The interaction of 10—3M 1,4-naphtho-

quinone and F, produced new absorb-
ance caused by the corresponding qui-
nol formed upon reduction of 1,4-
naphthoquinone by the receptor chem-
ical.

When a sulfthydryl group inhibitor
[10—3M N-ethyl maleimide (NEM)]
was added to either the above mixture
or a mixture of the quinone and
10—3M reduced glutathione, a change
in color occurred upon freezing; how-
ever, it was different from that ob-
served in the mixture of quinone and
F, or glutathione. The known specificity
of NEM for sulfhydryl groups would
indicate that the naphthoquinones re-
act at sulfhydryl groups on the receptor
chemical in F, and on reduced gluta-
thione.

In the absence of adequate quantities
of purified receptor chemical from F,
and F,, complexing between reduced
glutathione and 1,4-naphthoquinone,
with or without NEM, was further in-
vestigated by means of dropping-mer-
cury-electrode polarography. The test
solutions were polarographed in 75
ml of deoxygenated 0.1M phosphate
buffer (pH 7.0) and 25 ml of 95 per-
cent ethanol. Changes in the diffusion
current of the wave for 1,4-naphtho-
quinone (Fig. 2) when mixed with re-
duced glutathione, compared to when
analyzed alone, indicated that complex-
ing of these chemicals occurred. In the
presence of glutathione, an anodic wave
for 1,4-naphthoquinone appeared (Fig.
2), whereas the quinone alone yielded
only a cathodic wave. This indicated
that 1,4-naphthoquinone had been re-
duced during its interaction with the
glutathione. Upon addition of NEM to
the mixture of 1,4-naphthoquinone and
glutathione, the diffusion current for
the 1,4-naphthoquinone wave fell be-
tween that obtained when the quinone
was alone and that when it was com-
bined with just glutathione. This would
indicate that the addition of NEM re-
duced the amount of 1,4-naphthoqui-
none which was complexed with the
glutathione. Thus, there was competi-
tion between 1,4-naphthoquinone and
NEM for sulfhydryl groups on the re-
duced glutathione.

The findings from our various eval-
uations of the several naphthoquinones
would support the hypothesis that their
type of reaction with sulfhydryl groups
of F; and F, is involved in the trans-
duction of energy between the quinone
and the sensory neuron. Our findings
reveal a naturally operative mechanism
for changing the conformation of a re-
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ceptor macromolecule in nerve mem-
brane. Farah et al. (8) presented evi-
dence that such a change in conforma-
tion of macromolecules in membranes
results in an altered flow of inorganic
ions through the membrane; and Cole
(9) discussed the evidence that such
altered ion flow may lead to the gen-
eration of the electrical potential neces-
sary to fire the neuron. '
DALE M. Norris
STEPHEN M. FERKOVICH
Jack M. ROzZENTAL
JAMEs E. BAKER
Deparment of Entomology,
University of Wisconsin,
Madison 53706
THOMAS K. BORrG
Division of Natural Sciences,
North Dakota State University,
Fargo 58102
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Slow Synaptic Excitation in Sympathetic Ganglion Cells:

Evidence for Synaptic Inactivation of Potassium Conductance

Abstract. The slow excitatory postsynaptic potential (EPSP) was investigated
in frog sympathetic ganglion cells. In contrast to the increased conductance asso-
ciated with other known EPSP’s, during the slow EPSP resting membrane con-
ductance was decreased. Electrical depolarization of the membrane potentiated
the slow EPSP, whereas progressive hyperpolarization decreased its size and
then reversed it to a hyperpolarizing potential (the opposite of the effect of mem-
brane polarization on other EPSP’s). The reversal potential of the slow EPSP was
close to the potassium equilibrium potential. We propose that the slow EPSP, in
contrast to classical EPSP’s, is generated by an inactivation of resting potassium

conductance.

Synaptic excitation results from an
increased ion conductance of postsyn-

aptic membrane at virtually all chemi- -

cally transmitting junctions that have
been investigated (I). During such
typical excitatory postsynaptic poten-
tials (EPSP’s), membrane resistance is
decreased. The equilibrium potential
for the increased ion conductances in-
volved is in the depolarizing direction
so that electrical hyperpolarization of
the membrane increases the
whereas progressive depolarization de-
creases and then reverses the EPSP to
a hyperpolarizing potential. The slow
EPSP of frog sympathetic ganglion
cells has recently been reported to dif-
fer from typical EPSP’s in that the
membrane resistance is increased dur-
ing the slow EPSP and hyperpolarizing
current reverses the slow EPSP to a
hyperpolarizing potential (2). We have
investigated the mechanism of this slow
synaptic excitation; we now report evi-
dence consistent with the hypothesis
that the slow EPSP is generated by a

EPSP,

decrease of resting potassium conduct-
ance.

The tenth lumbar sympathetic gan-
glion of the bullfrog (Rana catesbei-
ana) was studied in vitro with con-
tinuous perfusion of oxygenated Ringer
solution (3). Intracellular records were
taken from sympathetic ganglion cells
with 15- to 25-megohm microelectrodes
filled with 3M KCL Standard tech-
niques of electrophysiological record-
ing were used, current being injected
through the recording microelectrode
by means of a Wheatstone bridge (4).
Preganglionic B fibers were stimulated
in the sympathetic chain between the
sixth and seventh ganglia (5). Type B
ganglion cells were identified on the
basis of antidromic conduction veloc-
ity (6).

The fast EPSP in frog sympathetic
ganglion cells, like most EPSP’s, is due
to increased ion conductance (7-9).
Hyperpolarization of the membrane
increases the fast EPSP, and depolari-
zation decreases its size (Fig. 1A); fur-
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ther depolarization then reverses the
fast EPSP to a hyperpolarizing poten-
tial. When this fast EPSP is blocked
by addition of nicotine (5 ug/ml) to
the bath, repetitive stimulation of B
fibers generates a slow depolarization
in type B ganglion cells (Fig. 1B, part
1)—the muscarinic slow EPSP. (5,
7, 10).

The membrane resistance, mea-
sured by a constant current pulse, in-
creases significantly during the slow
EPSP (Fig. 1B, part 2; 11), confirm-
ing previous observations (2). Since
electrical conductance is defined as the
reciprocal of resistance (I12), this in-
crease in resistance during the slow

EPSP may be considered a decrease in
membrane conductance.

We investigated the mechanism of
decreased conductance during the slow
EPSP by electrical polarization of the
ganglion cell membrane. Contrary to
the effect on the fast EPSP, depolar-
izing current increased the size of the
slow EPSP (Fig. 1C), whereas hyper-
polarizing current decreased the slow
EPSP. Further hyperpolarization of the
membrane reversed the slow EPSP to
a hyperpolarizing potential (Fig. 1C,
two bottom records). The relationship
of the size of the slow EPSP to polar-
izing current is shown in Fig. 1E; the
size of the slow EPSP was inversely

related to membrane potential (13).
The reversal potential for the slow
EPSP occurred at a membrane poten-
tial of approximately — 88 mv (I4).
This potential is near the estimated
potassium equilibrium potential for
vertebrate nerve cells (I, 15). A better
index of the K+ equilibrium potential
is the reversal potential of the after-
hyperpolarization of the antidromic
spike (I, 16). As shown in Fig. 1D,
the after-hyperpolarization of the cell
illustrated in Fig. 1, B to E, also reversed
at a membrane potential near — 88 mv
(17). The reversal potential of the
after-hyperpolarization is shown in Fig.
1E as an arrow; the reversal potential

A Fast EPSP B C Slow EPSP
. ) | M
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+5.1 na-ﬁw Z‘L LLLLLLL ,
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15 msec ® 1 15 seconds

Fig. 1. Fast and slow EPSP’s. (A) Amplitude of fast EPSP as a function of depolarizing (+4) and hyperpolarizing (—) current.
Polarizing current is indicated in nanoamperes. B fibers were stimulated with a single, 0.5-msec stimulus to generate the fast EPSP
in a type B ganglion cell. (B and C) Slow EPSP in a type B ganglion cell. The cell recorded stably for over 6 hours. Resting
membrane potential was —65 mv; input membrane resistance was 48 megohms. The fast EPSP was blocked by nicotine (5 ug/ml).
B fibers were stimulated repetitively at a frequency of 100 per second for 2 seconds. Stimulation began 10 seconds after the begin-
ning of each record. Most of stimulus artifact was lost in photographic reproduction. The period of stimulation is indicated by a
line labeled § under the bottom record in C. (B1) Slow EPSP at resting membrane potential. (B2) Upper record: hyperpolarizing
constant current pulses of —0.5 na. Lower record: bridge balanced before stimulation such that current pulses produced no volt-
age deflection. Note that during EPSP the —0.5-na current pulses produced a hyperpolarizing voltage deflection of 1 mv, indicating
that the membrane resistance had increased by 2 megohms. Time and voltage calibration for B is the same as for C. (C) Amplitude of
slow EPSP in B as a function of depolarizing (4) and hyperpolarizing (—) current. Note that the slow EPSP reversed with hyper-
polarizing current, the opposite of fast EPSP in A. (D) Amplitude of antidromic spike after-hyperpolarization as a function of mem-
brane potential. The same cell as B and C. Upper record monitors current; note that the larger hyperpolarizing current traces
are superimposed on voltage records. Lower record shows antidromic spike superimposed at various levels of membrane potential.
Top of spike was cut off by limitation of oscilloscope excursion. Note that the after-hyperpolarization reverses with hyperpolariz-
ing current between —0.5 na and —0.6 na (I7). (E) Graphic relationship of amplitude of slow EPSP (in C) to current. The
reversal potential of slow EPSP is the point at which the curve crosses the abscissa. Arrow indicates the reversal potential of anti-
dromic spike after-hyperpolarization shown in D. Note that the reversal potential of after-hyperpolarization (arrow) coincides with
the reversal potential of slow EPSP (curve intercept).
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Fig. 2. (A) Effect of removing extracellular Cl- on slow EPSP. (Left) Potentiation of small slow EPSP by depolarizing current.
(Right) Effect of removing extracellular Cl- on potentiation of slow EPSP by depolarizing current. (B) Effect of removing extra-
cellular ClI- on reversal of antidromic spike after-hyperpolarization. (Left) Upper record monitors current; lower record shows anti-
dromic spike superimposed at various levels of membrane potential. (Right) Similar to left but after removal of extracellular CI-.
Note that data taken when CI- was removed were recorded over a more limited current range than were control data. (C) Sche-
matic electrical circuit diagram of sympathetic ganglion cell membrane representing the fast EPSP (left) and the slow EPSP (right);
Cn» represents membrane capacitance. See text for further discussion.

of the slow EPSP and the reversal
potential of the after-hyperpolarization
are extremely close, if not identical.
The similar reversal potential for the
slow EPSP and the after-hyperpolariza-
tion, taken together with the effect of
membrane polarization and the de-
crease in membrane conductance,
strongly suggests that the membrane
conductance that is decreased during
the slow EPSP is the resting K+ con-
ductance.

Since the resting conductance and
intracellular concentration of chloride
ions in sympathetic ganglion cells is
not known, the above data do not ex-
clude the possibility of an inactivation
of Cl— conductance. However, the
fact that removal of extracellular Cl—
from the Ringer bath (/8) had no sig-
nificant effect on the slow EPSP (Fig.
2A) excludes the possibility that an
inactivation of a Cl— conductance
plays a significant role in the genera-
tion of the slow EPSP. Removal of
Cl— also did not significantly affect
the reversal potential of the antidromic
spike after-hyperpolarization (Fig. 2B).
Inactivation of a resting Nat conduc-
tance need not be considered for gen-
erating the slow EPSP since it would
produce a hyperpolarizing response
(19).

The preceding results are best ex-
plained by the hypothesis that the slow
EPSP in frog sympathetic ganglion
cells is generated by a decrease or in-
activation of resting K+ conductance.
The properties of the slow EPSP are
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explained in terms of this hypothesis
as follows. The resting membrane po-
tential is maintained in part by a rest-
ing net passive K+ efflux (15, 20).
Synaptic inactivation of the resting
K+ conductance would increase the
membrane resistance and shift the
membrane potential away from the K+
equilibrium potential and toward the
equilibrium potential of the other rest-
ing conductances (2I) resulting in a
depolarization—the slow EPSP. Flec-
trical depolarization of the membrane
increases the electrochemical gradient
for K+ which increases the passive
K+ efflux; synaptic inactivation of this
greater K+ efflux would generate a
larger slow EPSP. Electrical hyper-
polarization, on the other hand, de-
creases the electrochemical K+ grad-
ient which would decrease the size of
the EPSP. At the K+ equilibrium po-
tential, there is no net passive K+ flux
and no EPSP would be observed. If
the membrane is hyperpolarized below
the K+ equilibrium potential the elec-
trochemical gradient for K+ is re-
versed, producing a net passive K+
influx. In this case, inactivation of the
K+ influx would result in a hyper-
polarizing potential.

This mechanism may be represented
schematically by an electrical circuit
diagram of the sympathetic ganglion
cell membrane. On the left of Fig. 2C
the common type of synaptic conduct-
ance mechanism, in this case the fast
EPSP, is represented as a variable re-
sistance (the fast EPSP conductance—

gmpgp) in series with an electromotive
force (the equilibrium potential for
the fast EPSP—E;;pgp) (22). Activa-
tion of nicotinic membrane receptors
(N) is shown increasing the fast EPSP
conductance (arrow) which shifts the
membrane potential toward E;ppgp. On
the right, the slow EPSP mechanism is
illustrated as a variable K+ conduct-
ance (gx) in series with its electromo-
tive force, Ex. In parallel, the other
resting membrane conductances are
shown as a fixed conductance, G,, in
series with the electromotive force of
those resting conductances, E, (23).
Activation of muscarinic membrane
receptors (M) is illustrated as decreas-
ing gx (arrow). This would increase the
membrane resistance and shift the
membrane potential away from Ejp
and toward the equilibrium potential
of the other membrane conductances
(E,), thus generating the slow EPSP.

Inactivation of membrane conduct-
ance in several bioelectric tissues has
been reported. Depolarizing current
inactivates K+ conductance in eel
(24) and gymnotid (25) electro-
plaques, whereas strong hyperpolariz-
ing current inactivates K+ conductance
in lobster muscle fibers (26) and
gymnotid electroplaques (25). The
response of vertebrate cone photore-
ceptors to light is a hyperpolarization
generated by a decrease in membrane
conductance (presumably Na+) (19).
Synaptic potentials, on the other hand,
result from an increased membrane
conductance at virtually all chemically
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transmitting junctions that have been
investigated (I). The slow EPSP in
frog sympathetic ganglion cells thus
appears to be the first example of a
postsynaptic potential generated by an
inactivation of membrane conduct-
ance. It has recently been reported that
acetylcholine acting on muscarinic
receptors causes a depolarization of
cortical neurons that is not associated
with an increased membrane conduct-
ance (27), and norepinephrine causes
a  hyperpolarization of cerebellar
Purkinje cells that is associated with
an increase in membrane resistance
(28). Although the mechanism of such
phenomena needs further elucidation,
the similarity of those responses to the
slow EPSP in sympathetic ganglion
cells suggests that synaptic inactivation
of membrane conductance may be a
mechanism of general significance in
the regulation of neuronal activity.
Forrest F. WEIGHT
JIRT VoOTAvVA*
Laboratory of Neuropharmacology,
National Institute of Mental Health,
St. Elizabeths Hospital,
Washington, D.C. 20032
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Predicting Measures of Motor Performance
from Multiple Cortical Spike Trains

Abstract. Recordings have been obtained simultaneously from several, individ-
ually selected neurons in the motor cortex of unanesthetized monkey as the
animal performed simple arm movements. With the use of comparatively simple
quantitative procedures, the activity of small sets of cells was found to be ade-
quate for rather accurate real-time prediction of the time course of various
response measurements. In addition, the results suggest that hypotheses concern-
ing the response variables “controlled” by cortical motor systems may well depend
upon whether or not the temporal relations between simultaneously active neurons

are taken into account.

The firing patterns of single neurons
in the cerebral or cerebellar cortices of
unanesthetized animals during the per-
formance of conditioned motor re-
sponses have been described in several
reports (I, 2). In each of these studies,
the basic experimental approach has
been the same; recordings have typi-
cally been obtained from one cell at a
time, and attention has been focused
on the extent to which the temporal
discharge pattern of a given single
unit, or class of sequentially observed
units, might convey information con-
cerning the intensity and time course
of the animal’s movements. Evarts’
studies (2) of the activity of pyramidal
tract (PT) neurons during conditioned
hand movements in the monkey pro-

vide an excellent example of this type
of approach and the kinds of data
derived from its use. We now describe
a somewhat different approach and
present data which suggest that infor-
mation about a given movement is
carried not simply in the discharge
patterns or spike trains of individual
cortical neurons but to a significant
extent by the temporal relations be-
tween them.

Our experiments are related to the
general question of whether neuronal
spike trains might be used for quanti-
tative prediction of simple motor re-
sponses (3). In particular, we were
interested (i) in determining which of
the measurements associated with sim-
ple arm movements (such as arm
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