6PD Activity (MIEx100)

| | |
0.01 0.1 1.0

Concentration (pg/ml)

Figure 6.10 The effect of PTH inhibitor [bPTH(3-34)
amidel and PTH antiserum (AS211/32) on the response
to PTHrP(1-29) in the renal bioassay.



-137-

A bPTH(1-84)

R PTH(P(1-34)
50 ] PTHIP(1-34)

" 43-34(PTH) omide
A PTHIP(1-34)+ Ab

3o

G6PD Activity (MIEx100)

| | |
0.01 0.1 1.0

Concentration (pg/mb

Figure 6.11 The effect of PTH inhibitor [bPTH(3-34)
amide) and PTH antiserum (AS211/32) on the response
to PTHrP(1-34) in the renal bioassay.
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G6PD Activity (MIEx100)
~
)
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Figure 6.12 The effect of PTH antagonist (bPTH-
(3-34)amide ; 100.0 pg/mlb on two concentrations
of (1-34)PTHrP (0.1 & 0.01 pg/ml) in the metatarsal
bioassay. _
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N bPTH(1-84)
.®< PTHrP(1-29)
A PTHrP(1-29)+Ab

0.01 0.1 1.0

Concentration (pg/mb

N bPTH(1-84)
AL PTHrP(1-34)
AL PTHrP(1-34)+Ab
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Figure 6.13 The effect of PTH antiserum (As211/32)
on A) PTHrP(1-29) and B) PTHrP(1-34) in the
metatarsal bioassay.
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Figure 6.14 Interaction between bPTH(1-84) at 0.1 pg/ml (B)
ond 0.01 pg/ml (C) and two concentrations of 1-25 PTHrP
(100.0 & 0.01 pg/ml) in the renal bioassay. (A) shows the
G6PD response to the two concentrations of PTHrP(1-25).
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Figure 6.15 Interaction between PTHrP(1-29) at 0.1 pg/ml (B)
and 0.01 pg/ml (C) and 1-25 PTHrP (100.0 pg/ml) in the renal
bioassay. A) shows the G6PD response to two concentrations of
PTHrP(1-25).



-142-

62  The effect of 1,25 (0H), and 25 (0H) vitamin D, on the response to bPTH (1-84) and PTHrP
(1-34) in the renal and metatarsal assays.

6.2.1 Introduction.

The role of vitamin D, metabolites in HHM is not fully established yet; even the circulating levels
of these moieties is the subject of controversy. Generally, clinical studies have shown that in human
HHM, the circulating levels of 1,25 (OH), D, are low (Stewart et al, 1980; Ralston et al, 1984). In
contrast, in Rodant HHM models high levels of serum 1,25 (OH), D, have been reported (Insogna et
al, 1984; Tam et al, 1984; Stern et al, 1983). Therefore, the possible involvement of vitamin D,
metabolites with PTHrP actions in the two assays was investigated.

62.2 Materials and methods.

The stock solutions of the two vitamin D, metabolites (25 (0H) D, and 1,25 (OH), D,) were
prepared in ethanol. These stock solutions were diluted to the required concentrations in T8 medium
containing a known concentration of the standard bPTH (1-84) or PTHrP (1-34). After culture the
tissues were exposed to this solution or dilutions of the standard bPTH or PTHrP (1-34) alone for
various times (time course studies) or for 8 minutes (dose-response experiments). The standard
cytochemical bioassay procedures were followed (Chapters 3, 4 & 5).

623 Results.
(a) Effect of ethanol in the culture.

The solutions of vitamin D, metabolites were prepared in absolute alcohol. Since Bradbeer (1987)
had shown that 0.1% ethanol did not affect the G6PD response in the bone assay, in my experiments
the effect of both 1.0% and 0.1% ethanol on the response of the kidney to PTH was tested.

Three cultured kidney segments were exposed to one of three solutions: 1) 0.1 pg/ml of bPTH, 2)
0.1 pg/ml of bPTH plus 0.1% ethanol and 3) 0.1 pg/ml of bPTH plus 1.0% ethanol. Time of
exposure was 8 minutes. Duplicate sections were reacted for G6PD (10 minutes). This experiment
showed that 0.1% or 1.0% ethanol in the exposure medium did not alter the kidney responsiveness
to PTH (figure 6.16).

(b)  The effect of vitamin D, metabolites on the dose response to PTH in the metatarsal assay.

1,25 (OH), D, at a single concentration of 0.75 nmol/L, corresponding to approximately 10 times
the normal physiological level, when added to a range of PTH concentrations (1.0 - 0.001 pg/ml)
gave a parallel response to these concentrations of PTH when tested alone (figure 6.17). The PTH-
like response was increased in both the hypertrophic chondrocytes and the osteoblasts.
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Figure 6.16 The effect of ethanol on the G6PD and
NADPH-diaphorase response to 0.1 pg/ml! bPTH(1-84)
in the renal bioassay:

A) 0.1 pg/ml! bPTH(1-84)

B) 0.1 pg/ml bPTH(1-84) + 0.1% ethanol

C) 0.1 pg/ml bPTH(1-84) + 1.0% ethanol



A)

B)

G6PD Activity (MIEx100)

G6PD Activity (MIEx100)

45

40

35

15
70
65
60
55

50

«-144-

i /X bPTH(1-84)
P +1,25(0H)205

I ! | PTH Concentration
0.01 0.1 1.0 (pg/mb

/X, bPTH(1-84)
P +1,25(0H)203
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Figure 6.17 The effect of 1,25(0H),Ds (0.75 nmol/L)
on the response to bPTH(1-84) in the hypertophic
chondrocytes (A) and the osteoblasts (B) in the
metatarsal bioassay.
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The potentiation was higher in the osteoblasts. The overall increase in PTH-like activity was 6 fold
in the chondrocytes and 20 fold in the osteoblasts (Table 6.5).

As for 1,25 (0H), D,, a parallel dose-response graph (figure 6.18) was obtained between metatarsals
exposed to various concentrations of PTH (1.0-0.001 pg/ml) and the same solution containing 600
nmol/L 25 (0H) D, (about 10 times the normal circulating level). Again, the PTH-like bioactivity was
stimulated in both the chondrocytes and the osteoblasts, but the degree of stimulation by this
metabolite was less than that seen for 1,25 (0H), D,. 25 (OH) D, stimulated the response in the
hypertrophic chondrocytes by 3 fold and by 2 fold in the osteoblasts (Table 6.6).

()  The dose-related effect of 1,25 (0H), D, and 25 (0H) D, on the response to bPTH(1-84) and
PTHrP(1-34) in the metatarsal assay.

In order to investigate further the role of the two vitamin D, metabolites in potentiating the
response to PTH or PTH-like factors, the effects of these metabolites at concentrations equivalent to
the normal circulating levels as well as at 10 times these levels on the response to a single
concentration (0.1 pg/ml) of PTH or PTHrP was tested.

At the higher concentration, 25 (OH) D, potentiated the PTH response as before, but at
physiological concentrations, not only did it not enhance the activity but it seemed to reduce this
activity very slightly (figure 6.19). 1,25 (OH), D, at 10 times physiological concentrations stimulated
the response to PTH about 10 fold, whereas at normal circulating levels it had no effect (figure 6.20).
Interesting results were obtained when these metabolites were tested against PTHrP (1-34). 25 (OH)
D, (600 nmol/L) appeared to reduce the response to PTHrP (1-34) by 10 fold and this reduction was
more with the normal plasma concentration of this metabolite (figure 6.19). On the other hand, 1,25
(OH), Dy, at 10 times physiological concentrations enhanced the activity but at circulating levels it had
no effect (figure 6.20). These effects are summarised in figure 6.24.

(d) The effect of vitamin D, metabolites in the time course of response to PTH in the kidney
assay.

It had already been shown that vitamin D, metabolites on their own do not show a PTH-like
response in the kidney assay (Chambers, 1981). However, the effect of these metabolites, especially
25 (OH) D, and 1,25 (0H), D, on the response of this tissue to PTH had not been studied. Therefore,
it was of importance to test whether these two metabolites could alter the time course of response to
PTH in this assay. To do this, cultured kidney segments were exposed for various times to PTH alone
(0.1 pg/ml) or to solutions containing PTH (0.1 pg/ml) and either 25 (OH) D, or 1,25 (0H), D, at 10
times physiological concentrations (ie. 600 nmol/L and 0.7 nmol/L respectively).

It appeared that vitamin D, metabolites do not alter the time course of response to PTH, that is
segments exposed to solutions containing PTH and vitamin D, metabolite showed the same pattern

of response as those exposed to PTH alone and a maximal response was observed at 8 minutes
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Experiment
{PTH]) 1 2 3 mean
pg/ml
1.0 5.5 1 3.2 | 4.4 | 4.4
0.1 13.4 | 1.8 { 5.6 | 6.9
0.01 --- 5.3 8.5 6.9

Overall mean increase: 6.0 + 3.6 (S.D)

B) Osteoblasts

Experiment
(PTH]) 1 2 mean
pg/ml
0.1 23. 7.9 15.8
0.01 31 12.1 21.6
0.001 -- 24.7 24.7

Overall mean increase: 19.9 + 9.5 (S.D)

Table 6.5 The increase in PTH-like bioactivity

caused by 1,25(0H)2D3 (0#5 nmol/L) in the

chondrocytes and osteoblasts in the metatarsal

bioassay.
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Figure 6.18 The effect of 25(0H)D5 (600 nmol/L) on
the response to bPTH(1-84) in the hypertrophic
chondrocytes (A) and the osteoblasts in the metatarsal
bioassay.
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A) Chondrocytes

Experiment
{PTH] 1 2 3 4 mean
pg/ml
1.0 6.5 1.8 --- --- 4.2

0.01 - 1.2 0.8 4.5 2.2

Overall mean increase: 3.1 + 2.6 (S.D)

B) Osteoblasts

Experiment
(PTH] 1 2 3 mean
pg/ml
1.0 1.8 1.6 -—-- 1.7

0.01 -——- -——— 3.0 3.0

Overall mean increase: 2.0 + 0.65 (S.D)

Table 6.6 The increase in PTH-like bioactivity
caused by 25(0OH)D3 (600 nmol/L) in the

chondrocytes and osteoblasts in the metatarsal
bioassay.
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Figure 6.19 The effect of two concentrations of
25(0H)D 3 on the response to a single concentration
of bPTH(1-84)or PTHrP(1-34) in the hypertrophic

* chondrocytes in the metatarsal bioassay.
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Figure 6.20 The effect of two concentrations of
1,25(0H); D3 on the response to a single concentration
of bPTH(1-84) or PTHrP(1-34) in the hypertrophic
chondrocytes in the metatarsal bioassay.
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exposure time. However, while 1,25 (0H), D, at 10 times circulating concentration did not enhance
the response to PTH at various times of exposure (figure 6.21),25 (OH) D, stimulated the PTH
response in the kidney at all these times of exposure (figure 6.21).

(e)  The dose-related effect of 1,25(0H), D; and 25 (0H) D, on the response of kidney to PTH(1-
84) or PTHrP(1-34).

The time course of response experiments showed that 1,25 (OH), D, at 10 times physiological
concentration had no effect on the response of kidney to PTH. Therefore, the effect on a single
concentration of PTH or PTHrP (0.1 pg/ml) of a higher concentration of this metabolite (100 times
circulating levels) as well as 0.07 nmol/L was examined. On the other hand, it had been shown
(section [d.] above) that a concentration of 600 nmol/L of 25 (0H) D, (10 times normal plasma
levels) stimulated PTH bioactivity. Thus the effect of this concentration and a lower one
corresponding to the physiological concentration on the response to a single dose of PTH (0.1 pg/ml)
or PTHrP (0.01 pg/ml) was tested. Since neither 25 (OH) D, nor 1,25 (0H), D, affected the time
course of the response to PTH, the kidney segments in these experiments were exposed for 8 minutes

in order to obtain maximum response.

1,25 (OH), D, even at 100 times physiological concentrations did not affect the G6PD response to
PTH or PTHIrP in the distal convoluted tubules of the kidney (figure 6.22). At 10 times the normal
circulating levels 25 (OH) D, stimulated by 3 fold the response to PTH, whereas at a physiological
concentration it reduced the response to PTH 4 fold (figure 6.23). Interestingly, the response to
PTHrP (0.01 pg/ml) was increased by 10 times when tested together with 600 nmol/L (figure 6.23),
and there was an 8 fold increase in the response to PTHrP even at physiological concentrations (60
nmol/L) of 25 (0H) D,. These effects are summarised in figure 6.24.

63 Discussion.

In the previous chapter, it was shown that the development of hypercalcaemia in nude mice
inoculated with a tumour cell line was likely to be due to the production by the tumour and secretion
into the circulation of a PTH-like material. In that study, some anomalous results were obtained.
First, the range of bioPTH-like levels, detected by both the renal and metatarsal bioassays, was very
wide, from subnormal to 40 times the normal circulating levels. Secondly, the two assays often
invariably indicated different levels of PTH-like material for a plasma sample from a single animal.
Finally, the plasma levels of PTH-like material did not correlate with the degree of hypercalcaemia.
In the conclusion to that chapter, it was suggested that the tumour produces a parent PTH-like
material, just as occurs with PTH, which is secreted into the circulation. This may then be
metabolised into various fragments with different biological activities. Furthermore, these fragments
may interfere with each others actions. On the other hand, it was possible that some other factor, as
well as PTH-like material, may be involved. The culmination of these factors could give rise to the

varied results observed in the nude mice study.
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Figure 6.21 The effect of 25(0H)D3 (600 nmol/L) and
1,25(0H),D; (0.7 nmol/L) on the response of distal
convoluted tubules of kiney to bPTH(1-84), 0.1 pg/ml,
at various times of exposure.
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Figure 6.22 The effect of two concentrations of
1,25(0H);D3.0on the response to a single concentration
of bPTH(1-84) or PTHrP(1-34) in the distal convoluted
tubules in the renal bioassay.
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Figure 6.23 The effect of two concentrations
- of 25(0H)D3 on the response to a single
concentration of bPTH(1-84) or PTHrP(1-34) in
the distal convoluted tubules of the kidney in
the renal bioassay.
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Potentiation in the kidney assay
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Figure 6.24 The effct of 25(0H)Dsand 1,25(0H),Ds on
theresponse of bPTH(1-84) and PTHrP(1-34) in the
renal ond metotarsal bioassay.
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Whilst this study was being done a number of groups (Mosley et al, 1987; Strewler et al, 1987;
Stewart et al, 1987) isolated and partially sequenced a PTH-like protein responsible for HHM.
Fragments of thesc peptides were then synthesised and became available commercially. Therefore,
in order to test the hypothesis put forward in the last chapter, three commercially available fragments
(1-25, 1-29 and 1-34 PTHrP) were obtained and their biological actions were tested in the renal and

metatarsal bioassays.

The main homology between bPTH and PTHrP is in the N-terminal (figure 6.1), nine of the first
thirteen amino-acids being similar. As for PTH (Keutmann, 1974) the 1-25 PTHrP fragment did not
show any biological activity. On the other hand, the 1-29 PTHrP fragment, which had the same
number of identical amino-acids (11) to PTH as the 1-25 fragment, and the 1-34 PTHrP fragment (12
amino-acids analogous to bPTH) showed PTH-like activity in both the renal and metatarsal assays.
Both these fragments showed a maximal response at 8 minutes exposure time and their biological
activities were inhibited by the PTH antagonist (Nle®®, Tyr* bPTH [3-34) amide) and nullified by a
bPTH antibody (AS211/32).

The 1-29 fragment was more active towards the kidney than the bone: its renal molar potency
compared to bPTH (1-84) was 0.28, whereas the molar potency compared to standard PTH was only
0.07 in the metatarsal assay. In contrast, the 1-34 fragment was much more potent in the bone than
the kidney (molar potency in bone =4.63 compared to 0.61 in the kidney). As can be seen from the
potency ratios, the 1-34 fragment was much more potent that the 1-29 fragment indicating that as is
the case of PTH, the C-terminal plays some part in expression of the biological activity of the PTHrP
molecule. Whether further increasing the number of amino-acids in the C-terminal of the PTHP (1-
34) fragment would result in enhancement of the potency or, as with PTH, the first 34 amino-acids
are as potent as the intact molecule, needs to be investigated.

Interesting observations were made when the non active fragment (1-25) was tested together with
the intact bPTH molecule or with the bioactive 1-29 fragment (figures 6.14 & 6.15). In the kidney
assay, the PTHrP (1-25) reduced the response to 0.1 pg/ml of bPTH or PTHrP (1-29), whereas the
response to 0.01 pg/ml of bPTH or PTHrP (1-29) was stimulated by the addition of PTHrP (1-25).
This clearly indicated that the fragments can interfere with each others actions. These results, namely
that PTHrP fragments had different potencies and that these potencies differed in the bone or kidney,
together with the finding that they could interfere with each others actions, would seem to offer an
explanation not only for the wide range of bioPTH like levels found in the plasma from the inoculated

mice, but also for the differences in the plasma bioactivities in the two assays.

Vitamin D, metabolites are the other factors which might have affected the expression of the PTH-
like materials in the nude mice plasma. It has been shown that the levels of 25 (OH), D, and 1,25
2(0H) D, are normal to low-normal in human HHM (Ralston et al, 1984). However, in the Rodant
models, high levels of 1,25 (OH), D, have been reported (Tam et al, 1984). It is thus likely that in the
animal model of HHM described in this thesis, the levels of circulating 1,25 (OH), D, were high.

These levels were not measured due to insufficient plasma.
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On their own, vitamin D, metabolites do not show any PTH-like bioactivity in the renal (Chambers,
1979) or metatarsal (Bradbeer et al, 1988) bioassays. However, in the metatarsal assay, both 25
hydroxy and 1,25 dihydroxy vitamin D, metabolites enhanced the PTH-like activity in the hypertrophic
chondrocytes of the growth plate and the osteoblasts lining the trabeculae (Bradbeer et al, 1988).
Their effect on the response to PTH in the renal assay had not been investigated.

If the circulating levels of these metabolites are altered in HHM, then possibly they would affect
the responsiveness of the target organs (namely kidney and bone) to PTH-like material. Thus it was
necessary to examine the effects of vitamin D, metabolites on the expression of PTHrP bioactivity in
the kidney and metatarsal bioassays. The most active fragment (PTHrP [1-34]) was used in these
studies.

A number of interesting results were obtained in these experiments. First and foremost was the
stimulation of PTH-like activity in the renal assay by 25 (OH) D,, while 1,25 (0H), D, had no effect.
Secondly, in both the assays, these vitamin D, metabolites affected the response to PTH or PTHrP
differently: in the kidney assay, at 600 nmol/L (10 times physiological concentrations), 25 (0H) D,
stimulated the bPTH response but the stimulation of PTHrP response was more than 3 times that
seen for bPTH (figure 6.24). At 60 nmol/L, while this metabolite reduced the PTH-like expression,
it increased the PTHrP bioactivity by 8 fold. As mentioned previously, both 25 (OH) D, and 1,25
(0OH), D, at 10 times physiological concentrations (600 and 0.7 nmol/L respectively) stimulated the
PTH response in the bone assay. This was confirmed and the stimulation was shown to be 3 times
by 25 (0H) D, and 10 fold by 1,25 (0H), D, (figure 6.19 and 6.20). The 25 (0H) D, metabolite, at
60 nmol/L, reduced the PTHrP response significantly, but the response to PTH was not affected.
Interestingly, the PTHrP response was reduced to the same extent when 600 nmol/L of 25 (0H) D,
was used. The effect of 1,25 (0H), D, on the response to PTHrP was similar to that of the standard
bPTH in that, at 10 times the normal circulating levels the PTHrP response was stimulated while
physiological levels had no effect (figure 6.19 and 6.20).

This series of experiments showed that the levels of vitamin D, metabolites could affect the
response of bone and kidney to intact PTH or PTHrP and may have a role in the expression of
hypercalcaemia in HHM in vivo.

In conclusion, in this chapter it was shown that of the three PTHrP fragments available, two were
biologically active (1-29 and 1-34); these had different potencies in the two assays; and one fragment
(1-25) did not show any biological activity. It was shown that not only can these fragments interfere
with each others actions, but also vitamin D, metabolites can affect the expression of their biological
activities. These results may thus explain the anomalies observed in the levels of bioPTH-like
activities in the inoculated nude mice (the HHM animal model used in this thesis).
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Chapter 7 General Discussion.

Humoral hypercalcaemia of malignancy (HHM) is the term used for hypercalcaemia associated with
malignancy (solid tumour) with no obvious bone metastases. It is suggested that hypercalcaemia in
this condition is due to the ectopic production of a humoral mediator by the tumour, since removal
of the tumour results in normalisation of plasma calcium levels. Generally, this syndrome is associated
with squamous cell carcinomas such as lung, renal, ovarian and prostate, although cancers which can

metastasise to bone such as breast often exhibit a role in HHM.

HHM is a complex condition and multiple mechanisms seem to be involved in its pathogenesis.
However, there are a number of biochemical and physiological changes in common in HHM due to
various types of tumours. These include increased bone resorption, increased renal tubular
reabsorption of calcium, decreased renal phosphorous threshold and increased nephrogenous cAMP
(NcAMP). The increased bone resorption and renal tubular reabsorption of calcium are thought to
be the major contributory factors to the development of hypercalcaemia in patients with HHM.

Most of the evidence obtained so far tends to indicate the involvement of two factors: transforming
- growth factor @ (TGFa) and PTH-related protein (PTHrP).

TGFa has been shown to stimulate bone resorption both jn vivo and in vitro and has been isolated

from extracts of various tumours associated with HHM (reviewed by Mundy, 1987). However, this
factor has not been shown to have any renal effects. In order for hypercalcaemia to develop there
must be renal retention of calcium. The importance of renal handling of calcium in HHM has been
reported by Heller and Hosking (1986).

The actions of PTHrP are similar to those of PTH. Therefore this protein is not only capable of
stimulating bone resorption but also has all the renal effects of PTH.

Because of the difficulties which can be associated with the study of humans, animal models of
HHM have been widely used to study this syndrome. The studies have been on both animal cell lines,
eg the Leydig cell tumour (Sica et al, 1983), and human tumour cell lines inoculated into generally
nude or immuno-suppressed mice (Strewler et al, 1983). Using these animal models, investigators
have not only studied the physiology and biochemistry of HHM, but also they have been able to purify
and characterise the factor/s (TGFa and PTH-like protein) involved. Despite the extensive in vivo

work no one has yet been able to correlate the circulating levels of these factors to the degree of

hypercalcaemia.

In order to investigate the various in_vivo effects of circulating PTH-like protein, including its

contribution to hypercalcaemia, an animal model of HHM was used. Nude mice were inoculated with
a tumour cell line, XK1, derived from a hypernephroma. Strain et al (1980) had previously shown that
this tumour was not associated with metastases and Matthews et al (1986) reported that nude mice
and rats inoculated with the XK1 cell line developed hypercalcaemia.
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This was confirmed in this study in that the inoculation with this cell line resulted in the
development of hypercalcaemia in eighteen out of twenty four mice and seventeen of these mice had
developed a solid tumour. Of the six normocalcaemic mice, two had also developed a solid tumour.

For the study of the in vivo effects of the possible circulating PTH-like factor, the kidney and tibiae

were studied.

Histomorphometric studies on the tibiac showed extensive endosteal and trabecular bone resorption
in the hypercalcaemic mice compared to the inoculated normcalcaemic mice and the control animals.
There was no correlation between the degree of hypercalcaemia and the extent of bone resorption in

individual animals.

The extract and supernatant from a tumour obtained from a hypercalcaemic mouse showed high
PTH-like bioactivity in both the renal and metatarsal bioassay, this bioactivity being higher in the
bone. Both the inoculated hypercalcaemic and normocalcaemic mice showed a wide range of PTH-
like bioactivities in the circulation compared to the control mice. Although the mean circulating
bioPTH-like levels in the inoculated mice were higher than the control animals, this was only
significant when the plasma PTH-like activities were recorded by the metatarsal bioassay. In the
control mice there was a good correlation in plasma PTH bioactivity between the two bioassays,
whereas this was not so in the inoculated animals. The mean plasma PTH-like material in the
inoculated hypercalcacmic mice was higher in the metatarsal assay (210.6 pg/ml) than in the renal
assay (129.0 pg/ml). The normocalcaecmic mice showed the reverse (metatarsal assay: 49.4 pg/ml and
renal assay: 121.0 pg/ml). This seemed to indicate that in order for increased bone resorption and
hypercalcaemia to develop, the circulating factor has to have elevated bioactivities in both the kidney
and the bone.

The plasma PTH-like bioactivity as assessed by the two bioassays was inhibited when the plasma
samples from both the normocalcaecmic and hypercalcaemic mice were tested in the presence of a
PTH partial antagonist (N1e®®, Tyr® bPTH [3-34] amide). This also held for the tumour extract and
supernatant. This indicated that the factor/s acted on the PTH receptors, to induce its effects, and
thus was PTH-like in nature.

There was no correlation between the degree of hypercalcaemia, bone resorption and plasma PTH-
like bioactivity in the individual animals. Strikingly, however, when the inoculated hypercalcaemic
mice were divided into groups according to the time after inoculation with the tumour (figure 5.17)
there was a correlation between the degree of hypercalcaemia, circulating PTH-like bioactivities (as

recorded by the renal assay), and the in vivo G6PD activity in the distal convoluted tubules of the
kidneys from the hypercalcaemic mice. Thus the higﬁcst levels in these three features were reached
at 6 weeks following inoculation, and they declined thereafter. Interestingly the alkaline phosphatase
and NADPH-diaphorase activities in the proximal tubules followed the reverse pattern; that is at 6
weeks after inoculation the lowest activity for these enzymes were recorded and the activities reached
a maximum at 11 weeks following inoculation. As discussed in Chapter 5, NADPH-diaphorase may
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be involved on la-hydroxylation of 25 hydroxy vitamin D, [25 (0H) D,] and alkaline phosphatase may
play a role in phosphate transport in the kidney. Consequently the pattern of response observed for
these enzymes is in accord with those of circulating renal PTH-like bioactivity and plasma calcium

levels.

However, there were a number of anomalies which are difficult to explain. Firstly, an antiserum,
AS211/32, raised against intact bPTH nullified the PTH-like bioactivity detected in the tumour extract
and supernatant in both the bioassays. However, this antibody nullified the actions of circulating levels
of PTH-like material only in the metatarsal assay and had no effect in the renal assay. Secondly, there
was no correlation between the levels of PTH-like bioactivity in the two assays, and also between the
degree of hypercalcaemia and PTH-like bioactivity and bone resorption in the individual animals.
There are 2 number of possible ways in which these discrepancies could be explained. First is that
factors other than PTH-like material may be involved. Second and most likely explanation is that an
ectopically produced parent PTH-like molecule undergoes metabolism and the fragments which are
thus formed could interfere with each other’s actions. Lastly (as reviewed in Chapter 6 [section 6.2])
in animal models of HHM, there is a high level of circulating 1,25 dihydroxy vitamin D, [1,25 (OH),
D,). Vitamin D, metabolites have becn reported to affect the G6PD response to PTH in the
metatarsal assay (Bradbeer et al, 1988). If the levels of vitamin D, metabolites were altered in the
animal model used in this thesis, then they could affect the estimates of PTH-like levels detected by
the bioassays. Unfortunately there was insufficient plasma from these animals to allow these assays

to be made.

Recently a PTH-related protein (PTHrP) was isolated from tumours associated with HHM and its
amino-acid sequence was characterised (Moseley et al, 1987; Strewler et al, 1987; Stewart et al, 1987).
This peptide has a strong homology with bPTH and hPTH in its N-terminal, 8 out of the first 13
amino-acids being the same (figure 6.1). The characterisation of this protein led to the identification
of mRNA for PTHrP and cloning of cDNA. This was followed by the first report (Suva et al, 1987)
of the putative full length peptide structure (141 amino-acids). These studies led to the synthesis of
several fragments of this protein and these became available commercially. This allowed not only the
examination of the bioactivity of a number of these peptides in the renal and metatarsal bioassays, but
also the investigation of some of the anomalies observed in the animal model used in this thesis.
Three different PTHrP fragments, namely PTHrP (1-25), PTHrP (1-29), and PTHrP (1-34), were

used.

Of the three peptides tested, only the 1-29 and 1-34 fragments showed bioactivity in both the
bioassays. The time course of response for PTHrP (1-29) and PTHrP (1-34) was the same as that
seen for the standard bPTH (1-84). Furthermore in dose-response studies, PTHrP (1-29) and PTHrP
(1-34) gave parallel responses to bPTH (1-84) and the PTH antagonist, Nle®"®, Tyr® bPTH (3-34)
amide, inhibited the actions of the two bioactive fragments of PTHrP in both the bioassays. PTHrP
(1-34) showed a higher molar potency compared to bPTH (1-84) than PTHrP (1-29) in both the
bioassays. Furthermore, the highest potency for PTHrP (1-34) was obtained in the bone bioassay
(4.63 times bPTH (1-84) compared to 0.63 times bPTH (1-84) in the renal assay). However, the
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reverse held for PTHrP (1-29) in that it showed a higher potency in the kidney (0.28 times bPTH (1-
84) compared to 0.07 times bPTH (1-84) in the bone bioassay). Moreover, in the renal bioassay when
bPTH (1-84) and PTHrP (1-29) were tested in the presence of the inactive fragment, PTHrP (1-25),
some interesting results were obtained. PTHrP (1-25) inhibited the actions of both the bPTH (1-84)
and PTHrP (1-34) when they were used at a concentration of 0.1 pg/ml, whereas the inactive peptide
increased the response to 0.01 pg/ml of bPTH or PTHrP (1-29).

These studies seemed to indicate that the observed response of plasma in the two assays could
depend not only on the amount of individual PTHrP metabolites present in that sample and their
relative potencies in the two tissues, but also if a number of fragments were present, they could
interfere with each other’s actions. These findings would seem to explain some of the discrepancies
observed in the animal study, that is, the wide range of circulating PTH-like levels in the inoculated
mice and the differences in these levels in the two bioassays.

One anomaly still remained. In the animal study, it was shown that a specific PTH antiserum,
AS211/32, nullified the PTH-like bioactivities in the tumour extract and supernatant in the two assays.
However, this antiserum only affected the plasma bioactivity in the metatarsal bioassay. The antibody
AS211/32 nullified the actions of both PTHrP (1-29) and PTHrP (1-34) in the two assays. Zanelli et
al (1983) have reported that, although this antibody is raised against intact bPTH (1-84), it is more
active towards the N-terminal. In the cytochemical bioassays, AS211/32 is used at an initial
concentration of 1:20,000. The use of this high concentration of antibody together with the fact that
the N-terminal of PTHrP has a very strong homology to bPTH or hPTH, could go some way to
explain the cross reactivity between the AS211/32 antiserum and the PTHrP fragments. However, it
is difficult to explain the lack of effect of this antibody on the plasma samples from inoculated
hypercalcaemic mice in the renal bioassay compared to its effect in the metatarsal bioassay. One
could postulate that there are metabolites of a parent PTHrP molecule which do not cross react with
the antibody and have only renal effects.

Interesting results were obtained when the effects of two vitamin D; metabolites were tested
together with the most bioactive PTHrP fragment, that is PTHrP (1-34), and bPTH (1-84). First and
foremost was the stimulation of PTH-like bioactivity in the renal bioassay by 25 (0H) D,, while 1,25
(0H), D, did not affect the response of kidney to bPTH or PTHrP (1-34). Furthermore, 25 (0H) D,
affected the responses to these peptides differently. At 10 times the normal circulating level (600
nmol/L), 25 (0H) D, stimulated the response to PTHrP (1-34) three times more than that of bPTH
(1-84). At physiological levels (60 nmol/L), 25 (O0H) D, depressed the response to bPTH (1-84), but
it increased the PTHrP (1-34) bioactivity by 8 fold. In the bone assay, the response to bPTH (1-84)
was stimulated by 3 times in the presence of 600 nmol/L of 25 (OH) D, and by 10 times in the
presence of 0.7 nmol/L (10 x circulating levels) of 1,25 (0H), D,. Again differential responses for
bPTH (1-84) and PTHrP (1-34) were seen. 25 (0H) D, at 60 nmol/L depressed the response to
PTHrP, whereas it had no effect on bPTH (1-84). This depression of PTHrP activity persisted even
at 600 nmol/L of 25 (OH) D,. 1,25 (OH), D, (0.7 nmol/L) enhanced the PTHrP (1-34) response 10
fold, but at physiological concentrations it had no effect.
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These studies clearly demonstrated that vitamin D, metabolites, namely 25 (OH) D, and the
bioactive form 1,25 (0H), D,, can differentially affect the responsiveness of the target organs to PTH
or PTHrP. Therefore, if the status of these metabolites is altered in HHM, then they may affect the
expression of hypercalcaemia in this syndrome.

The findings in this thesis seem to implicate a PTH-related protein as the main factor involved in
HHM. The fact that in the jn_vivo study there was no correlation between plasma calcium levels,
bone resorption, and circulating PTH-like levels could indicate the involvement of factors other than
PTHrP. On the other hand, it has now been shown that interference can occur between fragments
of a parent PTHrP molecule. Furthermore, the status of vitamin D, metabolites can alter the
responsiveness of the kidney and bone to PTHrP. With the observations that PTHrP molecules have
also been detected both in the tumours and in the plasma of patients with bony metastases, the
importance of such a factor in the development of hypercalcaemia in malignancy may be wider than
purely related to HHM.
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The Content of Trowell’s T8 Medium.

Inorganic Salts _

CaCl, (anhyd.)
KCL
MgS0,7H,0
NaCl

NaHC0,
NaH,P0,H20

Other Components

Glucose
Insulin (crystalline bovine)
Phenol red

Amino-acids

L-Arginine HCI
L-Cysteine HCl
L-Histidine HCl
L-Isoleucine
L-Leucine
L-Lysine HCI
L-Methionine
L-Phenylalanine
L-Threonine
L-Tryptophan
L-Tyrosine
L-Valine

Vitamins

Para-aminobenzoic acid
Thiamine HC]

mg [.L

220.000
450.000
250.000
6100.000
2820.000
398.000

4000.000
50.000
10.000

21.000
47.000
10.000
26.000
26.000
36.000

7.500
16.500
24.000

4.000
18.000
23.000

35.000
17.000
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Appendix II Hormone dilutions.

The standard DbPTH (72/28B6; NIBSC) and PTHrP fragments were diluted in
the same way.

The lyophilized contents of the tube was dissolved in 1ml of sodium
acetate buffer (pH 4.5) containing 0.1% BSA. This was then diluted in 9
ml of a normal (LB) plasma. A final concentration of 20pg/ml and 2pg/ml
was obtained for bPTH and PTHrP f{fragments respectively. This stock
solution was then aliquoted into separate vials, 65pl per vial, and the
vials were snap frozen at -700C and kept at this temperature until use.
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Appendix IIX Enzyme assays.
1. Glucose 6-phosphate dehydrogenase.
Contents of the reaction medium:
Glucose 6-phosphate 5mM (1.5mg/ml)
NADP ) 3mM (2.5 mg/ml)
Phenazine methosulphate (PMS) 0.67mM (20mg/ml)

These are dissolved in a solution of poly vinyl alcohol (PVA; in 0.05 M
glycylglycine buffer; pH 8.0; 30% w/v) containing 0.315% neotetrazolium
chloride. pH of this reaction is 8.0.

In the case of the renal biocassay 10mM potassium cyanide is also added
to the G6PD reaction medium. Reaction time: Kidney 10 minutes : Bone
20-25 minutes.

2. NADPH - diaphorase.

The reaction medium for this enzyme is the same as that for G6PD with
one exception. 1In this case phenazine methosulphate is omitted from the
reaction medium ahd thus the time course is much longer than the G6PD
reaction. Reaction time : about 60 minutes.

3. Alkaline phosphatase.

Freshly cut sections are incubated in freshly prepared medium at 370cC
for 3 minutes. Sections are removed and washed in running tap water for 5
minutes. Following this, the sections are immersed in 2% cobalt nitrate
solution for 5 minutes. Sections are then rinsed in distilled water, and
immersed in 0.5% (v/v) ammonium sulphide for 1 minute. They are then
taken out and washed thoroughly in distilled water.

Incubation medium:
20 ml 2% barbitone sodium (sodium 5,5 diethylbarbiturate)
20 ml 3% sodium B-glycerophosphate
40 ml 2% calcium chloride (dried)
2 ml 5% magnesium sulphate
10 ml distilled water
Final pH : 9.4.
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Appendix IV Ipdex of Precision

There are many ways to estimate the errors of bioassays (Gaddum, 1953 a
& b; Borth et al, 1960). One method which is widely used is the index of
precision (\) introduced and defined by Gaddum (1933). In assays such as
the cytochemical bioassays which depend on graded responses the index of
precision is calculated by dividing the standard deviation of the responses
(Syx) by the slope of the line connecting the response with the logarithm
of the dose (b) (Gaddum 1933, 1953 a & b).

According to Gaddum (1933) A is independent of factors such as the
design of the assay and the number of animals. For this reason A\ is a very
convenient means of comparing the precision of one test to another.

It is difficult to define the 1limits of an acceptable index of
precision. However, according to Loraine and Bell (1971) in clinical
studies it can be divided into three groups:

(a) assays with A ¢ 0.2. These are very precise and are well suited to
clinical studies. '

(b) assays with 0.2 ¢ A < 0.3. These are less precise than those in
“a’ but can still be used with reasonable confidence.

(c) assays with A > 0.3. The degree of precision is very low in these
assays and should be discarded in quantitative work.

Calculation of A:

The index of precision is calculated from the standard dose response.
In order to calculate A for the renal and metatarsal cytochemical bioassay
the method described by Gaddum (1933) is used. An example of these
calculations is shown for a typical renal bioassay with a three point
standard dose response.
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Concentration Number of Series Slide Mean
of PTH Standard MIE x 100 MIE x 100
(pg/ml)
A B
(Y)
1.0 1 50.0 47.3 48.7
0.1 _ 2 43.3 43.2 43.3
0.01 38.2 37.3 38.0
L= 1 +42+3 =2
3
¥ = 48,7 + 43.3 + 38.0 = 43.33

Now deviations from the mean (£ and ?), x2 and the product xy can be
calculated.

Number Mean Deviation Deviation Square Product
in Series MIE x100 from from x? xy
Mean Mean
X Y
48.7 1 5.37 1 5.37
43.3 0 0.03 ' 0 0.00
38.0 -1 -5.33 1 5.33
Ix2 = 2 ; Ixy = 10.7
Slope (b) = Ixy = 5.35

Ix?
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At this stage the expected values of Y for each value of X and the
deviation of the observed from the expected values can be calculated.

¢ = slope (x) + ¢

Therefore:

9

9, =5.35 (1.0) + 43.33 = 48.68
¥, = 5.35 (0.0) + 43.33 = 43,33
¢; = 5.35 (-1.0) + 43.33 = 37.98
Thus:
i@2,, = 0.0017
s?,, = sum of square of deviations =

total degrees of freedom

(n-2)

=> Sy, = /0.0017 = 0.041
B)‘A =

Syx / b = 0.041 / 5.35

= 0.008

0.02
-0.03
-0.02

1a?,,/n-2

>
»

o

>
»

d

2
yx

10-4

x 10°4

10-4

.0017/1 = 0.0017
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Appendix V Fiducial Limits

Fiducial limits correspond to the precision of the potency estimate of
an assay at a given probability, normally 95%. This gives the range of
values between which the estimated potency would be expected to be on 95
occasions if the assay were to be repeated one hundred times.-

In biological assays which measure the effect of a hormone on animals
or isolated animal tissues and in which a linear graph of the logarithm
of the dose against response is obtained, a method of calculation of the
fiducial limits as suggested in the European Pharmacopeia II (1963) is
usually applied. This method was originally devised to calculate the
fiducial limits of potency estimates of standard preparations. Therefore,
strictly speaking, it applies +to +those assays "in which the test
preparations are assayed at doses which give responses approximately
equal to those obtained with the corresponding doses of the standard
preparation". 1In other words, this method should be applied to dilution
assays. Despite this, this method is generally used for the calculation
of fiducial limits for bioassays.

Generally fiducial limits are calculated for a 2 X 2 assay, that is,
two dilutions of the standard are compared to two dilutions of the test
preparation. An example of the calculation of fiducial limits ina 2 x 2
assay using the results from a renal cytochemical bioassay is shown
below:

Definition of terms used in calculating fiducial limits:
N ,= total number of responses in an assay

n = number of replicates for each treatment

d = number of dose levels for each preparation in an assay (in this case 2)
I = interval between adjacent log doses (here 10 fold)

h = number of preparations in an assay, including the standard

df = degrees of freedom (n-1)

t =t ratio for a given df at 95% confidence level

f, = h-1

f, = degrees of freedom for calculating error (in a 2 x 2 assay f, = N - 2)
t ratio calculated to test parallelism.

o+
.
"

Linear contrast (L) = I high dose - 2 low dose
Y = individual responses
K = correction term used in analysis of variance = (Jly)2/N
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Sum of squares

Preparation : [(82 + V) / 2n] - K
Regression (E) : (Ls + Lu)?2 / 2nh
Parallelism : [(Ls? + Luz) / 2n) - E
Treatment : [(8;2 + 8,2+ 0,2 +u,2)/n] -K
Total : (Zy?) - K
Error(s?) : (total - treatment)/df
Slope(b) : ZL.
Inh (d-1)
Potency (M°p) : (%u - ¥s) / b where ¢, = Total Ju; 9. = Total Js

2n 2n
Fiducial limits : C M'p 2+ /(C-1)(C M'pn?2 + C'I?)
where C = E/(E - s2t?)
and ¢ = A given constant (for a 2 x 2 using ¢’ = 3/2)
given in European Pharmacopeia II.

a) Calculation of fiducial limits for a renal bioassay.

Standard "S- Test"U”

N, = 8
Low dose (0.1pg/ml) 38.2 37.4 n = 2
37.7 37.8 d = 2
I = 1
High dose (1.0pg/ml) 43.3 43.1 h = 2
43.2 39.9 daf = 6
t = 2.45
2 Low dose 75.9 75.2
I High dose " 86.5 83.0
Total 162.4 158.2
Linear contrast (L) 10.6 7.8
IL = 18.4 Iy = 320.6 Iy? = 12898.9
K = [(ly)? /n] = 12848.1
Treatment = [(S;2 + ... + Uy2) / n] - K = 45.5
Total = (Iy?)-K = 50.83
Error (s?) = Total - Treatment = 0.89 => s = /0.89 = 0.94

af
Regression “E” = [(Ls + Lu)? / 2nh) = 42.32
Slope b~ = __3JL = = 4.6

Inh (d-1)
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1. Test for lack of parallelism.

In order to test the parallelism between the test dilutions and the
standard preparation dilutions "t°" is calculated by the use of the
following equation:

t- = Ls - Lu = 10.6 - 7,8 = 1.05
2s¥n 2(0.94)/2

For this assay f1 = h-1 = 1 ; f2 = 8-2 = 6

From the table given in the European Pharmacopeia II (1963), at p =
95% and f; = 1, £, = 6, the value of t° for a 2x2 assay is given as 2.45.

Since the -calculated t° for this assay (1.05) is less than the given
value of t° (2.45), it is concluded that the response to the dilutions of
the unknown is parallel to that of the standard dilutions.

2. Test for potency ratio.
Potency = M'p = [(¥fu ~ ¥s) / b] = -0.228
Taking antilog;y of M"p: antilog M'p = 0.591

The first dilution was 1:200
.. taking into account the dilution factor the potency is 118.3 pg/ml.

3. Test for fiducial limits.
C = E = 1.127; C" = 3/, = 1.5 (for a 2x2 assay).
E - s¢t2

. CM'p +/(C-1) (cM°'p?2 + C°I2) = 0.188 0.702
Taking antilog => 1.542 0.199

By dividing these two values by the antilog of potency, percentage
fiducial limits will be obtained.
.. fiducial limits are:

1.542.100 = 261 0.199.100 = 34
0.597 0.591

.. The fiducial limits for this assay are between 261% and 34%.

It is clear from this calculation that the estimation of fiducial
limits is a long and laborious exercise. In order to speed up these
calculations, a computer programme using the formulae given in European
Pharmacopeia II was written to calculate the parallelism and fiducial
limits for a 2x2 assay. This programme was given to me by my supervisor
Dr. J. Alaghband-Zadeh.
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Table A shows the fiducial limits computed for the potencies of nude
mice plasma samples as determined by the renal and metatarsal cytochemical
bioassay.

For these calculations, a choice of two of the three standard points
which comprise the standard graph had to be made. The two standard points
that were chosen were those that approximated most closely with the values
for the two dilutions of the test material.

The computed fiducial limits showed a very wide range especially in the
renal assay. This would seem to suggest that the potency estimates in
these assays are not very accurate. This appeared to be at variance with
the interassay variance of + 20% (Chapter 5).

Therefore, it was possible that the method of calculating the fiducial
limits might be overestimating the variance.

As described previously, this method calculates the fiducial limits for
a dilution assay, that is, an assay in which the unknown sample is diluted
until it gives approximately the same response as that of the standard. In
the renal cytochemical bioassays, serial dilutions of plasma are used to
obtain responses within the range observed for the dilutions of the
standard preparations, and not necessarily to achieve the same responses
as the standard preparations. In these assays wusually a log linear
response to three different dilutions of the standard PTH is obtained.
Table B shows the observed responses to 3 dilutions of the PTH standard
(1.0-0.01 pg/ml) and two dilutions (1:2000, 1:20,000) of nude mouse
plasma.

In this way, a log linear graph of response vs concentration of PTH for
both the standard and plasma was obtained (figure A). The two dilutions of
the unknown plasma gave responses within the range of the dilutions of the
standard. However, the response observed for the dilution of 1:2000 of
the plasma fell within the +two high concentrations of the standard
preparation (1.0-0.1 pg/ml bPTH). The higher dilution of the sample
(1:20,000) showed an activity within the lower range of the graph (0.1-
0.01 pg/ml bPTH). Since the responses for the dilutions of the sample
were closer to those of 0.1 and 0.01 pg/ml of the standard, in computing

the fiducial limits these four responses were used. Fiducial 1limits of
20% to 383% were obtained (A = 0.25 for this assay, lack of parallelism
was not confirmed). When the responses to the higher concentrations of

the PTH standard were used in calculating the fiducial limits, a range of
19% - 1600% was obtained. This clearly indicates that the further the
responses of dilutions of wunknown are from those of the standard
preparations, the wider is the range of the fiducial limits.
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Animal| _______Repnal bioassay Metatarsal bioassay

Number| Potency |Fiducial limits (%) Potency |Fiducial limits (%)
1 104.0 18 - 370 36.4 47 - 220
2 148.0 26 - 318 30.8 25 - 406
3 101.0 38 - 231 2.9 35 - 297
4 1.6 20 - 318 55.9 50 - 200
S 199.0 30 - 277 27.5 37 - 265
6 282.0 19 - 381 834.0 38 - 290
7 77.5 21 - 376 201.5 58 - 168
8 8.0 17 - 438 68.2 59 - 168
9 367.0 20 - 383 231.1 28 - 369
10 16.2 31 - 263 132.9 41 - 243
1 94.2 12 - 435 68.5 33 - 255
12 49.7 51 - 182 23.7 19 - 503
13 2.3 65 - 153 106.6 47 - 200
14 7.3 10 - 483 60.1 18 - 480
15 47.3 15 - 524 820.0 23 - 379
16 | === |  emeee—- 90.6 31 - 322
17 248.0 35 - 251 125.2 29 - 279
18- | ==-e== | mmmmee- 66.0 66 - 151
19 31.1 29 - 285 480.0 58 - 176

Mean 105.0 27 - 333 182.2 39 - 283

Mean of fiducial limits for rCBA :

27% - 333%

Mean of fiducial limits for mCBA ; 39% - 283%

Table A: The computed fiducial limits for the potency
of the nude mice plasma samples. ‘
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MIE x 100
Standard PTH pg/ml Sample
1.0 0.1 0.01 1:2000 1:20,000
Section 1 2 1 2 1 2 1 2 1 2
48 53 36 44 31 31 44 42 33 35
48 50 46 43 29 39 44 38 32 42
56 41 36 34 29 35 43 41 29 32
50 47 36 37 35 32 45 44 37 35
48 52 44 43 34 40 39 45 32 39
58 53 40 48 33 31 49 42 36 38
59 40 34 11 39 29 46 40 36 33
48 43 32 41 27 40 38 35 37 36
47 51 34 34 | 29 32 46 45 33 41
51 45 39 35 33 35' 39 39 33 39
Mean 49.1 38.9 33.3 42.2 35.2
x L3 x * 3 x
. SEM 1.0 1.0 0.9 0.8 0.8
Table B: The individual responses ( G6PD activity ) to

PTH in 10 distal convoluted tubules in each
section . Each response is expressed as
MIEx100. The overall enzymic activity to a
concentration of hormone is calculated as the
mean of 20 responses to that concentration of
hormone in the dulplicate sections.

Fiducial limif

a) Using the mean of responses:

20% - 383% Lower range of the standard
16% - 1600% Higher range of the standard

b) Using the individual responses

47% - 187% Lower range of the standard
46% - 261% Higher range of the standard



-175-

/)\ Standard

Sample
502 A

G6PD Activity (MIEx100)

36 —

I I |
0.01 0.1 1.0 pg/ml PTH

1:20,000 1:2,000 plasma dilution

Figure A. Nude mouse plasma response (at dilutions of
1:2,000 & 1:20,000) vs standard bPTH(1-84) response
in a renal bioassay.
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The second point to consider is the number of responses obtained at a
single dilution. 1In the renal and metatarsal bioassays a tissue segment
is exposed to a dilution of the hormone standard or the test preparation.
The response of the tissue to this dilution is then measured in 10 cells
in a section obtained from the segment. Each cell responds differently to
that particular concentration of hormone as is seen from the readings
obtained for the renal assay we are considering (table B). One can draw
a parallel between these differences in the responses of the cells in this
in__situ bioassay and the responses of different animals in jip vivo
bioassays. Therefore, in calculating the fiducial limits it would seem
more appropriate to use the individual responses to a particular
concentration of hormone rather than the mean of the 20 measurements (10
measurements per section, duplicate sections for each concentration), as

was done previously.

Using 20 individual responses for each concentration, the fiducial
limits for this example of the renal assay was calculated by the same
method. When the responses to the two lower concentrations of the
standard (0.1 and 0.01 pg/ml) were tested against the two dilutions of the
plasma sample, fiducial limits of 47% - 187% were obtained. With the
higher concentrations of the standard preparation (1.0 and 0.1 pg/ml) the
fiducial 1limits were 46% - 261%. Thus as shown in table B by using all
the measured values which make up each mean, the calculated fiducial
limits for this assay show a much tighter range.

Although the precision is improved two fold, it still is well above the
interassay variation. It appears that the way to overcome this problem
seems to be the development of a new method for calculating fiducial
limits in which the difference in response between the standard
preparation and the test sample does not affect the estimation of the
fiducial limits. Although 3 x 2 assays are mentioned in the European
Pharmacopoeia (1963) none of the calculations are given and I have been
unable to find them.

In conclusion, because of the unavailability of a reliable method for
the calculation of fiducial limits in cytochemical biocassays, the method
proposed in European Pharmacopeia II should be used. However, this can
only be taken as a rough indication of the precision of the calculated
potencies in these types of assays and care must be taken not to put too
much emphasis on the exact numbers obtained.
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An in vivo model of humoral hypercalcaemia of malignancy has been used to examine the
role of circulating PTH-like bioactivity in the development of bone resorption and
hypercalcaemia. After inoculation of cells from a renal carcinoma cell line into nude mice,
circulating PTH-like bioactivity as measured by the sensitive renal and metatarsal
cytochemical bioasssays for PTH was elevated in only 18% and 53% of the mice
respectively. Bone resorption was elevated in all the mice investigated irrespective of the
level of PTH-like bioactivity. Thus, in this model, while the circulating PTH-like moiety is
more potent when acting on bone, it did not correlate with the degree of bone resorption
suggesting that it may not be the sole cause of the hypercalcaemia. ¢ 1989 academic press, Inc.

Currently the aetiology of humoral hypercalcaemia of malignancy (ie in the absence of
skeletal metastases) is considered to be related to the production of a parathyroid hormone
(PTH)-like peptide which is released into the circulation and acts on the target organs of
PTH, namely kidney and bone. Recently three groups have reported the sequence of a
PTH-related peptide (PTHrP) obtained from tumour cells maintained in culture (1), from
tumour extracts (2) or from tumours grown in nude mice (3). This PTHrP has a high degree
of sequence homology with the amino-terminus of PTH and its potency in a variety of PTH
bioassays is equivalent to or sometimes greater than PTH. Previous reports have indicated
that the plasma of a proportion of patients with humoral hypercalcaemia of malignancy
(HHM) had high levels of PTH-like bioactivity in the absence of immunoreactive PTH (4).
Similarly tumour extracts (5,6) or the medium of tumour cells maintained in culture were
shown to contain PTH-like bioactivity by a variety of bioassays.

Several studies with immunosuppressed mice have reported that subcutaneous inoculation of
tumour cells resulted in development of several features of HHM associated with the growth
of solid tumours. In some (7,8) but not all (9) cases extracts of these tumours contained
PTH-like bioactivity. However in none of these studies has any attempt been made to assay
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the presence of PTH-like material in the circulation. Therefore, we have used a similar model
to compare the renal and osseous potency of the PTH-like bioactivity released from solid
tumours into the circulation and its relationship to the development of bone resorption as
assessed by the measurement of eroded surface.

MATERIALS AND METHODS

Cells from the tumour cell line XK1 were inoculated subcutaneously into female nude mice
(MF1 nu/nu; ICRF). This cell line was established from a hypernephroma taken from a
cachectic patient and, when inoculated into immunosuppressed mice, results in cachexia and
the growth of encapsulated solid tumours without any secondary metastases (10). After 4
weeks and at various intervals thereafter the animals were killed and aliquots of plasma were
stored at -70°C until assayed for PTH-like bioactivity in the sensitive renal and metatarsal
cytochemical bioassays or for plasma calcium. At the same time some of the tibiae were
processed for bone histomorphometry.

Plasma calcium was measured on a Corning 940 calcium analyser using an EGTA titration
method. The precision of the assay was + 0.0Smmol/L. In uninoculated nude mice the levels
of calcium (2.53-3.00mmol/L) were not dissimilar to those recently reported for the same
strain (11).

The renal (12) and metatarsal (13) cytochemical bioassays were done as described previously
usmg bPTH1-84 (72/286; NIBSC) as a standard. Both are based on the detection of changes
in glucose 6-phosphate dehydrogenase activity in either the distal convoluted tubule (renal
assay) or the hypertrophic chondrocytes of the growth plate (metatarsal assay). Both assays
are highly sensitive (dose range 0.001-1.0 pg/ml). The inter-assay variation ranged from 18%
to 47% with a mean of 32%, not significantly different from that previously reported for
these assays.

For bone histomorphometry, the tibiac were embedded in methyl-methacrylate, and
longitudinal sections (10um) were cut on a Jung K microtome and stained with Goldner’s
modification of Masson’s trichrome. Measurements, using a x25 objective, were made with
an IBAS I (Kontron) semi-automatic image analysis system. Eroded surface was measured as
a proportion of the proximal diaphyseal endocortical surface (Dp.Ec - ES%BS) (see ref 14 for
full explanation of nomenclature) and the diaphyseal cancellous bone surface (Dp.Cn -
ES%BS). Absolute endocortical surface (Ab.Ec) (> 3.0 mm) was measured from a point
distinguishable from the endochondral spongiosa on the side opposite that bearing the
gastrocnemus muscle implantation. Cancellous bone surface measurements were started at a
distance of approximately 100pm from the junction of the hypertrophic and calcifying zones
of the growth plate in order to avoid surfaces associated with the primary endochondral
spongiosa. In some cases the measurement of Dp.Ec -ES%BS and Dp.Cn -ES%BS were
made on different sections. Usually three or more sections from each tibia were measured
and the results presented as mean + SD.

The PTH antagonist was generously provided by Dr Joan Zanelli of the National Institute of
Biological Standards and Control. Statistical analysis was done by Mann Whitney U tests.

RESULTS

Not all of the inoculated mice became hypercalcaemic. Therefore, these mice were divided
into a normocalcaemic group (n=5, Ca: 2.10-2.96 mM), in which the levels of plasma
calcium were similar to that seen in uninoculated mice, and a hypercalcaemic group (n=19;
Ca 3.06-7.16 mM). In the hypercalcaemic group only one mouse did not develop a solid
tumour while in the normocalcaemic group two mice had solid tumours. In both the renal and
metatarsal bioassays, PTH-like bioactivity in the inoculated normocalcaemic group was not
significantly different from that in the uninoculated group (Fig 1).

In the renal bioassay, PTH-like bioactivity in the hypercalcaemic mice was not elevated
compared to that in the control group and only 3 (18%) of the mice had bioPTH levels which
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Figure 1: The circulating PTH-like bioactivity in normocalcaemic (@®: inoculated; O:
uninoculated) and hypercalcaemic (X) mice as measured in the renal (left) and metatarsal
(right) bioassays. The solid lines represent the mean * 1 standard deviation for each of the

groups.

Figure 2: Examples of cortical (right) and cancellous bone (left) from a control (top) and a
hypercalcaemic (bottom) mouse showing the increased erosion of the endocortical and
cancellous bone surfaces. Note the cortical porosity observed in some of the hypercalcaemic
mice. Abbreviations: oc: osteoclast; m: marrow; es: endocortical surface; p; porosity.
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B ;. Di 3 corti EC - n ) n
ES%BS) eroded surface (mean_ + SD), plasma calcium and PTH-like bioactivity in

normocalcaemic and hypercalcaemic mic
MOUSE CALCIUM ERODED SURFACE bioPTH
(mM) Endocortical  Cancellous  Renal Metatarsal
(%) (%) (ng/L) (ng/L)
Normocalcaemic
2x 2.96 0 27+14 26 19
3x 2.53 2.3 1.7£1.2 23 23
6x 3.00 64+25 nd 10 202
C1 2.12 43%+1.2 64+1.0 24 20
Hypercalcaemic
G 475 21.3% 4.1 298145 101 3
R 476 5.1+ 1.8 184+32 104 36
5 6.58 44.0+11.5 29.7+3.8 53 97
7 476 60.3+ 3.1 323+£39 282 834
9 7.16 154+ 74 13.3£42 78 202
12 3.82 263+ 47 214%1.8 94 69
16 331 248+ 33 231276 47 820
C3 3.06 0 23.8+22 367 231

were greater than the mean + 1 SD of the control group (Fig 1). However, in the metatarsal
assay PTH-like bioactivity was significantly higher (p < 0.01) in the hypercalcaemic mice
although only 10 (53%) mice had elevated levels.

The addition of the PTH antagonist, NLeu®'® Tyr** bPTH 3-34 amide, to the plasmas prior to
assay resulted in an almost total inhibition of the PTH-like bioactivity in both the renal and
metatarsal assays.

The tibiae from 4 of the normocalcacmic mice and 8 of the hypercalcaemic mice were
assessed for the degree of endocortical and cancellous bone surface erosion as an index of
resorption. The results (Fig 2; Table 1) indicated that all the hypercalcaemic mice had
increased cancellous surface erosion while 6 of them had increased endocortical surface
erosion. However, there was no correlation between the degree of erosion at either site and
the level of plasma calcium or the level of PTH-like bioactivity in either the metatarsal or
renal bioassays. Cortical porosity and fibrosis following bone resorption was observed in
some but not all cases.

DISCUSSION

Several causative agents have been implicated in HHM but as the disease is characterised not
only by an increased bone resorption but also by a rise in renal tubular reabsorption of
calcium (15) a PTH-like factor has come to be considered as the prime agent responsible for
the hypercalcaemia. It is clear that many tumours contain factors which interact in PTH
bioassays, and the recent reports of the presence of a PTH related peptide (1-3) which has
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some sequence homology with PTH, lend substantial support to this hypothesis. Synthetic
human PTHIP 1-34 is equipotent on a molar basis with human PTH 1-84 in the renal CBA
(16). Some semi-purified PTH-like factors have been shown to be more potent when acting
on osseous tissue than on renal tissue (17) and in our study PTH-like bioactivity was
generally higher in the metatarsal bioassay compared to the renal bioassay. The effect of the
PTH antagonist suggests that the material being assayed is interacting with the PTH receptor.
However, it is not certain that such factors are always released into the circulation at levels
similar to that seen in primary hyperparathyroidism. Goltzman et al (4) reported that only
9/16 patients with HHM had elevated levels of PTH-like bioactivity. This proportion is
similar to that seen in our study where only 50% of the hypercalcaemic mice had raised
PTH-like bioactivity despite the presence of extensive bone resorption suggested by the
eroded surface measurements.

The lack of correlation between levels of PTH-like bioactivity and bone resorption could be
due to a number of reasons. Firstly, PTHrP or its bioactive fragments may be rapidly
degraded either in the circulation or during the assay procedures. However the latter is
probably not the case because the time of exposure to the plasma is only 8 minutes. Secondly,
the target cells responsive to PTHrP may not be the same as those responsive to PTH. Thus
the bone’ and ’renal’ actions of PTHrP may be different to those for PTH. The syndrome of
HHM is not identical to that of primary hyperparathyroidism. Osteoclastic bone resorption is
increased in HHM but formation is reduced, as are 1,25(OH),D; levels; in primary
hyperparathyroidism both bone formation and 1,25(OH),D, levels are elevated. Thirdly,
PTHrP may not be the agent primarily responsible for the increased bone resorption. PTH
antagonists do not affect the bone resorption seen in some animal models of HHM (18).
Tumours are known to produce lymphokines such as interleukin 1 and growth factors such as
transforming growth factor o which are more potent than PTH in causing bone resorption
both in vive and in vitro see 19). Antibodies to the epidermal growth factor receptor (which
also binds TGFa) have been shown to inhibit the bone resorption in animal models of HHM
(20). A recent report (21) has suggested that certain tumours may produce both a cytokine
(ILo) and PTHrP. Thus even if PTHrP was not responsible for the development of bone
resorption it would still play a major role in the development of hypercalcaemia because of
its renal action. In our study the presence of cachexia in the patient from whom the cell line
was derived suggests the possible involvement of tumour necrosis factor o/cachectin (22),
which is capable of causing bone resorption (23).

In summary, because the degree of eroded bone surface did not correlate with the level of
PTH-like bioactivity it may be that in our particular model of HHM bone resorption may
have been due to a factor other than PTHrP either acting alone or synergistically with PTHrP
(19). Given the presence of a potent bone resorbing agent such as a growth factor or TNFa
then the presence of even normal levels of PTH-like bioactivity would increase the tendency
to hypercalcaemia due to renal reabsorption of the calcium released from the skeleton.
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Certain Vitamin D Metabolites Potentiate the Expression of
Parathyroid Hormone Bioactivity!

J.N. BRADBEER,?? S. MEHDIZADEH,? L.J. FRAHER,*> and N. LOVERIDGE?¢

ABSTRACT

With the development of a sensitive bioassay for the skeletal effects of parathyroid hormone (PTH), it has
become possible to investigate the possible interaction between PTH and vitamin D; metabolites. This assay is
based on the stimulation of glucose-6-phosphate dehydrogenase (G6PD) activity in either the hypertrophic
chondrocytes of the growth plate or the osteoblasts lining the metaphyseal trabeculae of rat metatarsals. The
response to PTH is paralleled by the activity of dibutyryl cAMP. None of the vitamin D; metabolites tested
had any effect on enzyme activity when tested by themselves. However, both 1,25(0OH),D, and 25(OH)D,
caused a dose-related potentiation of the response to PTH. Neither 1,24,25(OH),D, nor 1,25(OH),D; 26,23-
lactone potentiated the response to PTH. Because this potentiation of the response to PTH occurs after only 8
minutes, it is suggested that it represents a nongenomic response to the vitamin D, metabolites.

INTRODUCTION

THERE ARE MANY REPORTS SUGGESTING that the actions of
calciotropic hormones are interdependent. In particular,
the effects of vitamin D metabolites on the skeletal actions of
parathyroid hormone (PTH) have been studied. Some investi-
gators have attempted to determine the requirement of the min-
eralization process for vitamin D metabolites and PTH. For
instance, Endo et al.("? demonstrated that maximum deposition
of calcium in cultured chick embryo femurs requires a combi-
nation of 1,25(OH),D;, 24R,25(0H),D,, and PTH, apparently
acting synergistically.

Crowell et al.® found that osteoblast-like calvarial cells iso-
lated from vitamin D-deficient neonatal rats have an impaired
cAMP response to PTH compared with cells from vitamin D-
replete rats. Apparently, this change is not due to PTH-induced
homologous desensitization (down regulation) as a result of
secondary hyperparathyroidism due to chronic hypocalcemia.
Daily administration of 1,25(OH),D; restores the cAMP re-

sponse, implying that this particular effect of PTH might nor-
mally require 1,25(OH),D;. Others have shown that
1,25(0OH),D; decreases PTH-stimulated cAMP production in
normal rat calvaria or in isolated calvarial cells.®

Most studies either relied on observation of the gross effects
of hormones on whole tissue in vitro or in vivo or attempted to
determine the effects at the cellular level using isolated cells.
In any case, most results were obtained using supraphysiologic
concentrations of hormones, especially PTH. With the dewvel-
opment of a highly sensitive metatarsal cytochemical bioassay
for PTH,* it became possible to investigate the possible in-
teractions between physiologic concentrations of PTH and cer-
tain vitamin D metabolites acting on the growth plate of the rat
metatarsal.

MATERIALS AND METHODS

The metatarsal cytochemical bioassay (CBA) for PTH, de-
veloped from the preliminary work of Dunham and Chayen(®
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by Bradbeer et al.,> was done as follows. Metatarsals from
young female rats (50—100 g) were removed and then main-
tained in nonproliferative organ culture for 5 hours in a manner
similar to that used for the renal CBA for PTH.7'® After this
period, each metatarsal was exposed for 8 minutes either to a
concentration of the standard PTH (bPTH1-84; 77/533 or
72/286, National Institute of Biological Standards and Control,
Hampstead, UK) or to PTH and the vitamin D metabolite
under test. Each metatarsal was then briefly dipped in 5%
polyvinyl alcohol (PVA; G04/140, Wacker Chemie GMbH,
West Germany) before being chilled to —70°C in n-hexane.
The segments were sectioned in a cryostat (Bright Instruments,
UK) at 10 pm.®

" The sections of unfixed undecalcified metatarsals were then
studied for G6PD activity in the following reaction medium®:
5 mM glucose-6-phosphate (disodium salt, Boehringer); 3 mM
nicotinamide adenine dinucleotide phosphate (disodium salt,
Boehringer); 0.67 mM phenazine methosulfate (Sigma), and
30% (w/v) PV A (G04/140) all in 0.05 M glycylglycine buffer.
The medium was adjusted to pH 8.0 and saturated with ni-
trogen prior to use.®

Enzyme activity in individual hypertrophic chondrocytes
within the growth plate was measured by scanning and inte-
grating microdensitometry (Vickers M85a; Vickers Instru-
ments Ltd, UK) with the following machine settings: X 40
objective; spot size 1; wavelength 585 nM; and a mask diam-
eter of 10 wm. As reported previously, PTH elicited a dose-de-
pendent (0.001 -1 pg/ml) increase in G6PD activity in both the
osteoblasts lining the metaphyseal trabeculae and the hypertro-
phic chondrocytes.®~9 The majority of the results reported
here involve the effect on the PTH response in the hypertrophic
chondrocytes, although some comparison with the effect in os-
teoblasts is also included.

The following vitamin D metabolites were used:
1,25(0OH),D;, 25(0H)Ds, 1,24,25(0H),D;, 1,25(0H),D;
26,23-lactone, and 24R,25(0H),D;. Stock solutions of the
metabolites were prepared in ethanol and diluted in the Tro-
well’s T8 medium (Gibco) used for the maintenance culture to
the concentrations required for each experiment.-The: highest
concentration of ethanol present in any experiment was 0.1%,
and preliminary studies indicated that this concentration of
ethanol does not affect enzyme activity in the CBA system.
The method involved exposing the metatarsals to various con-
centrations of the vitamin D metabolites either alone or with
PTH for 8 minutes. :

Dibutyryl cAMP was obtained from Boehringer.

All results are presented as mean and standard error of the
mean of the G6PD activity in 10. cells from each of two or
three duplicate sections. The significance of the differences
between metatarsals exposed to PTH or PTH in the presence of
vitamin D metabolites was tested by Students’ t-test for paired
data.

RESULTS
Time response to PTH and Dibutyryl cAMP

The time course of the response of G6PD activity to either
PTH (0.1 pg/ml) or dibutyryl cAMP (10~7 M) were compared
(Fig. 1). In both cases, enzyme activity was maximal at around

BRADBEER ET AL.

8 minutes. Similar effects were scen in the osteoblasts (results
not shown).

Effect of vitamin D metabolites alone

The effect of an 8-minute exposure of the metatarsals to
25(0H)D; (6 X 107°-6 x 1077 M), 1,25(0OH),D; (7.5 X
10712-7.5 X 10~1° M), and 24R,25(0H),D, (7.5 X 10~12~
7.5 x 10~° M) on G6PD activity in the hypertrophic chondro-

cytes was tested. None of these metabolites had any dose-de-
pendent effect on enzyme activity (Fig. 2).
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FIG. 1. A) Time course of stimulation of G6PD activity
caused by 0.1 pg/ml PTH (x—x). B) Time course of stimula-
tion of enzyme activity elicited by 107 M dibutyryl cAMP

_(0—o0). The results are presented as the mean of 10 measure-

ments from each of two sections = SEM.
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FIG. 2. A) Effect of 1,25(0H),D; (stippled histograms; a:
7.5 X 1072M,b:7.5 X 10" M, andc: 7.5 X 107 M) on
G6PD activity compared with that after exposure to culture
medium alone (hatched histograms). B) Effect of 25(OH)D; on
enzyme activity (stippled histograms; a: 6 X 107° M, b: 6 X
10-8 M, and c: 6 X 10”7 M) compared with that in culture
medium alone (hatched histograms). C) Stimulation of enzyme
activity elicited by increasing concentrations of 24R,25-
(OH),D; (stippled histograms; a: 7.5 X 10~2 M, b: 7.5 X
10" M, c:7.5 X 107" M, and d: 7.5 X 10~° M) compared
with that elicited by PTH (clear histograms; b: 0.1 pg/ml and c:
0.01 pg/ml).

Effect of 1,25(OH),D;, 24R,25(0H),D3, and 25(OH)D;
on the response to PTH

When a single concentration of either 1,25(OH),D; (7.5 X
1071 M; Fig. 3A) or 25(0OH)D; (6 X 10~7 M; Fig. 3B), in
each case corresponding to approximately 10 times the mean
normal circulating level, was added to a range of concentra-
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tions of PTH (0.001-1.0 pg/ml), the observed PTH-like
bioactivity was increased. The mean overall increase in PTH-
like bioactivity in response to 1,25(0H),D; was 11.3 + 4.8
(mean *= SD; p < 0.001)-fold, whereas that in response to
25(0OH)D; was 4.8 * 2.2-fold (p < 0.002). Thus, on a molar
basis, the effect of 1,25(OH),D; on the response to PTH was at
least 1000 times greater than that of 25(OH)D;. When the cf-
fect of 24R,25(0OH),D; on the response to PTH was cxamined,
cquivocal results were obtained. The mean overall cffect in
five experiments was a 5.7 = 15.7-fold (p > 0.1) increase,
although this ranged from a 29-fold potentiation to an 8-fold
inhibition.
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FIG. 3. A) Potentiation of response to PTH (0.01-1.0
pg/ml; x—x) by 7.5 X 1071® M 1,25(0H),D; (0—o0). B)
Potentiation of response to PTH (x—x) caused by addition of
6 X 1077 M 25(OH)D; (0—o0).
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FIG. 4. Effect of increasing concentrations of vitamin D metabolites (stippled histograms) on response to single concentration
of PTH (0.1 pg/ml). A) 1,25(0OH),D; (a: 7.5 X 1071 M, b: 7.5 X 1079 M, and c: 7.5 X 10~° M). B) 1,25(0H),D, 26-23
lactone (a: 7.5 X 1071 M, b: 7.5 X 10719 M, and c: 7.5 X 1072 M). C) 1,24,25(0H);D; (a: 7.2 X 10~ M, b: 7.2 x 10710
M, and c: 7.2 X 107° M). Clear histograms represent responses to various concentrations (1.0 pg/ml (a) and 0.1 pg/ml (b) in A

and 0.1 pg/ml (b) and 0.01 pg/ml (c) in B and C) of PTH alone.

1,25(0OH),D; (7.5 X 10719 M) did not affect the dose-re-
lated response to dibutyryl cAMP (10710 to 10~ M).

Dose-related effect of 1,25(0OH),D; and 25(0OH)D;

In order to investigate further the potentiation of PTH-like
bioactivity by vitamin D metabolites, the effects of increasing
concentrations of the metabolites on the response to a-single
concentration (0.1 pg/ml) of PTH were examined in the hyper-
trophic chondrocytes. The mean normal circulating concentra-
tion of 1,25(0H),D; (7.5 X 10~ M) caused no increase in
PTH-like bioactivity, whereas 7.5 X 1071 M and 7.5 x 10~
M caused a 5-fold and and 27-fold increase in PTH-like bioac-
tivity, respectively (Fig. 4A). 25(OH)D; caused a similar

dose-related potentiation of PTH-like bioactivity (results not
shown).

Effects of other vitamin D metabolites

Experiments were done to determine the potential dose-re-
lated effect of other vitamin D metabolites on the response to
PTH (0.1 pg/ml). 1,25(0OH),D5 26,23 lactone, an analogue of
1,25(0OH),D;, had no significant dose-related effect on the re-
sponse to PTH (0.1 pg/ml) over the range of concentrations 7.5
X 10~1 M-7.5 X 10~° M, compared with the change in
response caused by a 10-fold increase in PTH concentration
(Fig. 4B). Similarly, 1,24,25(0OH),D; (7.2 X 10~11-7.2 X
10~° M) had no significant effect compared with the change in
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response caused by a 10-fold increase in PTH concentration
(Fig. 4C).

Effects of vitamin D metabolites on osteoblasts

In some experiments, the effect of the various vitamin D
metabolites on the dose response to PTH was asscssed in the
ostcoblasts lining the metaphyscal trabeculac as well as in the
hypertrophic chondrocytes. The results (Fig. 5) indicate that
the degree of potentiation was the same in both cell types. In
those experiments with 24R,25(0H),D;, where an inhibition
was scen in the chondrocytes, it was also seen in the osteo-
blasts and vice versa.

DISCUSSION

It has been recognized for many years that vitamin D-defi-
cient animals show an impaired response to PTH.(10-!1) The
mechanisms underlying this reduced response are undeter-
mined. It has been suggested that the effect is due to down
regulation of PTH receptors. However, Crowell et al.®® have
demonstrated that this may not be the case. Therefore, it is
possible that the response to PTH is, in part, dependent on
some form of interaction with vitamin D metabolites.

Maghoub and Sheppard? showed that both 1,25(OH),D,
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and 25(OH)D; have an carly potentiating effect on the stimula-
tion of cAMP production by submaximal concentrations of
PTH in bone cells isolated from rat fetuses. This potentiation
of the cAMP response to PTH was maximal within 5 minutes.
Pretrecatment with certain vitamin D metabolites resulted in a
steady diminution of the degree of potentiation. As in the
present study, vitamin D metabolites had no cffect by them-
selves. However, this effect could not be confirmed.!® Other
groups have also studied the cffect of vitamin D metabolites on
cAMP production in response to high concentrations of PTH
and shown that it has no effect™ or is inhibitory.®> Although
Herrmann—Erlec and Gaillard® demonstrated that a high
concentration (I X 1078 M) of 1,25(0OH),D; significantly re-
duces PTH stimulation of cAMP, they also showed that the
effects of 1,25(OH),D5 on the response of other biochemical or
histological features to PTH are either additive or potentiating.

The present study indicates that both 1,25(OH),D; and
25(0OH)D; potentiate the response of hypertrophic chondro-
cytes to PTH. Similar effects occurred in the osteoblasts lining
the metaphyseal trabeculae. Unlike the previous studics,
cAMP was not the substance measured, but the fact that dibu-
tyryl cAMP is capable of mimicking the effect of PTH (sce
Fig. 1) suggests that the stimulation of G6PD activity is, at
least in part, mediated through cAMP. This synergistic cffect
between ecach of the two vitamin D metabolites and PTH
occurs at physiologic concentrations of PTH and near-physio-
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FIG. 5. Comparison of effect of vitamin D metabolites (0—o) on response to PTH (x—x) in both hypertrophic chondrocytes
(top) and osteoblasts lining metaphyseal trabeculae (bottom). Right: 1,25(0H),D; (7.5 X 10719 M). Center: 25(OH)D; (6 X

10~7 M). Left: 24R,25(0H),D; (7.5 X 10710 M),
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logic concentrations of the vitamin D metabolites. The re-
sponse appears to be specific for 1,25(OH),D; and 25(OH)D;.
The response to 24R,25(0OH),D;, unlike that to the other me-
tabolites, was inconsistent. the resaons for this merit further
investigation but may in part account for the conflicting reports
of the effects of this metabolite on the skeleton. Several reports
have suggested that this metabolite is important in the calcifi-
cation process, 1729 but this view has been disputed.@V
Although the physiological significance of the interactions
reported here are, at present, a matter of speculation, two gen-
eral points can be made. First, the results of present study rein-
force the idea that hormonal control of development and main-
tenance of the skeleton is complex and may involve interac-
tions between hormones such as PTH and vitamin D
metabolites. Second, it is unlikely that the potentiation by the
vitamin D metabolites involves a genomic mechanism of ac-
tion, since the response to PTH is measurable at 8 minutes.
The fact that the response to dibutyryl cAMP is not affected
implies that the vitamin D metabolites are having a direct ef-
fect on the cell membrane. Such a nongenomic mechanism of
action of vitamin D metabolites has been proposed by Norman
and colleagues®® especially in relation to the effect of
1,25(OH),D; on calcium uptake by the small intestine.
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