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Abstract--1.  E.p.s.p.s and i.p.s.p.st were recorded from cells in the cock- 
roach third thoracic ganglion, using microcapillary electrodes filled with 3 M 
KC1. 

2. Spike response patterns indicating complex integrative activities at the 
single cell level were also recorded. 

INTRODUCTION 

INSECT central nervous systems invite investigation because they use few neurons 
to integrate complex behavior, but  electrophysiological records from insect central 
synapses have accumulated slowly. This is probably due to technical difficulties 
of recording from the small postsynaptic structures shown by anatomical studies 
to predominate in insect ganglia (Trujillo-Cen6z, 1959; Smith & Treherne, 1963; 
Smith, 1965). The  present study was initiated to add to the existing body of 
electrophysiological data on insect central synapses (Hagiwara & Watanabe, 1956; 
Callec & Boistel, 1965, 1966a, b, 1967; Iwasaki & Wilson, 1966; Kendig, 1968). 
In  collecting records of synaptic potentials, spike patterns giving evidence of gangl- 
ionic integration were also observed, and these are reported here. 

MATERIALS AND METHODS 

Adult cockroaches (Periplaneta fuliginosa) were beheaded and pinned ventral surface 
downward to a balsa block, and the dorsal cuticle and tissues overlying the ventral nerve 
cord were removed. Most of the peripheral nerves were cut to reduce muscle contractions. 
To permit penetration of microelectrodes into the third thoracic ganglion, a flap of connective 
tissue sheath was removed with watchmakers' forceps. The cord was perfused with aerated 
Hoyle's fluid (1953) modified by the addition of 100 m-moles of sucrose/1. (Maynard, 1956). 

Five stimulus inputs were available (Fig. 1). Electrical stimuli were delivered through 
silver-wire electrodes to the abdominal cord and to two thoracic connectives. Fine steel pin 
electrodes in the femur of each metathoracic leg served to stimulate peripheral branches of 
the main leg nerve [nerve 5 of Pringle (1939)]. 

* Based on a University of Michigan doctoral dissertation (Rowe, 1964). Some of this 
material appeared in an abstract (Rowe, 1965) or has been reviewed (Boistel, 1968). 

t E.p.s.p.s = excitatory postsynaptic potentials; i.p.s.p.s = inhibitory post-synaptic 
potentials. 
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Hand-pul led microcapillary electrodes, filled with 3 M KC1 and selected for small tip 
diameter under a water-immersion objective, were driven vertically into the ganglion by a 
micromanipulator. The  microelectrode was coupled by a neutralized capacity preamplifier 
(Bak, 1958) to a D.C. oscilloscope. 

FIG. 1. Diagram of electrode placement in a cockroach prepared for recording. 
S = pair of stimulating electrodes. R = recording electrodes for monitoring 
general nerve cord activity. M = KCl-filled microeletrode in third thoracic 

ganglion. I = indifferent electrode. P = tube delivering perfusion fluid. 

The most successful electrodes for recording synaptic potentials had resistances of 30-100 
Mg~ measured in perfusion fluid. Although these resistances suggest quite small recording 
tips, records of synaptic potentials were difficult to obtain, and most cells could be held in 
stable recording conditions no longer than 10 min. 

R E S U L T S  

Records  were  o b t a i n e d  f rom 120 cells in the  t h i rd  thorac ic  gangl ion .  A b r u p t l y  
r evea led  res t ing  po ten t i a l s  charac te r i s t i c  of  t rue  in t race l lu la r  r ecords  were  inf re-  
q u e n t l y  obse rved .  M o r e  c o m m o n l y ,  a p p r o a c h  to a un i t  was s igna led  by  a g r a dua l  
nega t ive -go ing  shif t  in base l ine  po ten t i a l  and  b y  small ,  pos i t i ve -go ing  ac t ion  
po ten t ia l s ,  w h i c h  inc reased  in a m p l i t u d e  as t he  e lec t rode  was p u s h e d  d e e p e r  in to  
t he  gangl ion.  T h e  d.c.  base l ine  shif ts  were  usua l ly  30 m V  or  less in a m p l i t u d e ,  
b u t  res t ing  po ten t i a l s  up  to  70 m V  were occas ional ly  recorded .  M o s t  of  the  sp ike  
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potentials had amplitudes in the 2-30 mV range. Small positive-going action 
potentials were also frequently recorded while an electrode was being withdrawn 
from the ganglion. Kendig (1968) obtained similar records from locust thoracic 
neurons and concluded the recording conditions were "quasi-intracellular", a 
term introduced by McIlwain & Creutzfeldt (1967). 

Though few of the records appear to be truly intracellular, it was sometimes 
possible to record pacemaker potentials and synaptic potentials, including the 
clearest i.p.s.p.s yet reported from an insect ganglion. 

Pacemaker potentials and multiple spike discharges 
Relatively few records of pacemaker activity in insect cells have been published. 

Favorable records of pacemaker potentials from six cockroach cells are shown in 
Figs. 2, 3A, 3B and 4A. In two of these cells each single spike was followed by an 
after-hyperpolarization, which evidently prevented further spikes (Figs. 2A and 
4A). In a more common pattern, multiple spike discharges occurred during pro- 
longed depolarizations (Figs. 2C, 3A and 3B). Apparently in these latter cases, 
each spike was followed by little or no hyperpolarization, so additional spikes were 
not blocked. 

Multiple spike discharges were frequently observed in this study. Sometimes 
(as in Figs. 2C, 3A and 3B) bursts of spikes occurred during long depolarizations, 
but more frequently the spike discharge alone was observed (as in Fig. 3C). Inter- 
mittent repetitive bursts containing up to thirty spikes in each burst were recorded, 
but doublets and triplets of spikes were more common. 

Excitatory postsynaptic potentials 
The present results add to the available recordings of e.p.s.p.s from single 

postcerebral cells of insects (Hagiwara & Watanabe, 1956; Callec & Boistel, 1965, 
1966a, b, 1967; Iwasaki & Wilson, 1966; Kendig, 1968). Unusually clear e.p.s.p.s 
are shown in the responses of Fig. 4. The electrodes may have been intracellular 
since the amplitude of the action potentials was 44 mV. Each stimulus in Fig. 4B 
and 4C gave rise to a depolarization, and the larger depolarizations produced full 
spikes. In record 4B, three e.p.s.p.s were large enough to give rise to spikes but 
seven failed to do so. In record 4C, all e.p.s.p.s but one gave rise, after varying 
latencies, to double spike responses. 

In another unit (Fig. 5), small, irregular depolarizations gave rise to full spikes 
whenever the depolarizations reached a critical level. The animal was not given 
electrical stimuli. The irregular potentials are interpreted to be e.p.s.p.s produced 
by spontaneously active presynaptic neurons. A second group of small potentials 
in Fig. 5 is marked by arrows. These potentials have a shorter duration and more 
regular shape and fall into two amplitudes. They could be spikes from distant 
branches of the cell which fail to be propagated to all parts ("abortive spikes" of 
Bullock & Terzuolo, 1957). However, since the electrode was probably not intra- 
cellular, these small potentials may be attenuated spikes from neighboring cells. 
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Potentials, which may be unusually slowly developing e.p.s.p.s, were observed 
in the response of another cell (Fig. 6). Repetitive stimulation produced slow 
depolarizations which gave rise to habituating burst responses of three or four 
spikes. The latency to the first spike was highly variable and the timing of the 
later spikes was only loosely related to the timing of the later stimuli. In some 
respects the stimulus appeared to set off a pacemaker potential rather than an 
e.p.s.p., hut some later stimuli accelerate the depolarization (see third stimuli in 
Fig. 6A and 6C). This particular response pattern was repeatable, provided the 
cell was allowed to rest several seconds between trials. "Triggered" bursts of 
spikes, such as those described by Fielden & Hughes (1962) in insect abdominal 
interneurons, could be the result of slow depolarizations similar to these. 

Inhibitory responses 
Among the 120 cells studied, inhibitory responses were found in only three, 

including two units which behaved as if they received both excitatory and inhibitory 
input. 

One cell (Fig. 7) provided not only the clearest example of spike inhibition in 
this study, but also displayed i.p.s.p.s and after-effects which persisted 6 sec after 
stimulation ceased. The unit was located near the ventral cell body region on the 
right side of the ganglion and was firing at regular intervals at about 50 spikes/sec 
before stimulation (top line of Fig. 7). Cumulative inhibition occurred (rest of 
Fig. 7) when the left leg nerve was stimulated at 5/sec, and gradual recovery followed 
cessation of stimulation. The stimuli produced typical hyperpolarizing i.p.s.p.s, 
which drove the baseline potential below the critical level for producing spike 
potentials. For most of the first eight responses, i.p.s.p.s and spike inhibition 
lasted for about 50 msec after each stimulus, but from stimulus 9 onward inhibition 
became progressively longer and less time-locked to the individual stimuli. From 
stimulus 14 onward the cell escaped inhibition only occasionally. Stimulation was 
stopped at stimulus 19, but intermittent periods of spike inhibition continued during 
the 3 sec of recovery shown in this record, and recovery was still incomplete 6 sec 
after stimulation was stopped. 

The pattern of this cumulative inhibitory response could be accounted for in 
the following way: The first few responses had component potentials of several 
amplitudes, and the period of synaptic bombardment was rather long (50 msec). 
This suggests that the responses were initially mediated by multiple pathways 
with varying synaptic delays. However, in the latter stages of the response, the 
individual i.p.s.p.s arrived at nearly regular intervals (at rates up to 175/sec), and 
the potentials were nearly uniform in amplitude. This suggests the possibility 
that repeated stimulation led to recruitment of a single presynaptic inhibitory 
interneuron, which fired at a high, uniform rate. 

For all units routine records were kept on microelectrode location with respect 
to surface features and penetration depth. Although these data were not usually 
helpful, they do give rise to some suggestions about the function of the unit just 
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FIG. 2. Pacemaker potentials leading into spikes in three spontaneously active 
cells. In A and B each spike arises from a single depolarization. In C the multiple 
spike discharges arise from sustained depolarizations. Lower trace in record A: 

time calibration marks derived from 60 cycles/sec line voltage. 
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FIG. 3. Additional multiple spike discharges from spontaneously active cells. 
Sustained depolarizations are seen to give rise to doublets in B and to longer dis- 

charges in A, but not to the doublets in C. 
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FIg. 4. Spontaneous pacemaker activity (A) and e.p.s.p.s and spikes in response 
to stimulation of the right thoracic connective (B) and left thoracic connective (C). 
Stimuli to spike latencies vary from 7 to 20 msec. Peaks of spikes went off screen. 

FIC. 5. Probable abortive spikes (marked by arrows) in record, which also shows 
spontaneous e.p.s.p.s giving rise occasionally to full spikes. 
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Firs. 6. Sustained depolarizations (e.p.s.p.s ?) and habituating spike discharges in 
response to stimulation of right and left thoracic connectives (A and B) and ab- 
dominal cord (C). Stimulus artefacts marked by V's. First stimulus in each train 
produces a slowly developing depolarization. Some later stimuli (especially the 

third stimuli in A and C) appear to accelerate the depolarization. 
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FIc. 7. I.p.s.p.s and cumulative inhibition in response to stimulation of left leg 
nerve 5. I~licroelectrode was near group of cell bodies with axons in right nerve 5. 
Top line of record shows spontaneous activity before stimulation. Originally faint 
stimulus artefacts have been retouched and marked by numbered dots. Inhibition 
is short-lived following first eight stimuli, but becomes nearly continuous by 
stimulus 19, when stimulation was stopped. Spike amplitude, 6"5 inV. Uninter- 

rupted record. 
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FIG. 8. Spontaneous spike discharge (E) and mixed excitation and inhibition in 
response to stimulation of left thoracic connective at four vol tage-frequency 
combinat ions:  (A) 5 V, 5/sec; (B) 8 V, 5/sec; (C) 5 V, 10/sec; (D) 8 V, 10/sec. 
Typica l  response in A and B consists of a spike following soon after the stimulus, 
then a period of spike inhibition, sometimes accompanied by prolonged hyerpolariz-  
ing potentials. Spike inhibition is strongest in record D, but  unit  still shows brief 
excitation immediately following stimuli. All five records show small potentials, 
some ()f which may be synaptic potentials. A.C. amplification (time constant ~f 

180 msec) used for these records. 
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FIC. 9. Slowly facilitating response with gradually declining after-discharge 
which lasts for several seconds after stimulation stops. See Fig. 10 for graphical 

analysis. 
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described. The data place the unit in a group of ventral cell bodies or in the neuro- 
pile just above. With the publication of Cohen & Jacklet's (1967) map of moto- 
neuron cell bodies in the third thoracic ganglion, it is possible to specify that the 
electrode tip was near the middle of the field of cell bodies for motoneurons of 
right leg nerve 5. Since inhibition resulted from stimulation of nerve 5 in the 
opposite leg, it seems reasonable to speculate that it was caused by a pathway 
which has the function of ensuring that opposite homologous leg muscles usually 
alternate contractions during locomotion (Hughes, 1952). 

The responses of another cell (Fig. 8) are less clear-cut than in the previous 
example, apparently because stimulation caused both excitation and inhibition in 
different mixtures, depending on the stimulus frequency and strength. A sample 
of spontaneous activity of the unit is shown in Fig. 8E. The typical response at 
each of four sets of stimulus parameters (Fig. 8A-D) was an early, loosely following 
spike, followed by a period of depressed spike production. Correlated periods of 
spike inhibition and hyperpolarization are best seen following the third, fifth and 
seventh stimuli in record A and the second, sixth and eighth stimuli in record B. 
In response to the most active stimulation tried (Fig. 8D), spike activity was greatly 
inhibited, although it is difficult to tell if the predominant small potentials are 
e.p.s.p.s or i.p.s.p.s. The lack of detailed correlation between membrane potential 
and spike production in Fig. 8A-D may be a consequence of the highly branched 
postsynaptic surface of arthropod neurons (see Discussion). 
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FIG. 10. Analysis of the response shown in Fig. 9. Interspike periods are plotted 
against time after stimulation started. The horizontal dimension of the shaded 
area represents time during which repetitive stimuli were being given and the 

vertical dimension represents the interval between stimuli. 
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Persistent responses 

Excitability changes lasting several seconds or longer in central neurons are of 
interest because they suggest the activation of whole behavioral systems. In the 
present study, two cells were notable for persistent responses. One, which showed 
cumulative inhibition during 4 sec of stimulation, then gradual recovery over the 
first 6 sec after stimulation ceased, was described with the inhibitory responses. 
The second example (Fig. 9) underwent gradual facilitation only after repeated 
stimulation, then continued firing after stimulation stopped. According to Luco's 
(1964) terminology, both exhibited "delayed" responses. 

The record of Fig. 9 lacks synaptic potentials, contains much electrode noise 
and has small action potentials. The record is thus almost certainly extracellular. 
The unit was silent in the period before stimulation. Downward going artefacts 
mark the stimuli, which were applied to a thoracic connective at the rate of 30/sec. 
The unit remained silent for the first 1.5 sec of stimulation, then began to fire. The 
spike frequency gradually increased until, at 2.5 sec of stimulation, the unit followed 
the stimuli 1 : 1. When stimulation was stopped at 3"7 sec of stimulation, the unit 
continued to fire for another second at nearly the stimulus-induced rate, then its 
firing rate gradually declined over the next few seconds. Figure 10 shows how 
closely the spike intervals came to approximate the stimulus intervals during later 
stimulation and the first second of the after-discharge. 

DISCUSSION 

The present study gives evidence for processes within single insect neurons, 
including pacemaker activity, excitatory and inhibitory synaptic mechanisms, and 
complex spike response patterns. Some of the results are hard to interpret, because 
of the "quasi-intracellular" recording conditions or because information is lacking 
on the functions of inputs and outputs. However, the present results seem signifi- 
cant because they contribute to our understanding of what types of cellular inte- 
gration processes might underlie some insect behavior. 

Since information on cell processes in insect neuropiles has proved hard to 
obtain, it seems justified to discuss possible broader implications of activities 
observed in only a few units. This is done below in terms of the following issues 
in comparative neurophysiology: (1) electrical activities which might be due to 
insects' highly branched neurons; (2) synaptic excitation and inhibition mechanisms 
in insect central neurons; (3) possible information-carrying function of multiple 
spike discharges and (4) the general occurrence, and probable importance, of per- 
sistent responses. 

Some phenomena recorded in the present study suggest that insects utilize 
neural integrative processes which are well known to occur in other invertebrates. 
Especially frequent comparisons are made to crustacean central neurons, since 
much is known about their physiology and in their morphology they closely resemble 
insect neurons. 
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Consequences of arthropod neuron morphology 

Insect and crustacean central neurons, unlike mammalian motoneurons, are 
highly branched and have numerous fiber-to-fiber synapses on spatially separate 
branches (Bullock & Horridge, 1965). In crustacean cells these anatomical features 
give rise to two activity patterns, spike collisions and abortive spikes, which are 
considered to be of integrative significance because they permit single cells to 
behave as several sub-units. Spike collisions occur in crustacean cells in the all- 
or-none conducting regions between widely separate synapses, permitting inter- 
actions not possible on the single postsynaptic surface of the mammalian moto- 
neuron (Kennedy & Mellon, 1964a, b). Abortive spikes, which invade some but 
not all of the branches of a cell, occur in crustacean cells (Bullock & Terzuolo, 
1957) and possibly add another intracellular integrative step. Spike collisions have 
not yet been found in insect cells. One record of the present study (Fig. 5) suggests 
abortive spikes do occur in insects. 

In addition to being highly branched, the postsynaptic fibers of insect central 
neurons have small fiber diameters, usually less than 1/~ and probably always less 
than 10/z (Hess, 1958; Trujillo-Cen6z, 1959; Smith & Treherne, 1963; Smith, 
1965). The small size of the postsynaptic fibers probably accounts for the paucity 
of synaptic records, the predominance of extracellular records and the short record- 
ing times found in this study and in some other recent microelectrode studies of 
insect neuropiles (Iwasaki & Wilson, 1966; Kendig, 1968). A similar interpretation 
was reached by Hagiwara & Watanabe (1956) who recorded full-size resting and 
action potentials from large motoneurons in the cicada ventral nerve mass but only 
potentials of smaller amplitude from small interneurons. Similarly, Callec & 
Boistel (1966a) were able to improve records from cells of the sixth abdominal 
ganglion by decreasing tip electrode diameters, but apparently still had difficulties 
when recording from smaller nerve branches. 

Excitation and inhibition in insect neurons 

Single-cell recordings from insect neuropile are still not numerous, but the 
results of this and other microelectrode studies (reviewed by Boistel, 1968) show 
that insect synapses utilize postsynaptic potentials, as do many vertebrate, molluscan 
and crustacean synapses. Conformity to a general metazoan synaptic mechanism 
is also suggested by electron micrographs which show typical synaptic vesicles at 
many (but not all)junctions in the insect neuropile (Hess, 1958; Trujillo-Cen6z, 
1959; Smith, 1965; Smith & Treherne, 1965). 

Inhibitory activitory must involve relatively few cells or be hard to detect for 
some technical reason. Although e.p.s.p.s have been reported several times from 
insect central cells (Hagiwara & Watanabe, 1956; Callec & Boistel, 1965, 1966a, b, 
1967; Iwasaki & Wilson, 1966; Kendig, 1968), only this study and Callec & Boistel 
(1966b) have reported spike inhibition accompanied by hyperpolarizing potentials, 
and the present study is apparently the first to report i.p.s.p.s as clear as those 
shown in Fig. 7. Inhibitory response patterns were recorded only from a small 
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minority of cells in this study, in spite of the suggestion from locomotor reflex 
studies (Pringle, 1940; Hughes, 1952) that reciprocal inhibition mechanisms occur 
in the ganglion studied. In Callec & Boistel's (1966b) study, also, spike inhibition 
was observed in only 5 per cent of the cells. 

Inhibitory responses were also hard to find in the early crustacean micro- 
electrode studies (Preston & Kennedy, 1960). Kennedy & Mellon (1964a) have 
suggested that pure inhibitory responses might be rare because the inputs artificially 
stimulated usually contain both excitatory and inhibitory fibers, and spike inhibition 
or i.p.s.p.s may be obscured in the mixed responses. Records by Callec & Boistel 
(1966b) containing both excitation and inhibition seem to fit this explanation. In 
their records from cells of the cockroach sixth abdominal ganglion, stimulation 
produced first a clear e.p.s.p., which often gave rise to a spike, then a period of 
depressed spike activity, accompanied by a long hyperpolarization which they were 
unwilling to call an i.p.s.p. Mixed excitatory and inhibitory input probably also 
explains one record of the present study (Fig. 8), in which stimulation was followed 
by an initial spike, then by a period of depressed spike activity. Smaller potentials 
in the record suggest both e.p.s.p.s and i.p.s.p.s but are not always clearly related 
to the spike activity. The  loose correlation between synaptic potentials and spikes 
could be explained as another consequence of the multi-branched morphology of 
arthropod neurons; although spike activity of the cell might be influenced both 
by nearby and distant synapses, only synaptic potentials from nearby synapses 
would appear in the record. 

Multiple spike discharges 
A striking aspect of this and some other insect nervous system studies is the 

frequent recording of short discharges of spikes, particularly pairs and triplets of 
spikes (see Case, 1957; Fielden & Hughes, 1962; Miller, 1965). While these 
patterns cannot yet be related to function in insects, there is increasing evidence 
from crustacean studies that multiple-spike discharges, particularly pairs, have a 
coding function. Wiersma & Adams (1950) found crustacean myoneural junctions 
for which paired stimuli were more effective than evenly spaced stimuli at the 
same average frequency. More recently the spike pair interval has been shown to 
indicate ganglion of origin (Kennedy & Mellon, 1964b) and number of spikes in 
discharge to indicate temperature (Grampp, 1963). 

Complex and persistent response patterns 
Two cells in the present study responded in a gradually facilitating pattern 

over several seconds of stimulation, then recovered just as gradually (Figs. 7 and 
9). After-effects of similar duration were recorded by intracellular electrode from 
crayfish and Aplysia (Hughes & Tauc, 1962; Kennedy & Preston, 1963). Such 
persistent response patterns are to be expected when triggering a whole behavioral 
sequence such as a locomotor or flight reflex, and Luco (1964) has reported similarly 
complex responses from cockroach thoracic motoneurons. Persistent response 
patterns have also been recorded from single insect interneurons receiving input 
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from abdominal mechanoreceptors (Fielden & Hughes, 1962; Hughes, 1965). 
These  latter studies have the advantage that function of the input is bet ter  known 
than in the present study but  they were not carried out with electrodes capable of 
recording synaptic potentials. Thus,  synaptic potentials underlying a complex 
response were not recorded (as they were in the cumulative inhibitory response of 
Fig. 7) but  had to be inferred. 

T h e  generalization has often been made that invertebrate ganglia provide models 
for the study of neural integration, since they coordinate complex activities with 
few neurons. Tauc  (1967) has argued that in selecting ganglia for basic studies, 
complexity of integrative capabilities is as important  as low cell counts. Cockroach 
thoracic ganglia, each of which contains about 3000 neurons (Cohen & Jacklet, 
1967), are known to integrate leg movements in locomotion (Pringle, 1940) and 
to be capable of learning (Horridge, 1962; Eisenstein & Cohen, 1965). Th e  third 
thoracic ganglion studied here also appears to be a key ganglion in the control of 
ventilation and heart rate (Case, 1961; Smalley, 1963; Rounds, 1968). Thus,  
further  examples of single cells showing complex and persistent responses, like 
those found in the present study and in Luco's  (1964) study of motoneurons, are 
to be expected as more single unit studies are carried out on this ganglion. 

Acknowledgements--I thank Dr. Donald Maynard for advice during the experiments 
reported here and Dr. Katherine Smalley for criticising this manuscript. 
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