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Proteins in Excitable Membranes

Their properties and function in

bioelectricity are discussed.

Cell Membranes

During the last decade, the proper-
ties and function of cell membranes
have been one of the most actively ex-
plored fields in biological sciences;
much information has been obtained
from electron microscopy combined
with biochemical and biophysical anal-
yses. The notion of a “unit membrane,”
which was based on the Danielli-Dav-
son model, proposed a structure about
80 A thick, formed by a bimolecular
leaflet of phospholipids to which pro-
teins are attached on the inside and
outside by ionic forces (I). These views
have been contested (2). Membranes
appear to be a mosaic of functional
units formed by lipoprotein complexes.
The proteins apparently form the core
of the complexes; phospholipids are
attached on the outside, probably by
Van der Waals and coulombic forces
and by hydrophobic bonds (3). This
idea has found much support, although
it does not exclude the possibility of
modifications, for example, lipid layers
located between these complexes (4).
While the precise molecular organiza-
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tion of cell membranes is far from
elucidated, the most important change
in the last few years has been con-
ceptual. It is now well established that
cell membranes are highly, organized
and dynamic structures, in which many
proteins and enzymes are located and
form by their activity an essential part
of the control mechanisms effected by
membranes. An illustration of the char-
acter and intensity of the chemical reac-
tions taking place in these structures
offers the well-explored mitochondrial
(5) and other membranes (6). The cen-
tral role of proteins and enzymes in cell
membranes accounts for their great di-
versity of function, their specificity, and
their remarkable efficiency more readily
than the previous notions based essen-
tially on the physicochemical properties
of phospholipids. In view of the crucial
role of proteins in membrane function,
Sjoestrand and Barajas (7) have applied
new procedures in preparing specimens
for examination by electron micros-
copy aimed at preserving the confor-
mation of proteins in their native state.
Their pictures are quite different from
those obtained with the standard pro-
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cedures and offer evidence for the pres-
ence of globular structures.

Nerve impulses are propagated along
nerve and muscle fibers by electric cur-
rents; bioelectricity is thus linked to one
of the vital functions of the body. Since
the turn of this century it has been
widely accepted that ions are the car-
riers of these currents; the control of
the ion movements was attributed to
rapid and reversible permeability
changes to ions of the excitable mem-
branes surrounding the fibers. This spe-
cial ability is a key problem for under-
standing nerve function. Hodgkin and
Huxley proposed that the ion move-
ments are a simple diffusion process
and account exclusively for conduction
(8). This view is difficult to reconcile
with a variety of facts and has been
repeatedly challenged (9). In contrast to
conduction, transmission across the
junctions from nerve to nerve or from
nerve to muscle was proposed to be
effected by chemical mediators, in many
cases . specifically by acetylcholine
(AcCh). In view of basic similarities of
the electrical properties of the mem-
branes of axons and those at junctions,
many neurobiologists questioned the
transmitter theory, which was based on
experiments in which classical methods
of pharmacology were combined with
those of electrophysiology (10). These
methods, essential for the study of
many aspects of biology and medicine,
are inadequate for an analysis of the
molecular events in excitable mem-
branes. ,

A chemical theory, proposed more
than two decades ago, resulted from a
new approach based on the notion of
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the central role of proteins and enzymes
in cell function. It appeared imperative
for the study of the controversial prob-
lem of the role of AcCh in nerve activ-
ity to investigate the proteins and en-
zymes associated with its function.
Four factors were decisive in the prog-
ress achieved since this approach was
initiated three decades ago: (i) The in-
formation about biomembranes men-
tioned above; (ii) the development of
highly refined methods and instruments
for analysis of cellular function on the
cellular, subcellular, and molecular lev-
els; (iii) the explosive growth of protein
chemistry, culminating in the elucida-
tion of the three-dimensional structure
of proteins and nucleic acids; and (iv)
the availability of an extraordinary and
uniquely favorable material for the
analysis of the proteins associated with
excitable membranes and with bio-
electricity: the electric organs of certain
fish. The electroplax, the single cells of
these organs, have electrical parameters
similar to those of other excitable cells;
but they are arranged in series as in a
voltaic pile. This arrangement accounts
for the powerful discharge of 600 volts
in Electrophorus (the “electric eel” of
the Amazon River), whose electric or-
gan is formed by 5000 to 6000 cells.

The most crucial feature of electric
tissue for biochemical studies is its high
degree of specialization for its main
function, bioelectrogenesis. The metab-
olism of the cell is low except in the
membrane. This aspect of the tissue
provides a unique opportunity for the
protein chemist, because membranes
form a small fraction of the cell' mass
and their study in other tissues is very
difficult. The distribution and concen-
tration of acetylcholinesterase (E.C.
3.1.1.7), the enzyme that hydrolyzes
AcCh, was studied in 1937 in a variety
of excitable cells of many different
species. A remarkable concentration
was found in the electric organ of Tor-
pedo marmorata and in the following
year in that of Electrophorus; 1 kilo-
gram of tissue hydrolyzes 3 to 4 Kkilo-
grams of AcCh per hour in spite of the
low protein (3 percent) and high water
content (92 percent) of these organs.
The use of this material in the next
three decades was instrumental in the
isolation, identification, and characteri-
zation of some of the proteins control-
ling the permeability changes of excit-
able membranes during electrical
activity and in obtaining information
about their function.
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Role of Acetylcholine

As a result of the biochemical ap-
proach a modification of the original
theory became necessary. Acetylcholine
is not a chemical mediator between two
cells; it is never released from the cell
(see below); its action is intracellular,
taking place within the excitable mem-
brane. It is the trigger which initiates
and controls the permeability changes
permitting the ion movements during
electrical activity. Its function is similar
in the excitable membranes of fibers
and in those at the junctions. This view
is supported by a vast and, in the last
few years, rapidly increasing number of
experimental data. The picture of the
role of AcCh that best fits the available
data is the following. Excitation leads to
the release of AcCh from its bound
form in resting condition. It acts as a
signal recognized within the membrane
by a specific AcCh-receptor protein.
The reaction induces a conformational
change of the protein, thereby possibly
releasing Ca2+ ions bound to the pro-
tein. Calcium ions are involved in the
excitability of nerve and muscle fibers
which become inexcitable in the ab-

Fig. 1. Exclusive localization of cholines-
terase (arrows) at the axon-Schwann inter-
face of small nerve fibers (AX) which ac-
company the giant fiber in the stellar
nerve of the squid. A mitochondrion (M)
is located close to the axolemmal surface.

A basement membrane surrounds the
Schwann cell, separating it from the fibril-
lar material of the intercellular matrix. In-
cubated in acetylthiocholine and copper
sulfate (X 4000) (with the permission of
V. Tennyson).

sence of divalent cations and are dis-
tinguished from other divalent cations
by several remarkable features and
properties (Z1). Their release may in-
duce further conformational changes of
phospholipids and other polyelectro-
lytes. The end result of the sequence of
chemical reactions is the change of the
membrane permeability to dons, a
change that permits the movements of
many thousands of ions, possibly as
many as 20,000 to 40,000 in each direc-
tion per molecule of AcCh released.
These reactions thus act as typical am-
plifiers of the signal given by AcCh.
Acetylcholinesterase rapidly hydrolyzes
AcCh, thereby permitting the return of
the receptor protein to its original con-
formation and reestablishing the barrier
for the ion movements.

Acetylcholine in its bound form and
the two proteins reacting directly with
the AcCh released, receptor and ester-
ase, are presumably linked together
structurally as well as functionally and
form a protein assembly in the excitable
membrane in a way comparable with
other enzyme systems—for example,
the electron transfer system in mito-
chondrial membranes. The structural
organization of the system may account
for the efficiency, the precision, and the
speed of the events in the membrane
during electrical activity. While an es-
sential role of Ca2+ jons in the permea-
bility changes of excitable membranes
appears likely, their release requires a
specific control mechanism. Among the
cell components, only proteins are
known to have the ability to recognize
specific ligands and thereby provide the
proper control for initiating and termi-
nating a specific cell function. The early
data supporting these conclusions have
been summarized in a monograph (12),
and the more recent advances in several
reviews (13). A few features of the
properties of the two proteins may be
outlined.

Acetylcholinesterase

Localization. Acetylcholine, acetyl-
cholinesterase, and acetyl CoA: choline
O-acetyltransferase (choline acetylase)
(E.C. 2.3.1.6), the enzyme that forms
AcCh (14), are present in various types
of conducting fibers and in a great vari-
ety of different species throughout the
animal kingdom: in motor and sensory,
cholinergic and adrenergic, and periph-
eral and central nerve fibers and in

SCIENCE, VOL. 168



muscle of both vertebrates and inverte-
brates. On the basis of a variety of
biochemical data it was postulated that
acetylcholinesterase is localized in or
near the excitable membranes. This evi-
dence was of necessity indirect. In the
last 7 years direct evidence for the lo-
calization of acetylcholinesterase in ex-
citable membranes has been obtained by
electron microscopy combined with
histochemical techniques (15). Figure 1,
by V. Tennyson (I6), illustrates the lo-
calization of the enzyme in the plasma
membrane of unmyelinated fibers. The
same localization has been demon-
strated in a variety of other types of
fibers and in the muscle membrane (17).
On examination of myelinated fibers by
similar methods, the enzyme was fre-
quently absent, in spite of its regular
presence when the esterase activity is
determined in homogenized tissue. Even
in a section 500 to 1000 A thick, struc-
tural barriers may slow down or prevent
the reaction between the membrane-
bound enzyme and the added com-
pounds required for its detection, espe-
cially in a tissue rich in lipids. There-
fore, Brzin (18) applied a detergent,
Triton 100 X, to sections of a single
isolated frog sciatic nerve fiber and
found that acetylcholinesterase was lo-
cated exclusively in the plasma mem-
brane between the myelin and the axo-
plasm (Fig. 2). In the electroplax of
Electrophorus the enzyme is present in
the membranes of the nerve terminal
and in the synaptic and conducting
membranes (19). Because virtually all
of the enzyme is localized in the excit-
able membrane, a more correct value of
the extraordinary enzyme activity in
electric tissue is obtained when this
activity is expressed as the amount of
AcCh hydrolyzed per gram of mem-
brane and not per gram of whole tissue.
Since the membrane forms only 10—%
or less of the whole cell mass, 1 gram
of excitable electroplax membrane hy-
drolyzes many kilograms of AcCh per
hour.

Purification and crystallization. Stud-
ies on the properties of acetylcholin-
esterase started in 1938 when this
enzyme was first obtained in a highly
active solution by extraction from elec-
tric tissue (20). In the early 1940’s a
500-fold purification was obtained, but
the protein amounts available were
small (21). The preparation was useful
for Kinetic- studies and for analyzing
many reactions of ligands with molec-
ular groups in the active site and the
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Fig. 2. Large myelinated (My) ventral
root axon (AX) taken from a frog sciatic
nerve. The fiber was treated with Triton
100 X, before the incubation for acetyl-
cholinesterase activity, in the same way as
in Fig. 1. Dense end product is present on
the axolemmal membrane (arrow) (X
3200). [Figure reprinted by permission
of Editor, Proc. Nat. Acad. Sci. U.S. 56,
1560 (1966)1

mechanism in the hydrolytic process
(12, 22, 23). The effects of potent com-
petitive inhibitors widely used in neuro-
pharmacology and medicine were ex-
plained in terms of their reaction with
the molecular groups in the active site
of the enzyme. Of particular theoretical
as well as practical interest were the
studies with organophosphates, potent
inhibitors of acetylcholinesterase and
other ester-splitting enzymes. Some or-
ganophosphates are potential chemical
warfare agents, and many are widely
used as insecticides. The fatal effects
are due to the reaction with AcCh-
esterase. The phosphorus atom of or-
ganophosphates forms a covalent bond
with an oxygen atom of the serine resi-
due in the active site of ester-splitting
enzymes. The resulting phosphorylated
enzyme is much more stable than the
acetyl enzyme. The reaction was first
thought to be irreversible, but this no-

Fig. 3. Crystals of acetylcholinesterase.
(Left) Regular hexagonal prisms; (right)
possibly pyramidal termination [from
Leuzinger et al. (29)]. The crystals have a
length of 150 micrometers and a width of
120 micrometers. According to Dr. B. Low
(67) the most common form of growth
observed on the left is compatible with
true hexagonal symmetry; the form on the
right may imply, however, a crystal sys-
tem of lower order. The crystals exhibit
low birefringence, so that it is not possible
at present to determine whether they are
uniaxial or biaxial.

tion has undergone considerable modi-
fications (23-25). The explanation of
the reaction mechanism permitted the.
development of a highly efficient and
widely used antidote against poisoning
by  organophosphate insecticides—
namely, pyridine 2-aldoxime methio-
dide (PAM), which rapidly and quite
specifically reactivates the enzyme by
removing the phosphoryl group from
the serine in a displacement reaction
(26). Pyridine 2-aldoxime methiodide is
much more efficient and less harmful
than atropine, still frequently applied
by physicians in organophosphate poi-
soning (27). The present trend against
stable insecticides (for example, DDT)
has increased the interest in unstable
and more specific forms. Additional re-
search on cells is required for designing
more specific and efficient organophos-
phate or other types of insecticides,
which are less harmful for men and
animals and which would decrease the
pollution of the environment.

The analysis of protein properties
requires considerable amounts of ho-
mogeneous and (for x-ray crystallog-
raphy) crystallized protein. Adequate
amounts of homogeneous acetylcholin-
esterase have been obtained by a large-
scale purification of electric tissue with
chromatographic methods, and the crys-
tallization of the enzyme has been
achieved (28, 29). The crystals have the
form of hexagonal prisms (Fig. 3). The
enzyme is a tetramer with a molecular
weight of 260,000; the four subunits
are of equal size, but two different poly-
peptide chains are present (30). Meth-
ods which greatly improve the yield
are being worked out for further studies
of the protein properties.

Interdependence between electrical
and acetylcholinesterase activity. The
localization of the enzyme in various
types of excitable membranes does not
yet indicate its essential role in electrical
activity. Other properties of the enzyme
are prerequisites—for example, its high

"activity with a turnover time of 30 to

40 microseconds or less. Because nerve
fibers may conduct 1000 impulses per
second, the signal interacting with the
receptor must be removed with a speed
compatible with the function proposed.
The postulated role requires, however,
the demonstration that the enzyme and
electrical activities are directly associ-
ated; potent inhibitors of acetylcholin-
esterase should affect and eventually
block electrical activity. This effect has
been demonstrated with reversible as
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well as irreversible types of inhibitors
(24, 25). However, this kind of experi-
ment offers many pitfalls; some of them,
such as the existence of structural bar-
riers, were obvious from the beginning.
Others became increasingly apparent
when information accumulated about
the many complex factors which may
change the behavior of enzymes in an
intact structure. Today it is well recog-
nized that it is frequently impossible to
extrapolate from observations in solu-
tion to their behavior in intact cells be-
cause a variety of factors may modify
the reactions (31).

A few observations may be men-
tioned. Electrical activity of the frog
sciatic nerve was found to be reversibly
blocked by physostigmine, a potent
competitive reversible inhibitor of
acetylcholinesterase with an inhibition
constant K; of 10—7 mole per liter; but
the concentration required was 10—2
mole per liter, and the time of exposure
was 30 to 60 minutes. This preparation
is formed by several thousand myeli-
nated fibers surrounded by a sheath
poorly permeable to many compounds.
When physostigmine was applied to a
single fiber of this preparation, in which
the excitable membrane of the axon is
poorly protected at the Ranvier nodes
where myelin is absent, effects on the
electrical activity were obtained at 10—5
to 10—¢ mole per liter; within seconds
a potentiation was observed followed by
a depression and finally a block (32):
Several other types of complications
were encountered with organophos-
phates. Exposure of various types of
nerve fibers to organophosphates blocks
electrical activity irreversibly, but in
higher concentrations than expected.
For example, in the squid giant axon,
5 X 10—3M diisopropylphosphofluoride
(DFP) and 30 to 40 minutes exposure
are required for producing irreversible
block. The actual concentration of DFP
inside the axoplasm of the giant axon,
at the time when conduction was ir-
reversibly blocked, was small, of the
order of 10—5 mole per liter (33). It
was later found that in the giant axon,
as in many tissues, a phosphorylphos-
phatase exists which rapidly inactivates
many organophosphates. In some types
of axons, rapid and irreversible effects
were obtained with relatively low
concentrations. Pyridine 2-aldoxime
methiodide, the potent and specific re-
activator of phosphorylated acetylcholin-
esterase mentioned above, restored, in
some preparations, irreversibly blocked
electrical activity, although the com-
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pound is a quaternary ammonium de-
rivative and does not readily penetrate
the cell (34). The successful demonstra-
tion that potent inhibitors of acetyl-
cholinesterase rapidly block electrical
activity in several types of conducting
fibers is strong evidence for the essen-
tial role of the enzyme in this process.
It would be difficult to reason that the
enzyme, although present in excitable
membranes, is essential for electrical
activity in some, but not in others, sim-
ply because the block of conduction is
sometimes effected under conditions dif-
ferent from those expected from reac-
tions in vitro (24, 25).

When  organophosphates  became
available, in the 1940’s, it was thought
that this type of compound would
permit the determination of the mini-
mum acetylcholinesterase activity still
compatible with unimpaired conduction.
This value would indicate the excess of
enzyme present. In the last few years
it has become evident that there is at
present no possibility to answer this
question. The methods now available
do not permit a quantitative evaluation
of the enzyme activity in normal tissue.
Simple homogenization turned out to
be inadequate. Several chemical pro-
cedures may increase activities several-
fold. After the tissues are exposed to
organophosphates, the difficulties are
compounded by many complicating fac-
tors; some of them became apparent
only recently. Thus, for the time being
there is no answer to the question of
the minimum activity of acetylcholin-
esterase required for electrical activity,
but the claims of a successful dissocia-

tion of electrical and enzyme activity

after exposure to organophosphates have
lost their validity (24, 25).

Acetylcholine-Receptor

Monocellular electroplax preparation.
The AcCh-receptor has not yet been
isolated. A turning point in the studies
of this protein was the development of
a monocellular electroplax preparation
from Electrophorus by Schoffeniels
(35). This preparation is unique for
studying the properties of the receptor
within the membrane because of (i) the
large size of the cell; (ii) the rectan-
gular shape of the excitable membrane,
containing both synaptic and conduct-
ing parts readily distinguishable by
means of electrical parameters; and
(iii) the presence of a nonexcitable
membrane which facilitates comparison

between the two functionally different
parts. As described above, the outstand-
ing feature of the cell (that is, the elec-
troplax of Electrophorus) is the prev-
alence of metabolic reactions in the
membrane. Although the electroplax
responds to externally applied AcCh,
curare, and other quaternary nitrogen
derivatives at the synaptic junctions
only, both AcCh-receptor and acetyl-
cholinesterase are present and func-
tional in the conducting parts of the
excitable membrane. During the last
decade several refinements have per-
mitted more sensitive analyses of the
reactions between the receptor protein
and specific ligands by means of electri-
cal parameters comparable with the
precision of other methods applied in
protein studies (36). The preparation
permits precise and reproducible titra-
tion of the dose-response curves and
the evaluation of dissociation constants
between ligands and the protein. Acetyl-
choline and related compounds that
affect electrical activity and simultane-
ously depolarize the membrane by in-
ducing conformational changes are
referred to as receptor activators. Other
compounds closely related in structure
to AcCh act-as “antimetabolites”; they
prevent the specific signal from inter-
acting with the receptor and are re-
ferred to as receptor inhibitors.

Active site. The molecular groups in
the active site of .the receptor have
been analyzed with several series of
compounds—for example, derivatives
of both aryl- and alkyl-ammonium
ions and ambenonium and benzoquin-
onium compounds—and compared with
the reactions of the enzyme in solution
(37). The functional importance of the
anionic group in the active site of both
proteins has been demonstrated. Quater-
nary ammonium derivatives tested on
the receptor are a few hundred up to a
thousand times more potent than their
tertiary analogs. There is no esteratic
site in the receptor protomer, as might
have been expected from the different
function of the two proteins. Small
changes, like the substitution of one
atom in relatively large molecules, may
greatly affect the dissociation constants
between either protein and the ligand
tested, sometimes in the same, some-
times in the opposite direction for the
two proteins. These data support the
assumption of the protein nature of the
receptor. Additional evidence was ob-
tained with the use of sulfhydryl-block-
ing and disulfide-reducing agents (38).
While the active site of receptor and
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esterase appear different, the question
of whether the two protomers are part
of the same macromolecule is still
under investigation (24, 25).

Oxygen, sulfur, and selenium isologs.
Pertinent information about the active
site of receptor and esterase resulted
from experiments with a large series of
S and Se isologs of AcCh and its con-
geners (39). Striking differences in fthe
biological activity of these isologs,
tested by the effects on the receptor
of the electroplax, and in their reac-
tions with the enzyme in solution have
been interpreted in part as being due
to differences of electron distribution
and in part as being the result of differ-
ent configurations (gauche and trans)
of the isologs, as determined by x-ray
analysis,

Role of receptor in bioelectricity. The
essential role of the receptor in bioelec-
tricity has been demonstrated with a
group of competitive inhibitors, the so-
called “local anesthetics.” These sub-
stances are closely related in structure
to AcCh and act as typical antimetab-
olites at synaptic and conducting parts
of the membrane. The transformation
of the molecular structure of AcCh
from a receptor activator, which acts on
the junctions only, to a receptor inhibi-
tor, which acts on both parts of the
membrane, was analyzed by a series of
replacements of molecular groups (40)
(Fig. 4). Benzoylcholine was found to
be structurally and functionally the in-
termediate form; it may act as a recep-
tor activator or inhibitor, depending on
the experimental conditions. With the
addition of a para-amino group to the
phenyl ring, the compound becomes a
typical local anesthetic. Small modifi-
cations of either the acyl or of the
quaternary nitrogen group may greatly
increase its potency as a local anes-
thetic. These compounds block all elec-
trical activity in all excitable mem-
branes; thus, the data support the postu-
lated role of the receptor.

- Cooperativity and allosteric sites. Ob-
servations of Changeux, Podleski, and
their associates (47) suggest certain
similarities between the behavior of
regulatory enzymes and the reactions
of the electroplax with ligands acting
on the receptor. The dose-response
curve of the receptor to AcCh and other
activators has a sigmoid shape, thus
deviating from the usual Langmuir iso-
therm. The S-shaped curve is consid-
ered a characteristic property of allo-
steric systems and of cooperative action
(42). The Hill coefficient (nH) of the
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electroplax response is about 2. After
exposure to sulfhydryl-blocking and di-
sulfide-reducing compounds the nH
becomes about 1 (43). In the presence
of two different activators, the dose-
response curve of the electroplax be-
comes a hyperbola, with an nH of 1;
this is considered an indication that the
interaction between both classes of
ligands may be indirect or allosteric
(41). At saturating concentrations of
activators the maximum response to
different activators differs, independent
of the ionic environment.

Affinity labeling. Compounds form-
ing a covalent bond with the molecular
group in the active site of an enzyme
have long been important tools in the
analyses of these sites. One type of co-
valent bonding is referred to as “affinity
labeling”; the reagent, because of its
steric complementarity to the active site,
first combines specifically and reversibly
with the site with which it forms a com-
plex; then a small and reactive group
reacts with one or more amino - acid
residues to form irreversible covalent
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Fig. 4. Substitutions of AcCh transform-
ing the molecule from a receptor acti-
vator, acting on the synaptic junctions
only, into a receptor inhibitor, acting both
on junctions and on the conducting mem-
brane (so-called “local anesthetic”). Ben-
zoylcholine is a transitory form both in
structure and in biological activity.

bonds (44). The first affinity labeling
of the AcCh-receptor was described
with  p-(trimethylammonium)benzene-
diazonium fluoroborate (TDF); the com-
pound blocks irreversibly the electro-
plax response at a concentration of
10—% mole per liter (45), although new
observations of Mautner and Bartels
(46) seem to indicate a more complex
reaction mechanism than anticipated.
Potent affinity labeling has been
achieved with a two-step procedure,
when the labeling compounds are ap-
plied after reduction of disulfide bridges
of the electroplax by dithiothreitol
(DTT). N-Ethylmaleimide presumably
forms a covalent bond with the exposed
sulfhydryl groups. Substitution of the
ethyl by a phenyltrimethylammonium
group, a potent receptor activator, in-
creased the potency by several hundred-
fold; 4-(N-maleimido)phenyltrimethyl-
ammonium iodide (MPTA) blocks the
receptor at a concentration of 10—8
mole per liter. The tertiary analog is
not more potent than N-ethylmaleimide
(47). Other potent affinity-labeling com-
pounds that act on the reduced cell
were designed by Silman (48); one
of them is bromoacetylcholine, which
forms a covalent bond between the
nucleophilic sulfhydryl groups and the
carbon of the carbonyl group. In con-
trast to MPTA, which is a receptor
inhibitor, this compound depolarizes the
electroplax (48). The use of affinity-
labeling compounds may permit the iso-
lation of the receptor.

Drastic changes of biological effects
may result from the exposure of the
electroplax to DTT. Hexamethonium,
a bisquaternary reversible inhibitor, be-
comes a receptor activator after reduc-
tion (47). The compound TDF, an ir-
reversible inhibitor of the receptor at a
concentration of 10—% mole per liter,
becomes after reduction a reversible
activator at 10—6 mole per liter (49).
Apparently opposite biological actions
leading to excitation or inhibition may
thus be due to relatively small changes
in the state of the receptor and other
factors in the membrane, and not—as
is widely assumed—to different “excita-
tory” or “inhibitory” transmitters. An
explanation of the basis of such differ-
ences requires an analysis of the molec-
ular reactions, as exemplified by the
dependence of the action of adenosine
triphosphate on the concentration of
Ca2?+ jons in inducing either muscular
contraction or relaxation.

Photoregulation of membrane poten-
tial by receptor inhibitors, Vision is
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based on the cis-trans isomerization of
retina (50). A few quanta of light
absorbed by rhodopsin induce the iso-
merization which leads to nerve excita-
tion in a still unknown manner. The
photochromic compound p-phenylazo-
phenyl-trimethylammonium chloride in-
hibits the depolarization of the electro-
plax produced by carbamylcholine (51).
The trans isomer, which predominates
in the light of a photoflood lamp (420
nm), is a stronger inhibitor than the cis
isomer which predominates under ul-
traviolet irradiation (320 nm). When
the electroplax in the presence of car-
bamylcholine and this compound is ex-
posed to light of the two different
wavelengths, marked changes of the po-
tential difference across the excitable
membrane are observed by the shift of
the cis-trans equilibrium. The system
may be considered as a model illustrat-
ing how a cis-trans isomerization may
be linked to a neural impulse.

Organophosphates. The electroplax
offers a useful material for studies of
the cellular action of organophosphates
about which little information is avail-
able. For example, the rapid and re-
versible block of electrical activity, ob-
served in axons by organophosphates,
is the result of a direct reaction with the
AcCh-receptor (52). Observations on
the electroplax suggested that the reac-
tion of DFP and other organophos-
phates with acetylcholinesterase in this
cell may be partly reversed within min-
utes, contrary to the expectations from
observations in solution. This was
borne out by direct measurements of
the enzyme activity (53).

Conduction and Transmission

A criterion for the validity of a new
concept is its ability to provide more
satisfactory explanations for the ex-
perimental data than that provided by
the preceding concept. In view of the
progress achieved in the understanding
of chemical reactions in membranes, a
reevaluation of the theory of neuro-
humoral transmission appears impera-
tive. The powerful pharmacological ac-
tion of AcCh on junctions in contrast
to its complete failure to act on axonal
conduction has been emphasized as evi-
dence for a mechanism of synaptic
transmission basically different from
that of axonal conduction. Many drugs
act on junctions only, as has been fre-
quently observed since Claude Bernard
first demonstrated that curare blocks
the transmission from nerve to muscle
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but does not affect conduction. Curare,
a receptor inhibitor with a higher affinity
to the receptor than AcCh, prevents the
depolarization by the ester. The com-
pound is a quaternary nitrogen deriva-
tive and is insoluble in lipids as are
AcCh, neostigmine, and other receptor
activators or inhibitors. The conducting
membranes of axons are surrounded by
Schwann cells, which act as structural
barriers for this type of compound.
Claude Bernard applied curare to the
frog sciatic nerve fiber, formed by sev-
eral thousands of myelinated axons and
surrounded by a sheath that is impervi-
ous to many chemical compounds.
When a single axon of this fiber is ex-
posed to curare, electrical activity at
the Ranvier nodes is rapidly and re-
versibly blocked, just as at junctions
where barriers do not exist or are more
pervious (54). Even in unmyelinated
axons the Schwann cells, which con-
tain phospholipids, usually prevent
AcCh, curare, and related quaternary
structures from reaching the receptor
in the excitable membrane, although in
some axons with apparently incomplete
barriers, for example, those of the walk-
ing leg of lobster, a direct action of
these compounds on electrical activity
has been obtained (55). However, chem-
ical treatment may reduce the outside
barriers and permit AcCh and its con-
geners to reach the receptor in the ex-
citable membrane. In the giant axon
of the squid the excitable membrane is
surrounded by a Schwann cell about
4000 A thick. When this axon is- ex-
posed to AcCh, curare, or neostigmine
at high concentrations, no effect is ob-
served. In contrast, physostigmine, a
tertiary nitrogen derivative and an in-
hibitor of acetylcholinesterase equal in
potency to neostigmine, blocks electri-
cal activity. The tertiary analog of neo-
stigmine, although a much weaker in-
hibitor than the quaternary form, has
the same effect on conduction. When
the axoplasm of the exposed axons
are extruded, physostigmine penetrates,
whereas the quaternary compounds do
not (56). After the squid giant axon has
been exposed to phospholipase A for
a short period of time in low concen-
trations, electrical activity is blocked
by AcCh and curare (57); when, under
these conditions, the two compounds
labeled with radioactive isotopes were
used, they penetrated the interior (58).
Examination by electron microscopy re-
vealed marked structural changes in
the Schwann cell, but none in the
plasma membrane (59). The effect of
phospholipase A is fully accounted for

by the formation of lysolecithin (60).
Even synaptic junctions may not react
to AcCh and curare, for example, the
neuromuscular junction of lobster, al-
though the concentrations of acetylcho-
linesterase and choline O-acetyltrans-
ferase in these junctions is very high.
Lipid soluble compounds, such as
physostigmine and DFP, affect these
junctions. Thus, the system is present
and functional but protected against
quaternary derivatives.

The second observation considered
as evidence for the theory of neuro-
humoral transmission is the appearance
of AcCh in the extracellular perfusion
fluid of junctions after stimulation.
However, no trace of AcCh appears in
the absence of physostigmine even after
prolonged stimulation, as was emphati-
cally stressed by Dale et al. (61). This
failure to detect any extracellular AcCh
unless acetylcholinesterase, the highly
effective inactivation mechanism, is
blocked, suggests that the appearance
is an artifact attributable to the incom-
plete hydrolysis. The detection of an
efflux of AcCh from the axonal mem-
brane would be prevented by the struc-
tural barriers except where they are in-
complete, as in the axons of the lobster
walking leg. There an efflux was found,
provided that the axons were kept in
physostigmine; various ions affect this
efflux in a way similar to that described
for junctions (62). Even in the pres-
ence of potent enzyme inhibitors, the
extracellular amounts found at junc-
tions are far from those necessary for
the ester to exercise a transmitter func-
tion. Such a sensitive preparation as the
electroplax does not respond to 10—5M
AcCh in the absence of physostigmine;
in its presence 10—6 mole per liter is
required. The amounts released are ten
orders of magnitude smaller. This large
discrepancy raises a serious difficulty in
attributing the postulated intercellular
function to AcCh.

An alternative explanation accounts
more readily for the data. Acetylcho-
line-receptor and acetylcholinesterase
are both localized in the two mem-
branes of the junction, those of the
nerve terminal and of the postsynaptic
membrane. Both proteins are functional
since AcCh, curare, neostigmine, and
related compounds act on both mem-
branes of the junction (63). Thus, it
seems reasonable to assume that the
amplifier process takes place in the
membranes of the junctions in a way
similar to that of the axons; AcCh re-
leased in the terminal membrane acts on
the receptor there and triggers the se-
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quence of the reactions resulting in the
influx of sodium and the efflux of potas-
sium ions. When a strong efflux of
potassium ions was found after stimu-
lation at junctions as well as in axons
(64), Eccles (65) attributed the trans-
mitter function to potassium ions. But
release of the ions requires the amplifi-
cation process triggered by AcCh; many
millions of potassium ions would cross
the gap for each 1000 molecules of
AcCh released and effect the release of
AcCh in the postsynaptic membrane.
Chemical reactions, in living cells are
chemically and thermodynamically
coupled; most of them are structurally
organized. It appears more -plausible
that the specific signal in one of the
fastest cellular mechanisms is recog-
nized by the target protein within the
membrane where it is released, rather
than by a protein in another cell. For
many years, the failure to detect flow of
current from nerve terminals was con-
sidered as a support for chemical trans-
mission. The absence of current flow
seemed particularly conspicuous in the
giant synapse of squid; in which frac-
tions of the pre- and postsynaptic axons
are located side by side and permit
monitoring of current flow by the in-
sertion of microelectrodes into both
axons. Recently, current flow has been
observed from nerve terminals; in the
squid synapse current flows in both di-
rections (66). The pharmacological ac-
tion on junctions mimicking nerve stim-
ulation must be reinterpreted, on the
basis of the data resulting from the
analysis of membrane proteins, as
mimicking the signal within the two
membranes of the junction and not act-
ing between them. Such a view inte-
grates the observations which seemed
to suggest neurohumoral transmission
with the biochemical data and with the
concept of the fundamental similarity
of conduction and transmission (10).
The specific chemical forces under-
lying cellular mechanisms such as mo-
tility, energy supply, vision, and genetic
control, are remarkably similar through-
out the animal kingdom. It has become
apparent that this similarity also applies
to the specific chemical forces under-
lying bioelectricity, that is, to the specific
proteins controlling the changes of ion
permeability in excitable membranes.
The great diversity of bioelectric phe-
nomena and the variations of pharma-
cological effects may be explained by
differences of cellular structure, shape,
and environment between junctions and
axons. These factors are bound to
modify the effects of chemical reactions
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in the membranes and the actions of
compounds applied externally. Electri-
cal parameters in axons differ in vari-
ous types of nerves; conduction veloc-
ity, for example, varies from 0.1 to 100
meters per second. These differences
are generally attributed to dissimilarities
of structure and not to differing basic
mechanisms of conduction. Knowledge
of the chemical composition and molec-
ular organization of membranes is
much too limited to permit speculation
about possible differences. The answer
to these questions requires much more
information on a molecular level.
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Cybernetics in City Hall

An understanding of the principles of cybernetics can
guide fundamental improvements in urban government.

The science which is parent to much
of modern technology is cybernetics—
the science of communiation and con-
trol in organized systems. The word it-
self, introduced and popularized by
Norbert Wiener (I), is transliterated
from the Greek word KuvBepvijrys. That
same Greek word has also entered our
language in a slightly different trans-
literation, and translation, as the word
“governor.” Etymologically, therefore,
there is an equivalence between a gov-
ernor and a cyberneticist, between gov-
ernment and cybernetics.

This equivalence is worth exploring.
What happens when a cyberneticist, per-
haps naively, assumes that big-city gov-
ernment is “an organized system” and
casts his practiced eye on it? What does
he see, and what can he tell us about
applying the principles of cybernetics
to cities?

The cyberncticist brings to his task
the view that an organized, adaptive
system is a goal-seeking ensemble which
can sense its relation to its objective
and modify its behavior in order to ap-
proach the objective more closely. The
simple feedback-control diagram of Fig.
1 is the basic tool of the cyberneticist,

The author is First Deputy City Administra-
tor, Office of the Mayor, City of New York.
This article is based on an address presented
at the Annual Symposium of the American So-
ciety for Cybernetics, Washington, D.C., in 1968.
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and it suffices to illustrate the elements
of such a system. The desired condition
of the system is selected by some goal-
setting process, entered into a com-
parator, and then tested against the
actual condition, which is observed and
reported by some process of informa-
tion feedback. Any discrepancy between
the desired and the observed conditions
causes the acuator to act upon the sys-
tem to reduce the discrepancy. The con-
tinuing, dynamic nature of this entire
process results from the disturbances—
that is, causative factors outside the
system which upset the system and
make it necessary to apply control ac-
tion to counteract their effects.

The discerning cyberneticist can iden-
tify corresponding elements of this feed-
back control system in city government,
even though the latter is far from being
a simple system with a single goal. The
goal-setting mechanism, which estab-
lishes objectives and priorities, is the
mayor’s decision-making process. A
comparison of the desired condition
with the observed state of the city re-
sults in action to reduce the disparity;
municipal administration (that is, the
bureaucratic processes of city govern-
ment) constitutes this action element of
the system—a provocative thought in-
deed! The system being acted upon is
the city and its people. It is subject to
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external upsets that may be classed as
social, economic, political, and natural.
The output, or observed condition of
this living system, is the state of the city.
Feedback concerning the condition is
transmitted to the mayoral decision cen-
ter by way of an information system.

What happens when a cyberneticist,
impelled by his students and his con-
science to seek relevance, examines New
York City’s government? How would he
interpret recent developments there in
terms of the five basic attributes and
elements of this cybernetic loop: (i) the
overall dynamic characteristics of the
process, (ii) the information system,
(iii) administration, (iv) goal-setting,
and (v) disturbances?

Dynamics of Urban Government

The first disturbing realization is that
the natural time constants of urban
systems are unrelated to the term of
elected office. Thus, it is impossible for
an official to show visible accomplish-
ments in 4 years on a problem which
may require at least a full generation—
25 years—to solve. If Moynihan’s
thesis (2) is correct, for instance, then
it will be necessary for a black male
infant to grow to maturity, with his
father as breadwinner and resident head
of the house, before his family realizes
its potential and acquires a life-style
which puts it in harmony with the com-
munity.

Similarly, if it takes a year to deter-
mine the state of the system (that is,
identify a major problem in a way which
suggests approaches to its solution), an-
other year to define objectives, to plan,
and to allocate resources to attack the
problem (in the annual budgeting
ritual), and a third year to construct,
staff, and test the appropriate adminis-
trative structure for implementing the
plan, this leaves precious little time,
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