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The occurrence of inhibitory neuro- 
muscular synapses in the Crustacea is 
well established, but evidence for peri- 
pheral inhibitory activity in the other 

large arthropod group, the Insecta, has 
been slight (1). However, during an ex- 
amination of neuromuscular transmis- 
sion in the metathoracic extensor tibiae 
muscle of the locust after section of its 
motor innervation ("denervation"), po- 
tentials were discovered (2) that ap- 
peared to be hyperpolarizing inhibitory 
postsynaptic potentials. Hyperpolarizing 
potentials had previously been recorded 
from this muscle by Hoyle (3), but they 
did not seem to attenuate the depolariz- 
ing excitatory potentials. In an attempt 
to resolve these conflicting observations 
the properties of the hyperpolarizing 
postsynaptic potentials of normal prep- 
arations have been reexamined. 

The metathoracic extensor tibiae 
muscle of the lubber grasshopper, Ro- 
malea microptera, was used throughout 
this investigation. Recordings of inhibi- 

tory postsynaptic potentials were ob- 
tained from about 70 individual speci- 
mens. Most recordings were restricted 
to the closely packed, highly tracheo- 
lated, bundle of muscle fibers at the 
proximal end of the muscle. These 
fibers, most of which have smaller di- 
ameters than the rest of the fibers of 
the extensor muscle, are either triply 
innervated, receiving endings from a 
"fast" and a "slow" excitor axon as 
well as from the "hyperpolarizer" or 
inhibitor axon, or they are dually in- 
nervated, with no endings from the 
"fast" axon. Although the "slow" ex- 
citor and the inhibitor axons origi- 
nate from the metathoracic ganglion (3) 
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in the same fine nerve (No. 3b) and 
cannot be separated by dissection, the 
two axons usually have slightly differ- 
ent thresholds to electrical stimulation 
and can therefore be excited independ- 
ently (Fig. 1A). Reflex excitation of the 
two axons obtained by stroking differ- 
ent parts of the animal with the tip of 
a fine brush has frequently been used 
as a further method of analyzing the 
two synaptic events, since by selective 
activation of different reflex pathways 
the two axons can be excited in- 

dependently or simultaneously (Fig. 1, 
B-D). 

The largest hyperpolarizing postsyn- 
aptic potentials (about 15 mv) are re- 
corded from fibers with relatively low 
resting potentials (-35 to -45 my), 
whereas only very small hyperpolariz- 
ing postsynaptic potentials are ob- 
served in fibers with resting potentials 
greater than -65 mv. The hyperpolar- 
izing postsynaptic potentials summate 
(Fig. 1, B and C) and facilitate at high 
frequencies of stimulation, these effects 
being most obvious in fibers with low 
resting potentials. The "slow" excitatory 
potentials, which produce depolariza- 
tions between 1 and 30 mv, are modified 
by the hyperpolarizing electrogenesis. 
This excitatory potential is attenuated if 
it arises during the early phase of the 
hyperpolarization (Fig. 1A). Thus, such 
an attenuated potential may indeed be 
termed an inhibitory postsynaptic po- 
tential. However, if the excitatory po- 
tential arises during the declining phase 
of the inhibitory potential, the ex- 
citatory is usually slightly enhanced. 
Presumably, therefore, the active phase 
of the inhibitory electrogenesis is rela- 
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tively brief compared with the duration 
of the inhibitory potential which it 
evokes, the declining phase of the in- 

hibitory potential being passive. The 

discrepancies between the present re- 
sults and those obtained by Hoyle (3) 
could be explained on the basis that he 
examined the effects of the passive and 
not the active phase of the inhibitory 
postsynaptic potential on the excitatory 
electrogenesis. This would account not 

only for the apparent lack of attenua- 
tion of the excitatory potentials by the 

inhibitory potential, but would also ex- 

plain the slight enhancement of the 
"fast" excitatory response that he ob- 
served. 

The inhibitory postsynaptic potential 
is augmented during depolarization of 
the muscle fiber by applied current (Fig. 
2, C and D), while reversal of the re- 

sponse occurs during hyperpolarization 
of the muscle fiber (Fig. 2, A and B). 
The reversal or equilibrium potential 
for the inhibitory potential is usually 
between -65 and -75 mv, but in some 
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Fig. 1. Hyperpolarizing inhibitory and de- 
polarizing excitatory postsynaptic poten- 
tials recorded from fibers of the meta- 
thoracic extensor tibiae muscle of Romalea 
microptera. A, Recordings from a single 
fiber. a and b, Control responses to reflex 
stimulation of the "slow" axon (a) and 
to electrical stimulation of the inhibitory 
axon (b). c-e, Interaction between ex- 
citatory and inhibitory postsynaptic poten- 
tials as intervals between responses are 
changed. The excitatory potential was not 
attenuated when it occurred after the peak 
of the inhibitory postsynaptic potential 
(c). Only the falling phase of the excita- 
tory potential was affected when the in- 
hibitory potential began later than did the 
excitatory potential (e). B-D, Postsynaptic 
potentials evoked by reflex stimulation 
recorded from three different fibers which 
had low resting potentials (-40, -42 and 
-45 my, respectively). In B both excita- 
tory and inhibitory potentials were evoked, 
the first response being an inhibitory po- 
tential which diminished an excitatory 
potential that followed it closely. Note 
marked summation of the inhibitory po- 
tentials in C and D. Calibrating pulses 
(5 mv and 100 msec) appear at the be- 
ginning of each trace. 
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Inhibitory Postsynaptic Potentials in Grasshopper Muscle 

Abstract. Hyperpolarizing inhibitory postsynaptic potentials have been dis- 
covered in fibers of the "jumping" muscle of the grasshopper. These potentials 
attenuate the depolarizing excitatory postsynaptic responses. They are enhanced 

during depolarization of the muscle fiber with applied current and are diminished 
and then reversed during hyperpolarization. The electrogenesis appears to be 
caused by chloride-activation. Gamma-aminobutyric acid activates the inhibitory 
synaptic membrane and picrotoxin is an inactivator agent. 
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fibers with low resting potentials values 
of the reversal potential close to -55 
mv have been obtained. In contrast the 
excitatory potential is reversed by polar- 
izing the fiber membrane inside-posi- 
tive (4). Since the resting potentials of 
the fibers in the proximal bundle of the 
muscle rarely exceed -70 my, it is not 
surprising that depolarizing postsynaptic 
potentials have not normally been re- 
corded in response to stimulation of 
the inhibitory axon. 

Topical applications of y-aminobu- 
tyric acid in concentrations >10-8M 
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Fig. 2. Dependence of amplitude and po- 
larity of inhibitory postsynaptic potentials 
on the level of membrane polarization in 
four different fibers of the extensor tibiae 
muscle. A and B, Reversals of hyperpolar- 
izing postsynaptic potentials with increas- 
ing membrane polarization. A, Three 
superimposed sweeps with simultaneous 
registration of the currents applied through 
another intracellular microelectrode (up- 
per trace) and the membrane potential 
(lower trace). A hyperpolarizing inhibitory 
postsynaptic potential which was evoked 
by electrical stimulation of the inhibitor 
axon seemed to disappear when the stim- 
ulus was applied during a brief hyper- 
polarization of the muscle fiber by about 
8 mv. This inhibitory potential reappeared 
inverted in sign and of larger amplitude 
when the muscle fiber was hyperpolarized 
still further. B, The inhibitory potentials 
were evoked at different levels of polariza- 
tion of the muscle fiber membrane. At 
the resting potential (-48 my) the in- 
hibitory potential was hyperpolarizing. As 
the membrane was hyperpolarized the in- 
hibitory potential at first diminished, then 
seemed to disappear, and then reappeared 
reversed in sign. C and D, Enhancement 
of hyperpolarizing inhibitory potentials 
during depolarization of the membrane. 
C, Recording as in A, but of four super- 
imposed sweeps, and with depolarizing 
(outward) current of different strengths 
delivered through an intracellular micro- 
electrode. D, Two successive traces of the 
inhibitory postsynaptic potential at the 
resting potential of the fiber (lower) and 
during a large depolarization (upper). 
Calibrating pulses at the beginning of each 
voltage trace represent 10 mv and 50 msec 
(A and B) and 2 my and 50 msec (D). 
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activate the inhibitory synaptic mem- 
brane, the membrane resistance and 
time constant decreasing markedly 
within a few seconds after applying the 
drug. If the fiber which is impaled with 
a microelectrode has a low resting po- 
tential the drug also causes hyperpolari- 
zation. Picrotoxin (l0- to 10-'M) abol- 
ishes the inhibitory potentials and also 
antagonizes the activation by y-amino- 
butyric acid, but it has little or no ef- 
fect on the excitatory potentials of the 
muscle fibers. 

The sign of the inhibitory potential 
is inverted from hyperpolarization to 
depolarization by removing chloride 
from the medium that is bathing the 
muscle and substituting an impermeant 
anion, such as propionate. This suggests 
that the inhibitory potential arises from 
an increase in chloride-permeability 
during activation of the inhibitory post- 
synaptic membrane. Thus, with respect 
to both its pharmacological properties 
and the electrochemical nature of its 
electrogenesis, the inhibitory synaptic 
membrane of the muscle fibers resem- 
bles that of the inhibitory synapses of 
crayfish (5) and lobster (6). The occur- 
rence of inhibitory postsynaptic poten- 
tials in Romalea, even though they may 
be confined to specific muscle bundles, 
may have implications for data on the 
evolutionary relations of Crustacea and 
Insecta (6). 

As already noted, the inhibitory post- 
synaptic potentials have thus far been 
observed only in a particular bundle of 
the extensor muscle. Since the effects 
of inhibitory electrogenesis on the 
mechanical responses of the exten- 
sor tibiae muscle have not yet been ex- 
amined, it would be unwise to speculate 
on the possible functional role of the 
inhibitory axon. However, if the coup- 
ling between the electrogenic and con- 
tractile activity of insect muscle is 
graded, the presence of an inhibitory 
axon capable of diminishing or regu- 
lating the mechanical response by at- 
tenuating the depolarizing excitatory 
postsynaptic potentials would be of 
value. This applies especially to an 
animal such as the locust or grasshopper 
in which the normal electrogenesis of 
the electrically excitable membrane of 
the muscle fiber is also a graded re- 
sponse (4). 

P. N. R. USHERWOOD* 
H. GRUNDFEST 

Department of Neurology, 

activate the inhibitory synaptic mem- 
brane, the membrane resistance and 
time constant decreasing markedly 
within a few seconds after applying the 
drug. If the fiber which is impaled with 
a microelectrode has a low resting po- 
tential the drug also causes hyperpolari- 
zation. Picrotoxin (l0- to 10-'M) abol- 
ishes the inhibitory potentials and also 
antagonizes the activation by y-amino- 
butyric acid, but it has little or no ef- 
fect on the excitatory potentials of the 
muscle fibers. 

The sign of the inhibitory potential 
is inverted from hyperpolarization to 
depolarization by removing chloride 
from the medium that is bathing the 
muscle and substituting an impermeant 
anion, such as propionate. This suggests 
that the inhibitory potential arises from 
an increase in chloride-permeability 
during activation of the inhibitory post- 
synaptic membrane. Thus, with respect 
to both its pharmacological properties 
and the electrochemical nature of its 
electrogenesis, the inhibitory synaptic 
membrane of the muscle fibers resem- 
bles that of the inhibitory synapses of 
crayfish (5) and lobster (6). The occur- 
rence of inhibitory postsynaptic poten- 
tials in Romalea, even though they may 
be confined to specific muscle bundles, 
may have implications for data on the 
evolutionary relations of Crustacea and 
Insecta (6). 

As already noted, the inhibitory post- 
synaptic potentials have thus far been 
observed only in a particular bundle of 
the extensor muscle. Since the effects 
of inhibitory electrogenesis on the 
mechanical responses of the exten- 
sor tibiae muscle have not yet been ex- 
amined, it would be unwise to speculate 
on the possible functional role of the 
inhibitory axon. However, if the coup- 
ling between the electrogenic and con- 
tractile activity of insect muscle is 
graded, the presence of an inhibitory 
axon capable of diminishing or regu- 
lating the mechanical response by at- 
tenuating the depolarizing excitatory 
postsynaptic potentials would be of 
value. This applies especially to an 
animal such as the locust or grasshopper 
in which the normal electrogenesis of 
the electrically excitable membrane of 
the muscle fiber is also a graded re- 
sponse (4). 

P. N. R. USHERWOOD* 
H. GRUNDFEST 

Department of Neurology, 
College of Physicians and Surgeons, 
Columbia University, New York 32 
College of Physicians and Surgeons, 
Columbia University, New York 32 

References and Notes 

1. H. Friedrich, Z. Vergleich. Physiol. 18, 536 
(1933); S. H. Ripley and D. W. Ewer, Nature 
167, 106 (1951); G. Becht, Bijdr. Dierk. 29, 1 
(1959). 

2. P. N. R. Usherwood, J. Insect. Physiol. 9, 811 
(1963). 

3. G. Hoyle, Proc. Roy. Soc. London, Ser. B, 
143, 343 (1955). 

4. J. A. Cerf, H. Grundfest, G. Hoyle, F. V. 
McCann, J. Gen. Physiol. 43, 377 (1959). 

5. J. Boistel and P. Fatt, J. Physiol. 144, 176 
(1958). 

6. H. Grundfest, J. P. Reuben, W. H. Rickles, 
Jr., J. Gen. Physiol. 42, 1301 (1959). 

7. Supported in part by grants from the Muscu- 
lar Dystrophy Associations of America, the 
U.S. Public Health Service, the National 
Science Foundation, and the United Cerebral 
Palsy Research and Educational Foundation. 

* On leave of absence from the Department of 
Zoology, University of Glasgow. 

29 November 1963 

Atmospheric Aldehydes Related to 
Petunia Leaf Damage 

Abstract. Snowstorm petunias grown 
in the greenhouse developed a necrotic 
banding of the actively expanding fo- 
liage characteristic of injury ascribed to 
various photochemically produced pol- 
lutants in the atmosphere. In this case 
the damage appeared to be related to 
the high aldehyde content of the am- 
bient air. Each time the aldehyde con- 
centration exceeded 0.20 parts per mil- 
lion for 2 hours, injury appeared within 
a day or two. From July to September 
1963 such plant injury was observed 
on seven occasions. 

During the summer of 1963 it be- 
came apparent that, among the experi- 
mental plants growing in our green- 
house, a particular variety of white 
petunia (Snowstorm) was extremely 
susceptible to a toxicant in the ambient 
air. After exposure to certain atmos- 
pheric conditions, the leaves were 
marked in a manner similar to that 
which Taylor et al. (1) found after ex- 
posure of leaves to the polluted ambient 
air of California. Leaves that were rap- 
idly expanding in size appeared water- 
soaked between the veins, and after 
several hours of exposure to sunlight 
the upper surface developed typical 
necrotic bands and the lower surface 
had a glazed appearance (Fig. 1). The 
youngest leaves were marked only 
slightly, if at all, at the apex; and the 
oldest leaves entirely escaped injury. 
Taylor et al. reproduced such symptoms 
by exposing plants to irradiated mix- 
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