Synaptic Potentials Effect the Release of

Transmitter from Locust Nonspiking Interneurons

Abstract. An excitatory synaptic potential in a local nonspiking interneuron of a
locust is able to effect the release of chemical transmitter. The consequence is that a
discrete inhibitory synaptic potential is evoked in an identified postsynaptic mo-
toneuron. These local interactions between interneurons and motoneurons are of
behavioral significance in that they ensure the correct operation of a resistance re-

flex.

Neurons within a central nervous sys-
tem continually generate a wealth of syn-
aptic potentials as a result of chemical
and electrical signals from other neu-
rons. In many neurons an obvious con-
sequence of these inputs is that when
they exceed a certain level, a spike is
generated that can be carried to distant
parts of the neuron. At the output syn-
apses, the spike either transiently in-
creases the rate of release of a chemical
transmitter, or its current flows directly
into the next neuron and produces a
synaptic potential. This report provides
direct evidence that synaptic potentials
themselves can effect intercellular com-
munication without the intervention of a
spike, so that local interactions between
neurons become possible. There is al-
ready strong circumstantial evidence
that supports the concept of local neu-
ronal circuits (/). Reconstruction of field
potentials in the olfactory bulb of rabbits
suggests that synaptic potentials in den-
drites can influence the dendrites of oth-
er neurons (2). Studies using electron mi-
croscopy indicate that the appropriate
serial and reciprocal synapses are pres-
ent (3). Moreover, synapses of some
neurons, such as receptor cells, can be
activated by small voltage signals and
thereby affect higher-order neurons ).
Neurons that normally spike can, when
the spike is blocked, transmit in a graded
fashion in response to voltage changes of
a few millivolts (5). Local nonspiking in-
terneurons in the segmental ganglia of in-
sects (6) are able, by small changes in
their membrane potentials, to effect
graded chemical transmission onto their
postsynaptic neurons (7, 8). Here it is
shown by intracellular recording from a
local interneuron and a postsynaptic mo-
toneuron that a discrete (9) depolarizing
synaptic potential of only 2 mV in the in-
terneuron is sufficient to effect the re-
lease of transmitter. Each of these syn-
aptic potentials in the interneuron
evokes a discrete hyperpolarizing poten-
tial in the postsynaptic neuron so that
patterned information is preserved. The
synaptic potentials occur when the hind
leg is moved, and are an essential ele-
ment in a reflex.
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The thorax of the locust was opened
by dorsal dissection to expose the meta-
thoracic ganglion (10). The femur of the
hind leg was held rigidly, while the tibia
could be moved by a mechanical activa-
tor driven by a waveform generator. In-
tracellular recordings were made simul-
taneously from neuropilar processes of
an identified motoneuron innervating the
flexor tibiae muscle of a hind leg and
from a presynaptic interneuron (/7). In-
tracellular staining with cobalt shows
that the interneuron is a local one with all
its processes within the metathoracic
ganglion (Fig. 1). The interneuron does
not produce spikes (7, 8). Injection of
small amounts (< 5 nA) of depolarizing
current into the interneuron evokes a
hyperpolarization of the flexor motoneu-
ron and spikes in the antagonistic slow
extensor tibiae motoneuron (Fig. 2a).
The hyperpolarization in the flexor mo-
toneuron follows the onset of the stimu-
lus with a delay of 1.5 msec. Intracellular
recordings from the slow extensor mo-
toneuron reveal a depolarization that fol-
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Fig. 1. Drawings of a non-
spiking local interneuron that,
when depolarized, evokes a
hyperpolarization in a flexor
tibiae motoneuron and spikes
in the slow extensor tibiae mo-
toneuron: (a) dorsal view and
(b) side view. Drawings were
made with a camera lucida
from a whole mount of the
metathoracic ganglion. The in-
terneuron was identified phy-
siologically and then stained
by the intracellular injection of
cobalt and the intensification
of the cobalt sulfide precipitate
with silver (/3). The cell body
of 15-um diameter is in a ven-
tral rind of cell bodies. A
single process emerges from
the cell body and gives rise to
a profusion of branches, none
more than 5 um in diameter,
within the central neuropil.
Branches of the interneuron
and the motoneurons are inter-
mingled.
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lows with a similar latency. Connections
between the interneuron and the two
antagonistic motoneurons are therefore
probably direct. The effects in the moto-
neurons are graded depending upon the
amount of current injected into the inter-
neuron and are mediated by the release
of chemical transmitter. The evoked hy-
perpolarization is enhanced when the flexor
motoneuron is depolarized by the direct
injection of current (Fig. 2b), reaches an
apparent reversal potential when the mo-
toneuron is hyperpolarized (Fig. 2¢), and
finally reverses in polarity when more
hyperpolarizing current is applied (Fig.
2d). Hyperpolarizing current injected in-
to the interneuron produces no detect-
able voltage or resistance changes in the
flexor motoneuron.

To evoke synaptic potentials in the in-
terneuron, a resistance reflex was acti-
vated. Passive flexion of the tibia inhibits
the flexor motoneuron and excites the
slow extensor motoneuron, so that the
imposed movement is resisted. Holding
the tibia in a flexed position evokes a se-
quence of depolarizing potentials of 2 to
2.5 mV in amplitude in the interneuron
(Fig. 2e). Each potential is followed by
an inhibitory postsynaptic potential
(IPSP) in the flexor motoneuron and
sometimes by a spike in the extensor mo-
toneuron (Fig. 2e). The depolarizing po-
tentials in the interneuron are excitatory
postsynaptic potentials (EPSP’s); when
the interneuron is hyperpolarized with
injected current, they increase in ampli-
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tude, and when it is depolarized they are
diminished. The source of the EPSP’s is
thought to be spikes in an interneuron or
a sensory neuron activated by the move-
ment of the tibia (/2). If the tibia is

moved rhythmically, then upon each
flexion there is a sequence of EPSP’s in
the interneuron, a hyperpolarization of
the flexor motoneuron, and spikes in the
extensor motoneuron (Fig. 2f). That the
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Fig. 2. Interactions of a nonspiking local interneuron with flexor and extensor tibiae motoneu-
rons. (a) Depolarization of the interneuron (Int.) with current injected through the recording
microelectrode by means of a bridge circuit evokes a hyperpolarization of the flexor motoneu-
ron (Flex. MN) that persists for the duration of the current pulse. Spikes are also evoked in the
slow extensor motoneuron (Ext. MN) [myogram on third trace, omitted in (b) to (d)]. The bot-
tom trace in (a) to (d) monitors the current injected into both the interneuron and the motoneu-
ron. (b) If the flexor motoneuron is depolarized by injected current to evoke spikes, and then the
same pulse of current as in (a) is injected into the interneuron, the evoked hyperpolarization is
accentuated. (c) If the flexor motoneuron is hyperpolarized, the effect from the interneuron
reaches an apparent reversal potential. (d) If the flexor motoneuron is hyperpolarized still fur-
ther, then the effect from the interneuron is reversed in polarity and is now depolarizing. (¢) The
tibia is fixed at an angle of 60° about the femur; EPSP’s in the interneuron (middle trace) precede
IPSP’s in the flexor motoneuron (top trace). There is a tendency for spikes in the extensor
motoneuron (bottom trace) to follow the EPSP’s. (f) The tibia is forcibly flexed and extended in
a sinusoidal way (bottom trace) about a femoral-tibial angle of 90° to 40°. Flexion evokes
EPSP’s in the interneuron, summed IPSP’s in the flexor motoneuron, and an increased frequen-
cy of spikes in the extensor motoneuron. (g) The interneuron is hyperpolarized by 3.5 nA of
current. Larger EPSP’s occur in the interneuron with each flexion, but there is a reduction in
the amplitude of the hyperpolarization in the flexor motoneuron, and of the number and fre-
quency of spikes in the extensor motoneuron. Calibration. Vertical: voltage, flexor motoneu-
ron, (a) to (d), 16 mV; (e) to (g), 4 mV; interneuron, (a) to (d), 40 mV; (e), 4 mV; (f) and (g), 8
mV; current, 26 nA; tibial movement, 80°. Horizontal: (a) to (d), 400 msec; (e) to (g), 200 msec.
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the interneuron at its normal restmg potential are shown. (a) and (b) An IPSP follows with
a latency of 1.5 msec. (c) A spike in the extensor motoneuron occurs with a preferred latency.
(d) to (f) Three successive averages with the interneuron held hyperpolarized by 3 nA of
current are shown. (d) and (e) The EPSP is enlarged in amplitude and prolonged in duration, but
the IPSP is substantially reduced in amplitude. (f) A spike in the extensor motoneuron no longer
occurs with a preferred latency. (g) to (i) Averaged records from another locust are shown. (g)
The interneuron is at its normal resting potential and the EPSP is followed by an IPSP in the
flexor motoneuron. (h) The motoneuron is held hyperpolarized with the result that the IPSP is
reversed in polarity. (i) The interneuron is held hyperpolarized by 3 nA of current, with the
result that the IPSP in the motoneuron is reduced in amplitude.

82

interneuron plays an essential role in me-
diating these changes in the motoneu-
rons can be shown by tonically hyper-
polarizing the interneuron and repeating
the movement (Fig. 2g). There is then a
reduction in the amplitude of the hyper-
polarization in the flexor motoneuron
and of the frequency of extensor spikes.

To show more clearly the relationship
between the EPSP’s in the interneuron
and the potentials in the motoneurons, a
signal averager was triggered by an
EPSP in the interneuron (Fig. 3). An
IPSP in the flexor motoneuron follows an
EPSP in the interneuron with a delay of
1.5 msec, as measured from the half-
height of the rising phase of the EPSP to
the onset of the IPSP (Fig. 3, aand b). A
spike in the slow extensor motoneuron is
more likely to follow the EPSP after a
delay of 17.5 msec than with any other
delay (Fig. 3c). These effects could be
caused by common synaptic driving of
the interneuron and the motoneurons, or
the interneuron could be an essential link
in the chain. To test whether the inter-
neuron is necessary, it is held hyper-
polarized by the steady injection of 3 nA
of current. The absolute level of depolar-
ization reached by the EPSP should be
reduced so that it should now be less ef-
fective at releasing transmitter. When
the hyperpolarizing current is applied,
the amplitude of the IPSP in the flexor
motoneuron is reduced by 75 percent, al-
though the amplitude of the EPSP in the
interneuron is increased by 24 percent
and its duration, at half-height, by 25
percent (Fig. 3, d and e). The latency of
the IPSP increases to 2.5 msec, which is
consistent with the expectation that only
the peak of the EPSP is now able to re-
lease transmitter. The reduction in the
amplitude of the IPSP is graded and de-
pends upon the amount of current inject-
ed into the interneuron. In addition, an
extensor spike no longer occurs with a
preferred relationship to the EPSP (Fig.
3f).

These effects are consistent in the
eight locusts so far examined. For ex-
ample, in another locust the EPSP in the
interneuron, although briefer, is fol-
lowed by an IPSP with a latency of 1.5
msec in the same flexor motoneuron
(Fig. 3g). As before, the IPSP can be re-
duced in amplitude by hyperpolarizing
the interneuron (Fig. 3i). When hyper-
polarizing current is applied directly to
the motoneuron, the IPSP can be re-
versed in polarity (Fig. 3h). The reversal
is brought about by the same amount of
current as that needed to reverse the hy-
perpolarization evoked when depolariz-
ing current is injected into the inter-
neuron (Fig. 2, a to d). This indicates
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that similar conductance changes under-
lie both potentials.

The evidence shows clearly that the
local interneuron inhibits the flexor mo-
toneuron by the graded release of trans-
mitter and that such interactions be-
tween neurons are of behavioral signifi-
cance. The possibility must be con-
sidered that there is widespread use of
this method of information transfer among
other neurons.

M. BURROWS
Department of Zoology,
University of Cambridge,
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Discrimination Learning Without Short-Term Memory:

Dissociation of Memory Processes in Pigeons

Abstract. Pigeons were trained to perform delayed matching to samples of food
and no food when each sample concurrently served as the outcome of a discrimina-
tion learning trial which immediately preceded each matching trial. Ambient light
presented during the delays after the samples of food or no food severely disrupted
matching but had no effect on the rate of discrimination learning.

A popular view of animal learning
holds that things are learned about to the
extent that their representations persist
in a labile, short-term memory (STM) for
some time after a learning episode.
Learning is thus viewed as the transfer of
associative information from STM to a
long-term memory (LTM). The transfer
processes have been variously referred
to as “‘backward scanning’’ (1), ‘‘consol-
idation’ (2), or ‘‘rehearsal’’ (3). The gen-
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eral idea is that rehearsal of information
in STM promotes the eventual represen-
tation of that information in LTM. The
rehearsal construct has also been used to
interpret performances in tasks that ap-
pear to measure only maintenance of
STM , 5). However, rats (6) and hu-
mans (7) have been reported to show
signs of LTM while showing little signs
of STM, implying that maintenance of
STM need not be prerequisite to forma-

tion of LTM. The findings reported here
support such a dissociation between
STM and LTM; discrimination learning
was found to occur in the absence of
measurable STM for outcomes of learn-
ing trials.

In the experiment described herein,
STM was tested throughout associative
learning. Pigeons were first trained to
perform a version of delayed matching to
sample in which reward for a choice be-

. tween two comparison stimuli was con-

ditional upon the prior occurrence of one
of two sample stimuli (a presentation of
food or no food). Then, discrimination
learning trials were introduced in which
the food and no-food samples were pre-
ceded by different stimuli. Thus, in the
resulting procedure, shortly after each
discrimination learning trial, a bird’s
memory for the outcome of that trial was
tested. The measure of STM was the ac-
curacy with which the birds could report
occurrences (match to samples) of food
and no food after a delay. The measure
of association formation was the rapidity
with which differential responding was
established to the different signaling
stimuli (discrimination learning). The
question was whether a treatment, am-
bient light (5), that is known to reduce
delayed matching performance (interfere
with STM) would also reduce the rate of
discrimination learning (interfere with
the establishment of a new association).

Ten experimentally naive White King
pigeons were maintained at about 80 per-
cent of their free-feeding weights. The
birds worked in a normally darkened
operant conditioning chamber (5). The
front panel of the chamber contained
three pecking keys, a grain hopper
mounted below the center key, and a
houselight mounted above the center
key. Stimuli were presented by in-line
projectors mounted behind each key.
The chamber was situated in a larger
lightproof enclosure with ventilation and
sound attenuation provided by an ex-
haust fan. Scheduling of experimental
events and recording of data were ac-
complished with the aid of an Automated
Data Systems 1800E computer located in
an adjacent room.

Initially, the birds were trained to key-
peck and then to perform delayed match-
ing to samples of food and no food. After
about 40 days of such training, each bird
was performing the following task with
accuracies in excess of 87.5 percent cor-
rect. After an intertrial interval of 20 sec-
onds, each trial commenced with a white
disk displayed on the center key. A
single peck darkened the key and pro-
duced one of two samples: 2 seconds of
access to grain from the illuminated food
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