low concentrations in adult rat brain
(14). More likely, the observations re-
flect sequestration of the hormone, or its
metabolites, by membranes or vesicles
within cell processes, in conformity with
previous analytical evidence demon-
strating early localization, osmotic re-
leasability; and long retention of intrave-
nously administered T3* and its products
in synaptosomal fractions of rat brain
.

Certain conservative inferences may
be drawn from these¢ autoradiographic
observations. The hormone T;, which
produces profound effects on behavior
and on the autonomic nervous system, is
taken up and concentrated in certain
neérve cells and nerve cell aggregates of
rat brain; the hormone is also differen-
tially concentrated in the surrounding
neuropil; the mechanisms involved dre
saturable with T;. At 3- and 10-hour
intervals after intravenous T:* adminis-
tration, there is little or no labeling of
large fiber systems; further studies are
required to determine whether fiber
tracts may become labeled after 10
hours. The evidence is consistent with
the uptake and retention of the hormone
in specific neural systems and adds to a
growing body of information indicating
that iodothyronines serve as neuroregu-
lators—that is, as neuromodulators, ami-
no acid neurotransmitters, or neuro-
transmittér precursors (/5) in the ner-
vous system of the adult rat.

Mary B. DRATMAN
Medical Research Service,
Philadelphia Veterans Administration
Hospital, Philadelphia, Pennsylvania
19104, and Department of Medicine,
Medical College of Pennsylvania,
Philadelphia 19129
YATAKA FUTAESAKU
Laboratory of Cell Biology,
Medical Research Institute,
Tokyo Medical and Dental University,
Yushima, Bunkyo-ku, Tokyo, Japan
FrLoy L. CRUTCHFIELD
Medical Research Service,
Philadelphia Veterans Administration
Hospital, and Department of Medicine,
Medical College of Pennsylvania
NANCY BERMAN
Departments of Anatomy,
Physiology, and Biochemistry,
Medical College of Pennsylvania
BERTRAM PAYNE
Departments of Physiology
and Biochemistry, Medical
College of Pennsylvania
MADHABANANDA SAR
WALTER E. STUMPF
Department of Anatomy, School of
Medicine, University of North
Carolina, Chapel Hill 27514

References and Notes

1. T. L. Sourkes, in Basic Neurochemistry, G. J.
Siegel, R. W. Albers, R. Katzman, B. W.
Agranoff, Eds. (Little Brown, Boston, 1976), p.
728; E. S. Gordon and A. E. Heming, Endocri-
nology 34, 353 (1944).

2. M. B. Dratman, F. L. Crutchfield, J. Axelrod,
R. W. Colburn, N. Thoa, Proc. Natl. Acad. Sci.
U.S.A. 73, 941 (1976); M. B. Dratman and F. L.
Crutchfield, Am. J. Physiol. 4, E638 (1978);

, J. T. Gordon, in prepatation.

3. W. E. Stumpf and M. Sar, in Anatomical Neu-
roendocrinology: Proceedings, W. E. Stumpf
and L. D. Grant, Eds. (Karger, Basel, 1975), p.
318; D. H. Ford and J. Gross, Endocrinology 63,
549 (1958); D. H. Ford, S. Kantounis, R. Law-
rence, ibid. 64, 977 (1959); M. B, Dratman, H.
Kuhlenbeck, G. Jacob, Confin. Neurol. 31, 226
(1969).

4. The animals were thyroidectomized to reduce
competition by endogenous T;. One week after
surgery the rats weré hypothyroxinemic, but
they had not yet reached the plateau in body
weight characteristic of established hypothy-
roidism. When compared with euthyroid ani-
mals, the thyroidectomized rats exhibited no
changes in fractional brain Ts* uptake or dispos-
al during the early hours after intravenous Ts*
administration.

5. W. E: Stumpf and M. Sar, Methods Enzymol.
36, 135 (1975); F. A. Reid, Y. Tanaka, H. F.
DeLuca, Science 206, 1188 (1979).

6. Earlier studies designed to determine whether
the process of T; uptake in brain could be
saturated revealed that, as compared with mi-
crogram doses, fractional brain concentrations
after -milligram doses were decreased by more
than 65 percent at 5 minutes and 35 percent at |
hour after intravenous administration of the

Scatchard Plots

A Scatchard plot of the binding of
[?**I]albumin to isolated hepatocytes in a
recent study (/) is one of a number of
such graphs of experimental measure-
ments made under conditions that dif-
fer significantly from those for which
Scatchard devised his analytic method
2). If, for example, measurements are
not made at equilibrium, or if the molar-
ity of ligand and binding molecules is not
known, a Scatchard plot of the results
may be of heuristic value, but it will not
yield the number and association con-
stants of the sites on the binding macro-
molecule. Since Scatchard’s first treat-
ment of the binding of small to large
molecules appeared 32 years ago (3), it
may be useful to reexamine the basis for
determininig under which experimental
conditions the use of a Scatchard plot is
rigorously correct, under which some
useful information may be obtained, and
under which its application is virtually
meaningless.

In his original article Scatchard set
forth the objectives of his treatment of
results of protein-binding experiments:
“We want to know of each molecule or
ion which can combine with a protein
molecule, ‘How many? How tightly?
Where? Why?' The answer to the first
two questions, and sometimes to the
third; can be furnished by the physical
chemist . . . but the answers to both of
the more complicated problems . . . may
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be the business of the physiologist or
physiological chémist . . . [and] will de-
pend on the answers to the simpler ques-
tions, ‘How many?’ and ‘How tightly
bound?’ ”’

Scatchard made it practical and rela-
tively easy to extract from suitable mea-
surements the answers to both of these
“‘simpler questions.’’ If the initial proba-
bility of binding a molecule of A is the
same at each of » sites or groups on a
protein molecule (or othér macromole-
cule) P, the change in free energy (AG),
for the reaction P + vA = PA, is zero if,
and only if, all the components and spe-
cies of the reaction are at equilibrium
when a measurement is made (¢4). If
binding the first molecule of A to P has a
negligible effect on the tightness of bind-
ing of the second molecule of A—and so
on—then

kea = vl (n—19) (O

where k is the intrinsic association con-
stant for the reaction at a single site, ¢y
is the concentration of free ligand mole-
cules, and ¥ is the average number of A
molecules bound to each protein mole-
cule.

Plotting v/cs against ¥ forms a
Scatchard plot. If the points fall on a
straight line the intercept on the ordi-
nate, where ¢4 and v approach zero, is
nk, and the intercept on the abscissa,
where ¢4 is very large, is n. The straight
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line permits precise extrapolation of the
experimental points to both intercepts
and means that each of the » binding
sites has the same intrinsic association
constant k.

Curvature of a Scatchard plot implies
either that there is more than one group
of binding sites, with each group charac-
terized by a different intrinsic associa-
tion constant, or that the binding of each
successive molecule of A alters the asso-
ciation constant for the next molecule of
A bound (5). Whether groups of binding
sites with different intrinsic constants or
interactions between binding sites, or
both, are the cause of the curvature will
depend on the chemical nature of the
reacting molecules.

If equilibrium between binding protein
and ligand does not exist when measure-
ments are made, the law of mass action
cannot be applied and a Scatchard plot of
measurements made in such a system is
of limited, if any, significance.

If equilibrium has been experimentally
shown to exist and a Scatchard plot
vields a straight line, then » and & can be
calculated from its two intercepts only if
the concentration of the binding protein
is known. Where the binding protein
makes up an unknown proportion of a
suspension of cells (/) or membranes,
the straight lines of the Scatchard plots
mean little more than that all binding
sites that are accessible to ligand mole-
cules have the same intrinsic association
constant. Since we do not know what
proportion of these suspensions is bind-
ing protein, let alone what the molecular
weight of that protein is, the value of the
intercept on the abscissa does not equal
n even if the suspensions are so fine that
the system may be considered a single
phase—that is, a solution (4). Conse-
quently, a meaningful value of k cannot
be obtained by dividing the intercept on
the ordinate by that on the abscissa. The
only valid quantitative result to be de-
rived from such a system is the product,
nk, since the number of bound A mole-
cules—the experimental result—will be
the same whether there are 1000 binding
sites with a & of 0.01 or 10 binding sites
with a k of 1.0.

To be what Scatchard described,
Scatchard plots must be of measure-

15 JANUARY 1982

ments made at equilibrium and with
known concentrations of the binding
macromolecule and ligand. If either of
these criteria is not met, it should be
made clear to the reader that a Scatchard
plot of the experimental data can yield
neither the maximum number of binding
sites per macromolecule nor the associa-
tion constant for the ligand studied.
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5.

Dr. Scheinberg raises a number of
important points concerning the analysis
of binding data, with special emphasis on
one of several available methods—the
Scatchard plot. We would not take issue
with most of his statements, especially
the requirement that analyses be based
on data obtained under equilibrium con-
ditions. In our own studies, considerable
care was taken to ensure that this re-
quirement was satisfied. Nevertheless,
Scheinberg’s general advice that deriva-
tion of binding constants must be based
on measurements made under equilibri-
um conditions is quite appropriate.

We have some reservations, however,
regarding Dr. Scheinberg’s concerns
about the calculation of the number of
binding sites and their affinity. He ap-
pears to favor a more literal interpreta-
tion of the Scatchard analysis, which, as
he points out, was applied originally to
the binding of small ligands to macromol-
ecules in solution. In its application to
more complex systems involving cell or
membrane suspensions, it is quite appar-
ent that the horizontal intercept does not
equal the value for n (number of sites of a
given class per macromolecule) since the
concentration of the binding entity (on
which the sites are located) cannot be

expressed in molar terms. Nonetheless,
as long as the system is at equilibrium,
the calculated concentration of bound
ligand in the system can be related to
some other appropriate denominator (for
instance, per cell or per milligram of
protein) and still provide the same gener-
al kind of information. Furthermore, we
do not agree that useful affinity constants
cannot be determined with such suspen-
sions, since regardless of the units cho-
sen for n, the ratio nk/n (the negative
slope of the line) should be a valid mea-
sure of the equilibrium association con-
stant k.

Finally, it should be noted that graphi-
cal estimation of the binding parameters
from the linear portion of a Scatchard
plot may overestimate the number of
sites and underestimate the binding affin-
ity if low-affinity or nonsaturable binding
is also present (that is, if the plot shows
upward curvature) (1, 2). While methods
exist to correct for this effect (2), they
are not always satisfactory. For this rea-
son we employed the Scatchard plot only
for display of the binding data; the actual
determination of the binding parameters
was by computer analysis.

Alternative models for binding (con-
sisting of up to two classes of saturable
binding sites with or without nonsatura-
ble binding) were optimized to the data
by nonlinear least-squares curve fitting
(3) and the most likely model chosen on
the basis of goodness of fit with the data
(4). Derivation of the constants by this
method is inherently more accurate and
objective than by visual inspection of the
Scatchard plot or some other graphical
method.
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