variations in heart rate make these
events prime candidates for clinical
monitoring. Since the detection scheme
employed here depended on temporal
spread factors, it is tempting to believe
that small, subtle alterations in ven-
tricular physiology might be detected
from real time ECG analyses. Such
detection should find exceptionally wide
clinical and experimental usefulness.
Finally, the concept of temporal spread
might also prove useful for the analysis
of other portions of the ECG.
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Abstract. The development of a radioimmunoassay for serotonin is described.
Serotonin is made antigenic by coupling it to bovine serum albumin. Thrombo-
cyte-free plasma instead of serum from the immunized animals is used for
radioimmunoassay. Less than 1 ng serotonin can be measured by this procedure.

The biogenic amine serotonin has
been implicated as having a physiologi-
cal role and has been suggested as being
involved in many human diseases (1).
An association has also been made be-
tween serotonin and emotional stability
(2). To evaluate the role of serotonin
it is critical to have a method that
can measure the amine with great sen-
sitivity and specificity in various bio-
logical fluids. Radioimmunoassay offers
such a potential.

NHg—/ \)-CHp~CHINH,I-COOH + NHz~BSA
2 2 )

l +EDC

N Hz—Qcﬂz—CH(N Hp}-CO—-NH-BSA

l N0y

NEN"—©~ CHy—CH(NH,}-CO—~NH-BSA

oH

Z —CHp—~CHa~NHp
New
p
HOW/D—CHTCM—NHZ
|
BSA—NH—co-CH(NHZ)—CHz-Q—Nw/\ N
H

Fig. 1. Synthesis of the serotonin anti-
gen. Abbreviations are as follows: EDC,
1-ethyl-3- (3-dimethylaminopropyl) carbodi-
imide; BSA, bovine serum albumin.
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Antibodies specific for serotonin
have been described by others (3).
However, these antibodies seem to
have had generally low titers, and they
have never been used for a radioim-
munoassay. A number of methods for
the determination of serotonin in bio-
logical fluids and tissues have been de-
scribed (4). In this report we describe
the production of antibodies against
serotonin in rabbits and their use in a
specific and sensitive radioimmuno-
assay.

To 50 mg of pL-p-aminophenylalan-
ine, dissolved in 5 ml of distilled water,
50 mg of bovine serum albumin (BSA)
and 50 mg of 1-ethyl-3-(3-dimethylami-
nopropyl) carbodiimide (EDC) (5) were
added. The mixture was incubated at
room temperature overnight and then
dialyzed for 5 days against distilled
water with three changes (2 liters each)
per day. Then the pH was adjusted
to 1.5 with 1N HCI, and the following
procedure was performed at 0° to 4°C.
One hundred milligrams of NaNO,, dis-
solved in 1 ml of distilled water, was
added slowly dropwise, followed by 50
mg of ammonium sulfamate in 1 ml of

distilled water. The diazotized protein
solution was then added dropwise to
100 mg of serotonin creatinine sulfate,
dissolved in 10 ml of 0.1M borate
buffer, pH 9.0, with constant stirring.
The pH was maintained above 8.0 by
the addition of borate buffer. A dark
red color developed almost immedi-
ately. The preparation was stirred over-
night in the dark at 4°C and then
dialyzed exhaustively against distilled
water. For determination of the amount
of serotonin coupled to the protein
carrier 1 pc of [Hlserotonin (6) was
added with unlabeled serotonin, and the
above procedure was followed. By mea-
suring the radioactivity of the dialyzates
and the antigen solution, it was calcu-
lated that 5.7 percent of the serotonin
had been coupled, corresponding to
about 20 moles of serotonin per mole
of BSA (molecular weight, 70,000).
Figure 1 illustrates the method of syn-
thesis and the presumed structure of
the immunogen.

Rabbits were immunized with 150 ug
of the immunogen which had been dis-
solved in 0.5 ml of phosphate-buffered
saline, pH 7.4, and emulsified with an
equal volume of complete Freund’s
adjuvant; 0.25 ml was injected into
each foot pad. Booster injections were
given weekly for 2 weeks, and there-
after every 6 to 8 weeks. Bleedings were
taken from the central ear artery, the
first one as a control before immuniza-
tion, and then 1 to 2 weeks after
booster injections. In a few cases, the
blood was allowed to clot at room tem-
perature for 1 hour and at 4°C over-
night, and then the serum was separated
by centrifugation at 10,000 rev/min
for 30 minutes. Most bleedings, how-
ever, were taken into 250 units of

Inhibition (%)

Serotonin (ng)

Fig. 2. Inhibition by nonradioactive sero-
tonin of binding of [*H]serotonin by anti-
body to a serotonin-bovine serum albumin
complex (final dilution 1 :50). The [*H}-
serotonin content of the assay mixture was
approximately 2000 count/min. In the
absence of nonradioactive serotonin, the
antibody can bind 50 percent of the radio-
activity.
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heparin to a final concentration of 1 to
20 unit/ml. The blood was cooled im-
mediately and centrifuged at 1000 rev/
min for 15 minutes. Then the super-
natant was tranferred to new tubes, and
the plasma was separated from throm-
bocytes by centrifugation at 7000 rev/
min for 30 minutes.

Various dilutions of serum or plasma
from the immunized rabbits were incu-
bated with approximately 2000 count/
min of [*H]serotonin creatinine sulfate
(specific activity, 7.3 c¢/mmole) (6)
in the dark at 4°C overnight. After in-
cubation, saturated ammonium sulfate
in a volume equal to the incubation
mixture (0.5 ml) was added to all
tubes. The precipitate containing the
antibody-bound serotonin was washed
twice with 50 percent saturated ammo-
nium sulfate and dissolved in 0.5 ml
of NCS solubilizer (Amersham/Searle);
the radioactivity was then counted
in a liquid scintillation spectrometer.
Binding of [*H]serotonin by normal
rabbit serum or plasma was just slightly
above background. However, serums
from immunized rabbits, even at a final
dilution of 1 : 5, never bound more than
40 percent of the added radioactivity.
On the other hand, thrombocyte-free
plasma from the same animals was more
than ten times more effective, a final
dilution of 1 : 50 binding about 50 per-
cent. The diminished binding of added
serotonin obtained with antiserum in-
stead of plasma was thought to be
caused by the normally occurring sero-
tonin released into the serum from the
thrombocytes during the clotting pro-
cess.

It is known that the serotonin con-
tent of rabbit thrombocytes and rabbit
serum is very high (7). Antibody mole-
cules isolated from such serum would
be expected to have their binding sites
occupied by serotonin and therefore
exhibit a lower affinity for added anti-
gen. In an attempt to prove this point,
5 ml of antiserum was dialyzed against
250 ml of 6M urea for 10 hours and
thereafter against three daily changes
of 2 liters of buffered saline for 1 week.
The binding of [*H]serotonin by anti-
serum treated by this procedure was in
fact increased very much and ap-
proached the values seen with plasma.

All the following experiments were
performed with thrombocyte-free plas-
ma instead of serum from the immu-
nized rabbits. The addition of increas-
ing amounts of unlabeled serotonin to
a constant amount of [3H]serotonin and
antibody resulted in competitive inhibi-
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Ry R R3 50% INHIBITION
SEROTONIN —~OH —H '—~CHy—CHy—NHy 6.5 ng
5-METHOXYTRYPTAMINE —OCH3 | ~H ~CHy—CHp—NHg 7.0 ng
TRYPTAMINE —H —H ~CHy—CHa—NHy 170 ng
5-HYDROXYTRYPTOPHAN' —OH —H —~CHy—CH(NH,)—-COOH >1000 ng (81%)
5-METHOXYTRYPTOPHAN —OCH3 | -H ~CHg—CH(NH32)-COOH >1000 ng (83%)
5-HYDROXYINDOLE —OH -H ~H >1000.ng (87%)
N,N-DIMETHYLTRYPTAMINE ~H —H —CHp—CHa—N(CH3)9 >1000 ng (90%)
N-ACETYLSEROTONIN ~OH -H —CHy—CHy—NH-CO—CH3 | >1000 ng
MELATONIN —-OCH3 | -H —~CHy—CHy—NH-CO~CH3 | >1000 ng
5-HYDROXYINDOLE ACETIC ACID|[ —OH —H —CHy—COOH >1000 ng
5,6-DIHYDROXYTRYPTOPHAN -OH —OH | —CHy—CH(NH,)-COOH >1000 ng
TRYPTOPHANE ~H ~H ~CHp—CH{NH2)-COOH >1000 ng
TYRAMINE >1000 ng
TYROSINE >1000 ng
Ry R3 Fig. 3. Inhibition by serotonin analogs of binding
of ["H]serotonin by antibody to a complex of sero-
R2 ] tonin and bovine serum albumin. Conditions of

assay are those described in Fig. 2.

H

tion of the formation of [*H]serotonin-
antibody complex. By comparing this
inhibition with the binding of [*H]sero-
tonin by antibody in the absence of un-
labeled serotonin a standard curve
could be generated. As shown in Fig. 2,
less than 1 ng of serotonin can be
detected by this method and 6.5 ng
produced a 50 percent inhibition of
binding.

Several analogs of serotonin, at
various concentrations, were tested to
determine the specificity of the radio-
immunoassay (Fig. 3). The antibodies
seem to be specific both for the ring
structure and especially for the side
chain of the serotonin molecule. The
antibody fails to bind those 5-hydroxy-
indole analogs in which a substitution
is made on the side chain, as seen in
the cases of 5-hydroxytryptophan and
N-acetylserotonin. However, 5-meth-
oxytryptamine is almost as effective as
serotonin in being bound by the anti-
body, while tryptamine is about 26 times
weaker. Binding to the antibody also de-
creases considerably in the absence of
the side chain, as in 5-hydroxyindole.
An important aspect of this assay is
that 5-hydroxyindoleacetic acid, the ma-
jor metabolite of serotonin, does not in-
terfere with the assay at all, even when
1000 ng is added.

Although  S-methoxytryptamine is
recognized by the antibody, levels of
this metabolite in biological fluids can
be expected to be low, so that it would
not interfere with the radioimmunoassay
for serotonin. The enzyme 5-hydroxyin-
dole-O-methyltransferase is located ex-
clusively in the pineal gland (8). Also,

N-acetylserotonin is a much better sub-
strate for this enzyme than serotonin
itself (9). Tryptamine, however, occurs
normally in human urine (10). Al-
though normal levels are too low to
interfere with the serotonin radioimmu-
noassay, tryptamine levels rise after in-
hibition of monoamine oxidase (/0).
Under such conditions, the value of the
described radioimmunoassay might be
limited.
BERNARD PESKAR*
SYDNEY SPECTOR
Roche Institute of Molecular Biology,
Nutley, New Jersey 07110
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