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AND SUMMARY

Excitablemembranes
are the carriers of electrical signal transmissionin
biology. Well-known
examplesof excitable biomembranes
are the plasma
membranes
of nerveandmusclecells. Excitabilityof these cells is generally
manifested
in rapidtransientchanges(msectimerange)of electrical properties. Nerveimpulseandother membrane
potential changesandthe concomitant ionic crossmembrane
currentsresult fromchangesin. the electrical
conductivityof the membrane.
Theseconductivitychangesreflect membranepermeability
changes,in manycases selectively to Na+, K+, Ca2+, or
117

Annual Reviews
www.annualreviews.org/aronline

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

118

NEUMANN& BERNHARDT

CI- ions. Thepermeabilitychangesmobilizingthe metabolicallymaintained
steady-state gradients of these ions can be brought about by physical and
chemical changes in the membraneand the immediate environment.
Theelectrical properties of excitable biomembranes
have beenexplored
intensively andneurochemical
investigations gain increasinglyin interest.
Yet, the majorunsolvedproblemofbioelectricity is the molecularmechanism
underlying the permeability changesin excitable biomembranes.Weare
thus faced with mechanisticquestions that require biochemicaltechniques
for the isolation and identification of permeabilitycontrol systems, and
physical-chemicalmethodsfor the molecularcharacterization of the regulatory apparatus and its components.At present this aim is yet a largely
programmatic
perspective. Theproblemscover a multidisciplinary field and
require an integration of manyresults of variousdisciplines. In a situation
wherelittle is knownabout the nature of the observedbioelectrical phenomena, theoretical approachesare very useful as workinghypotheses,provided
they are general, and yet specific enoughto differentiate betweenvarious
alternatives, and stimulate and guide newexperiments. Recent evidence
showsthat newervoltage-clampdata cannot be describedwith conventional¯
modeltheories such as the Hodgkin-Huxley
formalism.Veryprobably, only
dissipative chemicalmodelsare adequatefor the correlation betweenmeasured conductivity changes and intrinsic membrane
permeability parameters.
Amolecularinterpretation requires chemicalinformationon the components of the control systems. Several components
of permeationregulation
systemshave been isolated and thermodynamic
and kinetic properties have
beenmeasured.In a few cases comparisonof physical-chemicalproperties
betweenisolated macromoleculesand the membrane-bound
in vivo system
is very suggestive. Yet the numbervalues given have to be seen in the
frameworkof the assumptionsunderlying the theoretical approaches.Most
intensive physical-chemicalinvestigations have been performedwith the
isolated and membrane-bound
acetylcholine receptor; attempts to recombine this regulatory protein with artificial lipid membrane
are just beginning. Therefore, the thermodynamic
and kinetic properties of this control
component
are discussed in detail.
This reviewis necessarily limited to those studies in whichphysicalchemical methods were applied. Wecover only those theoretical approaches operating with physical-chemical concepts relating to experimentalsystems.Thislimitation gives, therefore, a selective viewof the large
multidisciplinary field of excitable membrane
research. Themajor outcome
andinteresting perspectiveis, however,the recognitionthat the rapid and
transient permeability changesin excitable membranes
appear to reflect
special cases of a moregeneral dissipative control principle that is basedon
activator~receptorinteractions.
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ELECTROPHYSIOLOGICAL PROPERTIES
The electrical property particularly relevant for a mechanistic approach to
excitability is the electrical conductivity. This fundamentalquantity can be
derived from voltage-clamp (VC) experiments where electric current relaxation is measuredduring (and after) a stepwise changein the voltage across
excitable membranes(1, 2). In connection with pharmacological methods
(application of activators and inhibitors) this techniquehas yielded evidence
that excitability generally involves two dominant, apparently independent
ion flows (3-9). The two current contributions are associated with opposite
ion gradients across apparently distinct pathwaysselective for certain ion
types (9, 10). These selective pathways(ion-transport channels) are probably spatially separated and have different kinetic properties (3, 4, 8, 9).
There is a rapid componentusually carried by Na+ ions and a slower one
usually carried by K+ ions. Under depolarizing VCconditions the rapid
componentis intrinsically transient, increases first, and then decreases,
whereasthe slower contribution increases to a steady-state level (3-6). The
presence of Ca2+ ions appears to be essential for excitability (1, 2). 2+
ions interfere with Ca2+ action (11), suggesting that these ions do not just
participate in simple ion exchangethat influences the surface potential but
probably are also coupled to structural properties of the membranecomponents. The calculation of conductivity contribution g,. for an ion type i is
straightforward only when the ionic gradients do not change appreciably
during the VCexperiment. This condition may be met only for short
clamping times.
Time Constants

and Noise ~4nalysis

The VCtechnique is widely applied also to synaptic parts of excitable
membranes,and activators and inhibitors of the permeability control reactions have been used as diagnostic tools. If the perturbations introduced by
voltage changeand drug application are relatively small, the current relaxations can be described in terms of relaxation time constants. These fundamental experimental quantities in chemical systems are dependent on
environmental conditions of temperature, ionic composition, and ion concentrations (12). Furthermore, the time constants of axonal as well as
synaptic parts of excitable membranesdepend on the voltage across the
membrane(3-6, 13-17).
The analysis of fluctuation spectra of electric currents and voltage
changes in excitable membranes(channel noise) is in principle suited
derive average pathway parameters, e.g. the lifetime of an open pathway
configuration (18, 19). However,mechanistic interpretations and numbers
have to be seen in the frameworkof the specified assumptions made before
analysis of the rather complicated noise spectra resulting from several

Annual Reviews
www.annualreviews.org/aronline

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

120

NEUMANN& BERNHARDT

elementary processes. In a recent account, Neumckeconcludes that the
selective gating of K÷ ions mayinvolve transient binding of these ions to
the pathways (20).
The average lifetimes for the open configurations of synaptic pathways
controlled by acetylcholine (AcCh)in nicotinic receptor systems are about
1 msec (21, 22). Recent experiments by Stevens and co-workers show that
the time constants of the AcCh-inducedproductivity changes at neuromuscular receptor systems depend on the voltage across the postjunctional
membrane(13-17). The lifetimes of the open configurations induced
AcChbinding are in the range of 1-10 msec.

Gating Concept
The measured time constants for the rapid conductivity changes in excitability are in the msec time range and are associated with a temperature
coefficient of Ql0 ~" 2-3 (1). Time range and Ql0 together with the large
heat changes accompanyingthe action potential (23, 24) suggest that the
time course of the current relaxations cannot reflect simple electrodiffusion
(1) but is controlled by slower gating processes (3-6) in the ion pathways
of the membranephase (25, 26).
If the conductivity changes in excitable membranesreflect rate-limiting
processes of the permeability changes, the time constants of the conductivity changes are equal to the time constants of the permeability control
system.
Recently, the so-called asymmetrical displacement-current contributions
in squid giant axons (27) and at frog Ranvier nodes (28, 29) have
associated with intrinsic charge and dipole movementsof a gating subunit
in the higher-order structure of the rapid pathway. The interpretation of
data on squid giant axon, for instance, is consistent with the assumedcubic
dependenceof the Na+ conductivity contribution on specific subunits of the
Na+ gating system as proposed by Hodgkin & Huxley (3-6).
Due to lack of knowledge, mechanistic proposals for gating in axons are
usually chemically unspecific. The biochemical and analytical results on
excitable tissue of various origins led Naehmansohn
to propose a chemically
specific model(30, 31). This proposal, at that time necessarily only qualitative, is based on the activator-receptor concept that is nowwidely used for
synaptic control reactions. Nachmansohn
suggested the acetylcholine system as the general (dissipative) control device for the rapid regulation
transient ion flows in bioelectricity (30-33).
Without doubt, the gating in axonal and synaptic parts of excitable
membranesinvolves membraneproteins, and the rate-limiting processes for
the conductivity changes are potential-dependent. Besides these common
properties there are manyother similarities between axonal and synaptic
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parts (25, 31, 32). There are, however,also a large numberof electrical and
pharmacologicaldifferences. In particular, the failure of externally applied
tetrodotoxin to interfere with synaptic signal transmission and the failure
of externally applied a-bungarotoxin to interfere with nonsynaptic signal
conduction suggest differences. The differences by themselves are not surprising: there are obviously morphological differences in the environment
of the excitable membranesof synaptic and axonal parts, probably providing different diffusion barriers for activators and inhibitors of the permeability control systems. There are also action potentials, which are not blocked
by large doses of tetrodotoxin. At present, however, the modeof action of
the activators and inhibitors is unknown;none of the observed differences
is understood in molecular terms.
The phenomenologicaldifferences do not, therefore, necessarily indicate
differences in the control principle for the gating of passive iori flows.
Alternatively, different phenomenamay be produced by structural and
organizational variations of one and the same regulatory principle, or even
control system. In particular, the synaptic parts of excitable membranes
appear to be coupled to additional reactions modifying a basic control
apparatus according to special requirementsdevelopedat later stages of cell
differentiation and evolution. Manyso-called putative transmitters may
serve as modifiers of a general and unique control system (31). An integral
view of excitability operating with one control principle but allowing modifications by additional factors has been outlined in a recent programmatic
study (33). This alternative requires one general assumption, whereas the
view of different mechanisticprinciples for each class of different electrical
and pharmacological phenomenarequires a whole set of different assumptions.

GATING THEORIES
In a situation where only very little is knownabout the nature of the
observed phenomena, theoretical approaches are very useful as working
hypotheses. Modeltheories should cover the basic facts with a minimum
of complexity. Useful models must go beyond pure mathematical parametrization and operate with physical-chemical quantities that can, at least in
part, be measured with independent methods (34).

Cooperativity
Manyphenomenaof excitation appear to reflect cooperativity. This cooperativity can be an intrinsic property of the separated pathwaysor, alternatively, maybe caused by a cooperative coupling between the pathways. The
Hodgkin-Huxleyformalism of nerve excitation reflects intrinsic channel
cooperativity (3-6). Tasaki proposes macromolecularcooperative transi-
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tions coupled to ion exchanges in cooperative domain structures of the
membranes(2). The molecular theory of Adamoperates with cooperative
pathway coupling through phase changes in the membranes (35). The
lattice theory developed by Blumenthal, Changeux & Lefever is also an
approach with inherent cooperativity in coupled membranedomains gating
passive ion flows (36). In a recent theoretical analysis Hill &Chert stressed
that there is no experimental evidence for cooperative channel coupling,
and that cooperativity is more likely an intrinsic pathwayproperty (37, 38).
Cooperativity in dose-response curves does not necessarily reflect molecular
cooperativity in the activator-receptor interaction. In this context, a remark
of Magleby& Stevens (14) on the cooperative dose-depolarization response
curve published by Katz &Thesleff (39) is very instructive. If the depolarizations are recalculated to conductivity ratios, the conductivity-dose curve
shows no cooperativity (Hill coefficient of about 1). Thus, unless the
response parameter cannot be independently shown to reflect liganded
receptor in high permeability configurations, questions of molecular cooperativity in terms of ligand binding cannot be answered. Values given for the
cooperative numberof bound ligands for the elementary response must thus
be seen within the specific assumptions (sometimes physically unrealistic)
made to derive these values (16, 40, 41). Membrane-bound
receptors show
signs of cooperativity, but no molecular details can be deduced unequivocally (42, 43).
Theoretical
Models
The majority of theoretical models for possible excitation mechanismsare
conservative. Since, however, permeability control systems in biological
membranes,like all biological regulatory devices, probably operate far from
equilibrium, dissipative elements appear to be necessary for an adequate
physical-chemical description of gating. Furthermore, the large heat
changes accompanyingthe nerve impulse suggest dissipation of free energy,
realized by "consumptionof somesubstance." Thus, in particular the transient rapid conductivity componentusually carried by Na÷ ions and responsible for the "negative-resistance" feature (1) in excitable membranes
appears to be dissipatively gated by chemical means.
There is increasing evidence that two-state schemesusing one open and
one closed configuration for the gating systemare not sufficient to describe
newer VCdata (44-48). On the next higher level of complexity are threestate schemes. In a theoretical analysis, Jakobsson concluded that threestate models are not superior to the Hodgkin-Huxleyscheme, and that both
fail, even in the mathematicaldescription of newerelectrophysiological data
(48). It should, however,be recognizedthat this failure arises froma specific
ad hoc assumption appearing in connection with commonprocedures of
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analyzing VCdata. The schemes examinedby Jakobsson and other proposals (3-6, 44-50) are applied together with the assumption that the functional relationship between measured conductivity and intrinsic membrane
parameters is independent of membranepotential. If this restrictive assumptionis not made,there is at least one three-state modelthat accounts
for the newer VCresults (51).
The time constants and amplitudes of current relaxations at constant
voltage for this modelhave recently been directly determined using a new
and simple analytic technique. If this methodis applied, for example,to the
Na+-current component of axons, the functional relationship between
Na+ conductivity and the open configuration of the gating system is found
to be dependenton membrane
potential. It could be shownthat a dissipative
three-state modelis able to reproduce all details of newerVCdata including
the peak current ratio (h~) shift with test potential; no other modelhas
far been able to accommodatethe h~-shift.
CHEMICAL

GATING

PROCESSES

The acetylcholine receptor system represents the most intensively studied
gating systemfor ion flows in bioelectricity. For acetylcholine, the activator-receptor concept is clearly dissipative; the activator removalmechanism
is basedon one of the fastest enzymespresent in biological cells (30, 31, 52).
All mechanistic schemes proposed for the AcChinteraction with AcCh
receptor reflect the inherent assumptionof competition betweenthe acetylcholine esterase (AcChE)and receptor for AcCh(16, 30, 39, 43, 53).
view of recent kinetic data on isolated AcChreceptor and AcChE,this
assumption appears doubtful. It was found that the association rate eonstant for the binding of cationic ligands, like N-methylacridinium or
quinolinium derivatives, is extremely high, ~-109 M-1 sec-1 (54). On the
other hand, for similar experimental conditions the association rate con-1
stant of AcChbinding to isolated receptor proteins is only 3 X 107 M
sec-1 (55). So, binding of AcChto AcChEis about 100 times more rapid
than the association of AcChwith the AcChreceptor. Even if substrate
inhibition of the esterase is considered, the competitionhypothesis suggests
a very inefficient mechanismfor the use of AcCh.
If, on the other hand, the reaction spaces for both proteins are spatially
separated, a sequential processing of AcChcan occur (25, 54). The reaction
space for the association of AcChwith the receptor maybe the membrane
phase, whereas the hydrolytic removal may be extramembraneous. In this
hypothesis, the conformational transition of the receptor would not only
cause the permeability change but would also translocate AcChto the
reaction space where AcChEhydrolyzes AcCh. Thus the permeability

Annual Reviews
www.annualreviews.org/aronline

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

124

NEUMANN & BERNHARDT

increase is coupled to the flow of AcChthrough the receptor to the esterase
(25, 31).
Control concepts for activators like AcChexpress conductivity increase
in terms of AcChboundto the high permeability configuration of receptors.
However,the binding step as such cannot be reflected in the conductivity
change because inhibitors bind too. Thus, someother process coupled to the
binding step must participate. The measured time constant of the conductivity change is then necessarily a normal-modetime constant of a coupled
reaction system (12). Now, depending on the coupling mechanismand the
"concentrations" of the reaction partners, the normal-modetime constant
may or may not be dependent on concentration. Thus the elucidation of
mechanistic details requires the measurementof concentration dependencies. There may, however, be experimental conditions where the measured
time constant has dominantcontributions from only one reaction step. Such
a situation maybe reflected in the data of Stevens (16), whofound opposite
potential dependencies for the effectiveness of neurally evoked and externally applied AcCh,respectively.
According to the AcChflow scheme (Figure 1), nerve stimulation will
increase the AcChconcentration At in space 1 and drive the cycle along
the dominant reaction path AR~ AR’. The closure process represented by
the transition R’-~ R will be independent of AcChconcentration, if the
concentration of AcCh,A(2), in reaction space 2 is kept low by esterase
activity. Thus nerve stimulation drives the AcChcycle clockwise. On the
other hand, if external application of AcChincreases A(2), the opening
process is dominantly induced by the reaction A(2)+R’-~AR’;i.e. the AcCh
cycle is initially traversed counterclockwise.In this way, opposite potential
dependencies would be based on the respective dominance of opposite
pathways. If, in addition, receptor contributions to pharmacological desensitization have to be incorporated, a third receptor state R" has to be
considered (Figure 1). The AcChflow schemeis physically consistent with
the basic observations. It takes into account the "apparent inefficiency" of
AcChbinding to (isolated) receptor protein compared with AcChE.The
measuredassociation rate constant for the AcChbinding to isolated receptor from Torpedocalifornica (3 X 107 -1 sec-1) i s very c lose t o t he value
of 107 M-~ sec -1, derived by Sheridan & Lester from the concentration
dependence of the time constants measured at 3 mMBa2+ in voltageclampedelectroplax of Electrophorus electricus (17). The relatively low
value thus appears not to be a special property of isolated receptors in
solution. The kinetic data support the assumption that, as far as AcCh
effects are concerned,the isolated receptor protein retains functional integrity when separated from the natural membraneenvironment.
Anactivator-receptor cycle like that in Figure 1 has been used to quantitatively describe VCdata of axons (51).
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Figure 1 Reactionschemefor the in vivo translocation of acetylcholine (AcCh)
throughthe cholinergic receptor system. A(1), AcChin reaction space 1 separated
fromthe acetylcholine esterase (AcChE);A~2), AcChin reaction space 2 accessible to AcChE;R and AR, "nonconducting" states; R’ and AR’, high-permeability configurationsof AcChreceptor. Neuralinput drives the cycle along the
path R ~ AR~ AR’; external application of AcChpopulates AR’ also via
A(2) -k R’ --~ AR’.
The overall cyclic nature of a permeability control by AcChin excitable
membranesis already indicated in a reaction proposal developed 25 years
ago (30). The present version of the acetylcholine cycle is shownin Figure
2, which displays the complexity of mutual coupling between the various
cycles directly or indirectly involved in rapid electrochemical permeability
control.

THE ACETYLCHOLINERECEPTORSYSTEM
A significant advance toward a more direct understanding of the molecular
nature of the AcChreceptor system was made in recent years. It became
possible to investigate membrane-bound
and isolated receptor molecules by
biochemical and physical-chemical means (56-60).
Studies with receptor-rich membranefragments have provided information at an intermediate level of complexity betweenthe in vivo system and
the isolated receptor material. On the one hand, the kinetic analysis of
tracer (22Na, 4°K) etilux measurements(61-64) appears to be a good alternative means of investigating ion conductance changes induced by activators. This technique has further allowed a more refined way of determining
classical pharmacological parameters. On the other hand, the study of the
binding properties of radioactively labelled or fluorescent ligands, in conjunction with the similar studies performedwith the isolated receptor, has
yielded valuable correlative information about the respective mechanisms
of action (65-68).
The methodologicalaspects of the procedures to isolate receptor proteins
have been reviewed in several recent articles (68-73). Here we focus
examining the significance of the physical parameters that have been measured on the receptor material in various stages of preparation.
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Figure 2 Acetylcholine (AcCh)cycle of the dissipative chemical control of stationary membranepotentials, A~, and transient potential changes (and ionic crossmembranecurrents). The AcChcontrol cycle for the (rapidly operating) gateway
O (Ca2+ binding and closed) and O’ (the open permeative configuration) consists
of the AcChreceptor system (R), the AcChesterase (E), the choline-O-acetyltransferase (ChT), and a (hypothetical) AcChstorage (S) system. The continuous
flux of AcChthrough a R-E-ChT-Scontrol "subunit" is maintained by ChT[coupled to the choline (Ch+) uptake system], and by the practically irreversible hydrolytic removal of AcChion, A+, from the reaction space (~)by
The opening-closing process O ~ G’ is controlled by the overall receptor reaction
R(Ca2+), + + ~(A+) R’+ n Ca2+, wit h n < ~ 2-3 . R i s the low, and R’ th e
high, conductivity configuration of the receptor. R" accounts for pharmacological
desensitization. In the resting steady state, the membranepotential (A@r)reflects
dynamicbalance between the active transport (including AcCh-synthesis systems)
and the flux of AeChthrough the control cycles surrounding the gateway. Fluctuations in membranepotentials and ionic currents are amplified by fluctuations in the
local AcChconcentrations. The AeChcontrol cycle is probably coupled to tlae
electric field of the membraneby the receptor system. The encircled numbersrefer
to different microreaction spaces for the processing of AcCh.This picture summarizes the present knowledgeand is a modified version of a former scheme[Neumann
& Nachmansohn(25, 32)].
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So far the main sources for the extraction of the receptor material have
been homogenatesof the electric organ of E. electricus and Torpedospecies.
Althoughother receptor-rich preparations have been investigated (74-78),
the following discussion is limited to the AcCh-receptorsystem of Electrophorus and Torpedo, which have been studied more intensively. This receptor appears to be an integral membraneprotein (79). Detergent solutions
are required to isolate it from its membraneenvironment and to keep the
protein in solution. Theessential step of virtually all purification procedures
presently used is the passage of a crude detergent extract through a suitably
labelled afffinity-chromatography column. The affinity-labelling compounds
used have either been a-neurotoxins or substances containing a quaternary
ammonium group.
Certain bulk physical-chemical properties of the receptor material have
been determined. Someof the measured values reflect that the intrinsic
properties of the isolated material vary accordingto the physiological origin
of the preparation (see Table 1). However,the aminoacid composition
Electrophorus and Torpedoreceptors does not differ greatly from that of
other membrane-associatedproteins (e.g. AcChE)(71, 72, 80). The isolated
material could be identified as a glycoprotein (63, 72). The isoelectric point
of various receptor preparations is in the range of 4.5 to 4.8 (81, 85),
indicating an effective negative charge at physiological pH values. It is
significant that the isolated receptor contains free SHgroups (84, 86), which
appear to decrease uponstorage. In the case of T. californica receptors, at
least 2 SHgroups per AcCh-bindingsite were found (84).
The multiplicity of the values, particularly for AcChequilibrium binding
constants and molecularweights, has led to a series of investigations particularly concerned with the possible modifications of the receptor protein
during extraction and purification.
Heterogeneity of Receptor Properties
Several measuredproperties of the receptor at various stages of preparation
and isolation have led to speculations about its functional role. The ability
Table1 Summary
of data on acetylcholinereceptors
Species

Bandsin SDS-gel
electrophoresi~

Molecularweight

Reference

Electrophorus

43,000; 48,000
45,000; 54,000

-230,000 -+ 15,000

72
124

T. californica

40,000; 50,000; 65,000
--

-330,000; 660,000

68
97

T. marmorata

45,000; 50,000
--

-330,000; 1,300,000

70
97
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to bind AcChand other cholinergic activators has been used to characterize
the physical-chemicalstate of the protein, and changesin binding have been
associated with eonformational changes that may occur during receptor
functioning. Furthermore, the relative position of componentsin the sedimentation profile of diverse receptor preparations has led to speculations
about the aggregation properties of receptor units and the role of possible
macroassociations of receptors necessary for excitability. The diversity in
ligand-binding parameters and colligative properties has been attributed to
a numberof factors, such as the constraints present in the membraneand
the modifyingeffect of the solvent in solubilized and purified preparations.
As the values in Table 2 reflect, equilibrium binding measurementsindicate that the Torpedo membrane-boundreceptor binds AcChwith a single
high-affinity constant correspondingto an equilibrium dissociation constant
K "" 10 nM, whereassolubilization and purification are associated with the
appearance of low-affinity binding sites, K "" 1 ~M.
O’Brien&Gibson(87, 88) have proposed that the low-affinity form is the
result of a denaturation of the high-affinity form, which is suggested to be
the physiologically significant state of the receptor. They found that the
membrane-bound
receptor in fresh particulate fractions of T. californica
eleetroplax tissue is relatively insensitive to heat treatment. In contrast, in
the case of detergent extracts and purified receptor material, heating, aging,
or treatment with certain SH-groupoxidizing agents leads to a predominantly low-affinity form. This irreversible conversion was suggested to involve the oxidation of SHgroups.
On the other hand, Sugiyama & Changeux (89) have reported that the
different binding forms are interconvertible. They found that dissolution of
receptor-rich fragments of Torpedo marmoratain cholate detergent led to
the appearance of medium-affinity (K ~- 0.1 /xM) and low-affinity AcChbinding sites. These forms were still present uponan exchangeof detergents.
The dilution of the detergent solution was accompaniedby a partial recovery of the high-affinity binding sites. These results led Sugiyama& Changeux to conclude that an intrinsic heterogeneity of the structure of the
receptor protein underlies the different binding forms, rather than detergent-receptor interactions.
Since upon aging and purification of the receptor preparation no significant recoveryof high-affinity sites could be broughtabout (89), it is possible
that the low-affinity form observed by O’Brien & Gibson results from a
relatively severe treatment, and that the presumedinterconvertible forms
of Sugiyama & Changeux are present under milder conditions.
Several authors have discussed the difference between the thermodynamic dissociation constants (K) measured in binding studies for various
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T. marmorata

Material
membrane

T. marmorata

homogenate

T. marmorata

solubilized (crude)

T. marrnorata
T. marmorata

solubilized (crude)
solubilized (crude)
(1% Triton)
solubilized (crude)
(4% Lubrol)

T. marmorata

T. marmorata
T. marmorata
T. marmorata
T. marraorata
T. marmorata
T. marmorata &
T. californica
T. californica
T. californica
T. californica
T. californica
Electrophorus

solubilized (crude)
1% Na-cholate
solubilized (crude)
2% Emulphogen
solubilized (crude)
5% Triton
solubilized (crude)
0.2-0.03% Triton
purified
purified
membrane(fresh)
solubilized (crude)
1% Triton
purified
purified
purified

of acetylcholine
K (M)
-8
1 × 10
-9
8×
-8
6.8
-9
1.4
-8
2.2
-8
2×
-8
1.1
-7
5.6
-9
4.2
-7
3.3

BIOMEMBRANES
receptor
Binding site

Reference

--

113

nmole/g tissue ,
0.1
0.83
0.2
0.45
0.5
0.04
0.2
0.087
0.15

10
X 10
X 10
x 10
10
× 10
× 10
× 10
× 10

129

80
~

81
84
100

-7
1.7 × 10
-6
2 × 10

%of toxin site
40
60

-a
1.4 × 10
-8
1 × 10
-7
3 × 10

110
57
43

-8
3 X 10
-8
3 × 10
-6
2 × 10
-8
2 × 10
-6
2 × 10
-~
1.4 × 10
-8
1.7 × 10

103
6.8
107
34.6
65.4
---

84, 85

-6
2.3 × 10
-6
5 × 10
-8
6 × 10

42
52
46

83
67
72

receptor preparations
and the half-response
electrophysiological
or in vitro tracer-efflux

89

87

constants inferred from in vivo
binding studies. Since the half-

response constant
is generally
in the range of the K-values for the lowaffinity
form, it has been proposed that the high-affinity
form observed in
binding studies with membrane fragments is not associated
with the physiologically
active state of the receptor (66, 43). In accordance with models
proposed to explain pharmacological
desensitization
(39,90) Cohen et
(66) suggested that, in addition to a "resting"
and an "active"
state,
the
receptor can also exist in a "desensitized"
form, which would have a high
affinity for activators.
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Weberet al (91) have produced evidence in support of this hypothesis.
They found that the exposure of T. marmorata receptor-rich membrane
fragments to activators leads slowly (minute time range) and reversibly
a 5- to 20-fold increase in affinity for activators. This property is lost after
aging of the preparations.
Popot et al (92) have reported that preincubation of T. marmorata
fragments with carbamylcholine causes a subsequent decrease of the amplitude of the response to the same activator as measured by 22Na etitux.
Recently (3riJnhagen & Changeux(93) have used a fluorescent ligand,
local anesthetic analog quinacrine, to investigate conformational changes of
the membrane-boundTorpedo receptor. They interpreted their results
within the frameworkof the model of Katz & Thesleff (39). A kinetically
unresolvedrapid initial increase in fluorescence intensity uponthe addition
of an activator is suggested to represent the activation of the receptorionophore complex, while a subsequent slow decrease (second time range)
is thought to correspondto the generation of a desensitized state, exhibiting
a high affinity for activators.
Michaelsonet al (94) have reported the presence of intereonvertible highand low-affinity binding forms in T. californica membranefragments. They
suggested that the high-affinity form maycorrespondto a desensitized state,
and that conditions used for the preparation of membranesprior to affinity
chromatographyin the isolation procedure could result in material largely
converted to that form irreversibly.
It appears, therefore, that activators induce a slow modification of the
membrane-bound
receptor, which leads to a decrease of the electrophysiological response, and an increase in the affinity for activators. A corresponding effect has not been observed with solubilized or purified receptor
preparations (66). Thesefindings mayhave the implication that only studies
with membrane-boundreceptors will yield reliable information about the
functional properties of the physiologically active form of the receptor [see,
however,(17, 55)]. Furthermore, since several coupled kinetic steps appear
to be involved, equilibrium dialysis studies on conformational equilibria
yield only overall dissociation constants, which represent the ratio between
free ligand and total boundligand.
It should be noted that while the studies cited above have dealt exclusively with Torpedomaterial, relatively little has been reported concerning
desensitization in other preparations. Hess et al (95) have reported that
desensitization is not observed in efflux studies involving Electrophorus
membrane fragments.
Analternative but formally similar explanation of the difference between
the half-response constants and thermodynamicdissociation constants was
offered by O’Brien & Gibson (88). Noting that at sufficiently low AcCh
concentrations positive cooperativity is observed in equilibrium binding
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studies, they proposed that the presence of two binding forms, of which only
one is physiologically active, could account for the observeddata within the
framework of the Monod-Wyman-Changeux
model (96).
A multiplicity of results has also been reported for the determination of
the molecular weight of various receptor preparations (see Table 1). Chang
(86) found that the relative numberof componentswith a molecular weight
higher than the mainspecies observed in gel electrophoresis and gel exclusion chromatographyincrease during storage of the purified Electrophorus
receptor, and proposed that an irreversible aggregation of the major component was caused by an oxidation process leading to the formation of intermolecular disulfide linkages. Edelstein et al (97) found that aside from
330,000-dalton unit, T. marmoratapreparations contain a 1,300,000-dalton
unit, and T. californica preparations a 660,000-dalton unit. They also suggest that the heavier components may result from SH-group oxidation
during storage. In this connectionit is noteworthythat commerciallyavailable detergents often contain oxidizing agents as contaminants or bleaching
materials that might promotethe aggregation of solubilized receptor (98).
O’Brienand co-workers (88, 99) investigated the sedimentation profile
solubilized and purified Torpedoreceptor preparations. Their results for
T. californica protein indicate that a low-molecular-weight(L) form and
relatively heavier form (H) figure prominently. Heating had no effect on the
L form but halved the peak for H, and led to the appearance of a heavy
oligomer (HH). Similarly at high pH, the L peak was left unaltered but the
H peak was again decreased, and a low-molecular-weight component (LL)
was formed. Both H and L peaks were found to be stable at neutral pH.
The authors proposed a tentative assignment of molecular weights, where
the LLform is suggested to be a minimalbinding unit (89,000 daltons), and
the H form was identified as a dimer of the L form and a hexamer of the
LL form. The HHform was interpreted to be a detergent artifact. The H
form is considered a likely candidate for the physiologically active unit.
It appears that our present knowledgeof the physical state of the receptor
macromolecules in various preparations is marred by the possibility of
artifacts associated with the presence of detergent, oxidizing contaminants
in the detergent, and the absence of membraneconstraints required to
maintain a physiologically active configuration. Muchcareful work will be
required to assure that the evidently quite labile protein is obtained in a
functionally intact form, so that physiologically more relevant physicalchemical studies can be carried out.
Ligand Binding and Receptor Functioning
As was discussed above, in vivo investigations haverevealed that a relatively
complex chain of processes is involved that leads to the conductance
changes induced by the binding of activators. Desensitization, cooperative
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effects, the "control" propertiesof Ca2+ ions, the influenceof the membrane
potential, andthe selectivity in the transfer of ions shouldall be accounted
for in a full description of receptor functioning. Althoughat present our
knowledge
is still very incomplete,ligand-bindingstudies, and studies involvingthe chemicalmodificationof the receptor, haveyielded someinformationabout the nature and disposition of receptor groupsthat take part
in the molecularevents underlying permeability changes.
Pharmacologicalinvestigations have shownthat the AcChreceptors of
eel and Torpedoelectric organs haveligand-bindingproperties typical of
nicotinic cholinergic receptors (82, 100, 101). There have been several
attemptsto deducethe nature of the nicotinic agonist-bindingregion (102105). Thesite complementary
to most monoquaternary
nitrogen activators
presumablycontains an anionic moiety corresponding to the quaternary
nitrogen groups,and a spatially restricted region capableof accommodating
a relatively flat group,suchas an aromaticring or a carbonylsegment(106).
Furthermore,it is probable that there is a proton donor group at the
receptor complementaryto the AcChcarbonyl oxygen(107).
Little is knownabout the intramolecularprocessesin the receptor that
are connectedwith activator binding. However,since the tetramethylammonium
ion itself is an activating ligand (108), an interaction involvingthe
anionic binding site appears to be of fundamentalimportance. Whether
further interactions with the nonquaternaryportion of activators serve to
promoteconformationaltransitions triggered by binding, or whetherthey
merelyprolongthe lifetime of the activator-receptor complex,remainsto
be determined.
Karlin et al have studied changesin receptor properties brought about
by selected chemicalmodifications.Theyfoundthat the reductionof at least
one disulfide bondin the Electrophoruselectroplax receptor leads to a
changein the pharmacologicalspecificity. The in vivo response to monoquaternaryactivators is decreased(109), andthe responseto bisquaternary
agents is increased (108). Studies involving the covalent attachment
affinity-labelling compounds
(108, 110) to the reducedreceptor haveled
conclusionsabout the spatial position of the labile disulfide bondrelative
to the anionicbindingsite. It has beensuggestedthat the receptor-activator
binding compartment
in the active state is in a "shortened"conformation
comparedto that in the inactive state (111).
Anumberof investigations have revealed the existence of apparently
distinct bindingsites for several other low-molecular-weight
ligands. Pharmacologicalstudies indicate that local anesthetics such as procaine and
tetracaine bind at a site that interacts noncompetitively
with the monoquaternary activator-bindingsite (112-114).Cohenet al studied the effect
various local anesthetics on the bindingof AcChand the fluorescent ligand
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dansylcholine to the membrane-boundTorpedo receptor (66). They found
that these agents increase the affinity of the receptor for both cholinergic
activators and inhibitors at about the sameconcentrations at whichthey are
physiologically active.
Investigations of the competition of mono-and bisquaternary agents with
the binding of the fluorescent ligand bis-(3-aminopyridinum) 1,10-decane
diiodide to the purified T. californica receptor led Raftery et al (68) to
model for ligand binding that encompassestwo anioniesites. Monoquaternary activators are thought to bind to one of the two subsites, while the
other would preferentially complex inorganic ions. Bisquaternary agents
are considered to be bound to both moieties and to interact competitively
with the binding of monoquaternaryagents at one site.and with the binding
of cations at the other. It should be noted, however, that the apparent
binding properties of charged ligands are intrinsically dependent on the
ionic strength of the solution. Changesin the apparent binding constants
caused by direct competition with inorganic cations maytherefore not be
a necessary assumption.
It is not knownhowthe auxiliary binding sites of the receptor systemfor
bisquaternary compoundsor local anesthetics are involved in the in vivo
receptor functionings.
There have been several investigations of the binding of divalent cations
to the receptor purified from Torpedo electric organs (25, 68, 115-117).
Eldefrawi et al found that large amountsof calcium ions are bound to the
receptor (115). Theyreported that 2+ can block the bi nding of[3H]acetylcholine, and deduced an apparent dissociation constant of 7 X 10-3 Mfor
this cation. Riibsamenet al (117) studied the fluorescence enhancementthat
accompaniesthe binding of terbium ions to the receptor. Assuminga direct
competition between Ca2+ and Tb 3+ ions, they obtained an apparent dissociation constant of 1.1 _ 0.1 mMfor Caz+. Their results further indicate
that Tb3+ ions, boundto sites that interact with Ca2+ ions, are displaced
by activators, but not by inhibitors.
Riibsamenet al (118) have also proposed that the terbium-binding sites
of the receptor are associated with the same polypeptide chain as the
binding site for activators. However, it may be questioned whether the
binding sites they report for receptor fragments under denaturing conditions (SDStreatment) are to be identified with sites present in the intact
material.
Chang & Neumann(25, 55, 116) studied the calcium-binding properties
of Electrophorus and Torpedo receptors by a number of methods. In the
case of Torpedocalifornica receptors there are at least three types of binding
sites with apparent dissociation constants ranging from mMto </.tM. The
results indicate that at least one of these sites is competitively affected by
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the binding ofAcCh(Kc~ = 3 X 10-3 M). In agreement with the dependence
of the apparent AcChdissociation constant on Ca2+ concentration, it was
found that AcChbinding leads to a release of Ca2+ ions from the receptor.
On the other hand, a-bungarotoxin causes an uptake of Ca2+ ions. It thus
appears that neural activators and inhibitors have opposing effects on the
Ca2+ binding of receptors (116).
In contrast to these findings for the purified receptor, Cohenet al (66)
reported that receptor-rich Torpedo membranefragments show increased
affinity for cholinergic ligands in the presence of Ca2+. This effect, which
was not observed with detergent-solubilized Ol~ purified preparations (66),
was suggested to be related to the increase in desensitization brought about
by Ca2+ ions in electrophysiological studies in vivo (43, 66).
These findings indicate that the functionally significant ligand interactions with the intact receptor units are relatively complex. There is at
present little information about the detailed molecularevents that are elicited or controlled by the binding of Ca2+ ions. Accordingto specific proposals (31-33) the binding of AcChwas suggested to lead to a release
Ca2+ ions that is concomitant with a change in structure and organization
of the gateway controlling the permeability to passive ion fluxes. Indeed,
recent kinetic results showthat the Ca2+-receptor interactions involve at
least three conformationalstates and that there is at least one intramolecular (conformational) change in the isolated receptor upon AcChbinding
(55). Thus the receptor activation wouldbe inhibited by 2+ io ns, whereas
the process observedby Cohenet al, attributed to physiological desensitization, is favored by Ca2+ ions (39, 66).
At present little is knownabout a possible coupling of receptor sites to
the membranepotential. However, the voltage dependence of conductance
changes implies that such a coupling exists. This coupling could involve
orientations of poly-ionic regions or dipoles of the receptor, in the transmembraneelectrical field, or it maybe indirectly connected with the counterion atmosphereassociated with fixed charges, or the binding equilibrium
itself maybe dependenton the electrical field.

Structural Organization and Functional Role
of Receptor Subunits
Since the intact receptor-ion translocation system must ultimately include
a membrane-partitioned structure across which ionic gradients are maintained, certain functional properties of the native control systemwill necessarily not be measurable on the isolated receptor material. This absence of
intrinsic properties clearly limits the possibility of examiningthe degree to
which the isolation procedure modifies the receptor unit. Although the
presence of a componentresponsible for the recognition of characteristic
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ligands is virtually assured, since ligand binding can be used to register the
success of the extraction procedure, componentsassociated with the iontranslocation process mayhave been lost or modified. Obviouslythe reconstitution of the isolated materials in a membrane
is required to investigate
the full spectrum of functional properties observed in the in vivo system.
The investigation of receptor material using gel electrophoresis under
denaturing conditions has indicated the presence of several possible subunits (see Table 1) in which a 40,000-dalton unit and a slightly heavier unit
of 54,000 daltons figure prominently.
The structural organization of isolated receptor and of receptors in membranes has been studied by a number of techniques. Electron micrographs
of purified Electrophorus (72) and Torpedo (71) receptors indicate the
presence of ring-like particles, 8-9 nmin diameter, which appear to consist
of 5-6 subunits surrounding an electron-dense core. Freeze-etching (119,
120) and negative-staining (121) electron micrographs, as well as X-ray
diffraction studies (122, 123) of receptor-rich Torpedomembranes,reveal
a closely packed, regular array of particles, with a diameter of approximately 8 nm.
These findings have stimulated the proposals of specific modelsfor the
organization of receptor subunits in membranes.Huclao & Changeux(124)
have suggested that three possibly identical subunits maybe involved in the
binding of cholinergic ligands, while other different subunits coupled to
these maybe involved in ion-transport processes. Raftery et al (123) have
proposed a modelencompassingthree pairs of subunits organized in layers,
which would have an inherent structural asymmetry.
The presence of a unit associated with the transport of ions (ionophore)
in isolated preparations, which is functionally coupled to the activatorbinding region of the receptor, is strongly indicated by reconstitution experiments utilizing receptor-rich membrane fragments. Hazelbauer &
Changeux(125) were able to showthat solubilization of microsacs in cholate, and subsequent reconstitution in a membrane
of crude lipids extracted
from the native membranes,does not entail a loss of agonist-induced cation
permeability properties. Michaelson&Raftery (94, 126) incorporated purified receptor material into vesicles madefrom extracted Torpedolipids.
Theywere able to showthat these structures were in several cases excitable
by acetylcholine and carbamylcholine.
Attempts to incorporate receptor material in black lipid films have been
reported by several laboratories (127-131). It appears that the technique
very susceptible to artifacts. Experience has shownthat minute amountsof
bacteria, organic impurities, and dust particles can cause major electrical
artifacts. The quantities that have been determinedare the rate of conductance increase and miniature conductance changes.
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AN INTEGRAL VIEW OF RECEPTOR-MEDIATED
ELECTRICAL CHANGES
Receptor-activator interactions control the production of a physiological
response in numerous systems. A commonfeature of receptor-mediated
processes is that the binding of a specific ligand ~,o the receptor leads to the
activation of a further functional component,the effector.
Cuatrecasas and co-workers (132-135) have proposed the mobile receptor model as a mechanistic scheme whereby hormone receptor occupancy
generates biological signals. Hormonereceptors and effectors are thought
to diffuse independently within the plane of the membrane.The receptor
mayassociate reversibly with the effector to regulate its activity. The affinity
of the hormone-receptorcomplexfor effector is suggested to be greater than
the affinity of the unoccupiedreceptor for the effector.
A general scheme for signal-transmitting processes has recently been
proposed by Strange & Koshland (136). Receptors are designed to bind
specific ligands with high affinity, to ensure sensitivity at lowconcentrations
of ligand. Either the receptor maybe structurally closely connectedwith the
effector part, or it mayassociate with the effector systemonly after activator
binding. In a complexsystem comprising several receptor macromolecules,
each receptor mayinteract with a different effector ("parallel pathway"),
or receptors maycompetefor an effector ("focused pathway"). In excitable
membranesreceptors are functionally coupled with effector units, controlling the membranepermeability to ions. The effector need not be a molecular entity separate from the receptor macromolecule,but it must comprise
a functional componentassuring a lower activation barrier for transmembrane ion transfer than that of the remaining membranephase.
The electrical responses induced by neural activators at synapses and
neuromuscular junctions may be classified according to their time course
and the nature of the electrical polarization generated. Thus, at mammalian
ganglionic synapses a fast excitatory postsynaptic potential (f-e.p.s.p.),
slow excitatory postsynaptic potential (s-e.p.s.p.), and a slow inhibitory
postsynaptic potential (s-i.p.s.p.) have been discerned. The f.-e.p.s.p, occurs
within milliseconds, and is elicited by the interaction of AcChwith nicotinic
cholinergic receptors. The s-e.p.s.p, is due to the AcCh-inducedactivation
of muscarinic cholinergic receptor systems and has a minimumlatency of
"-100 msec and a duration of 0.5 sec or longer (137-139). The s-i.p.s.p,
elicited by dopamine. Evidence is accumulating that the dopaminergic response is mediated by the production of cyclic AMP,by an adenylate cylase
coupled to the dopaminereceptor (140-144). It has been proposed that the
physiological response is ultimately produced by the phosphorylation of a
membraneprotein through the agency of protein kinases (144). Similarly
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there is evidence that the muscarinic response is mediated by cyclic GMP
(142, 143, 145, 146) and that muscarinic cholinergic receptors are coupled
to a guanylate ¢yclase.
Purves (147) has proposed that muscarinic receptors are specialized
allow efficient temporal summationof potential changes. Onthe other hand,
the rapid responses controlled by nicotinic receptors are less suited for
mutual summation. They operate with a shorter latency and a correspondingly greater temporal precision. It appears that systems involving produc.tion of a cyclic-nucleotide-mediated response maygenerally be associated
with a relatively slow rate of onset. Their functional role in connectionwith
nicotinic action is to "regulate" the potential across the synaptic membrane,
and thereby to modulate nicotinic cholinergic processes.
The investigation of the cholinergic receptors of fish electric organs has
not led to unequivocalevidence that the ion-translocation (effector) component is a part of the receptor macromolecule,although reconstitution studies with microsacs suggest this alternative. The rapid response of the
nicotinic systemto activators wouldtherefore be attributable to the direct
functional association of the activator-receptive unit with the effector component.
Another factor that maybe connected with the special role of the nicotinic systemis the relative lack of specificity of activator-nicotinic receptor
interactions. Pharmacologicalstudies indicate that the muscarinic activator-binding site is spatially muchmore restricted than the corresponding
nicotinic site. The degree to which modifications of the chemical structure
of the muscarinic activator affect pharmacological activity is correspondingly greater (107, 148). In the case of activators of the fl-adrenergic receptors it appears that a certain portion of the activator functional groups are
connected with the affinity of these agents, while another portion primarily
determines the response-producing capacity (149).
The lack of this type of specificity at nicotinic activator sites may"be
connected with the kinetic steps required to produce a rapid response, e.g.
rapid access to and departure from the binding region for activators.
Jencks (150) has recently discussed at length howthe intrinsic binding
energy that results from the noncovalentinteraction of a specific substrate
with the active site of an enzymemaybe utilized to provide the driving force
for the catalytic modification of the substrate molecule. In the case of
receptor-activator interactions, the situation is somewhatreversed. The
activator molecule A has the "catalytic" function of reducing the activation barrier for a transition to an altered form R’ of the receptor molecule R. The intrinsic binding energy of the activator is therefore utilized
to promote the population of a specific receptor form AR’. This process
may predominantly occur either by means of an induced change via
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A + R ~ AR ~ AR’ (upper pathway), or by means of a shift in the
equilibrium involving the less populated form of the receptor R’ (lower
pathway) via A + (R’ ~ R) ~ AR’:
A+R~;

AR
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A + R’ ~ AR’
Sucha cyclic kinetic schemeadequately expresses essential features of the
activation phase of activator-receptor interactions. In addition, a mechanism responsible for the removal of activator from the reaction compartment contributes to the overall dissipative nature of these processes.
Although many hormone-receptor complexes are associated with a relatively long period of action, rapid removal of activator by a degradative
protein such as AcChE,or by reuptake of activator, occurs in synaptic
control processes. The same general activator-receptor mechanismcan be
used to describe quantitatively the rapid transient permeability changes in
nonsynaptic (axonal) parts of excitable membranes.Such a regulatory principle, entailing fast dissipative changes, appears to be a distinguishing feature of electrical-chemical excitability. The functional significance of this
special case of activator-receptor interaction is presumablyto ensure fast
repetitive responses of the receptor system in excitable membranes,by the
rapid regeneration of active receptive units.
DEDICATION

AND ACKNOWLEDGMENTS

This review is dedicated to David Nachmansohn,a pioneer in the biochemistry of excitable membranes.
Wethank Dr. Hai WonChang for helpful discussions and for supplying
data prior to publication. The technical help of Mr. H. Great is gratefully
acknowledged.
Literature Cited
1. Cole, K. S. 1968. Membranes,Ions, and
Impulsex Berkeley, Calif: Univ. Calif.
Press. 569 pp.
2. Tasaki, I. 1968. Nerve Excitation.
Springfield, Ill: Thomas.201 pp.
3. Hodgkin, A. L., Huxley, A. F. 1952. J.
Physiol. 116:449-72
4. Hodgkin, A. L., Huxley, A. F. 1952. J.
Physiol. 116:473-496
5. Hodgkin, A. L., Huxley, A. F. 1952. Z
Physiol. 117:500-544
6. Hodgkin, A. L., Huxley, A. F. 1952. J.
Physiol. 116:497-506
7. Kao, C. Y. 1966. Pharmacol. Rev.
18:997-1049

8. Evans, M. H. 1972. Int. Rev. Neurobiol.
15:83-166
9. Armstrong, C. M., Bezanilla, F., Rojas,
E. 1973. J. Gen. Physiol. 62:375-391
10. Hille, B. 1975. In Membranes, ed.
G. Eisenman, 3:255-323. New York:
Dekker
11. Katz, B. 1969. The Release of Neural
Transmitter Substances. Liverpool:
Liverpool Univ. Press. 55 pp.
12. Eigen, M., DeMaeyer,L. 1963. In Technique of Organic Chemistry, ed. S. L.
Friess, E. S. Lewis, A. Weissberger,
8(2):895-1054. New York: Academic

Annual Reviews
www.annualreviews.org/aronline

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

PHYSICAL

CHEMISTRY

OF EXCITABLE

13. Korda~, M. 1969. J. Physiol. 204:493502
14. Magleby,K. L., Stevens, C. F. 1972. J.
PhysioL 223:173-97
15. Neher, E., Sakmann, B. 1975. Proc.
Natl. Acad. Sci. USA 72:2140-44
16. Stevens, C. F. 1975. Cold Spring Harbor
Syrup. Quant. Biol. 40:169-73
17. Sheridan, R. E., Lester, H. A. 1975.
Proc. Natl. Acad. Sci. USA 72:34963500
18. Conti, F., Wanke,E. 1975. Q. Rev. Biophysics 8:451-506
19. Chen, Y., Hill, T. L. 1973. Biophys. Z
13:1276-95
20. Neumcke, B. 1975. Biophys. Struct.
Mech. 1:295-309
21. Katz, B., Miledi, R. 1973. J. Physiol.
230:707-17
22. Katz, B., Miledi, R. 1973. J. Physiol.
231:549-74
23. Abbott, B. C., Hill, A. V., Howarth,J.
V. 1958. Proc. R. Soc., London Set. B
148:149-87
24. Howarth, J. V. 1975. Philos. Trans. R.
Soc. London Set. B 270:425-29
25. Neumann,E. 1974. In Biochemistry of
Sensory Functions, ed. L. Jaenicke, pp.
465-514. Berlin, Heidelberg, New
York: Springer. 641 pp.
26. Ncumann,E. 1975. Philos. Trans. R.
Soc. London Ser. B 270:429-31
27. Rojas, E. 1975. CoMSpring Harbor
Symp. Quant. Biol. 40:305-20
28. Nonner, W., Rojas, E., S~mpfli, R.
1975. Pfliigers Arch. 354:1-18
29. Neumeke,B., Nonner, W., Sfiimpfli, R.
1976. Pfliigers Arch. 363:193-203
30. Nachmansohn, D. 1955. In HarveyLectures 1953/1954, pp. 57-99. NewYork:
Academic
31. Nachmansohn, D., Neumann, E. 1975.
Chemical and Molecular Basis of Nerve
Activity.
Revised. New York: Academic. 403 pp.
32. Neumann, E., Naehmansohn, D. 1975.
In Biomembranes,ed. H. Eisenberg, E.
Katchalski-Katzir,
L. A. Manson,
7:99-166. NewYork: Plenum. 257 pp.
33. Neumann, E., Nachmansohn, D.,
Katchalsky, A. 1973. Proc. Natl. Acad.
Sci. USA 70:727-31
34. Agin, D. 1972. In Foundations of Mathematical Biology, ed. R. Rosen, 1:25377. New York: Academic
35. Adam,G. 1970. In Physical Principles
of Biological Membranes,
ed. F. Snell, J.
Wolken,G. Iverson, J. Lam, pp. 35-67.
NewYork: Gordon & Breach. 432 pp.
36. Blumenthal, R., Changeux,J.-P., Lefever, R. 1970. J. Membr.Biol. 2:351-74

BIOMEMBRANES

139

37. Hill, T. L., Chen, Y. D. 1972. Proc.
Natl. Acad. Sci. USA 69:1723-26
38. Chen, Y. D., Hill, T. L. 1973. Proc.
NatL Acad. ScL USA 70:62-65
39. Katz, B., Thesleff, S. 1957. £ Physiol.
138:63-80
40. Adams, P. R. 1975. Br. J. PharmacoL
53:308-10
41. Peper, K., Dreyer, F., Miiller, K.-D.
1975. CoMSpring HarborSyrup. Quant.
Biol. 40:187-92
42. Podleski, T. R. 1973. In Drug Receptors, ed. H. P. Rang, pp. 149-83. London: Macmillan. 105 pp.
43. Changeux, J.-P., Benedetti, L., Bourgeois, J.-P., Brisson, A., Cartaud, J.,
Devaux, P., Griinhagen, H., Moreau,
M., Popot, J.-L., Sobel, A., Weber, M.
1975. CoMSpring Harbor Symp. Quant.
Biol. 40:211-30
44. Goldman, L., Schauf, C. L. 1972. J.
Gen. Physiol. 59:659-75
45. Goldman, L., Schauf, C. L. 1973. J.
Gen. Physiol. 61:361-84
46. Goldman, L. 1975. Biophys. J. 15:
119-36
47. Moore,J. W., Cox, E. B. 1976. Biophys.
J. 16:171-92
48. Jakobsson, E. 1976. Biophys. J. 16:291301
49. Dubois, D. M., Schoffeniels, E. 1974.
Proc. Natl. Acad. Sci. USA71:2858-62
50. Dubois, D. M., Schoffeniels, E. 1975.
Proc. Natl. Acad. Sci. USA72:1749-52
51. Rawlings, P. K., Neumann, E. 1976.
Proc. Natl. Acad. Sci. USA 73:
4492-96
52. Rosenberry, T. L. 1975. Adv. Enzymol.
43:103-218
53. Reed, J. K., Raftery, M. A. 1976. Biochemistry 15:944-53
54. Rosenberry, T. L., Neumann,E. 1977.
Biochemistry. In press
55. Neumann,E., Chang, H, W. 1976. Proc.
Natl. Acad. Sci. USA 73:3994-98
56. Changeux, J.-P., Meunier, J. C., Huchet, M. 1971. Mol. Pharmacol. 7:
538-53
57. Miledi, R., Molinoff, P., Potter, L. T.
1971. Nature 299:554-57
58. Schmidt, J., Raftery, M. A. 1972. Biochem. Biophyz Res. Commun. 49:
572-78
59. Karlsson, E., Heilbronn, E., Widlund,
L 1972. FEBS Lett. 28:107-11
60. Klett, R. P., Fulpius, B. W., Cooper,
D., Smith, M., Reich, E., Possani, L. D.
1973. J. Biol. Chem. 248:6841-53
61. Kasai, M,, Changeux, J.-P. 1971. J.
Membr.Biol. 6:1-23, 24-57, 58-80
62. Cohen, J. B., Weber, M., Huchet, M.,

Annual Reviews
www.annualreviews.org/aronline
140

63.

64.
65.

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

66.
67.
68.

69.

70.
71.
72.
73.

74.
75.
76.
77.
78.
79.
80.
81.
82.

"

NEUMANN

& BERNHARDT

Changeux, J.-P. 1972. FEBS Lett.
26:43-47
Miehaelson, D. M., Vandlen, .R.L.,
Bode, J., Moody,T., Schmidt, J., Raftery, M. A. 1974. Arch. Biochem. Biophys. 165:796-804
Hess, G. P., Andrews,J. P., Struve, G.
E., Coombs, S. E. 1975. Proc. Natl.
Acad. Sci. USA 72:4371-75
Cohen,J. B., Changeux,J.-P. 1973. Biochemistry 12:4855-64
Cohen, J. B., Weber, M., Changeux,
J.-P. 1974. Mol. Pharmacol. 10:904-32
Martinez-Carrion, M., Raftery, M. A.
1973. Biochem. Biophys. Res. Commun.
55:1156-64
Raftery, M. A., Bode, J., Vandlen, R.
L., Michaelson, D. M., Deutsch, J.,
Moody,T. 1975. In Properties of Purified Cholinergic and Adrenergic Receptors, ed. M. Wollemann, pp. 39-65.
NewYork: Am. Elsevier. 144 pp.
Changeux, J.-P. 1975. In Handbookof
Psychopharmacology,ed. L. L. Iverson,
S. D. Iverson, S. H. Snyder, 6:235-301.
New York: Plenum
Heilbronn, E. 1975. Croat. Chem. Acta
47:395-408
Heilbronn, E. 1975. In Cholinergic
Mechanisms,ed. P. G. Waser, pp. 34364. NewYork: Raven. 555 pp.
Meunier, J. C., Sealock, R., Olsen, R.,
Changeux,J.-P. 1974. Eur. J.. Biochem.
45:371-94
Raftery, M. A., Bode, J., Vandlen, R.
L., Chao, Y., Deutsch, J., Duguid, J.
R., Reed, K., Moody,T. 1974. In Biochemistry of Sensory Functions, ed.
L. Jaenicke, pp. 541-64. NewYork:
Springer
Dolly, J. O., Barnard, E. A. 1975. FEBS
Lett. 57:267-71
Broekes, J. P., Hall, Z. W. 1975. Biochemistry 14:2092-2106
Snyder, S. H., Chang, K. J., Kuhar, M.
J., Yamamura,H. I. 1975. Fed. Proc.
34:1915-21
Bartfai, T., Berg, P., Schultzberg, M.,
Heilbronn, E. 1976. Biochim.. Biophys.
Acta 426:186-97
Alberts, P., Bartfai, T. 1976. J. Biol.
Chem. 251:1543-47
Barrantes, F. J. 1975. Biochem.Biophys.
Res. Comm. 62:407-13
Eldefrawi, M. E., Britten, A., Eldefrawi, A. T. 1971. Science 173:338-40
Eldefrawi, M. E., Eldefrawi, A. T., Seiferr, S., O’Brien, R. D. 1972. Arch Biochem. Biophy~ 150:210-18
Eldefrawi, M. E~, Eldefrawi, A. T., Gilmour, L. P., O’Brien, R. D. 1971. Mol.
Pharmacol. 7:420-28

83. Moody,T., Schmidt, J., Raftery, M. A.
1973. Biochem. Biophys. Res. Commun.
53:761-72
84. Eldefrawi, M. E., Eldefrawi, A. T., Wilson, D. B. 1975. Biochemistry 14:
4304-10
85. Eldefrawi, M. E., Eldefrawi, A. T. 1973.
Arch. Biochem. Biophys. 159:362-73
86. Chang, H. W. 1974. Proc. Natl. Acad.
ScL USA 71:2113-17
87. O’Brien, R. D., Gibson, R. E. 1975.
Arch. Biochem. Biophys. 169:458-63
88. O’Brien, R. D., Gibson, R. E. 1975.
Croat. Chem. Acta 47:409-23
89. Sugiyama, H., Changeux, J.-P. 1975.
Eur. J. Biochem. 55:505-15
90. Magazanik, L. G., Vyskocil, F. 1973.’
See Ref. 42, pp. 105-19
91. Weber, M., David-Pfeuty, T., Changeux, J.-P. 1975. Proc. Natl. Acad. Sci.
USA 72:3443-47
92. Popot, J. L., Sugiyama, H., Changeux,
J.-P. 1974. C.R. Acad. Sci. Ser. D
279:1721-24
93. GriJnhagen, H., Changeux, J.-P. 1975.
C.R. Acad. Sci. Ser. D 281:1047-51
94. Michaelson, D. M., Duguid, J. R.,
Miller, D. L., Raftery, M. A. 1976. J.
Supramol. Struc. 4:419-25
95. Hess, G. P., Andrews,J. P., Struve, G.
E. 1976. Biochem. Biophys. Res. Commun. 69:830-37
96. Monod,J., Wyman,J., Changeux, J.-P.
1965. J. Mol. Biol. 12:88-118
97. Edelstein, S. J., Beyer, W.B., Eldefrawi,
A. T., Eldefrawi, M. E. 1975. J. Biol.
Chem. 250:6101-6
98. Chang, H. W. Private communication
99. Gibson, R. E., O’Brien, R. D., Edel.
stein, S. J., Thomson,W. R. 1976. Biochemistry 15:2377-83
100. O’Brien, R. D., Gibson, R. E. 1974.
Arch. Biochem. Biophys. 165:681-90
101. Nachmansohn, D. 1971. In Handbook
of Sensory Physiology, ed. W. R. Loewenstein, 1:42. NewYork: Springer.
102 pp.
102. Hey, P. 1952. Br. J. PharmacoL 7:
117-29
103. Gyermek, L. 1967. Drugs Affecting the
Peripheral Nervous System. NewYork:
Dekker
104. Barlow, R. B., Hamilton, J. T. 1962. Br.
J. Pharmacol. 18:510-42
105. Kier, L. B. ,1968. Mdl.. Pharmacol.
4:70-76
106. Pauling, P. 1968. In Structural Chemistry and MolecularBiology, ed. A. Rich,
N. Davidson, pp. 555-65. San Francisco: Freeman
107. Beers, W. H., Reich, E..’d970. Nature
228:917-22

Annual Reviews
www.annualreviews.org/aronline

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

PHYSICAL

CHEMISTRY

OF EXCITABLE

108. Karlin, A. 1969. J. Gen. Physiol.
54:245s-64s
109. Karlin, A., Barrels, E. 1966. Biochim.
Biophys. Acta 126:525-35
110. Karlin, A., Winnik, M. 1968. Proc.
Natl. Acad. ScL USA 60:668-74
111. Karlin, A. 1974. LifeSci. 14:1385-1415
112. Podleski, T. R. Bartels, E. 1963. Biochim. Biophys. Acta 75:387-96
113. Weber, M., Changeux, J.-P. 1974. Mol.
Pharmacol. 10:35-40
114. Bartels, E. 1965. Biochim. Biophys. Acta
109:194-203
115. Eldefrawi, M. E., Eldefrawi, A. T., Penfield, L. A., O’Brien, R. D., Van
Campen, D. 1975. Life Sci. 16:925-36
116. Chang, H. W., Neumann,E. 1976. Proc.
Natl. Acad. Sc~ USA 73:3364-68
117. Riibsamen, H., Hess, G. P., Eldefrawi,
A. T., Eldefrawi, M. E. 1976. Biochem.
Biophys. Res. Commun.68:56-63
118. Riibsamen, H., Montgomery,M., Hess,
G. P., Eldefrawi, A. L, Eldefrawi, M.
E. 1976. Biochem. Biophys. Res. Commun. 70:1020-27
119. Cartaud, J., Benedetti, L., Cohen,J. B.,
Meunier, J. C., Changeux, J.-P. 1973.
FEBS Lett. 33:109-13
120. Nickel, E. 1975. See Ref. 68, pp. 3-27
121. Nickel, E., Potter, L. T. 1973. Brain
Res. 57:508-17
122. Dupont, Y., Cohen, J., Changeux,J.-P.
1974. FEBSLett. 40:130-33
123. Raftery, M. A., Bode, J., Vandlen, R.,
Michaelson, D., Deutsch, J., Moody,
T., Ross, M. J., Stroud, R. M. 1975. In
Protein Ligand Interactions, ed. H.
Sund, pp. 328-55. Berlin: deGruyter.
486 pp.
124, Hucho, F., Changeux, J.-P. 1973. FEBS
Lett. 38:11-15
125. Hazelbauer, G. L., Changeux, J.-P.
1974. Proc. Natl, Acad. Sci. USA
71:1479-83
126. Michaelson, D. M., Raftery, M. A.
1974. Proc. Natl. Acad. Sci. USA
71:4768-72
127. Kemp,G., Dolly, J. O., Barnard, E. A.,
Wenner, C. E. 1973. Biochem. Biophys.
Res. Commun. 54:607-13
128. Goodall, M. C., Bradley, R. J., Saccomani, G., Romine, W. O. Jr. 1974.
Nature 250:68-70

BIOMEMBRANES

141

129. Romine, W. O. Jr., Goodall, M. C., Peterson, J., Bradley, R. J. 1974. Biochim.
Biophys. Acta 367:316-25
130. Bradley, R. J., Howell, J. H., Romine,
W. O. Jr., Carl, G. F., Kemp, G. E.
1976. Biochem. Biophys. Res. Commun.
68:577-84
131. Shamoo,
A.Biol.
E., Eldefrawi,
J. Membr.
25:47-63 M. E. 1976.
132. Cuatrecasas, P. 1974. Ann. Rev. Biochem. 43:169-214
133. Cuatrecasas, P. 1974. Biochem. Pharmacol. 23:2353-61
134. Cuatrecasas, P. 1975. Adv. Cyclic Nucleotide Res. 5:79-104
135. Jacobs, S., Cuatrecasas, P. 1976. Biochim. Biophy~ Acta 433:482-95
136. Strange, P. G., Koshland, D. E. Jr.
1976. Proc. Natl. Acad. Sci. USA
73:762~66
137. Koketsu, K. 1969. Fed. Proc. 28:101-12
138. Libet, B. 1970. Fed. Proc. 29:1945-56
139, Creed, K. E., McDonald,I. R. 1975. J.
Physiol. 247:521-35
140. McAfee,D. A., Schorderet, M., Greengard, P. 1971. Science 171:1156-58
141, Kebabian, J. W., Greengard, P. 1971.
Science 174:1346-49
142. Kebabian, J. W., Bloom,F. E., Steiner,
A. L., Greengard, P. 1975. Science
190:157-59
143, McAfee, D. A., Greengard, P. 1972.
Science 178:310-12
144. Greengard, P. 1976. Nature 260:101-8
145, Kebabian, J. W., Steiner, A. L., Greengard, P. 1975. J. Pharmacol.Exp. Ther.
193:474-78
146. Weight, F. F., Petzold, (3., Greengard,
P. 1974. Science 186:942-44
147. Purves, R. D. 1976. Nature 261:149-51
148. Bernhardt, J. 1974. A theoretical study
ofcholinergic action. PhDThesis. Univ.
Alberta, Edmonton
149. Lefkowitz, R. J., Mukherjee, C., Lirabird, L. E., Caron, M. G., Williams, L.
T., Alexander, R. W., Mickey, J. V.,
Tate, R. 1976. Recent Progress in Hormone Research, ed. R. O. Greep, 32:
597-632. New York: Academic
150, Jencks, W. P. 1975. Adv. Enzymol.
43:219-410

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

Annu. Rev. Biochem. 1977.46:117-141. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 08/06/08. For personal use only.

