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T h e  plasma membrane of a cell separates 
its interior from the extracellular environ- 
ment and from other cells and acts both as 
a diffusional barrier and as an electrical 
insulator. This allows differentiation of cells 
with specialized functions. Coordinated be- 
havior of multicellular organisms requires 
exchange of signals between individual 
cells. Because the signal must be transferred 
from one cell to another, it must occur by a 
mechanism that allows it to traverse the 
insulating cell membrane. Signaling occurs 
in various ways via specific receptors on the 
receiving cells and subsequent generation of 
a transmembrane signal. The nervous sys- 
tem connects cells in a very specific way, 
and signal transmission between individual 
cells takes place at contacts, called syn- 
apses, that are anatomically and function- 
ally highly specialized. 

Synaptic signal transmission is used 
preferentially for rapid communication be- 
tween cells of the nervous system and 
those cells of peripheral organs that are 
responsible for sensory transduction and 
for the generation of secretory and motor 
activity (1, 2). Synaptic transmission in- 
cludes a chemical step where the signaling 
substance, called a transmitter, is released 
very locally from the sending, presynaptic 
cell and then acts transiently on receptors of 
the receiving, postsynaptic cell. The recep- 
tor is part of an ion channel and mediates, 
upon occupation by the transmitter, a brief 
flux of ions across the postsynaptic mem- 
brane, generating a change in the postsynap- 
tic membrane potential. 

The signal that actually initiates the 
cellular response of the postsynaptic cell is 
the flux of ions across the postsynaptic 
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membrane. The size, duration, and direc- 
tion of this ion flux, as well as the nature of 
the ions traversing the postsynaptic mem- 
brane, determine whether this response will 
either activate voltage-sensitive membrane 
conductances and initiate action potentials 
or instead reduce the cell's electrical activ- 
ity. The cellular response may also be de- 
termined by the change in the intracellular 
ion concentrations, in particular, the con- 
centration of calcium ions, which act as a 
second messenger for many cellular respons- 
es, such as contraction or secretion. 

The neuromuscular junction is often 
thought of as a prototypical synapse. At the 
neuromuscular junction, the nerve terminal 
of a motoneuron releases acetylcholine 
(ACh) and generates end-plate potentials 
(EPPs), which in turn activate voltage- 
sensitive conductances to transmit excita- 
tion into other parts of the muscle fiber (1). 
The current flow across the end-plate, in- 
duced by the release of packets of ACh, 
results from the superposition of many small 
individual "elementary" events (3), and 
there is ample evidence that postsynaptic 
potentials in other synapses are also gener- 
ated by the superposition of elementary 
events. 

This article describes the properties of 
elementary currents underlying postsynap- 
tic potentials as well as their molecular 
determinants. The focus is primarily on the 
properties of elementary currents mediating 
neuromuscular transmission. The neuro- 
muscular junction is the synapse character- 
ized best, both functionally and in its mo- 
lecular constituents, and most of the tech- 
niques for recording single-channel currents 
were developed with the muscle fiber prep- 
aration. It has turned out that, apart from 
important details, a comparable behavior of 
elementary currents is observed for other 
transmitter-activated postsynaptic poten- 
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Elementary Events 

End-plate current noise. The notion of ele- 
mentarv events was introduced bv Katz and 
Miledi when they observed "membrane 
noise" during recording of membrane depo- 
larizations induced by ACh applied from an 
iontophoretic pipette to end-plates of frog 
skeletal muscle (3). They suggested that the 
increase in noise associatedwith depolariza- 
tion is the result of the independent super- 
position of elementary events generated by 
random activation of individual acetylcho- 
line receptors (AChRs) , each activation 
causing a minute deoolarization. " 

The estimates of the size of the conduc- 
tance change generating an elementary 
event derived from such noise measure- 
ments, assuming a pulse-shaped conduc- 
tance change, were of the order of 30 to 50 
pS with a duration of only a few millisec- 
onds (3, 4). This meins that the amplitude 
of an elementary current would be on the 
order of 3 to 5 oA. This is about two to 
three orders of magnitude smaller than 
what could be resolved bv the intracellular 
recording techniques available at the time 
(5) .  

Current noise in ' extrasynaptic muscle 
membrane. Acetylcholine sensitivity is re- 
stricted, in normal muscle fibers, to a very 
small area of the muscle that is located 
underneath the nerve terminal. Following 
chronic denervation of skeletal muscle, ef- 
fected by severing the motor nerve, the 
entire muscle becomes ACh supersensitive 
(6). It is now known that this is due to the > ,  

incorporation of newly synthesized AChRs 
into the extrasvna~tic surface membrane of 
muscle fibers. ~ s i &  noise analysis of ACh- 
activated currents. we estimated the aver- 
age conductance increase underlying ele- 
mentary events in denervated frog muscle 
fibers to be about 20 pS (7). The size of the 
elementary current in denervated fibers was 
thus smaller (about 60% of normal). How- 
ever, the average duration of the elementa- 
ry event was three to five times as long as 
that of elementary events in the end-plate. 

Pulse-Shaped Elementary 
End-Plate Currents 

Solving the background noise problem. Dener- 
vated, supersensitive frog muscle fibers were 
thus the preparation of choice for develop- 
ing methods for recording from single chan- 
nels and for investigating the basic proper- 
ties of ion channels by direct measurement 
of elementary events. The key for the re- 
duction of the background noise in the 
relevant frequency range (up to 1 kHz) was 
to restrict the measurement to a small 
membrane area of about 10 p,m2 and to 
isolate this membrane patch electrically 
from the rest of the cell membrane by 
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sealing the narrow tip of the glass pipette 
tightly onto the membrane (5) .  Pressing 
the pipette against a normal muscle fiber 
resulted in seal resistances of less than 1 
megohm and often damaged the fiber. The 
sealing problem was solved by exposing the 
fiber to mild enzymatic treatment, which 
freed muscle fibers from their covering con- 
nective tissue and the basement membrane 
and thus exposed the bare sarcolemma (8), 
and by polishing the tip of the pipette with 
a small heating filament (9). When the 
polished tip of the patch pipette was pressed 
gently against the bare sarcolemmal mem- 
brane of single fibers, secured mechanically 
by a glass hook, seal resistances of 50 to 150 
megohms were obtained. The membrane 
potential of the fiber was set locally, close 
to the membrane patch from which the 
patch current was recorded, by a conven- 
tional voltage clamp amplifier with two 
intracellular microelectrodes (Fig. 1A). 

Single-channel cuwents. Using these pre- 
cautions to obtain adequately high seal 
resistances (>50 megohms) and using 
suberyldicholine, an agonist causing 
AChRs to open for longer periods, we were 
able to record current blips from denervated 
frog muscle fibers that were pulse-shaped 
and that had many of the hallmarks of the 
elementary events that had been inferred 
from noise analysis of ACh-activated cur- 
rents (1 0). Square, pulse-shaped currents 
were also recorded from denervated rat 
muscle. They were similar to those ob- 
tained from denervated frog muscle, and in 
both preparations the directly measured 
amplitudes of elementary events agreed rea- 
sonably well with the estimated sue derived 
from fluctuation analysis of ensemble volt- 
age clamp currents (I I ) .  

Disjunction of the neuromuscuhr synapse. 
To relate the properties of elementary cur- 
rents to synaptic transmission at the end- 
plate of normal muscle fibers, it was neces- 
sary to compare the properties of elementa- 
ry events with those of miniature end-plate 
currents (MEPCs). To allow placement of 
the tip of the patch pipette onto the end- 
plate, the neuromuscular junction must be 
visible, and the nerve terminal, which cov- 
ers the end-plate in normal fibers, must be 
removed. This is most easily accomplished 
by localized application of collagenase, fol- 
lowed by a gentle stream of Ringer's solu- 
tion delivered from a pipette with a small 
(100 km) tip opening. This procedure re- 
sulted in single muscle fiber preparations 
with their end-plates freely accessible (Fig. 
1B). 

Ekmentary end-phte currents. The ele- 
mentary events recorded from the end-plate 
membrane (elementary end-plate current) 
were about 50% larger in amplitude, but 
considerably shorter in duration, than those 
measured in the extrasynaptic membrane, 

as expected from the fluctuation analysis of 
ACh-activated currents in normal and de- 
nervated fibers (7). The measurements 
demonstrated that the elementarv end- 
plate current is a square, pulse-like event, 
allowing passage of small cations such as 
Na+, K+, or Cs+ at a very high rate (lo7 to 
lo8 s-I), thus suggesting that these currents 
reflect the opening of an aqueous pore 
across the membrane (1 0). 

Some basic properties of end-plate chan- 
nels became apparent only at the improved 

resolution that resulted from the reduction 
of background noise by establishment of 
pipette-membrane seals with resistances in 
the range of several gigaohms (12). Using 
freshly pulled pipettes and applying slight 
negative pressure to the pipette interior, 
thereby pulling the patch of membrane 
underneath the tip opening into the pipette 
tip, a molecular contact between the glass 
and the plasma membrane was established, 
which improved the seal resistance from 50 
to 150 megohms to the range of 1 to 100 

cell 'j , 

rrmscle - 
fiber ' 1 

suction 

Fig. 1. Recording from a patch of end-plate membrane. (A) Schematic diagram of muscle fiber with 
tip of patch pipette sealed against the cleaned surface of a single muscle fiber. The pipette is filled 
with extracellular solution, and the pipette potential is held isopotential with the extracellular solution 
by means of feedback circuit. The fiber's membrane potential is clamped to a command value by 
a two-microelectrode voltage clamp amplifier and two intracellular microelectrodes. 
The patch pipette contains, in addition, a low concentration of ACh. (6) Disjunction of nerve terminal 
from muscle fiber. Photomicrograph of a single frog muscle fiber with bare end-plate after removal 
of the nerve terminal. The tip of the patch pipette is touching the end-plate (light streak). Two 
intracellular microelectrodes are used to locally clamp the membrane potential of the fiber. A glass 
hook seen on the right side secures the fiber mechanically. Calibration bar, 50 pm. (C) Single- 
channel current recording, with seal resistances in the megohm and gigaohm range. Schematic 
drawing on top shows high-resistance seal formation by application of negative pressure ("suction") 
to pipette interior. Traces represent records, at hvo time scales, of elementary end-plate currents 
from the same membrane patch before (left) and after (right) application of negative pressure to the 
pipette interior (suction), which increased the seal resistance of the pipette-membrane contact from 
150 megohms to 60 gigaohms. [Adapted from (12)] 
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gigaohms. Consequently, the amplitude of 
the background noise was reduced, and rim 
currents (9) were almost absent (Fig. 1C). 
The reduced background noise allowed us 
to perform recordings of elementary end- 
plate currents with up to 10-kHz bandwidth 
and to examine quantitatively the fine de- 
tails of elementary end-plate currents that 
became apparent at this resolution. 

Unitary conductance of the open end-plate 

ACh end-plate channel 

closed open 

Step size (PA) 

lime (ys) 

Fig. 2. Elementary end-plate currents. (A) 
Trace of elementary end-plate currents from rat 
muscle activated by ACh. Membrane potential 
was -70 mV. The schematic drawing under the 
current trace illustrates the opening and closing 
of an end-plate channel by transmitter binding 
and unbinding to the recognition site on the 
end-plate channel. The channel is closed in the 
resting state and is open when two agonist 
binding sites are occupied by ACh molecules. 
(B) Distribution of elementary end-plate current 
amplitudes, activated by 200 nM ACh in frog 
muscle. Histogram is fitted by a Gaussian curve 
with mean of 2.69 + 0.1 PA. (C) End-plate 
channels open rapidly to a unitary conduc- 
tance. Upper traces show superposition of the 
leading edges of elementary end-plate current 
(points) and of the record of the step-test pulse 
(continuous line, after amplitude scaling), mea- 
suring the frequency response of the recording 
system. Relative difference between the two 
aligned records is shown below (circles). 

channel. Records of elementary end-plate 
currents (Fig. 2A) indicated that the end- . -  , 

plate channel exists in only two conduc- 
tance states: either the channel is closed 
when there is no agonist occupying the 
binding site (or sites), or it is fully open 
when the binding site (or sites) is occupied. 
The amplitude distribution of a large num- 
ber of elementary end-plate currents is fit- 
ted by a single Gaussian curve (Fig. 2B) in 
which the remaining variance in the am~l i -  
tude distribution is kostly due to the ba'ck- 
ground noise of the recording. This con- 
firmed the initial inference that end-plate 
channels prefer two conductance states, 
fully closed and fully open (schematic dia- 
gram, Fig. 2A). 

Time course of channel closed-oben transi- 
tions. The time course of the single-channel 
current reDorts structural transitions of a 
single macromolecule in real time. An ob- 
vious question, therefore, is whether the 
time course of the transition between the 
open and closed channel states is measura- 
ble (Fig. 2C). We superimposed the time 
course of the leading or trailing edge of a 
single-channel current on that of the step 
response of the recording system. Because 
no difference was detected. the rise time of 
single-channel currents must have been 
limited by the frequency response of the 
recording system. The time constant of the 
channel transition from the closed to the 
open states is thus less than 10 1.1,s. 

Observing the same channel repeatedly. To 
resolve elementary end-plate currents, the 
concentration of ACh or a related agonist 
such as suberyldicholine in the pipette was 
kept low (usually <0.5 pM) to ensure that 
the opening of end-plate channels was in- 
frequent and that individual openings were 
clearly separated from each other (Fig. 2A). 
This implied, however, that one could not 
be sure that successive elementary end- 
plate currents reflect the opening of the 
same individual end-plate channel, because 
it is likely that several channels are present 
in the membrane patch under investiga- 
tion. In the presence of higher agonist 
concentrations (for acetylcholine > 5 pM), 
we found that elementary currents appear 
in long bursts several hundred milliseconds 
in duration. The reason for the occurrence 
of current bursts is that the channel can 
adopt, in addition to the "resting closed" 
state, an additional, kinetically distinct 
closed state designated the "desensitized 
closed" state. This state is almost absorb- 
ing, and channels isomerize only occasion- 
ally back to the open or resting closed 
states. When this happens, the same chan- 
nel switches back and forth between its 
resting closed and the open state repeatedly 
before it again enters the desensitized closed 
state (1 3), thus allowing the observation of 
several openings and closures of the same 

individual channel. The fact that the am- 
plitude of the elementary currents during 
such an epoch did not change and that the 
average durations of end-plate current were 
essentially independent of ACh concentra- 
tion supported the two-state reaction 
scheme to explain the current recordings 
shown in Fig. 2A. 

Elementary Steps in 
Neuromuscular Transmission 

Miniature end-plate currents and elementaq 
end-plate currents. An obvious question re- 
lated to the function of the end-plate chan- 
nel in synaptic transmission is that of the 
relation between the size and duration of 
the elementary end-plate currents and 
those of the synaptic currents. In other 
words. how is the time course of the end- 
plate currents related to the gating proper- 
ties of the end-plate channel? A simple way 
to reconstruct the decay of a MEPC, the 
signal transmitted across the neuromuscular 
junction following the release of a single 
vesicle of transmitter, is to align several 
hundred or thousand elementary end-plate 
currents at their leading edge and superim- 
pose them. The hypothesis behind this 
procedure is that, following the release from 
a presynaptic vesicle, the concentration of 
ACh in the synaptic cleft rises very rapidly 
(in less than 1 ms) to saturate ACh recep- 
tors and then rapidly decays again to negli- 
gible values (1 4). If the ACh concentration 
transient in the cleft is verv brief in com- 
parison to the average duration of elemen- 
tary end-plate currents, then the decay of 
MEPCs would reflect the distribution of the 
durations of elementary end-plate currents 
after removal of ACh. In Fig. 3, individual 
elementary end-plate currents are aligned at 
their leading edges (Fig. 3A). The current 
generated by superposition of 1000 elemen- 
tary end-plate currents has a peak of 4.7 nA 
and decays with a time constant of 2.7 ms 
(Fig. 3B). These values are similar to those 
of MEPCs recorded from rat muscle end- 
plates. This suggests that a single MEPC, 
which reflects a quanta1 conductance in- 
crease of approximately 50 ns ,  is generated 
by the almost simultaneous opening of 
-1000 end-plate channels (each with 50- 
pS conductance) and that the decay of 
MEPCs is determined, to a first approxima- 
tion, by the average duration of the ele- 
mentary end-plate currents. 

Elementary currents reflect bursts of single- 
channel openings. The time course of ele- 
mentary end-plate currents is more compli- 
cated in shape than expected from a chan- 
nel that switches between an open and a 
single closed state as assumed in Fig. 2A. 
Most elementary end-plate currents, when 
examined at high time resolution, are in- 
terrupted by very short gaps (Fig. 4, A and 
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B); that is, the current returns transiently 
to the baseline (1 5, 16). This behavior is 
observed in almost all transmitter- and 
voltage-gated ion channels investigated so 
far. In the case of the end-plate channel, 
it reflects the fact that, when the receptor 
has bound ACh. the channel ooens and 
closes several times before the agonist 
dissociates from the receptor. The scheme 
shown in Fig. 2A is intended only to 
illustrate the basic principle of structural 
transitions of the channel and assumes 
only one open and one closed channel 
state. In reality, however, a reaction 
scheme consistent with the experimental 
observations involves several closed and 
open states. The observed behavior of the 
current during a single elementary event is 
in fact predicted by a reaction involving 
transition of the closed, resting receptor to 
the open state via an intermediate closed 
state (1 7). 

Plausible reaction scheme for end-plate 
channel activation. We investigated the fine 
structure of these brief transitions for end- 
plate channels in collaboration with Colqu- 
houn. Using the tools of probability theory 
(1 8),  we were able to derive the minimum 

B Time (ms) 

Fig. 3. Determination of the shape of miniature 
end-plate currents. (A) Records of elementary 
end-plate currents activated by 200 nM ACh in 
rat muscle fiber, aligned at their leading edges 
to illustrate variation in duration of elementary 
end-plate currents. (B) Average of 1000 super- 
imposed elementary end-plate currents. Indi- 
vidual elementary end-plate currents were dig- 
itized and idealized by time-course fitting (16) 
and then digitally superimposed at their leading 
edges as illustrated in (A). The continuous line 
superimposed on the histogram represents a 
single exponential with a decay time constant 
of 2.7 ms. 

number of states the channel can adopt and 
also the rates of transition from one state to 
another (1 6). At least five kinetically dis- 
tinct states (Fig. 4C) could be discriminat- 
ed from the measurement of both the open 
and closed time distributions at low con- 
centrations of several agonists, and the 
derived reaction rates satisfactorily de- 
scribed the time-interval distributions. This 
represents a scheme for the gating of the 
end-plate channel by ACh during normal 
neuromuscular transmission and is a modi- 
fication of the scheme proposed initially by 
Del Castillo and Katz (19). It comprises a 
resting, unliganded state and four liganded 
states, two of which are open states. The 
derived microscopic rate constants (Fig. 
4D), which describe the transitions be- 
tween the various states of the end-plate 
channel, indicate that the open probability 
of the channel at the high ACh concentra- 
tions occurring during neuromuscular trans- 
mission (> 100 p,M) is close to unity. This 
implies that ACh acts on the end-plate 
channel as a transmitter with high efficacy. 
When an AChR is doubly liganded, the 
equilibrium between the open and the 
closed states is shifted almost completely to 
the open state, indicating that the end- 
plate channel is very effective in rapidly 
passing current through the end-plate. 

lsoforms of End-Plate Channels 

When recording postsynaptic currents in 
muscle fibers from young animals, we 
found, in collaboration with Brenner, that 
there is a marked change in the decay time 
course of MEPCs during postnatal develop- 
ment. This reflects a switch of the function- 
al properties of end-plate channels during 
this time. Up to postnatal day 8 (P8), the 
decay of the MEPCs is slower than that of 
MEPCs recorded in the adult muscle. Dur- 
ing P7 to P15, the MEPC decays are de- 

Fig. 4. Reaction scheme for end-plate 
channel activation by ACh, as derived 
from burst analysis of elementary end- 
plate currents. (A) Record of elementary 
end-plate current activated by suberyl- 
dicholine, an agonist of ACh, illustrating 
the burstlike appearance of elementary 
end-plate currents. Note the unresolved 
brief closure. (B) Distribution of dura- 
tions of brief closures measured during 
elementary end-plate currents. Continu- 
ous line represents an exponential with 
decay time constant of 39 ks. (C) Reac- 
tion scheme for interaction of ACh (A) 
and end-plate channel (R), comprising 
five kinetically different states. Conduct- 
ing states are marked by an asterisk. (D) 
Derived rate constants for interaction of 
ACh and end-plate channel for the reac- 
tion scheme shown in (C). [Adapted 
from ( Is ) ]  

scribed best by the sum of two exponentials, 
whereas after P2 1 the fast decay observed in 
adult fibers predominates (20, 21). The 
molecular basis for this difference in synap- 
tic currents is shown in Fig. 5. Two classes 
of elementarv currents are recorded from 
muscle fibers at early postnatal stages. 
Mammalian skeletal muscle exoresses two 
isoforms of end-plate channels that mediate 
different elementary end-plate currents 
(22), differing both in amplitude and aver- 
age duration. The expression of these chan- 
nel isoforms is developmentally regulated. 
At early stages of development, in the 
uninnervated muscle, a fetal type of chan- 
nel with lower conductance and longer 
average durations of elementary currents 
predominates. Following innervation a fetal 
isoform is replaced by the mature adult 
isoform, which has a higher conductance 
and a shorter duration of elementary cur- 
rents. Following denervation the fetal iso- 
form is expressed again, suggesting that 
skeletal muscle exoresses a mosaic of AChR 
channel isoforms and that the composition 
of this mosaic of channel isoforms is under 
neuronal control [see (23) for a review]. 

Molecular Determinants of 
Channel Function 

Identification of some of the molecular 
determinants of AChR channel function 
was achieved with patch-clamp techniques 
and the tools of molecular biolomr. Bio- ", 
chemical work on Torpedo electroplax had 
shown that the AChR channel is assembled 
in a pseudosymmetric fashion from several 
subunits. where each subunit contributes to 
the formation of the channel [see (24) for a 
review]. In addition, it had been demon- 
strated that recombinant AChR channels 
can be reconstituted in a functional form in 
a host membrane by injecting the RNAs 
that encode constituent subunits into the 

closed 
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cytoplasm of Xenopus laevis oocytes [see 
(25) for a review]. Following the isolation 
of the genes encoding the subunits of Tor- 
pedo electroplax and skeletal muscle 
AChRs, RNAs synthesized in vitro could 
be used to direct the synthesis of wild-type 
and mutagenized recombinant AChR chan- 
nels [see (26) for a review]. Whole-cell 
current measurements from oocytes express- 
ing recombinant AChR channels, although 
important in showing that only certain 
subunit combinations would assemble to 
functional AChR channels, lacked the de- 
tail necessary to demonstrate the similarity 

='OSed 
open t open 

Fig. 5. Two classes of elementary end-plate 
currents. Record of single-channel currents ac- 
tivated by 0.5 p M  ACh in postnatal ( P a )  rat 
muscle fiber. Two classes of elementary cur- 
rents, with different amplitudes and average 
durations, are observed in this patch. The ele- 
mentary currents with the larger amplitude cor- 
respond to end-plate currents observed in 
adult fibers (zP21), whereas elementary cur- 
rents of smaller amplitude correspond to those 
seen at early postnatal stages ( < P a )  or pre- 
dominantly in cultured fetal muscle. 

Fig. 6. End-plate channel iso- 
forms, specified by differences in 
subunit composition. (A and B) 
Single-channel currents and con- 
ductance mediated by recombi- 
nant AChR channels expressed in 
Xenopus oocytes previously in- 
jected with cRNAs encoding the 
subunit combinations a, p, y, and 
6 subunits (upper trace, 0)  and a, 
p, 8, and E of bovine muscle 
AChR (lower trace, 0). (C) Con- 
ductance and average open 
times of two isoforms of recombi- 
nant and native AChR channels 
from bovine skeletal muscle 
[adapted from (28)l. (D and E) 
Schematic diagram of the subunit 
composition of end-plate channel 
subtypes in fetal and adult skele- 
tal muscle. The structure of the 
AChR is schematically drawn ac- 
cording to (69). 

of recombinant and native AChRs or to 
allow one to draw conclusions on more 
specific structure-function relations. To re- 
late functional properties of native AChRs 
to structural data, single-channel conduc- 
tance measurements on recombinant 
AChRs were reauired. 

Because the oocyte plasma membrane 
is ensheathed bv a vitelline membrane. 
the access of pipette tips to the 
plasma membrane is prevented. The vi- 
telline layer may be removed and the bare 
oocyte membrane expressed without dam- 
age by brief exposure of the oocyte to a 
strongly hypertonic potassium solution. 
Oocytes then shrink away from the cover- 
ing vitelline layer, which can be mechan- 
ically removed, leaving the bare plasma 
membrane (27). This procedure enabled 
us to combine single-channel conductance 
measurements with recombinant DNA 
techniques to identify structural determi- 
nants of AChR channel function. Two 
problems, which are closely interrelated- 
the elucidation of the molecular basis of 
end-plate channel isoforms and the iden- 
tification of structural determinants of the 
channel's inner wall-were resolved in 
collaboration with a group of molecular 
biologists from the laboratory of Numa 
and with Witzemann. 

Recombinant AChR channel subtypes. The 
molecular distinction between the two iso- 
forms of the end-plate channel (Fig. 5) was 
clarified as a result of experiments in which 
the RNAs of the five muscle subunits were 

mc Average 
Conductance duration 

Y 7 (-100) 
(PS) (ms) 

Recombinant channels In oocytes 

'O ms aPy6 - cRNA 39 (7) 10.4 (7) 

am - cRNA 59 (6) 5.3 (6) 

Native channels in bovine muscle 

D fetal AChR E adult AChR 

injected into oocytes, resulting in the func- 
tional expression of two AChR isoforms. 
Following the injection of cRNAs encoding 
the a, p, y, and 6 subunits, or, alternative- 
ly, the a, p, 6, and E subunits, two func- 
tionally different recombinant channel iso- 
forms were generated (Fig. 6, A and B). In 
their functional properties the two recom- 
binant AChR isoforms resembled closelv 
the two native AChR isoforms observed in 
muscle membrane (28). Both the am~litude 
of single-channel currents recorded from 
oocytes and their average duration (Fig. 
6C) were similar to elementary currents 
observed in the bovine or rat skeletal mus- 
cle (28-30). Thus, it seems that native 
channel isoforms reflect a different subunit 
comuosition of the channel: in the case of 
the A C ~ R  channel an exchange between 
the v and E subunit is the molecular differ- 
ence between the two channel subtypes 
(Fig. 6, D and E) . 

Differential regulation of y- and &-subunit 
genes. The molecular mechanism underly- 
ing the switch in end-plate channel prop- 
erties effected by the exchange of constitut- 
ing subunits is a ~ostnatal switch in the - 
expression of the genes encoding the y and 
E subunit. Northern blot analysis of total 
RNAs from muscle at different postnatal 
ages shows that a reciprocal change in the 
level of y- and E-subunit-specific mRNAs 
occurs during postnatal development (3 1, 
32). This differential regulation depends on 
differences in the regulatory sequences of 
the y- and &-subunit genes and their differ- 
ent responsiveness to neural and myogenic 
factors (30, 33, 34). Because in most cells, 
including neurons, channel isoforms are 
expressed that often are colocalized in a 
mosaic-like manner, the regulation of the 
abundance of channel isoforms by differen- 
tial expression of subunit genes may be one 
mechanism by which long-term ("plastic") 
changes in chemical and electrical excit- 
ability can occur (23). 

Molecular determinants of ion transport. 
The work of Hille and co-workers (35) had 
indicated that the end-plate channel is a 
cation-selective pore with a channel con- 
striction -6 A in diameter. The first in- 
sieht into the molecular determinants of 
ioYn transport of the AChR was obtained 
followine the identification of sequence do- - 
mains in each subunit that may participate 
in forming the wall of the channel. Con- 
ventional whole-cell current measurements 
from Xenopus oocytes, coinjected with 
wild-type and mutagenized AChR subunit- 
specific cRNAs, gave only inconclusive re- 
sults with resDect to the involvement of 
particular subunit domains (36). Subunit- 
specific differences in gating and conduc- 
tance of various channel isoforms were, 
however, detected by single-channel con- 
ductance measurements from isolated mem- 
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brane patches where the ion composition 
and concentration on both membrane faces 
could be varied (12). These advantages 
were exploited to localize functionally im- 
portant domains in AChR subunits. 

Hybrid channels and chimeric subunits. The 
gating and conductance of recombinant 
AChR channels assembled from subunits of 
different species such as Torpedo califomica 
and calf (Bos taurus) depend on the partic- 
ular combination of subunit cRNAs coin- 
jected (37). The 6 subunits of bovine muscle 
and of Torbedo electrodax AChR confer 
slightly different conductances to the hybrid 
channels when assembled together with a, 
p, and y subunits of either species (38). This 
observation was exploited to construct vari- 
ous chimeric subunits from bovine and Tor- 
pedo AChR 6 subunits (Fig. 7, A and B). 
Conductance measurements of the recombi- 
nant channels carrying different chimeric 6 
subunits (Fig. 7C) identified a domain, des- 
ignated the M2 transmembrane segment, as 
important for confemng differences in con- 
ductance (38). The most conspicuous differ- 
ence in the aligned amino acid sequences 
was in the number of charged amino acids in 
the extracellular bend bordering the M2 
segment (Fig. 7D). 

The channel's mouths and wall probed with 
conductance measurements of mutant chan- 
nels. To precisely locate those amino acids 
important for ion transport and selectivity, 
we investigated the effect of point muta- 
tions in the M2 transmembrane segment 
and the adiacent bends on conductances of 
mutant recombinant channels. Four amino 
acid positions, homologous in each subunit, 
were identified where amino acids are local- 
ized that are imuortant for cation transuort 
through the opin channel and for seledtiv- 
ity between monovalent cations. 

Anionic rings. The M2 transmembrane 
regions, identified by mapping with chimeric 
6 subunits, show a conspicuous clustering of 
charged amino acids bordering the M2 trans- 
membrane segment in each of the subunits 
(Fig. 8A). By introducing point mutations at 
these positions, which changed the charge of 
the amino acid side chains, we found that 
the net number of negative charges, irre- 
spective of the subunit in which the muta- 
tion was introduced, largely determines the 
channel conductance. This suggested that 
the charged amino acids of the constituent 
subunits present in the bends bordering the 
M2 segment (Fig. 8A) three ringlike struc- 
tures at the channel's extra- and intracellular 
mouths, respectively (39, 40). 

Channel constriction. To localize positions 
where amino acid side chains form the chan- 
nel wall, and in particular those amino acids 
that form the narrow uortion of the channel. 
we investigated the functional properties of 
recombinant AChR channels muta~enized - 
within the M2 transmembrane segment. 

U a- h 
B 8 h  

-T Torpedo M I  M2 M3 M4 
B o v i n e  -- - - Dl 

I I 
M2 Conductance (pS) 

Fig. 7. Localization of M2 segment by single-channel conductance measurements of recombinant 
AChR channels carrying different chimeric 6-subunit constructs. (A) Schematic drawing of assumed 
transmembrane folding of AChR subunits as suggested from hydropathy analysis. The NH,- and 
COOH-terminal ends are extracellular. (B) Chimeric 6-subunit constructs derived from Torpedo 
californica electroplax and bovine skeletal muscle AChR 6 subunits. (C) Single-channel conduc- 
tances of recombinant AChR channels carrying chimeric 6 subunits as shown in (B). The letters T 
and B refer to Torpedo or bovine muscle wild-type channels, respectively. (D) Comparison of amino 
acid sequence of 6 subunits from bovine muscle and Torpedo electroplax AChR in their M2 
transmembrane segment (70). Note the difference in charged amino acids in the M2-M3 bend. 
[Adapted from (38)] 

Fig. 8. Localization of selectivity 
filter of AChR channel by single- 
channel conductance measure- 
ments of recombinant AChR 
channels carrying mutations in 
the M2 transmembrane segment. 
(A) Sequence alignment of a, p, 
y, and 6 subunits of rat muscle 
AChR in the M2 transmembrane 
segment and adjacent bends. 
The locations of clusters of 
charged amino acids forming an- 
ionic rings at the channel's 
mouths, as identified in Torpedo 
AChRs, are indicated by minus 
signs (-) above the sequences. 
The amino acids forming the inter- 
mediate anionic ring are located 
in between those forming the in- 
tracellular ring (left) and the extra- 
cellular ring (right). The location of 
amino acids forming the constric- 
tion is indicated by the shaded 
box. (B) Schematic representa- 
tion of sizes and mobilities of cat- 
ions [adapted from (71)] used to 
probe determinants of AChR 
channel conductance and selec- 
tivity. Ion mobility is reported in 
1 0-4 (cm/s)l(Vlcm). (C) Conduc- 
tance ratios of wild-type (WT) and 
mutant channels carrying muta- 
tions in the cytoplasmic part of the 
a-subunit M2 segment [shaded 
box in (A)], where a threonine res- 
idue is replaced either by a valine 
(d264V) or a glycine (aT264G) 
residue for different-sized cations 
[adapted from (42)] 

- 
1 .O 1.5 2.0 

Radlua (A) 
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The narrow portion is often referred to as the 
channel's "selectivity filter," suggesting that 
here the interaction of transported ions, and 
their water shells, with the channel's inner 
wall determines which ions may pass and 
which may not (35). To map amino acids 
that could be involved in this interaction, 
conductances of mutant channels for Mer- 
ent cations of diiferent size and mobility 
were measured (Fig. 8B). These measure- 
ments indicated that a major determinant of 
ion selectivity resides in the residues located 
in M2 at a position close to the position of 
amino acids forming the "intermediate" an- 
ionic ring (Fig. 8A). The channel conduc- 
tance is altered by introducing amino acids 
of different side chain volume at this posi- 
tion. Side chains that have larger volumes, 
such as valine, reduce the conductance; side 
chains with smaller volumes increase the 
conductance (41 ). The effect of these point 
mutations depends on the size and mobility 
of the ion used to measure the conductance 
(Fig. 8C), the effects being larger for Cs+ 
than for Na+ (42). 

A simple model of the AChR selectivity 
filter. Single-channel conductance measure- 
ments on hybrid AChR channels carrying 
chimeric subunits thus identified the M2 
transmembrane segment as one determi- 
nant contributing to the formation of the 
channel's inner wall. Point-mutational 
analysis refined the mapping and identified 
four positions in each subunit where amino 
acid side chains are likely to interact with 
permeating cations. A working hypothesis 
would be to assume that cations accumulate 
at the channel's extra- and intracellular 
mouths because of electrostatic attraction 

by the negative charges provided by the 
three anionic rings, whereas anions are 
excluded because of electrostatic repulsion. 
The selection between monovalent cations 
is predominantly due to sieving in the 
channel's constriction, which is formed by 
amino acids contributing hydroxyl-contain- 
ing side chains. 

Ion Channels Mediating Rapid 
Synaptic TransmEion 

Synapses in the CNS operate with transmit- 
ters that are different from those in periph- 
eral synapses, the most common ones being 
glycine, GABA, glutamate, and serotonin. 
Moreover, CNS synapses fall into two cate- 
gories, either excitatory or inhibitory. The 
work of Eccles and his collaborators (43) 
showed that synaptic communication in the 
CNS, as in the periphery, is mediated by 
ionic currents that flow across the postsyn- 
aptic membrane, generating excitatory or 
inhibitory postsynaptic potentials (EPSPs 
and IPSPs). Depending on which ions carry 
the postsynaptic currents, the respective 
transmitters are classified as excitatory or 
inhibitory. Glutamate, serotonin, and ACh 
activate cation currents, carried mostly by 
Na+ and K+ under physiological conditions, 
whereas GABA and glycine activate anion 
currents, carried under physiological condi- 
tions by Cl-. To characterize the elementary 
currents underlying postsynaptic potentials 
in the CNS, we initially used isolated neu- 
rons obtained from fetal brain. maintained 
in culture conditions, that express receptor 
channels activated by CNS transmitters. 

Elementary currents activated by glycine 

Fig. 9. Noisy whole-cell and pulse-shaped elementary currents activated by glycine in isolated 
neurons maintained in tissue culture. (A) Photomicrograph of cell body of a cultured neuron and tip 
of patch pipette touching cell membrane. Calibration bar. 10 p.m. (B) Schematic diagram of 
recording configuration to measure wholecell current from isolated neuron. (C) Record of 
wholecell current in response to application of inhibitory transmitter glycine. Note noisy trace during 
glycine-activated current. Scale on the left refers to number of open channels. (D) Schematic 
diagram of recording configuration to measure elementary currents from outside-out patch, isolated 
from neuronal cell body. (E) Record of elementary currents in response to glycine application to 
outside-out membrane patch. Scale refers to number of open channels. [Adapted from (72)] 

and GABA. An important feature of signal 
integration in the CNS is the occurrence of 
postsynaptic inhibition between neurons. 
This occurs when the electrical activity of a 
neuron is reduced by IPSPs, which are 
largely mediated by the transmitters glycine 
or GABA, which cause an increase in the 
permeability of the postsynaptic cell to 
chloride ions. To find out whether ion 
channels mediate this increase in C1- con- 
ductance, we measured the elementary cur- 
rents activated by glycine or GABA in 
neurons isolated from fetal spinal cord and 
brain. They were freed from their extracel- 
lular coats during the isolation procedure 
and readily allowed the sealing of a pipette 
tip onto their plasma membrane (Fig. 9A). 

For the characterization of the ionic re- 
quirements of currents and pharmacology 
activated by inhibitory transmitters, the 
"whole-cell" recording configuration (Fig. 
9B) was used, allowing the current through 
the entire cell membrane to be monitored. 
Figure 9C illustrates the activation of mem- 
brane current of hundreds of picoarnperes in 
a spinal neuron in response to the applica- 
tion of glycine. The current trace becomes 
"noisy" during glycine-activated current, but 
elementary currents are not resolvable. Fol- 
lowing isolation of an "outside-out" patch 
(Fig. 9D), the application of glycine at the 
same concentration activates a much smaller 
average current of a few piwamperes. The 
superposition of pulse-shaped elementary 
currents 'is now clearly detectable (Fig. 9E), 
suggesting that glycine-activated whole-cell 
currents are generated by the superposition 
of elementary currents of unitary amplitude 
and varying duration. The size of glycine- 
activated elementary currents is in the same 
range as that of elementary end-plate cur- 
rents, indicating that CNS transmitters also 
act by opening ion channels. 

Coactivation of GlyR and GABAR chan- 
nels. Most neurons isolated from fetal CNS 
have both glycine- and GABA-activated 
whole-cell currents that are carried by Cl-. 
The respective ion channels (GlyR and 
GABAR channels) were often colocalized 
in the same membrane patch (Fig. lOA), 
and their properties were studied by record- 
ing single-channel currents. 

The GlyR and GABAR channels are 
diiferent molecular entities (44) that share 
many functional properties. By measuring 
the reversal potentials in biionic conditions 
using different-permeant inorganic and or- 
ganic anions, researchers found that the 
diameter of the narrow region of GlyR and 
GABAR channels was between 4.8 and 5.4 
A at its constriction (45). This is compara- 
ble to the size of the constriction of the 
end-plate channel [see (35) for a review]. 
The results suggest, in conjunction with 
structural information obtained from the 
elucidation of the amino acid sequences of 
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the constituent GlyR and GABAR sub  
units, that transmitter gated channels are 
operating according to common principles, 
possibly being derived from common ances- 
tors [see (44) for a review]. 

Conduarmce substates of ,hnnek activated 
by CNS trrmrmitrers. The elementary cur- 
rents activated by glycine or GABA are 
pulse-shaped events, but in contrast to what 
we had expected initially, both transmitters 
opened channels that may adopt several 
conductance states. Several of these sub 
states are common to both channels; how- 
ever, the most frequently occuning "main" 
conductance states are Merent (45, 46). 

, Glutamate, the major excitatory transmitter 
in the CNS, also activates elementary cur- 
rents in the range of picoamperes that fall 
into several amplitude classes, indicating 
that glutamate receptor channels (GluR) 
also adopt substates (47-49). So far, the 
mechanism and the possible functional sig- 
niticance of conductance substates remain 
poorly understood. The analysis of recombi- 
nant channels indicates that the receptor 
channels gated by the major CNS transmit- 
ters, GABA, glycine, and glutamate, can 
show a wide functional diversity. This prob- 
ably occurs due to the expression of numer- 
ous subunits, which may form both homo- as 
well as heterooligomeric isoforms of chan- 
nels with subunit-specific properties (50). A 
possible but so far unproven hypothesis 
would be that channel subtypes are c o l d -  
ized in the postsynaptic membrane in a 
mosaic-like fashion and that this may be a 
prerequisite for the alteration of synaptic 
efficacy by changes in the composition of 
isoforms of the receptor mosaic. 

Fig. 10. Coactiiation of GlyR and 
GABAR channels. (A) Single- 
channel currents activated by gly- 
cine in an outside-out patch of 
mouse spinal neuron. Several 
GlyR channels are activated in 
this patch, as indicated by scale 
on left, and elementary GlyR 
channel currents are superim- 
posed. (8) Single-channel cur- 
rents activated by GABA in the 
same patch as shown in (A). Su- 
perposition of elementary cur- 
rents indicates the presence of 
several GABAR channels in this 
patch. (C and D) Size of narrow 
part of GlyR and GABAR chan- 
nels, mapped by reversal-poten- 
tial measurements in biionic con- 
ditions with chloride versus with 
organic anions of different size. 
Extrapolated diameters of con- 
striction of GlyR and GABAR 
channels are very similar, be- 
tween 4.8 and 5.4 A. [Adapted 
from (4511 

Postsynaptic Currents in 
Brain Slices 

It is immrtant to characterize those receD- 
tor ch&el isoforms that actually mediGe 
postsynaptic potentiah in neurons of clearly 
defined pathways in the intact CNS. In 
culture, the cellular identity of isolated 
neurons is rather ill defined, and these 
neurons lack their natural neighbors with 
which they form specific synapses. There- 
fore, the brain slice technique, pioneered 
by Andersen, was modified to perform 
whole-cell and single-channel current mea- 
surements from neurons in situ to charac- 
terize the quantal conductance changes 
generating EPSPs and IPSPs and the ele- 
mentary currents underlying them. 

Sealing of patch pipem onto neum in 
hain slices. The procedure that allowed us 
to use patch pipettes for whole-cell and 
sinele-channel conductance measurements " 
on neurons in brain slices consisted of a 
modification of the procedure developed for 
exposing the end-plates of single skeletal 
muscle fibers. Initially, we used local appli- 
cation of collagexmse; however, we found 
later that a gentle stream of extracellular 
solution, directed toward the surface of the 
slice (Fig. 1 lA), was sufhcient to expose 
the cell body of visually identified neurons 
(Fig. 11, B and C) in almost any part of the 
brain or spinal cord for recording with 
patch pipettes (51). 

Quand transmission at CNS synapses. Re- 
cording of stimulus-evoked IPSCs from gran- 
ule cells of the dentate gyms, as well as 
recording of elementary currents fKnn out- 
side-out patches, demonstrated the quantal 

B GABA 

2.0 3.0 4.0 5.0 6.0 2.0 3.0 4.0 5.0 6.0 
Stokes diameter (A) Stokes diameter (A) 

nature of IPSCs mediated by GABA and 
showed that the size of the conductance 
change occurring during quantal IPSCs is 
relatively small (on the order of 100 to 200 
pS) . This suggested that only a small number 
of postsynaptic GABAR channels (20 to 40) 
are activated by the release of a quantum of 
transmitter. On the basis of results from 
modeling the size and time course of IPSCs, 
it appears that the small number of activable 
GABAR channels under a single synaptic 
bouton is the major determinant of this 
small quantal conductance change (52-54). 

Recording of stimulus-evoked EPSCs 
from neurons where synaptic knobs are 
located at or close to the cell body-such as 
in stellate cells in layer IV of visual cortex 
(Fig. 12A) or from pyramidal cells of the 
hippocampal CA3 region, where mossy fi- 
ber terminals form synapses on the shaft of 
the apical dendrite-also demonstrated the 
quantal nature of EPSCs mediated by glu- 

Fig. 11. Exposure of CNS neurons in brain 
slices for current recording with patch pipettes. 
(A) Schematic drawing of the procedure used 
to expose the soma of individual neurons in 
brain slices. The tissue covering the cell body is 
removed by a gentle stream of extracellular 
solution delivered from a small pipette. (8) Tip 
of patch pipette is sealed onto exposed cell 
body. (C) Photomicrograph of exposed soma of 
hippocampal pyramidal neuron in rat brain 
slice. The tip of the pipette used to deliver a 
stream of extracellular solution is visible on the 
right. Sale  bar, 20 pm. [Adapted from (51)] 
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tamate acting on postsynaptic glutamate 
receptor (GluR) channels of the a-amino- 
3-hydroxy-5-methyl-4-isoxazole propionic 
acid (AMPA) subtype (55, 56). EPSCs are 
also characterized by a small quantal conduc- 
tance change, on the order of 100 to 200 pS 
(Fig. 12B), which most likely also reflects a 
small number of activated channels. 

Gating of GluR channels in CNS synapses. 
In central synapses the time course of the 
changes in transmitter concentration fol- 
lowing axonal release is not known, nor is 
the density or the kinetic properties of the 
receptor channels. If the transmitter disap- 
pears rapidly from the synaptic cleft, the 
decay of EPSCs or IPSCs would reflect the 
distribution of elementarv current durations 
after removal of the transmitter. Alterna- 
tivelv, the decav could reflect desensitiza- , . 
tion of postsynaptic receptors in the pres- 
ence of a sustained level of transmitter in 
the synaptic cleft. To measure the gating 
properties of postsynaptic receptor channels 
in the CNS, we used a method that allows 
brief agonist applications to outside-out 
membrane ~atches  (57) isolated from neu- ~, 

rons in an anatomically clearly defined re- 
gion of the brain (Fig. 13, A and B). 

The experiments showed that although 

synaptic 

receptors 

Fig. 12. Excitatory postsynaptic currents in 
CNS neuron mediated by glutamate acting on 
glutamate receptors. (A) Schematic diagram of 
whole-cell recording of EPSCs from a neuron in 
a brain slice where glutamate is released from 
vesicles to act on postsynaptic GluRs. (B) 
Examples of stimulus-evoked EPSCs mediated 
by glutamate acting on GluR channels of the 
AMPA subtype. The time of the electrical stim- 
ulus delivered to a neighboring neuron is indi- 
cated by the arrow. Three responses are super- 
imposed in each set of traces to illustrate the 
fluctuation in peak amplitude of EPSCs in re- 
sponse to constant stimulus. The three upper- 
most traces correspond to one, two, and three 
quantal events, respectively. (C) Amplitude dis- 
tribution of stimulus-evoked EPSC. Peaks in this 
distribution indicate that EPSCs are quantal in 
nature, with a quantal conductance change on 
the order of 100 pS. [Adapted from (56)] 

closure of GluR channels bv desensitization 
is fast, it is considerably slower than closure 
of channels to the resting state following 
removal of agonist (Fig. 13C) (58). It is, in 
particular, slower than the decay of EPSCs, 
for example, from excitatory synapses on 
stellate cells (56), suggesting that, at least 
in these cells, the decay of the fast EPSCs 
reflects predominantly the closure of GluR 
channels from the oDen to the resting 

L. 

closed state following rapid removal of 
transmitter from the svna~tic cleft. This , A 

implies that glutamate is present only brief- 
ly in the synaptic cleft (less than 1 ms) and 
that EPSCs are mediated by a GluR chan- 
nel subtype characterized by short average 
duration of elementary currents. In spite of 
this, some desensitization of GluR channels 
may still occur, even during a single EPSC 
(59). 

Molecular determinants of GluR channel 
function. To find out whether the occur- 
rence of functional GluR channel subtypes 

isolation of 
membrane patch e 

E brief application of 
glutamate 

C 

n 
Ry+60mV 

Fig. 13. Characterization of native GluR chan- 
nels in CNS neuron of brain slice. (A) Schemat- 
ic diagram of isolation of outside-out patch from 
the soma of a neuron in a brain slice. (B) 
Schematic diagram of the method of brief ago- 
nist application to the outside-out patch. The tip 
of the patch pipette, sealed by the outside-out 
patch, is brought close to the opening of a 
double-barreled application pipette delivering 
two solution streams, one with control solution, 
the other containing in addition 1 mM L-gluta- 
mate. The pipette is moved briefly by 10 to 20 
pm by means of a piezo element to expose the 
patch to a pulse of glutamate. (C) Family of 
currents in response to glutarnate application to 
membrane patch isolated from a rat hippocam- 
pal cell at different membrane potentials (at 
20-mV intervals). The duration of the glutamate 
application is 1 ms, as indicated in upper trace. 
The current rises rapidly (less than 1 ms) to the 
peak. Decay time constants of the current after 
removal of glutarnate are 2 to 3 ms. 

that mediate rapid synaptic currents is 
based on the assembly of native channels 
from different subunit combinations. which 
may confer different properties to the as- 
sembly, we collaborated with Seeburg and 
compared functional properties of native 
and recombinant GluR channels. Recom- 
binant GluR channels were assembled from 
different subunits of the AMPA receptor 
subunit family (60-62), guided by the pat- 
tern of subunit genes that are coexpressed 
in different Darts of the brain (63). . , 

Comparison of functional properties of 
recombinant homomeric and heteromeric 
GluR channels suggested that properties 
such as rectification of channel conduc- 
tance and divalent permeability are domi- 
nated by the presence of a particular (GluR- 
B) subunit in native GluR channels (61). 
This dominance was traced to a single 
amino acid in the putative M2 transmem- 
brane segment (64-66). The almost ubiq- 
uitous expression of the GluR-B subunit 
gene in CNS is likely to confer the conduc- 
tance properties and the low Ca2+ perme- 
ability of native GluR channels mediating 
fast EPSCs. Its differential expression is 

A M I  MZ M3 M4 
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Fig. 14. Characterization of recombinant GIuR- 
channel subtypes expressed in host cell. (A) 
Differences in amino acid sequence of GIuR- 
channel subunits in M2 transmembrane seg- 
ment of GIuR-B subunit. Box indicates amino 
acid present at Q-R site in the two isoforms of 
this subunit, GIuR-B(Q) and GIuR-B(R). The 
presence of arginine at this site is the conse- 
quence of mRNA editing. (B) Functional prop- 
erties of recombinant GluR channels assem- 
bled from unedited GIuR-B(Q) subunits. The 
inward current activated by glutamate is car- 
ried both by Na+ and Ca2+. (C) Functional 
properties of recombinant GluR channels as- 
sembled from edited GIuR-B(R) subunits. In the 
presence of a high extracellular concentration 
of Nat, an inward current is activated, whereas 
with high extracellular Ca2+, no inward current 
is observed. [Adapted from (66)] 
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likely to determine differences in Ca2+ 
oermeabilitv of native GluR channels in 
hifferent cell types, for example, of the 
cerebellum (67). However, in addition to 
differential expression of the GluR-B sub- 
unit gene, an additional mechanism seems 
to operate in regulating the properties of 
native GluR-channel isoforms. The 
GluR-B subunit is found in two isoforms 
differing in a single amino acid in the M2 
transmembrane segment (Fig. 14, A 
through C). The two subunit isoforms con- 
fer different conductance properties to het- 
eromeric channels. The difference is most 
likely due to editing of the GluR-B subunit- 
specific mRNA (68). 

Outlook 

Patch-clamo techniaues are now well estab- 
lished and routinely applied in combination 
with other techniaues. such as recombinant . , 

DNA or fluorometric techniques, to char- 
acterize molecular details of the events un- 
derlying synaptic signaling between cells. 
Through the measurement of elementary 
currents, the biophysical interpretation of 
the electrical signals that underlie cellular 
communication across synapses has been 
simplified and can be partly understood in 
molecular terms. At the same time, single- 
channel conductance measurements have 
provided evidence for numerous isoforms of 
receptor channels, as well as voltage- and 
second messenger-gated channels, and the 
significance of this remains to be elucidated 
with respect to synaptic communication in 
the CNS. It seems that the characterization 
of the various types of ligand- and voltage- 
gated ion channels on the extensive den- 
dritic trees of CNS neurons is necessary for 
an understanding of their integrative func- 
tion, that is, the generation of patterns of 
electrical activity resulting from IPSPs and 
EPSPs from many synaptic inputs. Equally 
important will be the characterization of 
the ion channels responsible for the electri- 
cal activity of nerve terminals. Patch pi- 
pettes could provide the resolution neces- 
sary to study the electrical signals in nerve 
terminals and dendrites. This seems to be a 
prerequisite if one wishes to understand 
how changes in synaptic transmission may 
contribute to changes in functional connec- 
tivity of neuronal pathways during normal 
and pathological states. 
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