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Radioimmunoassay (RIA) is now employed in thousands of nuclear medicine and clinical
laboratories throughout the world to measure hundreds of substances of clinical or biologic
interest. In most routine laboratories the assays are performed with reagents supplied by com-
mercial sources and the users are often unfamiliar with potential pitfalls in the use of these pro-
cedures. Probably the two major problems associated with the application of RIA for the
measurement of peptide hormones are the limited sensitivity of the assay which requires the use
of virtually undiluted plasma resulting in the introduction of non-specificity in the assay procedure
and the fact that some peptides may be found in the circulation in more than one molecular
form having different biologic activities. In this presentation I shall first review briefly the assay
for parathyroid hormone which was first described in 1966 Y but which is the assay whose
interpretation remains the most difficult because of the problems of heterogeneity. Then I shall
discuss some recently completed work from my laboratory on the ontogeny and post-translational
processing of some peptides commion to the brain and gut and will conclude with some prelimin-
ary clinical studies that describe a different approach to determination of integrated hormonal
output,

The first evidence for immunochemical heterogeneity of peptide hormones in plasma was
the demonstration that different antisera recognized that human parathyroid hormone (hPTH)

2). It was observed that a constant

in plasma was not identical with that in glandular extracts
factor which could be used to superpose a plasma dilution curve on a curve of standards obtained
from an extract of a normal parathyroid gland for two antisera (272 and 273) did not permit
supetrposability of dilution curves employing the same standard and plasma with another antiserum
(C329) (Fig. 1). Furthermore, the apparent disappearance of immunoreactivity following surgical
removal of the secreting tissue depended on the antiserum used for the assay, a more rapid rate
being observed with C329 than with 273 (Fig. 2). The rapid rate of disappearance of immunore-
activity as measured with C329 paralleled the decrease in serum calcium. The discrepancies
between assay results with these two antisera were more marked in uremic patients with secondary
hyperparathyroidism. It was hypothesized that the presence of metabolic fragments of hPTH
produced in the gland or in the periphery could account for the observed heterogeneity.

The nature of immunoreactive hPTH in plasma was revealed by Sephadex gel filtration method-
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Fig. 1. Inhibition of binding of 125I-Bpth in 3 antisera by pooled plasma from a patient
with 2° hyperparathyroidism (+) and by an extract of a normal parathyroid gland (°).
(Reproduced from reference 2).
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thyroidectomy in patients with 1° or 2° hyperparathyroidism. Plasma samples were
assayed in antiserum C329 and antiserum 273 using extract of a normal human para-
thyroid gland as standard and 125I-Bpth as tracer. (Reproduced from reference 2).
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ology and assay with antiserum €329, an N-terminal antiserum, and antiserum 273, a C-terminal
2)

antiserum®“’/, It was demonstrated that a biologically inactive C-terminal fragment is the major
immunoreactive form of hPTH in plasma. During a calcium infusion that elevates serum calcium
in a uremic patient with secondary hyperparathyroidism the biologically active intact hormone
as determined with antiserum (€329 disappears rapidly and the C-terminal fragment, as measured

with antiserum 273, persists (Fig. 3). One can conclude from this study either that the C-terminal
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fragment is not suppressed by calcium administration or that its turnover time is long compared
to the time of the infusion., That the latter is the case is evidenced by the observation that
following total parathyroidectomy in patients with end-stage renal disease the half-time for disap-
pearance of the C-terminal fragment averages 1 to 2 days, about 20-fold longer than its disap-
pearance half-time in patients with normal kidney function3’4) (Fig.4). The half-time for disap-
pearance of intact hPTH is much more rapid; in patients with normal kidney function it averages
about 15 minutes and in patients with end-stage renal disease about 30-40 minutes (Fig. 5).
Thus it would appear that about half of intact hPTH is removed by the kidney and half by other
sites in the body. However, the kidney appears to be almost solely responsible for removal of
the C-terminal fragment.

The clinical relevance of these observations relates to the choice of antiserum suitable for the
diagnosis of primary or secondary hyperparathyroidism. Assuming equal secretory rates and
spaces of distribution for the different hormonal forms, the steady state plasma concentrations
are proportional to their respective turnover times. Therefore the concentration of the C-terminal
fragment is amplified by a factor which depends on the relative turnover times for the two
hormonal forms, a factor of about five in patients with normal kidney function. This amplifica-
tion is useful in that it permits distinction between euparathyroidism and primary hyper-
parathyroidism which otherwise might not have been possible if only the biologically active
component were assayed. However, at least two assumptions must be made if the assay of a

biologically inactive form is to be used to reflect the biologically active hormone even in patients
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Fig. 4. Disappearance of immunoreactive hPTH as measured by antiserum 273, a C-terminal
antiserum, from the plasma of patients with primary or uremic secondary hyperpara-
thyroidism after surgery. The concentrations are plotted in terms of percent of pre-

operative level. (Reproduced from reference 4).
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without renal disease. The assumptions are that there is a constant ratio of turnover times of
the active and inactive hormonal forms and that there is a constant ratio in the production rates
of intact hormone and fragment. To my knowledge no one has attempted to investigate how
“constant” the assumed ratios are. In uremic patients the turnover time of the C-terminal
fragment is greatly prolonged and the extent of prolongation is related to the degree of renal
dysfunction. Therefore an increase in its immunoreactivity in plasma may or may not reflect
increased secretion of biologically active hormone from a hyperplastic parathyroid gland. It
may simply represent build-up of that fragment because of a decrease in its rate of removal by
the damaged kidney. A systematic quantitative investigation into the relation between the disap-
pearance half-time of the C-terminal fragment and any measure of kidney dysfunction has not
been reported. Furthermore it is also not known whether the kidney is involved in peripheral
conversion of intact hormone to the specific C-terminal fragment which is removed from the body
primarily by the kidney. The clinical interpretation of elevation of immunoreactive plasma PTH
using a C-terminal antiserum therefore requires a number of assumptions and considerable ad-
ditional information. A more direct approach would be the development of simple methodology
to extract and concentrate biologically active hPTH from plasma and assay it directly with an
N-terminal antiserum or to prepare N-terminal antisera with greatly increased sensitivity.
Although there have been some claims concerning the availability of specific N-terminal assays,
the direct demonstration of appropriately short turnover times following extirpation of the
secreting organ has not been decribed.

Our laboratory continues to be interested in the heterogeneity of molecular forms of peptides.
I use the more general term “peptides” rather than “peptide hormones’ since it is now appreciated
that there are many peptides common to the brain and gut, which are not hormones in the classi-
cal sense, Together with Dr. Kiyoshi Ichihara, when he was in our laboratory as a Fellow of the
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Solomon A, Berson Fund for Medical Research, we have investigated the ontogeny of cholecy-
stokinin (CCK) and vasoactive intestinal peptide (VIP) in rat and pigs’6) and secretin only in the
rat5 ). Since secretin appears to be less stable post—mortem7) than many of the other peptides
with which we have had experience, we were reluctant to report the secretin concentrations in
pig tissues which were obtained by sacrifice of the animals other than‘ in our laboratory6). We
chose these three peptides because of similarities and differences. In the gastrointestinal tract,
CCK is present in neuronal as well as in mucosal tissuess) whereas VIP is found predominantly
in neurons in the muscular layerg). Secretin is structurally related to VIP and although secretin-
like activity has been reported in brainlo), we have failed to find it there in concentrations in
excess of 1 ng/g.

The concentrations and total amounts of iCCK in methanol and HCI extracts of rat tissues are
shown in Figure 65 ). The concentration in the brain was very low at day 3, showed a sigmoidal
increase with a maximal change observed between day 7 and day 21 and reached the adult level
by day 28, At each age brain iCCK concentrations in HCl extracts were about one-tenth those

in methanol extracts. In contrast, the concentrations in duodenum and jejunum were higher
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in the day 3 rat than those in the adult. They continued to rise until day 14 and decreased rapidly
thereafter reaching adult levels by day 28. It should be noted that iCCK concentrations in the
HCl extracts of duodenum and jejunum were comparable to the concentrations found in the
methanol extracts. Note that the total iCCK in brain of the adult rat is much greater than that
in the duodenum, The nature of the molecular forms of CCK in the acid and methanol extracts
were studied by Sephadex gel fractionation and will be described below.

In contrast to the findingé with iCCK, iVIP concentrations continued to increase in the
duodenum, jejunum and ileum as well as in br'ain, until day 28, at which time they approximately
equalled adult levels (Fig, 7). Peak concentrations in stomach, colon and cecum occurred between
day 14 and 21, then fell thereafter to adult levels. Also in contrast with iCCK, the brain content
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01 1vir in the adult rat is only 40% of that in the duodenum and less than 10% of that in the
jejunum or ileum. The ontogeny of VIP in the jejuno-ileal region of the rat has previously been
studied by radioreceptor assay“) and in the brain12’13) and in duodenumlz) by RIA and
although the time periods studied were not identical to those shown here, there is general agree-
ment that VIP concentrations in brain and gut increase strikingly from birth.

Acid extracts of brain, stomach, appendix/cecum and colon contained no measurable im-
munoreactive secretin (iSEC), Thus, although SEC and VIP have considerable homologies in
structure, they are not found in the same organs. Furthermore, unlike VIP, iSEC concentration
in the 3 day rat was either not significantly different from (in duodenum and ileum) or much
greater than (in jejunum, p<0.01) the adult concentrations (Fig. 8).

The differences observed among the patterns of development of these three hormones in the
different tissues are that the concentrations. appear to increase from birth iz neuronal tissues

{CCK in brain or VIP) whereas the concentrations in endocrine tissues (SEC) seem to reach or
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exceed adult levels at day 3, the first point in time studied. However, since CCK is found in the
gut both in the mucosal and muscle layers, it is possible, therefore, that the peaking at two weeks
is due to a rising concentration in the neuronal tissues in the muscle layer and a falling concen-
tration in mucosal tissues,

The concentrations of VIP as a function of age in acid extracts of pig brain, cortex and duo-
denum are shown in Figure 96). In contrast with the studies in the rat, the concentration of VIP
in the pig duodenum is essentially constant from birth to adult life and in the brain is more than
one-third that in the adult, reaching adult levels within the first three weeks. The ontogeny
of CCK in the pig resembles that of VIP (Fig. 10). Thus CCK concentrations in methanol extracts
and acid extracts of the duodenum as measured either with the C- or N-terminal antiserum are
essentially constant from birth. In the brain, the concentrations at birth are about one-half of
adult levels,

The conclusion to be reached from these studies in that with respect to these two hormones,
the pig duodenum is fully mature at birth and that the pig brain is closer to maturity at birth
than is the rat brain. Currently under study is the ontogeny of these peptides in other species
in order to relate maturity of behavior of the neonate with the concentrations of brain-gut
peptides.

Our studies on Sephadex gel filtration of VIP in brain or gut or SEC in gut have shown only
one molecular form for each of these peptides. However, in rat brain we find a molecular form

of CCK corresponding to the C-terminal octapeptide (CCK8) in methanol extracts of brain and a
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precursor peptide, probably CCKS8, in acid extractsl4) (Fig. 11). Thus in rat brain as we had
previously shown in pig brainls), there is very rapid and complete post-translational processing
resulting in cleavage of CCK8 from larger precursor forms.

The post-translational processing in the rat duodenum is quite different from that in brain
and the relative concentrations of the different molecular forms in the acid extracts appear to be
age-related. The distribution pattern observed on fractionation on Sephadex G50 of the methanol
extracts of duodenum appears to be independent of age although the concentration is greatest
at 2 weeks (Fig. 12, left). There are two peaks of approximately equal size: one eluting in the
salt region that corresponds to CCKB; the other peak elutes earlier than CCK12 and corresponds
to a larger peptide. The distribution of molecular forms in the acid extracts of the duodenum
appears to be age-related. At week or earlier a peak corresponding to CCK33 or 39 predominates
but this peak becomes less prominent with age. At 3 weeks or later a precursor form, probably
CCK58, predominates. However, at 2 weeks, there is a very prominent peak corresponding to a
molecular weight form smaller than CCK33. The presence of this peak largely accounts for the
higher concentration of iCCK a* two weeks; this peak is no longer prominent in acid extracts of
the adult duodenum. We now believe that the molecular forms observed are CCK peptides in |
various states of post-translational processing and we hope to be able soon to report on their
purification and sequencing, Fig. 11.
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The observations that the processing of CCK in gut and brain appears to be quite different
raises the question as to whether the brain and gut peptides have a common mRNA coding for
CCK in these two tissues, This question is of Some importance since it has been shown that the
biosynthetic pathway of the enkephalins in adrenal tissue16) is different from that observed in
pituitary and brain”’ls). However, a recent study based on molecular cloning of CCK mRNA
from porcine cerebral cortex and duodenal mucosa demonstrated that CCK is synthesized via
identical precursor proteins in both tissueslg). The finding of several molecular forms of CCK
with different relative concentrations in intestinal tissues of different species raises a still un-
answered question - namely, in what form is CCK found in the circulation in the various species?
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This has been a difficult question to answer since the concentration of CCK in the unstimulated
state in humans is less than 0.5 fmol/mlzo’zl). The hormonal effects of CCK are well-established,
ie., its effect on gall bladder contraction and release of pancreatic enzymes. However, its role
as a neuronal peptide has yet to be fully defined.

The last question to be addressed is to what extent can studies of urinary excretion of peptide
hormones replace multiple blood sampling in evaluation of integrated hormonal outpht. Bioassay
of urinary gonadotropins had been the preferred methodology for the diagnosis of pregnancy
and of hypogcnadal states in the 1950’s and 1960°s. However, early attempts to measure peptide
hormones such as growth hormone (GH) in urine by RIA appeared to have been plagued by
non—specificityzz). Since then, there have been a series of studies on determination of urinary
GH. The latest report demonstrated that after concentration of a 24 hour urine collection by
polyionic membrane ultrafiltration the major component of the immunoreactive GH appeared
to be the 22000 dalton peptide and the integrated 24 hour collection did reflect the clinical
state23).

Recently there has been increased interest in assay of urinary peptide hormones as a reflection
of integrated hormonal output. For instance, over the past few years, it has been demonstrated
that urinary calcitonin (CT) concentration (24-300 pg/mg creatinine in normals) is usuaily higher

10 -
=
I
r
@
'_.
o)
b ¢
&
< 500 1 _Lg' 5 -
5 5
5 I
§ 400 A la
{reg e O
. 2
Z 300 §
1(7) =
<T T T T T T —1
© L ]
w 200 - (? 20 40 6 80 I?O
§ Blue Dextran 1251.pgr  1251-
g 100 A PERCENT OF ELUTION VOLUME BETWEEN
5 VOID VOLUME AND 1257~
=
2 : , , . . Fig. 14,
10 20 30 40 50 ml \ . £ qastrin
VOLUME OF URINE EXTRACTED Sephadex G50 gel filtration of ga
. in 50 ml of urine from a normal fasted
Fig. 13.

subject which was concentrated using a

Immunoreactive gastrin in eluates from
C18 cartridge. Recovery of immunore

Cl 8 cartridge as a function of volume
activity applied to this column was 74%.

of urine concentrated. (Reproduced
(Reproduced from reference 29).

from reference 29).



.50 4

0.25 4
|

GASTRIN EXCRETION IN URINE-pmol/hr

w
o
s

foad
(o]
1

0.75 1

404 W 0550 4

n
Q
L

0.25 A

GASTRIN CONCENTRATION IN PLASMA-pM e——a

GASTRIN EXCRETION iN URINE -pmol/hr

4 hr
ST™ STM

Fig. 15. Hourly urinary gastrin output following a standard test meal (STM). In two (bottom)
of the four subjects shown, plasma gastrin was determined in samples obtained half
hourly. (Reproduced from reference 29).

0.0l R
11,5 pmol /20 hrs]
Hopmelieohrsi
o
2
.
g T e S
& s Noon 6 20 Midnght Y P Nt s 8 Noon i6 20
w ‘
w y f ' 1 ‘
% B L D Bl S
z 0.02
z
<]
P
[T}
V4
(&)
= {69 pmal/24 bes §
.. | bt J
> 001 — | L2emorens
@ |
@
%]
3 L
(o]
[—L_, _
— —
8 Noon 6 20 Mdnight 4 8 8 Neon 16 20  Midnight 4 3

+
i ! 4 ! ! 5

Fig. 16. Average hourly rate of excretion of immunoreactive gastrin in 3 normal subjects on
their usual diet and in 1 normal subject during a 20-hour fast. The integrated output
over the entire period is shown in the box in each frame, B, breakfast; L, lunch;

D, dinner; S, snack. (Reproduced from reference 29).

— 1 3 J—



than plasma CT and that this observation has been useful in the diagnosis of medullary thyroid
carcinoma (24-27) and pseud ohy‘poparathyroidism27).

Schwartz and associafeszs) had considered that the 24 hour urinary excretion of gastrin might
serve as a useful measure of diurnal gastrin secretionzs). However, because of the limited sensi-
tivity of their assav for gastrin they concluded that there is a renal threshold for gastrin secretion
corresponding to plasma gastiin  levels of 100-200 fmol/ml. Recently we have employed
octadecylsilyl (ODS) silica columns (CIS Sep-Pak cartridges - Waters Associates) for the concen-
tration of several peptides from tissue extracts and body fluids. The methodology is quite
simplezg). For concentration of gastrin from urine, the cartridges are prepared by washing with
10 ml 75% ethanol in 0.01M HCI followed by 10 ml distilled water. Volumes of urine up to 50 ml
are passed through the cartridge under pressure at a rate of 10 mi/min. The cartridge is then
washed with 10 ml distilled water and eluted with 75% ethanol in 0.01M HCI. The optimal
elution volume was determined and those fractions saved and evaporated to dryness. The dried
residue was reconstituted in assay buffer. The cartridges can be rewashed and used many times.
Recovery of both the 17 amino acid gastrin (G17) and the 34 amino acid gastrin (G34) added to
urine is in excess of 90%. Gastrin is quite stable in urine at an acid pH. More than 95% is re-
covered when stored at a pH4 at 42 C for 24 hours. The recovery of endogenous gastrin from
urine is essentially independent of the volume of urine extracted up to a volume of 50 ml (Fig.
13). Sephadex gel filtration of immunoreactive gastrin in 50 ml of urine from a normal fasted
subject reveals the presence of both G34 and G17 - in the case shown G34 predominates as it
frequently does in plasma in the unstimulated state (Fig. 14). Measurement of hourly urinary
gastrin following a standard test meal reveals that the output reflects plasma levels (Fig. 15).
During a 20 hour fast (Fig. 16, upper right) urinary gastrin output is considerably reduced com-
pared to the output when subjects are on their usual diet. The urinary gastrin output is relatively
constant in normal subjects - total urinary gastrin output ranged from 6.8 to 10,2 pmol/24 hours
with an average of 8.5+1.5 (SD) pmol/24 hours. Renal clearance of gastrin appears to be inde-
pendent of the fasted or fed state and ranged from 0.09 ml/min to 0.26 ml/min with an average
of 0.16+0.05 (SD) ml/min in the 5 subjects studied. We have not as yet studied the effect of
renal disease on the clearance of gastrin, This study would suggest that the determination of
renal clearance from a single plasma specimen and a timed urinary output during a steady state
would permit subsequent determination of integrated plasma levels by measurement of timed
urinary outputs.

Methodology similar to this should be applicable to other peptide hormones as well. As yet
unanswered are such questions as the range of urinary clearances for various peptides, the

dependence of urinary clearance on molecular size and configuration and the effect of renal and
non-renal pathology on these clearances. We are currently exploring the answers to these
questions. Even now 25 years after the introduction of RIA there remain new fields that can be

explored with its help.

_.__14__.
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