pooled and saved for use as a background blank
in ultraviolet absorption spectrophotometry and
mass spectrometry. 1,25-(OH),Dy-like activity
was monitored on all columns by the radio-
receptor assay of Brumbaugh ez al. ¢).

18. Ultraviolet absorption studies were performed
on a dual-beam Beckman DB spectrophotome-
ter fitted with a recorder. Because of the mini-
mal absorbance present in the sample, a small
amount of background absorbance from the Ce-
lite column or solvents, or both, was subtracted
by reading the peak fractions off the last 1 by 40
cm Celite column (fractions 20 to 27) in I ml of
distilled ethanol against an equal number of frac-
tions obtained just prior to and after the peak
(fractions 16 to 19 and 28 to 31), also in 1 ml of
distilled ethanol.

19. A model 3200F-6103 Finnigan GC/MS system
with quadrapole analyzer was utilized for mass
spectrometry. Samples were directly introduced
on the probe and continuous scanning was car-
ried out while the samples were rapidly heated
to 275°C above ambient temperature; ionization
was accomplished by electron bombardment.
Preliminary analysis was done on 500 ng of 1,25-
(OH),D; and the synthetic hormone emerged
from the probe at 225°C and produced the char-
acteristic mass spectrum of this molecule, as
published by Holick ef al (3). One microgram of
purified hydrolyzed S. malacoxylon was similar-
ly analyzed, as was a comparable portion of the
background blank saved from the final Celite
column.

20. A 2-meter 3 percent QF1 (50 percent tri-
fluoropropylmethyl silicone, Alltech, Ill.) col-
umn was employed for gas chromatography.
The column was heated to 200°C above ambient
temperature.

21. The differences noted in the mass spectral pat-
terns between Fig. 1A and Fig. 1B suggest the

formation of cyclized pyroderivatives during the
gas chromatographic phase. Vitamin D and 1,25-
(OH),D; are known to undergo a thermal cy-
clization reaction, yielding pyrocalciferols [H.
Ziffer, W. J. A. Van den Heuvell, E. O. A.
Haahti, E. C. Horning, J. Am. Chem. Soc. 82,
6411 (1960); J. W. Blunt, H. F. DeLuca, H. K.
Schnoes, Biochemistry 7, 3317 (1968)]. The
transformation apparently takes place in the
*‘flash heating’’ zone of the gas chromatography
column and, in the present case, produces
la,25- dlhydroxypyrocholecalmferol Evidence
for this cyclization is the striking diminution of
the fragment at m/e 134, which in direct probe
analysis is the major species and represents the
ring A moiety plus C-6 and C-7 of the open
triene system. Moreover, fragments at m/e 209
(m/e 251 minus 42) [H. Budzikiewicz, C. Dje-
rassi, D. H. Williams, Structure Elucidation of
Natural Products by Mass Spectroscopy (Hold-
en-Day, San Francisco, 1964), vol. 2, p. 94] and
155, 141, 105, 69, and 55 are consistent with
various cleavages of the fused ABCD ring array
of classic steroids [G. R. Waller, Biochemical
Applications of Mass Spectroscopy (Wiley-In-
terscience, New York, 1972), p. 278].

22. A.S. Bnckman J.W. Cobum A W. Norman,
N. Engl. J. Med. 287, 891 (1972); D. Fraser, S.
W. Kooh, M. F. Holick, Y. Tanaka, H. F.
DeLuca, ibid. 289, 817 (1973); S. W. Kooh, D.
Fraser, H. F. DeLuca, M. F. Holick, R. E.
Belsey, M. B. Clark, T. M. Murray, ibid. 293,
840 (1975).

23. Supported by NIH grants AM 04652 and AM
15781. We thank J. Houser-Shea of the Cornell
NIH Mass Spectrometry Facility for performing
gas chromatography-mass spectrometry, and F.
Davis for competent technical assistance.
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Radioimmunoassay for Creatine Kinase Isoenzymes

Abstract. Creatine kinase has three isoenzymes designated MM, MB, and BB,
with BB being the brain form and MM the muscle form. Antibodies to BB creatine
kinase were obtained by immunization of rabbits with human BB creatine kinase. The
antibodies demonstrated specificity for BB and MB creatine kinase (myocardial
isoenzyme), but no cross-reactivity with MM creatine kinase. With the use of this
antibody, a highly sensitive radioimmunoassay capable of measuring picomolar
amounts of MB creatine kinase has been developed. Clinical application of this meth-
od should provide a sensitive and specific test for the diagnosis of myocardial in-

farction.

Creatine kinase (E.C. 2.7.3.2) is a di-
meric molecule that exists in at least
three isoenzyme combinations [each
with a mass of approximately 82,000 dal-
tons (/)] designated MM, MB, and BB
on the basis of monomer composition, M
being the predominant form in muscle
and B being the predominant form in
brain. Plasma from normal human sub-
jects contains primarily MM, with less
than 0.005 international unit (IU) of MB
per milliliter and no detectable BB cre-
atine kinase. The only human tissue con-
taining appreciable amounts of MB cre-
atine kinase is myocardium (2), and ele-
vated MB creatine kinase activity in plas-
ma is a remarkably sensitive and specific
marker indicator of myocardial injury.
Accordingly, analysis of serial changes
in plasma MB creatine kinase activity
has been utilized to estimate the extent
of acute myocardial infarction in experi-
mental animals and patients (3, 4). Re-
sults of such estimates are directly de-
pendent on several parameters, one of
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which is the rate of disappearance of MB
creatine kinase from plasma. Unfortu-
nately, factors responsible for the dis-
appearance of MB activity from the cir-
culation in particular, and disappearance
of activity of numerous other enzymes
used as markers of organ injury in gener-
al, have not been well elucidated ¢). Fur-
thermore, it is not clear whether the dis-
appearance of enzyme activity is rate-
limited by inactivation, denaturation, or
removal of intact enzyme molecules
from the circulation. Despite the general
similarity of individual creatine kinase
isoenzymes, the rates of disappearance
of their activities from the circulation are
strikingly different and are not directly
related to their lability in solution in vitro
©).

Ischemic heart disease is the most
common cause of death in the Western
world and in the United States alone it
accounts for over 750,000 deaths per an-
num. The prevalence of myocardial in-
farction is high but the diagnosis is often

difficult to confirm. Accordingly, the
need for improved diagnostic tests with
increased sensitivity and specificity ex-
ists. The present study was undertaken
to develop a sensitive and specific assay
for quantitative detection of isoenzymes
of CK containing the B subunit based on
physical properties of the enzyme mole-
cules as well as isoenzyme activity. Anal-
ysis of profiles of creatine kinase isoen-
zymes in human tissue indicates that
brain contains only BB (2, 6), skeletal
muscle only MM (2, 6, 7), and heart, a
combination of MM and MB (2, 6). Nev-
ertheless, after brain injury, BB does not
appear in the circulation, as shown by
studies of patients with cerebral in-
farction, injury, or infection (8, 9). This
may be due to the blood brain barrier, or
lability of BB creatine kinase in cerebral
spinal fluid, or blood itself, although the
reason for the lack of appearance of BB
has not been established. After cerebral
damage, plasma MM is often elevated,
presumably because it is released from
skeletal muscle as a result of sympathet-
ic stimulation (/0). Analysis of creatine
kinase isoenzyme activity in the plasma
after intramuscular injections (/) and
surgical procedures (2) demonstrates
that plasma MM creatine kinase may be
markedly elevated as a result of these
procedures. However, neither BB nor
MM increases in concentration. Since
BB creatine kinase does not appear in hu-
man plasma after myocardial infarction
(7), the availability of such an assay for
the B subunit should be useful in charac-
terizing the rate and nature of dis-
appearance of MB creatine kinase isoen-
zyme activity from the circulation and in
facilitating detection and quantification
of myocardial infarction. Although sever-
al assays for MB creatine kinase activity
have been developed 6, 11, 12), they are
not ideally suited for quantitative analy-
sis of large numbers of samples: their
sensitivity is somewhat limited, and they
rely exclusively on detection of enzyme
activity rather than other physical prop-
erties of creatine kinase isoenzyme mole-
cules.

MM and MB isoenzymes were pre-
pared from human myocardium (obtained
at necropsy within 3 hours of death)
and BB was prepared from human brain
as recently described (13). In brief, these
tissues were homogenized in 0.05M tris-
HCI (pH 7.4) containing 0.001M 2-mer-
captoethanol, centrifuged at 31,000g,
and extracted repetitively with ethanol.
Individual isoenzymes were precipitated
with 70 percent ethanol, resuspended,
separated completely from each other by
batch adsorption and column chromatog-
raphy with diethylaminoethyl cellulose-
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Fig. 1. The specificity of BB antiserum for
125]_labeled BB (solid circles) and '**I-labeled
MB (open circles). Dashed line is for MM
creatine kinase. The binding of BB and MB
depends on the concentration of the BB anti-
body. There is no binding of '**I-labeled MM
creatine kinase at any concentration of BB
antibody.

Sephadex AS50, dialyzed, freeze-dried,
and stored at 0° to 4°C.

Antibodies to human creatine kinase
isoenzymes were obtained by immuniz-
ing rabbits with human MM and human
BB creatine kinase mixed with equal vol-
umes of Freund’s complete adjuvant. Ini-
tially, the rabbits were injected subcuta-
neously with 1 mg of immunogen (0.25
mg per foot pad). Subsequently, they
were injected with 0.25 mg weekly for 3
weeks. All animals were given booster in-
jections of 0.1 mg in complete adjuvant
at monthly intervals thereafter. Ten days
after each booster injection, the animals
were bled and their serum was analyzed
for antibody activity. Ouchterlony aga-
rose plates, prepared with the BB antise-
rum, exhibited a single precipitin line to
BB and MB antigens but no precipitin
line with MM. Plates prepared with MM
antiserum exhibited a single precipitin
line to both MB and MM but none with
BB. These results suggested that the anti-
bodies harvested were specific for the B
or M subunits rather than the isoenzyme
molecules as a whole.

Radioactive iodine was used to label
creatine kinase isoenzymes for sub-
sequent use in a competitive dis-
placement radioimmunoassay. When '#]
was introduced into the isozymes by the
chloramine-T or lactoperoxidase meth-
ods there were marked losses of creatine
kinase activity, possibly because of oxi-
dation of essential sulfhydryl groups. To
avoid exposing the enzymes to oxidizing
agents and contaminants in the radio-
active iodine, the *°I was first incorporat-
ed into N-succinimidyl 3-(4-hydroxy-
phenyl-proprionate) by the method of
Bolton and Hunter (/4). The '**I-labeled
N-succinimidyl 3-(4-hydroxphenyl-pro-
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prionate) was in turn reacted with amino
groups of the protein. After purification
the labeled ester was combined with 2 to
8 mg of MM, MB, or BB creatine kinase
in 1 to 2 ml of 0.01M sodium borate buf-
fer, pH 8.5. The reaction mixture was
shaken for 15 minutes at 4°C, and then
the labeled isoenzymes were dialyzed
against the same buffer containing
0.002M 2-mercaptoethanol. Radioac-
tivity per microgram of labeled creat-
ine kinase isoenzyme averaged 46,000
count/min for MM and MB creatine ki-
nase, and 10,000 count/min for BB creat-
ine kinase. The maximum loss of enzyme
activity resulting from labeling and dial-
ysis was less than 5 percent for each
isoenzyme preparation.

The binding activity of the BB anti-
bodies for ?5I-labeled BB, MB, and MM
was studied at high antibody concentra-
tions (dilutions of 1:5 to 1:30). Anti-
body-bound creatine kinase was sepa-
rated from the creatine kinase that re-
mained free by ammonium sulfate
precipitation (/5). Greater than 50 per-
cent binding was obtained with the BB
and MB markers (maxium binding levels
were 93 and 60 percent, respectively,
compared with only 3 percent binding of
the MM marker) (Fig. 1).

The converse result was obtained with
the MM antiserum, with 93 and 56 per-
cent binding of the MM and MB mark-
ers, respectively, and only 2.6 percent
binding of the BB marker. With all three
markers, normal rabbit serum produced
only 2 to 3 percent binding. Thus, the
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Fig. 2. The competitive displacement of '*I-
labeled MB creatine kinase by unlabeled MB
creatine kinase, a reaction that is concentra-
tion-dependent. The inhibition curve is steep,
in the range of 17 to 80 pg.
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Fig. 3. The activity of creatine kinase in
plasma from a patient with myocardial in-
farction plotted against time. Since 1 micro-
gram of purified MB enzyme protein was
equivalent to 0.017 IU of enzyme activity,
values obtained with the radioimmunoassay
method expressed initially as nanograms per
milliliter, were converted to enzymatic activi-
ty as shown with the open circles. Results
were compared to those obtained by a kinetic
fluorometric assay which measures enzymatic
activity, shown with solid circles. As can be
seen, values obtained with the two methods
are in close agreement. Similar agreement
was obtained in all 60 samples from the three
patients studied.

binding of the '*’I-labeled antigens was
immunologically specific and there was
no apparent cross-reactivity between the
MM and BB systems.

The specificity of the BB antiserum for
B subunits was further evaluated in a
competitive displacement binding radio-
immunoassay comparing the ability of
unlabeled BB, MB, and MM creatine ki-
nase to inhibit the binding of **I-labeled
BB creatine kinase. BB and MB pro-
duced a dose-related diminution of bind-
ing of *’I-labeled BB, with 50 percent in-
hibition occurring at 26 and 51 pg,
respectively, and essentially complete
inhibition of binding occurring at con-
centrations of 170 pg/ml and above
(Fig. 2). With MM creatine kinase, no in-
hibition of binding of *’I-labeled BB oc-
curred even at 4.2 ug/ml (a 25,000-fold
molar excess over !'*°lI-labeled BB).
Moreover, the inhibition curve with unla-
beled MB was unaltered in the presence
of high concentrations of MM. Thus in
the BB system, the competitive dis-
placement assay for MB not only is very
sensitive but can detect small quantities
of MB in the presence of much larger
quantities of MM.

In patients with acute myocardial in-
farction, the peak MB creatine kinase ac-
tivity in plasma generally represents 10
to 15 percent of peak total creatine ki-
nase activity (6). Thus, the molar ratio of
MM to MB is much less than the 25,000-
fold ratio utilized above in evaluating the
specificity of the B subunit radio-
immunoassay. Furthermore, while re-
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finements to distinguish BB from MB
may eventually be desirable, BB activity
is generally not present in plasma from
patients with acute myocardial infarction
and accordingly displacement binding
will, under almost all circumstances, re-
flect MB exclusively. These impressions
are corroborated by parallel radio-
immunoassay and enzyme measure-
ments in serial determinations performed
in 60 samples from three patients with in-
farction; the results from one patient are
illustrated in Fig. 3.

The high level of specificity in the ra-
dioimmunoassay system for creatine Kki-
nase isoenzyme suggests that a similar
approach may be useful in differentiation
of other clinically important enzymes
which exist in multiple forms. Previous
assays for plasma enzymes and isoen-
zymes have been based on enzymatic ac-
tivity. Studies evaluating the dis-
appearance of the enzymes from the cir-
culation have been restricted to
determining the loss of activity. How-
ever, since this assay detects the concen-
tration of molecules, one can determine
the actual rate of isoenzyme turnover in-
dependent of activity. The assay should
help to elucidate mechanisms respon-
sible for disappearance of individual
creatine kinase isoenzymes from the cir-
culation as well as aid in elucidating the
relative importance of inactivation, dena-
turation, or removal of creatine kinase
molecules under various clinical circum-
stances.

Even more important, because of its
sensitivity and potential for detecting en-
zymatically inactive MB creatine kinase
isoenzymes in the circulation, the cre-
atine kinase radioimmunoassay may lead
to improved enzymatic estimates of in-
farct size as well as earlier detection of
acute myocardial infarction. The mean
activity of MB creatine kinase in the
plasma of normal subjects is only 0.002
IU/ml. Thus, even a two- to threefold in-
crease would be difficult to detect re-
liably with conventional methods where-
as the present method detects 0.0001 1U/
ml. In view of the recent evidence that is-
chemic myocardium can be protected in
patients with acute infarction, it is impor-
tant that a definitive diagnosis be made
as soon as possible, since agents that can
potentially decrease infarct size would
be more effective if they were adminis-
tered soon after the development of the
initial symptoms.
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Early Eye Removal Produces Excessive Bilateral Branching
in the Rat: Application of Cobalt Filling Method

Abstract. When one eye of a rat is removed at birth, axons from the remaining eye
form an excess of branches which are directed to both sides of the brain. This find-
ing, which is based on a novel application of cobalt tracing methods, provides an
explanation for previous reports of expanded uncrossed projections after early eye

removal.

The formation of organized pathways
in the central nervous system must in-
clude both the directed growth of an ap-
propriate number of axons, sometimes
over long distances, and the spatial or-
dering of their synaptic connections with-
in target nuclei. Considerable attention
has been devoted to the problem of the
formation of connections in the brain,
but relatively little is known about the
factors which direct the growth of a nor-
mal complement of axons to their appro-
priate target nuclei. One aspect of this

ANOMALOUS
BRANCH

NORMAL
BRANCH

TEMPORAL

Fig. 1. Schematic diagram showing the site of
cobalt injection and both the normal and
anomalous uncrossed projections becoming
filled, as would be expected if these projec-
tions from the retina were formed by branches
of crossed axons. The dashed line through the
ipsilateral optic tract illustrates the location of
the section shown in Fig. 2.

question concerns the rather discrete
pathways of the central nervous system
with bilateral projections—that is, those
in which some of the component axons
cross the midline axis while others re-
main on the same side. The optic decus-
sation of mammals provides a good mod-
el of such a pathway because the normal
complement of crossed and uncrossed
axons has been well defined for many
mammalian species.

In the normal hooded rat, part of each
retina (the peripheral temporal segment)
projects to restricted regions of both the
left and right subcortical visual centers
(1). Recent anatomical and electro-
physiological studies have shown that a
substantial component of these normal
bilateral retinal projections consists of
ganglion cells whose axons branch, pre-
sumably at the optic chiasma, to supply
both sides of the brain (2). If one eye is
removed from the rat at birth, the whole
remaining retina now appears to project
bilaterally. The result is an expanded dis-
tribution of the uncrossed pathway from
the remaining eye; instead of the normal
restricted distribution in the visual cen-
ters the uncrossed pathway occupies al-
most the total volume of these nuclei, al-
though this projection is not as dense as
the remaining crossed projection (3).
These observations have indicated that
there is some modification of the growth
of remaining ganglion cell axons at the
optic chiasma. The fibers which are nor-
mally restricted to the contralateral side
have either: (i) been redirected to the ip-
silateral side, or (ii) formed atypical un-
crossed branches.
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