respiration is inhibited in the color-
less alga Prototheca zopfii by irradia-
tion with fluorescent and blue light as
a result of the destruction of cyto-
chrome az; of the respiratory chain.
Another advantage of eliminating the
near-ultraviolet light would be to sharp-
en vision by blocking light of shorter
wavelength which the lens may not
focus on the retina along with visible
light of higher wavelength.

However, the lens may also suffer
a major disadvantage as a result of
the binding of these aromatic groups
to its structural proteins. The additional
hydrophobic groups would result in a
lowered water solubility of the crystal-
lins. In addition, there would exist an
increased possibility for the cross-link-
ing of lens crystallins through the
added photooxidized groups [see (3)].
Indeed, one form of human cataract,
the brunescent type, contains a dark-
brown insoluble protein that has prop-
erties in common with the colored pro-
teins produced in this study. Figure 1
shows the fluorescence spectrum for the
insoluble protein of human brunescent
cataract and the product of photo-
oxidized tryptophan and dogfish y-crys-
tallin. These spectra closely resemble
those of the insoluble proteins of hu-
man brunescent cataractous lenses, as
described by Pirie (3). Although the
intensities are different as a result of

different protein concentrations, the
qualitative spectrum is the same. It is
possible that the formation of this type
of cataract in humans is the result of
the reaction between photooxidized
amino acids in the lens with lens solu-
ble proteins, so as to render these pro-
teins insoluble. A contribution to the
formation of other aging cataracts may
also be made in this way. Aging of the
skin may also be influenced in a similar
fashion.
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Receptors: Localization and Specificity of Binding
of Serotonin in the Central Nervous System

Abstract. Formation of a Schiff base between the ethylamine residue of serotonin
and an appropriate carbonyl residue at the receptor site may be among the forces
holding serotonin onto the receptor. Reduction of this imine may provide a
means of permanently labeling receptors as a preliminary to their isolation.

Mounting evidence indicates that re-
versible attachment of endogenous or
exogenous biologically active substances
onto specific sites of macromolecular
structural elements of the living cell may
result in conformational changes of the
latter, which, in turn, may have im-
portant functional implications (7). In-
formation about the nature of such
changes could be obtained if the macro-
molecules under consideration could be
isolated and their structure studied. This
“approach proved most successful in en-
zyme chemistry. However, receptors do
not cause appreciable changes in the in-
teracting micromolecules. Thus, at-
tempts at their isolation must depend
on efforts to tag the receptor molecules
through permanent specific association
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with isotopically labeled agonists or an-
tagonists (2). Unfortunately, the tran-
sient associations of biologically active
micromolecules with receptors involve,
mostly, a host of weak interactions (the
free energy change, AG, which ac-
companies formation of such weak
bonds, is in the range of —1 to —7
kcal/mole) like hydrophobic segrega-
tion, van der Waals forces, electro-
static attraction between integral or
fractional charges, and, to a lesser ex-
tent, hydrogen bonding (3). Complex-
ing by charge transfer (4) may also
serve as a stabilizing factor, especially
in cases in which the system includes
components with delocalized electrons
(5).

Covalent bonding usually involves

large, negative values of AG compared
to the forces mentioned above. For this
reason, and in view of the expected re-
versibility of interactions involving re-
ceptors, covalencies are only con-
sidered in special well-documented in-
stances (for example, fluorophosphate
anticholinesterases and (3-haloalkyl-
amine compounds). In certain instances,
however, covalent bonding may be
associated with small values of AG, fully
compatible with very transient com-
plexing in the living cell. For example,
changes in free energy (AG) associated
with the fully reversible formation of
Schiff bases between small molecules in
solution may be estimated from spectro-
photometric data (6). Thus, it may be
calculated from data of Green and
Alexander (7) that the AG associated
with the formation of a Schiff base be-
tween salicylaldehyde and n-butylamine
in aqueous solution at 25°C, at neu-
trality, or in slightly alkaline milieu
(PH 8 to 9) is approximately — 1
kcal/mole. Furthermore, formation of
Schiff bases plays an important and
well-documented role in the mechanism
of action of many enzymes, like pyri-
doxal-linked enzymes (8), §-aminolevu-
linic acid dehydrase (9), certain bac-
terial histidine decarboxylases linked
with pyruvic acid (Z/0), and mono-
amine oxidase (//); and it participates
in the structure of connective tissue
2).

The above considerations suggest that
formation of Schiff bases could partici-
pate in reversible associations of struc-
turally suitable biologically active sub-
stances with cellular macromolecules.
If substantiated, this theoretical possi-
bility would prove most helpful in at-
tempts to permanently tag receptors.

We have pursued this possibility in a
study of the mechanism of association
of indoleamines and their metabolic de-
rivatives with brain macromolecules
(13). Intact serotonin or tryptamine
may associate with macromolecules
present in the brain through formation
of Schiff bases (/4). The bond may be
stabilized by reduction of the Schiff
bases with sodium borohydride. The
product can then be isolated by stan-
dard procedures of protein and lipid
chemistry.

We now report evidence regarding the
localization and specificity of these
binding sites as determined from studies
in vivo and in vitro. Unless otherwise
indicated, young adult New Zealand
white rabbits (2.5 kg) or young adult
male Swiss mice (about 30 g) were
routinely treated by intraperitoneal in-
jections of pargyline (N-benzyl-N-
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Fig. 1. Comparative localization of radioactivity from labeled serotonin in subfractions
M. (I18). Empty bars are from experiments in (/9). The quantities (10° mole/mg of
protein) in the cat brain were calculated from the corresponding disintegrations per
minute per milligram of protein and the specific radioactivity of the original material,
as given in (/9). Shaded bars are from work in our laboratory. Quantities (1072
mole/mg of protein) for the incorporation stabilized by borohydride were calculated
as in (I4). The concentrations of labeled serotonin in the experiments of Fiszer and
De Robertis (/9) and in our study were 3.3 X 107° and 1 X 10~° mole/liter, respectively.

0.8M

Table 1. Distribution of [*H]Jtryptamine in the M, subfractions (7/6) of rabbit brain. Animals
were treated with pargyline (intraperitoneally, 75 mg/kg) 18 hours before decapitation. Brains
were homogenized in sucrose bicarbonate buffer containing pargyline (see text). The homog-
enates were fractionated according to the method described in (/8). Incubations with [*H]trypt-
amine (5 X 10~ mole/liter, specific radioactivity 247 curie/mole) were as described in the
text. One enzyme unit is the amount of enzyme (in milligrams of protein) which produces
a change of 0.001 absorbance unit/minute at 37°C. Succinic dehydrogenase (SDH) is mea-
sured in enzyme units according to the method described earlier (I16). Ratio indicates the
ratio of A (radioactivity stabilized by borohydride reduction) to the control (no borohydride).

Incorporation (dpm/mg protein)

Subfgxlctlons Borohydride treatment
1 A Ratio SDH -
(-) (+)
0.8M 1398 4615 3217 2.3 0.0
0.9M 1102 14221 13119 11.9 0.0
1.0M 1046 29715 28669 274 3.6
1.2M 1680 37638 35958 21.4 12.2
M,P 1802 13717 11915 6.6 21.7

Table 2. Effect of indole, 5-hydroxyindole, tryptamine, and LSD on the incorporation of
serotonin in vitro. Homogenates of mouse brain prepared from animals first treated with
pargyline (intraperitoneally, 100 mg/kg) 48 hours and 20 hours before being killed were
incubated at 30°C for 30 minutes with uniformly tritiated serotonin in the presence or
absence of displacing agents. The Keq are the thermodynamic equilibrium constants for the
association of substances mentioned in the table with receptors.

Concentration (mole/liter) Displacement Keq Approximate.
Displacing agent Serotonin (%) AG (keal/mole)
5 X 107t0 7 X 10-° > 100,000 <(—6.9)
Indole
2.50 X 10~ 5% 10" 67.8
5.00 X 10 5% 107 87.1 ~ 3,000 — 4.8
1.00 X 102 5 X 107 96.1
2.00 x 10-® 5 X 10 31.9
S-Hydroxyindole
1.00 x 10 5 x 10-¢ 422"
2.50 x 10-° 5 x 10-¢ 56.3 ~ 50,000 — 6.5
5.00 x 10-% 5 X 10-° 58.8
Tryptamine
5.00 X 10 5 % 10-¢ 204 > 70,000 <(—6.T)
LSD
1.00 x 10-5 5% 10 5.34 > 6,500 < (—52)
1.75 x 10* 5 x 10-¢ 8.14 :
Mescaline
1.00 x 10-¢ 5 %X 10-¢ 0.0
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methyl-3-propynylamine hydrochloride),
a competitive, irreversible (15) inhibitor
of monoamine oxidase, which attaches
at the active site of the enzyme (I1).
Rabbits received one dose (75 mg/kg)
20 hours before their brains were re-
moved; mice received two doses (100
mg/kg each), one 48 hours and one 20
hours before their brains were removed.
The brains were homogenized in a mix-
ture containing in final concentration
0.1M sucrose, 0.1M sodium bicarbonate
buffer (pH 8.9), and 0.4 mM pargyline
(calculated osmolarity, 0.3051). Samples
of this homogenate were then incubated
at 30°C for 30 minutes with shaking in
the presence of labeled serotonin or
tryptamine and other compounds as in-
dicated in the tables and figures. At the
end of the incubation, samples were
treated with sodium borohydride and
then acidified. The resultant precipitate
was repeatedly washed with 10 percent
trichloroacetic acid, and the radioactiv-
ity and the amount of proteins in the
precipitate and the combined washings
were measured as described previously
(14). Succinoxidase was determined by
a modification (/6) of the method of
Slater and Bonner (7). Fractionation
of the homogenate, after osmotic dis-
ruption of the separated crude synapto-
some-containing fraction, and subfrac-
tionation of the latter in discontinuous
sucrose gradients were performed by the
methods described by Azcurra and De
Robertis (18). The individual fractions
were then used instead of the homoge-
nate for incubation.

The attachment of serotonin which
can be stabilized with borohydride has
essentially the same distribution among
subsynaptosomal fractions as the “bind-
ing” reported by Fiszer and De Robertis
(19), despite widely different experi-
mental conditions (Fig. 1). In both in-
stances, membranous material stemming
from synaptosomal membranes (18) is
most heavily labeled. Quantitative dif-
ferences are, most probably, due to
differences in experimental conditions.
Fiszer and De Robertis (19) used the
hypothalamic region, basal ganglia, and
gray areas of the midbrain of cats—
areas rich in serotonergic neurons (20).
We used the whole brains of rabbits.
Furthermore, the concentration of -
labeled serotonin in our incubation mix-
tures (Fig. 1) was 3.3 times smaller
than that used by Fiszer and De
Robertis (15). Both factors would tend
to decrease the amount of radioactivity
bound per milligram of protein in our
studies. In addition, Fiszer and De
Robertis incubated their samples at
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0°C. They assumed that at this tempera-
ture monoamine oxidase would not be
very active. Since they did not attempt
to stabilize the association of serotonin
with brain macromolecules, their wash-
ings of the complex were by necessity
fewer and milder (I5). However, in our
study, monoamine oxidase was irre-
versibly blocked by initial treatment of
the animals with pargyline and by the
presence of pargyline in the incubation
mixtures (30°C). The stabilized com-
plex was washed exhaustively with acid,
a treatment which would be expected to
remove most nonspecific binding (21).
When these differences are considered,
qualitative agreement as shown in Fig.
1 is remarkable.

Data in Table 1 are from an experi-
ment with tritiated tryptamine. In-
creased labeling, due to treatment with
borohydride, as expressed by the ratio
of the A (radioactivity stabilized by
borohydride reduction) to the control
(no borohydride) is highest in the M;
1M fraction. Distribution of succinic
dehydrogenase activity, taken as an in-
dication of the presence of mitochon-
drial fragments, is entirely different
from that of binding stabilized by boro-
hydride. This finding confirms the con-
clusion that incorporation stabilized by
borohydride occurs at synaptic mem-
branes. Distributions of the latter similar
to those shown in Fig. 1 were also ob-
tained with serotonin or tryptamine
labeled with 1¢C.

The reversibility and specificity of
this binding were tested with the aid of
indole, substituted indole derivatives,
and other compounds (Fig. 2). Labeled
serotonin was administered intracrani-
ally. The animals were decapitated 30
minutes later and the displacing agent
(nonlabeled serotonin or indole) was
added to the homogenate of the brain.
Treatment with borohydride followed.
Only radioactivity which remained at
the acceptor sites was fixed. Evidently
serotonin is approximately 40 times
more effective as a displacing agent
than indole. A relatively more quantita-
tive evaluation of the affinity of various
agents for the acceptors was obtained
by studies in vitro of homogenates
(Table 2). Values of the equilibrium
constants, Keq, and AG were calculated
from data that had been obtained from
several experiments by means of the
expressions:

RO . 1
RsT — 1= Raps] M
[RS] _ Ks[S]

Rt - 1T+ KsS] + Kap] @
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where [Rt] is the quantity of acceptors
per gram of brain tissue; [S] is the
molar concentration of labeled serotonin
(or tryptamine); [RS] is the quantity of
the complex per gram of brain; Ks
is the equilibrium constant for the for-
mation of the complex; [D] is the molar
concentration of the displacing agent;
and Kd is the equilibrium constant for
the formation of a complex with the
displacing agent.

These equations are modified ver-
sions of those used by Klotz et al.
(22) for the binding of organic ions
by proteins, and they are based on

Fig. 2. Effect of unlabeled serotonin or
indole on the radioactivity from serotonin
administered in vivo, attached to brain
macromolecules. Uniformly tritiated sero-
tonin (5 nmole, 5 uc) was injected endo-
cranially and intraventricularly into mice
previously treated with pargyline. Thirty
minutes later the animals were killed, their
brains were homogenized, and samples of
the homogenates were incubated for 30
minutes at 30°C with either unlabeled
serotonin or indole, at concentrations indi-
cated in the appropriate abscissas. Treat-
ment with borohydride was as described
in the text. Maximum incorporation of
radioactivity in the acid-washed precipitate
(zero displacement) was 34,000 disintegra-
tions per minute (dpm) per milligram of
protein (~1.5 X 10®* mole/kg brain).
SHT: 5-hydroxytryptamine.

the simplifying assumption that each
interacting site is independent of others,
either on the same or in neighbor-
ing macromolecules. This assumption
is partly true, as ‘evidenced from re-
sults plotted in Fig. 3 according to Eq.
1. However, in linear plots of incorpora-
tion stabilized by borohydride as a func-
tion of concentration of the agonist,
sigmoidal deviations from the expected
hyperbolic pattern are often observed,
as those observed in a recent study by
Paton and Rang (23). They indicate the
possibility of allosteric changes of
affinity with increasing concentration of
the agonist. For such reasons, values of
Keq and AG in Table 2 are given as
approximations (determined from the
initial parts of the curves). A more de-
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Fig. 3. Reciprocals of moles of borohydride stabilizable incorporation per gram of brain
(1/[RS]) plotted as a function of the reciprocals of the molar concentration of
serotonin (1/[S]). Data from incubations in vitro (30 minutes, 30°C) of homogenates
of mouse brain prepared from animals first treated with pargyline.
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‘Table 3. Incorporation of radioactivity from
labeled [*H]serotonin in egg albumin. Uni-
formly labeled [*Hlserotonin (0.05 yc/ml)
was incubated with crystalline egg albumin
(Fisher, 3 mg/ml for 30 minutes at 30°C).
Treatment with borohydride and processing
were as described in the text.

Incorporation
Serotonin (dpm/mg protein)
(mole/liter) Withont With
NaBH, NaBH,
1 X 10 620 578
4 X 10 316 248

tailed mathematical treatment must
await purification of the acceptors. Pre-
liminary results in Table 2 indicate
that the S-hydroxyl group and the 3-
ethylamine residue are essential for a
firm attachment of the agonist, sero-
tonin, on serotonergic receptors (Fig. 4).
Despite important structural differences,
LSD-25 is also a relatively efficient dis-
placing agent of serotonin. The equilib-
rium constant cited in Table 2 repre-
sents the lowest conservative limit.
Values up to 60,000 were obtained in
a number of recent studies. In this in-
stance, inconsistencies are highly sug-
gestive of an allosteric role played by
the bulk of the LSD molecule which
must overflow in some way beyond the
limits of the indole acceptor (25). When
egg albumin is used instead of brain
homogenates there is no incorporation
stabilized by borohydride (Table 3). The
possibility that monoamine oxidase is
the acceptor may be excluded because,
in our studies, monoamine oxidase was
blocked by pargyline (11).

Fig. 4. Working schematic representation
of the attachment of serotonin at acceptor
sites in the brain. The indole system of the
molecule becomes rather weakly attached
(at B), probably through hydrophobic seg-
regation and complexing by charge trans-
fer. Hydrogen bonding of the hydroxyl
moiety (at A), increases the firmness of
the association by approximately 20-fold.
Similarly, the ethylamine side chain en-
hances the affinity of the molecule over 20-
fold. This is partly due to Schiff base for-
mation (at C). The role of the (hydro-
phobic) aliphatic carbon atoms in the side
chain has not yet been studied.
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. Because the term “receptor” was his-
torically derived as a pharmacological
concept (26) and presupposes higher or-
ganization than is biochemically feasi-
ble, the general term “acceptor” should
be used in in vitro studies to refer to
those macromolecules which bind sero-
tonin. At present only circumstantial
evidence can link acceptors to receptors.
Such evidence (27) includes localization
of the material prior to its isolation,
specificity of binding, and quantities
commensurate with present concepts
(28). In our study, the distribution of
the attachment of serotonin (nerve-end-
ing membranes) is identical to that ob-
tained by De Robertis and his co-work-
ers and is highly suggestive of the ex-
pected distribution of such receptors.
Our methodology permits stabilization
of the labeled agonist on the acceptors.
This not only reveals a novel mecha-
nism of attachment, but it also permits
convenient and detailed study of the
specificity of the attachment of sero-
tonin. Our studies indicate that this at-
tachment is highly specific. The equi-
librium constant indicates high affinity
(Keq=10+5%;, AG ~ — 7 Kkcal/mole),
and it may be predicted that this attach-
ment will occur easily at concentrations
at which serotonin occurs in vivo. Fur-
thermore, the quantities detected and
those extrapolated from our studies (1 X
10—8 to 5 X 10—8 mole per kilo-
gram of brain; Fig. 1 and Fig. 2) are
in harmony with those expected for
receptors.
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