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To investigate the cellular mechanisms by which propriocep- 
tors modify the activity of a central neuronal oscillator, we 
identified flight motoneurons and interneurons in the tho- 
racic ganglia of the locust Locusta migratoria, which receive 
constant short-latency PSPs from the wing stretch receptors 
(SRs). We also examined the changes in membrane potential 
oscillations of individual neurons when the SRs were stim- 
ulated on every cycle so as to mimic their discharge in intact 
animals. 

The SRs evoked constant short-latency (4 msec or less) 
EPSPs of 2 mV or less in depressor motoneurons. In general, 
the hindwing SRs project to both forewing and hindwing de- 
pressor motoneurons, whereas the forewing SRs project only 
to forewing depressor motoneurons. The SRs did not evoke 
IPSPs in elevator motoneurons. 

Twenty-one thoracic interneurons were identified that re- 
ceive short-latency (4 msec or less) EPSPs from the forewing 
and/or hindwing SRs. Amplitudes varied from 1 to 6 mV, 
depending on the particular neuron. Only one neuron was 
found that responded with an IPSP to each SR afferent spike, 
but the longer latency (5-6 msec) and the different polarity 
suggest at least a disynaptic pathway. Fourteen interneu- 
rons received input from more than one SR. Of these, 12 
neurons received EPSPs from the forewing and hindwing 
SRs ipsilateral to each neuron’s soma, while 3 received bi- 
lateral forewing SR input. Convergence of more than one SR 
with the remaining 7 interneurons cannot be ruled out. 

Most EPSPs were evoked in interneurons depolarized in 
the depressor phase of the central oscillator cycle, which 
corresponds to the natural phase of SR activity in intact 
animals. However, elevator, nonrhythmic, and tonically ac- 
tive cells also received short-latency EPSPs from the SRs. 
Stimulating the SRs with trains of stimuli on every cycle 
produced pronounced changes in the membrane potential 
oscillations of several neurons, including phase-shifts, in- 
creased burst frequency, prolonged bursts, and abolition of 
activity. These observations suggest that the concepts of 
proprioceptors as error detectors and of the central oscillator 
as the primary generator of the movement are too simplistic 
to be applied to the locust flight system. 
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Rhythmic motor behaviors have been studied intensively in 
order to understand the principles of nervous system organi- 
zation that underlie the control of movement. Two important 
concepts that have arisen from this work are central pattern 
generation and modulation by proprioceptive feedback. The 
principle of central pattern generation derives from the empir- 
ical observation that a rhythmic motor output can continue to 
be produced by a deafferented CNS without any external timing 
cues (Delcomyn, 1980; Grillner and Wallen, 1985). The system 
of neurons within the CNS that is responsible for the rhythmic 
output seen in deafferented preparations is commonly referred 
to as the central pattern generator or central oscillator. Purely 
centrally generated movements would require very reliable neu- 
romuscular elements operating within a predictable environ- 
ment. Hence, one would intuitively expect some form of closed 
loop control involving peripheral proprioceptors, particularly 
for locomotory behaviors. Accordingly, it has been demonstrat- 
ed in a number of systems that the output of the CNS can be 
strongly modulated by the activity of proprioceptors that signal 
information to the CNS concerning the real movements of the 
appendage. This modulation may be one of amplitude, phasing, 
timing, or frequency of the behavioral rhythm (Stein, 1978). 
Most studies of the cellular basis of rhythmic behaviors have 
concentrated on central neurons, particularly with regard to the 
mechanism of rhythm generation (see Selverston and Moulins, 
1985). Yet little is known of the cellular mechanisms by which 
proprioceptive input is integrated with a central pattern gen- 
erator. We are using the locust flight preparation to examine the 
influence of proprioceptors on a centrally generated rhythm at 
the cellular level. 

Locust flight behavior has been influential in establishing the 
idea of central pattern generation (Wilson, 1961) and in dem- 
onstrating the powerful influence of proprioceptive feedback on 
the timing of rhythmic movements (Wendler, 1974; Miihl and 
Nachtigall, 1978; Horsmann et al., 1983; Pearson et al., 1983). 
Recently, considerable progress has been made in understanding 
the cellular basis of the central oscillator for flight (Robertson 
and Pearson, 1982, 1983, 1985), but little is known about the 
mechanisms by which sensory input influences the central os- 
cillator. One important group of proprioceptors that plays a role 
in both the frequency and maintenance of the flight rhythm 
comprises the wing stretch receptors (SRs) (Wilson and Gettrup, 
1963; Pearson et al., 1983). These are unicellular proprioceptors 
located in the wing hinge, with one SR for each wing. The SRs 
fire a short, high-frequency burst of action potentials when the 
wing reaches the top of the upstroke on each cycle (Gettrup, 
1962; Mohl, 1985a). Mohl(l985a) has related the forewing SR 
discharge to the up-and-down movements of the forewing in 
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intact, tethered flving Locusta minratoria. The instantaneous the latter case, the metathoracic tergum and wing stump were removed 
frequency (usually 460-500 Hz) is-related to the amplitude of to expose the subalar muscle. This-allowed direct implantation of the 

the wingstroke: The higher the stroke, the higher the instanta- EMG electrode (75 pm insulated copper) and reduced movement of the 

neous frequency. The number of spikes in each SR burst is 
ganglia via the attached motor nerve (metathoracic nerve 4). All other 

related to the time it takes for the wing to move through its 
nerves to flight muscles were cut (mesothoracic nerves ld,,3,4; meta- 
thoracic nerves 1,3). Flight activity was induced by a wind stimulus 

upper turning point. An additional source of information is the 

The SRs have 2 advantaees for a cellular studv of central- 

phase of the SR burst within the flight cycle. Recently, we showed 
that the SRs have strong phase-dependent effects on the timing 
of the flight rhythm (Pearson et al., 1983). It was found that 
selective electrical stimulation of 2 forewing SRs could reset the 
rhythm, providing that the stimulus fell close to the depressor 
phase of the flight cycle. This area of phase sensitivity corre- 
sponds to the times that SR bursts occur in intact animals (Pear- 
son et al., 1983; Mohl, 1985a). 

directed toward the head from a 1 cm i.d. tube placed 6-8 cm in front 
of the animal. Wind velocity ranged from 0.5 to 4 m/set, but in most 

it branches peripherally to send’an axon to the next anterior ganglion 

experiments it was kept constant at about 2 m/set. 
SR stimulation and recordingprocedures. A schematic illustration of 

the locust thoracic nervous system is shown in Figure 1. In the prepa- 
ration we used, all the major branches of the wing sensory nerves (nl) 
were clearly visible and accessible. Each SR afferent axon arises from 
a cell body located in the wing hinge (Gettrup, 1962; Heathcote, 1981) 
and runs in nld,, its being the largest axon in this nerve (Altman and 
Tyrer, 1977). In common with the other wing afferents, the SR axon 
enters the thoracic ganglia via n I, but the SR differs because, in addition, 

peripheral interaction. First: they are unicellular,‘and second, 
each SR can be selectively stimulated electrically (Burrows, 1975; 
Pearson et al., 1983). Hence, in deafferented preparations, one 

via the sixth nerve of that ganglion (Burrows, 1975; Altman and Tyrer, 
1977). By electrically stimulating prothoracic n6, one can selectively 
elicit spikes in the forewing SR afferent (Pearson et al., 1983). 

Initially, in identifying neurons receiving short-latency PSPs from the 
can exoerimentallv control the oresence or absence of SR input 
as well as the parameters (duration, frequency, and phase) of 
that input. In this paper, we describe 2 aspects of this work. 
The first is concerned with identifying those neurons that receive 
synaptic connections from the SRs. Of interest here is whether 
the SRs synapse onto particular physiological types of neurons. 
Both the natural timing of SR activity and the time when the 
rhythm is sensitive to SR stimulation are during the depressor 
phase of the cycle. A reasonable expectation would be that the 
SRs excite neurons active in this phase. This is supported by 
Burrows (1975). He found that both forewing and hindwing SRs 
evoked short-latency EPSPs in ipsilateral depressor motoneu- 
rons and slightly longer-latency IPSPs in elevator motoneurons. 
We have examined SR connections to both motoneurons and 
interneurons in Locusta migratoria. While the majority of con- 
nections were indeed to depressor interneurons, elevator and 
nonrhythmic intemeurons also received short-latency EPSPs 
following each SR spike. We found only one neuron that re- 
sponded with an IPSP following each SR spike. The second 
aspect of this work was the examination of how the centrally 
derived activity of neurons was altered when SR input was 
mimicked so that it occurred on every cycle. By using the output 
produced by the deafferented nervous system as a trigger source, 
a reasonable facsimile of naturallv occurrina SR bursts could 
be produced. The striking finding-from these experiments was 
that SR stimulation caused major alterations in the activity of 
some intemeurons, including increased burst frequency, pro- 
longed durations of bursts, abolition of activity, and significant 
phase-shifts. 

with monopolar extracellular hook electrodes (75 /em Ag or AgCl). The 
wing SRs. the SR nerves were left intact. SR afferent spikes were recorded 

forewing SR (ESR) was recorded by electrodes placed on either pro- 
thoracic n6 or mesothoracic nld,. Hindwing SR spikes (h-SR) were 
recorded by electrodes placed on the metathoracic nerve Id or meta- 
thoracic nld,. Insulation was provided by coating the nerves on the 
electrode with a petroleum jelly-mineral oil mixture. In most cases, 
segmental pairs of SRs (either f-SR or h-SR) were recorded in any one 
preparation. In others, one ESR and the ipsilateral h-SR were both 
monitored. Usually the SRs spontaneously discharged at a low rate (0. l- 
1 .O Hz) and connections were identified by observing PSPs following 
each extracellularly recorded SR afferent spike at a constant latency. All 
connections have been confirmed in this manner. The EPSPs described 
here all occurred at a constant short latency (4 msec or less) following 
the recorded SR spike. Intracellular recordings from the SR afferents 
showed that the conduction time into the thoracic ganglia accounted 
for all but 0.5-2.0 msec of the EPSP latencv. The f-SR connections 
could also be identified by stimulating prothbracic n6. Where tested, 
these EPSPs followed one-for-one, with SR spikes occurring at lOO/sec 
(by electrical stimulation or maintained displacement of the wing stump). 

One aim ofthese experiments was to examine the responses of neurons 
to trains of stimuli delivered to the ESR afferent during periods of 
rhythmic motor activity. In most cases, the site of stimulation was the 
sixth prothoracic nerve. In these experiments, stimulus-train parameters 
were generally 0.1 msec pulses at 200-250/set for 25 msec. One problem 
with this site of stimulation was that, with repetitive stimulation, the 
SRs would fail to follow the imposed stimulus-train frequency. This 
was partly due to the site of stimulation, possibly because of conduction 
block at the prothoracic nbmesothoracic nl branch point. Therefore, 
in later experiments the f-SRs were stimulated at mesothoracic nld,. 
Here, the overlying dorsal longitudinal muscle was removed to expose 
a sufficient length of the nerve. A second set of hook electrodes was 
placed on each mesothoracic n 1 d to record the incoming activity elicited 
by the stimulation. The strength of the stimulus was set to the threshold 
for eliciting 6 SR afferent spikes at 300 Hz. The stimulus threshold was 
monitored and adjusted throughout the experiment. It was not always 
possible to stimulate the SRs without also stimulatina other afferents. 
Usually, in these cases, 1 or 2 other units were seen to fire once at the 
beginning of the stimulus train. I f  non-SR units occurred throughout 
the train, the preparation was discarded. Further separation of the SRs 
from other units could usually be obtained by increasing the ambient 
temperature with a heat lamp to 26-28°C. All results presented here 
using this site of stimulation have either also been observed with pro- 
thoracic n6 stimulation or when the f-SRs were selectively stimulated 
from mesothoracic nld,. In order to mimic SR input during the central 
flight rhythm, the depressor EMG spikes were used to trigger stimulators 
that provided short-duration, high-freouencv trains of stimuli to the SR 
nerve. By turning the stimulato& on or o&-a direct comparison could 
be made between a neuron’s membrane uotential oscillations when it 
was driven only by the central oscillator ‘to that seen when phasic SR 
input accompanied each oscillator cycle. 

Intracellular recording electrodes were filled with Lucifer yellow and 
would have had a resistance of between 40 and 60 MQ if filled with 

Materials and Methods 
Experiments were performed on adult male and female locusts, Locusta 
migratoria, obtained from a colony at the University of Alberta. Most 
experiments were carried out at room temperature (22-24°C; for ex- 
ceptions, see below). 

The preparation used was similar to that described by Robertson and 
Pearson (1982). Following removal of the legs and wings, the animals 
were pinned dorsal side up on a corkboard. An incision was made along 
the dorsal midline, and the thoracic ganglia were exposed by removing 
the overlying gut and muscles. The thoracic cavity was filled-with saline 
(NaCl. 147 mM: KCl. 10 mM: CaCl,. 4 mM: NaOH. 3 mM: HEPES. 10 
AM) and the mksothoracic and metathoracic ganglia were’ placed on a 
rigid stainless steel plate. The output of the central oscillator was mon- 
itored by recording either the dorsal longitudinal muscle (indirect wing 
depressor) or the hindwing subalar muscle (direct wing depressor). In 
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Figure 1. Central and peripheral pro- 
jections of the wing stretch receptors. 
Numbering of the nerve branches fol- 
lows that of Campbell (1961). JSR, 
Forewing stretch receptor; h-SR, hind- 
wing stretch receptor. Only one f-SR 
and one h-SR are shown. Circled num- 
bers indicate the positions of extracel- 
lular hook electrodes used in different 
experiments: I, Electrodes placed bi- 
laterally on prothoracic n6, used for 
stimulating and/or recording f-SRs. 2, 
3, Recording electrodes placed bilat- 
erally on mesothoracic nld (2) and 
stimulating electrodes placed bilater- 
ally on mesothoracic n 1 d, (3). Stimulus 
intensity was adjusted so that only f-SR 
spikes (as recorded at site 2) were elic- 
ited. 4, Recording electrodes placed bi- 
laterally on metathoracic n Id to record 
hindwing SR spikes. 

1 M potassium acetate. Intemeurons were characterized physiologically 
by their activity during the deafferented flight rhythm and by their 
response to SR input. Their anatomical characteristics were established 
by injecting Lucifer yellow for 3-5 min by the application of a constant 
current of - 3 to - 5 nA. Ganglia were fixed in 4% paraformaldehyde 
for 30 min, dehydrated, and cleared in methyl salicylate. Cells were 
viewed as whole-mounts under epifluorescence. Some recordings were 
made with electrodes filled with potassium acetate (1 M). These were 
used to study neurons that could be unambiguously identified by their 
physiology and location in the ganglion. 

Table 1. Comparison of distribution of EPSPs to depressor 
motoneurons in Locushz and Schisfocercu 

Forewing SR Hindwing SR 

Motoneuron Locusta Schist. Locusta Schist. 

Forewing 
Prothoracic 

81 + + - - 

Mesothoracic 
81 + + 
97 + + + + 
98 + + + + 
99 + + + + 

Hindwing 
Mesothoracic 

112 - + + + 
Metathoracic 

112 - + - 

127 - + + + 
128 - - + + 
129 - - + + 

Schistocercu entries derived from data of Burrows (1975) and Peters et al. (1985). 
+ , Constant short-latency EPSPs; -, no connection. No entry indicates connection 
not tested. 

Results 
Connections to flight motoneurons 
The distribution of SR connections to flight motoneurons is 
summarized in Table 1, where it is compared to observations 
in Schistocercu (Burrows, 1975; Peters et al., 1985). Results were 
obtained from over 50 intracellular recordings of depressor mo- 
toneurons. The neurons listed in Table 1 refer only to moto- 
neurons ipsilateral to the SRs. No connections were found with 
contralateral motoneurons. The general pattern of connection 
is that the h-SRs connected to both ipsilateral forewing and 
hindwing depressor motoneurons, whereas the f-SRs connected 
only to forewing depressor motoneurons. The one exception to 
this rule is that the h-SRs do not connect to the forewing dorsal 
longitudinal motoneurons in the prothoracic ganglion (the h-SR 
does not project to this ganglion). 

Our results in Locusta differ in some respects from those 
reported for Schistocerca. In the latter species, the ESR evoked 
EPSPs in 2 types of hindwing depressor motoneurons-the 
hindwing dorsal longitudinal motoneurons located in the meso- 
thoracic ganglion and the hindwing first basalar motoneuron 
(Burrows, 1975). We did not find these connections. In addition, 
we found in Locusta that the h-SR evoked EPSPs in the single 
hindwing dorsolongitudinal motoneuron in the metathoracic 
ganglion (n = 3). This connection was not tested by Burrows 
(1975). However, Peters et al. (1985) found no sign of synaptic 
connection between the h-SR and this motoneuron at the ul- 
trastuctural level in Schistocerca. There is the possibility that 
these EPSPs were not monosynaptic. However, they occurred 
at a constant short latency following the h-SR afferent spike and 
the latency was the same as that recorded in the hindwing first 
basalar motoneuron, which was proved to be monosynaptic in 
Schistocerca by Peters et al. (1985). In most cases, the EPSPs 
evoked in depressor motoneurons were small, usually 1 mV or 
less. This contrasted with the much-larger-amplitude EPSPs 
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Figure 2. Trains of stimuli to the ipsilateral ESR evoke a long-latency depolarization in elevator motoneurons. Top truce in each record is an 
intracellular recording from an elevator motoneuron (mesothoracic tergosternal). Bottom truce is recording from mesothoracic nld, showing that 
only the SRs were being stimulated. The SRs were stimulated at mesothoracic nld,. The stimulus strength was adjusted so that only the SR axon 
was excited. Trains were given at 4 different frequencies, indicated above each trace. Note that in no case was a hyperpolarization evoked in the 
motoneuron. Each trace shows 2-8 superimposed sweeps. 

evoked in interneurons (see below). An exception was the ESR 
to the forewing first basalar connection, which was usually of 
the order of 2 mV. 

The SR connections to depressor motoneurons differed only 
slightly from those seen by Burrows (1975) in Schistocerca. Per- 
haps a more important difference, however, was that neither f- 
nor h-SRs evoked IPSPs in elevator motoneurons. All elevator 
motoneurons were sampled and any possible PSPs were searched 
for with spike-triggered averaging (up to 5 12 sweeps). Possibly, 
in these neurons, the SRs evoked a conductance change without 
altering the membrane potential. However, passing tonic de- 
polarizing currents intracellularly did not reveal PSPs time-locked 
to the SR spike. Another possibility was that the presumed 
presynaptic inhibitory neuron was not excited to threshold by 
a single SR spike. However, no inhibitory response was detected 
with trains of stimulus pulses applied to the SR afferent. In fact, 
stimulus trains almost always evoked a long-latency depolariza- 
tion in elevator motoneurons (Fig. 2). 

Connections of SRs to thoracic interneurons 
Twenty-one interneurons that received constant, short-latency 
EPSPs from the SR afferents have been identified. Table 2 lists 
these neurons and the connections each received from the 4 
stretch receptors (i.e., forewing and/or hindwing, ipsilateral and/ 
or contralateral to the soma of the interneuron). Also indicated 
for each interneuron is the phase of its depolarization in the 
central oscillator cycle. The naming ofthe cells follows the scheme 
outlined by Robertson and Pearson (1983). Inspection of Table 
2 reveals several points of interest. First is the large number of 

interneurons that receive SR input. According to our present 
knowledge, this represents 25-30% of known thoracic flight in- 
temeuron types. The majority of connections were to depressor 
interneurons (16 out of 2 1 cells). From the data so far, all but 
3 interneurons received inputs only from the ipsilateral SRs (16 
out of 19 cells tested). Finally, all but one interneuron of 13 
cells examined received convergent inputs from both f- and 
h-SRs. The one exception (neuron 507) did not receive h-SR 
input but did receive a bilateral f-SR input. Three examples 
illustrating this convergence are shown in Figure 3. The am- 
plitudes from the 2 sources were generally similar, although 
there were some exceptions (e.g., 3 13, below). 

Also indicated at the bottom of Table 2 are previously de- 
scribed interneurons (Robertson and Pearson, 1983, 1985) that 
did not receive direct SR input. Several of these can reset the 
timing of the central rhythm and are presumed to be members 
of the central oscillator (cells 30 1,40 1,504). Only one presumed 
central oscillator interneuron received direct SR input (cell 501; 
Robertson and Pearson, 1985), although this was of small am- 
plitude (1 mV) compared to the rhythmic depolarization seen 
in this cell during the central rhythm (ca. 20 mV). 

Influence of SR stimulation on central interneurons 
Depressor interneurons. The ability of proprioceptive feedback 
to alter the activity of a neuron depends not only on the existence 
and strength of synaptic connections but also on the nature of 
the membrane potential oscillations derived from the central 
oscillator. We will describe several types of modulation that 
have been observed to occur. The majority of SR-evoked PSPs 
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Figure 3. Convergent input to flight interneurons from the f- and h-SRs. Three examples of EPSPs are shown. Top row, EPSPs evoked from the 
ESR in each of 3 mesothoracic interneurons. Bottom row, EPSPs from the h-SR in these neurons. Each record shows 2-3 superimposed sweeps 
from the indicated ipsilateral SR. The amplitudes from the 2 SRs are similar. Each recording was from a different animal. 

occurred in depressor interneurons. In these neurons, then, SR 
input would naturally coincide with the centrally derived de- 
polarization. These are considered first. 

Figure 4 shows an example of SR stimulation that had no 
strong effect on the discharge of the neuron. This cell (701; n = 
18) has been described previously (Robertson and Pearson, 1982, 
1985). It is an excitatory premotor interneuron to both forewing 
and hindwing depressor motoneurons (Robertson and Pearson, 
1985). In the quiescent state, a train of stimuli to the f-SR axon 
caused a compound EPSP of approximately 10 mV in 70 1 (Fig. 
4A). Single stimulus trains were presented on every 6-10 cycles 
of the deafferented rhythm (Fig. 4, B-D). If the stimulus fell 
between the depressor spikes-phases at which SR input would 
not normally occur-the stimulus produced extra spikes in 70 l’s 
membrane potential oscillations (Fig. 4, C, D). On the other 
hand, if stimuli occurred in the range of natural SR phases (i.e., 
close to the depressor EMG), there was no change in either spike 
frequency or the number of spikes (Fig. 4B). Similarly, if the 
stimulus was triggered to occur on every cycle at a time close 
to that occurring in the intact animal (Fig. 40, the number of 
spikes and the spike frequency were the same as were seen 
without stimulation (Fig. 4E). The failure of SR stimulation to 
alter 70 l’s discharge characteristics at normal phases appeared 
to lie in the relatively low amplitude of its input, but, more 
important, in the fact that 701 was already strongly depolarized 
when the SR input reached the cell. 

Also of interest was the fact that responses to the stimulation 
could be seen when SR input occurred at inappropriate phases 
in the flight cycle (e.g., Fig. 4, C, D, see also examples below). 
This suggests that the f-SRs are not presynaptically gated by the 
rhythm generator during the elevator phase. Altman and co- 
workers (1980; Peters et al., 1985) observed in electron micro- 
graphs that the h-SR afferents received synaptic boutons. It is 
not known if the ESR also receives synaptic input or whether 
these boutons are inhibitory. If the central oscillator does pre- 

synaptically inhibit the SR afferents (and we have found no 
evidence to suggest this), it is not distributed to all SR afferent 
terminals. 

The SRs evoked stronger effects in depressor interneurons 
which displayed weak membrane potential oscillations. In some 
cases, neurons that received EPSPs from the SRs showed 
subthreshold oscillations in phase with depressors (neurons 109, 
505, 506). Typically, these cells would fire action potentials for 
the first 12-20 cycles, after which only subthreshold oscillations 
occurred. An example of this is neuron 506 (Fig. 5; n = 4). The 
influence of SR stimulation on 506’s activity is shown in Figure 
5C. The central oscillator evoked weak membrane potential 
oscillations in phase with depressors, which were often sub- 
threshold. When the SRs were triggered to occur on every cycle, 
these rhythmic depolarizations could be forced above threshold, 
so that 2 or 3 spikes were elicited on each cycle. For neurons 
such as 506, SR input appears to be important for determining 
the actual time when they spike. However, the effects on these 
neurons is largely confined to the duration of the SR stimulus. 
Figure 6 shows a depressor interneuron (208, n = 4), where the 
effects of SR stimulation were not confined to the duration of 
the stimulus. Cell 208 received EPSPs from the ipsilateral f- 
and h-SRs (Fig. 6B). Figure 6C shows the effects of stimulating 
the SRs following the hindwing depressor spike. The stimulus 
trains in this case were of approximately 18 msec duration. 
Upon introducing stimulation, there was a marked prolongation 
of the duration of 208’s bursts, which were imposed on a high 
level of tonic depolarization. The normal inhibition that oc- 
curred during the elevator phase was strongly attenuated. Its 
former pattern of activity returned upon removing the stimu- 
lation. 

Nondepressor interneurons. An unexpected finding was that 
not only neurons depolarized in phase with depressors received 
SR input. Three neurons depolarized in the elevator phase that 
receive strong (>4 mV) EPSPs from the SRs have been iden- 
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tified (124, 3 13, 603). Only one of these (cell 3 13; n = 6) has 
been examined for its response to SR stimulation during flight 
activity. The structure of this cell is shown in Figure 7. An action 
potential was elicited for every spike from the ipsilateral f-SR 
afferent. The ipsilateral ESR always produced spikes in 313. 
The contralateral ESR evoked a smaller, but still large, EPSP. 
There was a difference between the f- and h-SR input. Cell 3 13 
received an input only from the ipsilateral h-SR (Fig. 7B), and 
this was much weaker than the response to f-SR. A train of 
stimuli applied to the ipsilateral f-SR produced a burst of spikes. 
The f-SR stimulation was found to elicit this burst independent 
of the time in the cycle at which that stimulus occurred (Fig. 
7). If it was appropriately timed to where the SR burst would 
normally occur, then this cell in fact discharged primarily in 
phase with depressors (Fig. 8). However, the centrally derived 
elevator spikes were still evident between the stronger bursts 
elicited by SR stimulation. 

Another nondepressor interneuron (cell 308) was also pow- 
erfully modulated by the SRs, but in this case by an inhibitory 
input. The structure of this cell is shown in Figure 9. Cell 308 
differed from the previously described neurons in that it received 
an IPSP from all 4 SRs. It is the only interneuron that was found 
to respond with an IPSP for every afferent spike. The longer 
latency (ca. 5-8 msec) and its opposite polarity suggested that 
these connections were routed through at least disynaptic path- 
ways. However, the IPSPs occurred for every SR spike and were 
found in all animals in which this cell was recorded (n = 10). 
Of additional interest is the fact that the ipsilateral f-SR gave 
rise to a dual response. This consisted of an IPSP terminated 
by a rapidly rising EPSP (Fig. 9B). This dual-component PSP 
was always seen from this SR. The PSPs did not appear to be 
evoked via a multicomponent synapse. First, while the IPSP 
occurred with a constant latency, the delayed excitatory PSP 
did show variability. Second, the IPSP evoked from the con- 
tralateral f-SR was sometimes, but never always, terminated by 
a similar EPSP, suggesting that an all-or-nothing event was re- 
sponsible for it (Fig. 9B). Also, the EPSP did not appear to be 
a response to the preceding hyperpolarization, since the h-SRs 
gave rise to similar-amplitude IPSPs but never to the longer- 
latency EPSP. Thus, the occurrence of the excitatory component 
appears to be via a parallel excitatory synaptic pathway. 

The strength of this inhibitory input was clearly seen if stim- 
ulation was presented during the flight rhythm. The activity of 
this cell in deafferented preparations was very distinct. Most 
notable was an IPSP that immediately preceded the depressor 
EMG, with a depolarization after the occurrence ofthe depressor 
burst. The depolarization always occurred immediately follow- 
ing the depressor activity. The recordings obtained in intact 
animals by Mchl(l985a) show that the f-SRs usually discharge 
beyond the hindwing depressor spike (because the hindwings 
lead the forewings). Mimicking this by triggering ESR stimu- 
lation immediately following the depressor spike caused the 
rhythmic depolarization seen in cell 308 to be completely abol- 
ished (Fig. 9c). The rhythmic depolarizations reappeared on 
the next cycle following the cessation of stimulation. 

The question arises as to whether this neuron would be func- 
tionally inactive in an intact animal. If it were, there seems to 
be little advantage in the rapid repolarization evoked by the 
ipsilateral f-SR. The answer may be that the rapid repolarization 
enables inputs from other wing afferents to depolarize the neu- 
ron. Two groups of flight-related afferents travel in nlc (the 
tegula and campaniform sensilla). In one animal we tested 

Table 2. Amplitude of stretch receptor-evoked, EPSPs in locust 
thoracic interneurons 

EPSP amplitude (mV) 

Forewing SR Hindwing SR 

Neuron Phase Ipsi. Contra. Ipsi. Contra. 

Mesothoracic 
109 D 2-3 Nil 2-3 Nil 

116 D 4 Nil 
202 D 1 Nil 1 Nil 
302 D 2-4 Nil 2-4 Nil 
313 E 5-6 3-5 2 Nil 

404” T 1 Nil 0.5 Nil 
507 D 2-3 2-3 Nil Nil 
603 E 4 
7010 D l-2 Nil l-2 Nil 

Metathoracic 
116 D 4 Nil 
124 E 5-6 3-4 
208 D 2-5 Nil 2 Nil 
318 D l-2 Nil l-2 Nil 
323 D 2-3 Nil 

501a D 1 Nil 1 Nil 

503a D 2 Nil 2 Nil 
505 D 2 Nil 
506 D 2 2 
519 N 5-6 Nil 
520 D 1 Nil 1 Nil 

521 D l-2 Nil 

Entries indicate whether the cell receives ipsilateral and/or contralateral (relative 
to the soma) inputs from the forewing or hindwing stretch receptors. Nil, the SR 
in question does not evoke PSPs in the cell. No entry indicates that the connection 
in question was not tested. Phase, timing of the neuron’s depolarization in the 
oscillator cycle. D, depolarization in phase with depressor motoneurons; E, 
depolarization in phase with elevator motoneurons; T, tonically active; N, not 
rhythmic during deatlerented flight activity. 
Previously described cells that do not receive SR connections: 20 1,40 1 (Robertson 
and Pearson, 1983); 206, 301, 504, 51 I (Robertson and Pearson, 1985). 
i Structure described in Robertson and Pearson (1983). 

b Structure described in Pearson et al. (1985). 

whether these afferents might connect to 308. Cell 308 was 
powerfully excited, with a short latency (5 msec), by electrical 
stimulation of the mesothoracic nlc (Fig. 9D). The actual re- 
ceptors responsible are unknown, and this stimulation was not 
physiological. However, the short latency strongly suggests that 
there is a direct excitatory action from these receptors to 308. 
These observations indicate that the activity of 308 in an intact 
animal would be derived from at least 3 sources. The central 
oscillator depolarizes this neuron immediately after the de- 
pressor spike. The inhibitory input from both f- and h-SRs 
shunts at least part of this central depolarization, but the amount 
will depend on the time at which ESR activity ends. The delayed 
excitatory component of the f-SR rapidly repolarizes the mem- 
brane potential, which enables other, as yet unidentified, affer- 
ents to further depolarize the cell. Both the tegulae and the 
campaniform sensilla, whose axons travel in n lc, are active 
during the downstroke (Gettrup, 1966; Neumann, 1985). 

An interesting finding was that not only rhythmically active 
interneurons received SR input. We have found a neuron (5 19; 
Fig. 1OA) that did not receive rhythmic input during central 
oscillator activity (Fig. 1Oc). In recordings to date (3 animals), 
5 19 exhibited spontaneous activity. Whether this reflected in- 
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Figure 4. Effect of ipsilateral f-SR 
stimulation on the rhythmic activity of 
a depressor interneuron (701). In each 
record the upper truce is an intracellular 
recording from 701; the lower trace is 
the EM6 recorded from the hindwing 
subalar muscle @A). A, Compound 
EPSP elicited in 701 in nonrhythmic 
state. B, C, D, Single trains of stimuli 
were given during the dealIerented 
rhvthm. B. The stimulus falls close to 
the natural phase at which SR bursts 
occur. Note that neither the number of 
spikes nor the spike frequency is altered 
from that generated by the central os- 
cillator. C, D, Stimuli fall in inappro- 
priate phases of the flight cycle. Extra 
spikes are elicited, indicating that the 
failure of the stimulus given in B is due 
to the already depolarized state of the 
cell. E. The rhvthmic activitv in 701 
when driven by the central oscillator 
with no SR stimulation. F, Trains of 
stimuli are triggered to occur on every 
flight cycle of the central oscillator 
rhythm. In this and all subsequent fig- 
ures, the time of onset of the f-SR stim- 
ulus train is indicated by arrows un- 
derneath the record. 

SA ----b- 

F 

701 

SA J b”‘V 
t t t t t - I 

50msec 

jury due to electrode penetration or was a physiological property 
of the cell is not known. This cell received a large-amplitude 
EPSP from f-SR (Fig. 10B). The h-SR input has not been ex- 
amined. Triggering f-SR input to occur on every cycle elicited 
a rhythmic depolarization in phase with the SR stimulation (Fig. 
1OD). The spontaneously occurring spikes between the depo- 
larizations were still evident. As was found for neuron 3 13, 
similar bursts could be elicited irrespective of the time in the 
cycle at which the input occurred (not shown). 

Discussion 
As a first stage toward understanding the cellular mechanisms 
by which proprioceptors modify the central oscillator in the 
flight system of the locust, we have identified motoneurons and 
interneurons that received short-latency PSPs from the wing SR 
afferents. These were all excitatory PSPs. Only one neuron re- 
sponded to single SR spikes with an IPSP, but this was at a 
considerably longer latency than that of the EPSPs seen in other 
neurons. Thus, we have found no strong evidence to suggest 
that the SRs make direct inhibitory contacts. 

With a few minor exceptions, the SR-evoked EPSPs in de- 
pressor motoneurons were distributed to the same motoneurons 
as were described in Schistocerca gregaria by Burrows (1975). 
Perhaps the major difference, however, was that we failed to see 
IPSPs in elevator motoneurons. This is not to say that the SRs 

do not have an inhibitory action on elevator motoneurons dur- 
ing flight. This has been demonstrated in intact animals by Mijhl 
(1985b). However, this may be due to an inhibition of excitatory 
input to elevator motoneurons, rather than a direct postsynaptic 
inhibition of the motoneurons themselves. 

Where tested, all interneurons received convergent SR input 
from at least 2 wings. This is significant when considering how 
this proprioceptive input is processed in the thoracic ganglia. 
Each SR is capable of providing very precise information con- 
cerning wing movement (Get&up, 1963; Wendler, 1983; Mijhl, 
1985a), yet this information does not appear to be kept separate 
by the CNS. Rather, the interneurons considered here all re- 
ceived SR input from more than one wing, and in flying animals 
this information would arrive at the cell at essentially the same 
time. Most of the interneurons received input from the ipsilat- 
era1 forewing and hindwing SRs. However, convergence of seg- 
mental SR pairs was also observed. The proprioceptive con- 
vergence found here suggests that adjustments of the motor 
output are made in response to information coming from several 
wings, rather than being made separately for each wing. Evi- 
dence in support of this conclusion has come from other studies 
on locust flight proprioceptors. For example, Gettrup (1966) 
found that the hindwing campaniform sensilla were necesssary 
for the control of the forewing angle of attack, by which the 
locust regulates lift. Also, electrical stimulation of the forewing 
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Figure 5, SR connection to an inter- 
neuron with subthreshold rhythmic os- 
cillations (506). A. Structure of neuron 
506. Calibration for this and all sub- 
sequent drawings of neurons is 200 pm. 
B. Upper and middle panels: EPSPs in 
506 from the ipsilateral and contralat- 
cm1 SRs, evoked by stimulation of pro- 
thoracic n6. Vertical calibration, 4 mV. 
Horizontal calibration, IO msec. Bnt- 
ton? ~~LE~PI, Response in 506 to a train 
of stimuli applied bilaterally to pro= 
thoracic n6. Vertical calibration, 10 mV. 
Horizontal calibration, 40 msec. Note 
the short-latency burst followed by a 
hyperpolarization. C, Rhythmic mem- 
brane potential oscillations in 506 be- 
fore and during bilateral stimulation of 
the SRs on every cycle. Before intro- 
ducing the stimulation, the neuron fired 
a single or no spikes on top of a small 
rhythmic depolarization in phase with 
depressors. When the stimulation was 
commenced, these oscillations were 
forced above threshold so that 2-3 
spikes occurred on each cycle. 

Figure 6. SR input to a metathoracic 
depressor interneuron (208). A, Struc- 
ture of 208 in the metathoracic gan- 
glion. B, EPSPs in 208 evoked by the 
f- and h-SR afferents. Each recorded 
from a different animal. In both cases, 
the cell was hyperpolarized to prevent 
tonic spiking. Note the different gains 
for these 2 traces. EPSP from the f-SR 
was approximately 5 mV, while the in- 
put from the h-SR was approximately 
2 mV. C, Modification of activity in 
208 by bilateral SR stimulation. Upper 
truce, Intracellular recording from 208. 
Lower trace, Hindwing subalar (SA). 
Without SR stimulation, the 208s 
showed rhythmic depolarizations in 
phase with depressors. When SR stim- 
ulation was commenced (indicated by 
arrows beneath the EMG record), there 
was a dramatic increase in the baseline 
level of depolarization in 208. The am- 
plitudes of the oscillations were mark- 
edly reduced and extra spikes occurred 
between the depressor bursts. The 
rhythmic activity rapidly returned to 
prestimulation levels after cessation of 
the stimulation. 
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A 

Figure 7. SR input to a mesothoracic 
elevator interneuron (313). A, Structure 
of 3 13 in the mesothoracic ganglion. B, 
EPSPs evoked in 3 13 from the SRs. 
Each spike in the ipsilateral f-SR evokes 
a single action potential in 313. The 
contralateral f-SR evokes a slightly 
weaker EPSP. The h-SR gives a much 
weaker input (note different calibration 
scale) and only from the ipsilateral side. 
C, Effects of a single stimulus train ap- 
plied to the ipsilatcral f-SR at different 
times in the flight rhythm. The normal 
phasing of this neuron is a weak de- 
polarization occurring midway be- 
tween depressor muscle spikes. SR 
stimulation produces a similar dis- 
charge in 3 13 irrespective of when that 
input occurs in the flight cycle. DLM, 
Dorsal longitudinal muscle (indirect 
wing depressor). 
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campaniform sensilla evokes contractions of both fore- and particular interneurons. An increased frequency of discharge 
hindwing depressor muscles (Wendler, 1978; Horsmann and and/or an increase in burst duration were observed in some 
Wendler, 1985). depressor interneurons. The SRs also evoked EPSPs in elevator 

The most interesting finding of this study was the degree to interneurons. In one of these we showed that SR stimulation 
which the SRs could modify the centrally generated activity of changed its rhythmic pattern markedly, so that it fired mainly 

A 

313 
SA 

Figure 8. Modification of activity in 
313 by SR stimulation. A, Rhythmic 
activity of a 313 interneuron (upper 
trace) in response to wind on the head. 
Note that the hyperpolarized phase of 
this neuron coincided with the hind- 
wing depressor EMG (SA, lower trace). 
B, The same neuron as in A, but in this 
case both f-SRs were stimulated during 
flight (arrows). The normal rhythmic 
hyperpolarization in the depressor phase 
was now replaced by a high-frequency 
burst of spikes. Note also that spikes 
were still seen to occur during the ele- 
vator phase. 

B 
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SA 

444444444 I 
20mV 
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Figure 9. A metathoracic interneuron (308) receiving IPSPs from the SRs. A, Structure of cell 308 in the metathoracic ganglion. B, PSPs evoked 
in 308 from the SRs. The ipsilateral ESR evokes a dual-component PSP, consisting of an initial IPSP terminated by a rapidly rising EPSP. The 
contralateral f-SR usually gives only an IPSP, but this is sometimes terminated by a rapidly rising EPSP. Both h-SRs evoke only an IPSP. The 
amplitude of the ipsilateral IPSPs is smaller than that of the contralateral IPSPs for both wing SRs. The hindwing and forewing PSPs were recorded 
from different animals, but each segmental pair was recorded in the same animal. C, Effects of stimulus trains to one or both f-SRs. Results are 
from the same animal shown in B. Stimulating the contralateral f-SR causes a longer-duration IPSP. The delayed excitatory EPSPs can be seen to 
be shunted by the preceding IPSP. Stimulating the ipsilateral f-SR delays the excitatory component until the end of the stimulation. Stimulating 
both f-SRs together results in an IPSP that repolarizes more rapidly than it would without the delayed excitatory component. However, the 
depolarization evoked by the ipsilateral ESR is shunted by the inhibition from the contralateral f-SR. D, Introducing bilateral stimulation of the 
ESR afferents immediately following the depressor spike can completely inhibit the centrally derived depolarizations. Arrows indicate the time of 
SR afferent stimulation. Depolarizations reappear on terminating SR stimulation. A section of the record between the beginning and end of 
stimulation has been deleted. E, F, Cell 308 receives excitatory input from non-SR wing afferents. E, EPSPs from the contralateral mesothoracic 
nlc occur with short latency and are graded with stimulus intensity. Threshold is 0.7 V. Increasing the voltage to 1.1 V evokes an EPSP of 
approximately 3 times the amplitude. F, A train of stimuli (25 msec, 250/set) bilaterally to mesothoracic n lc evokes a large depolarization in 308. 

in the depressor phase rather than the elevator phase. SR stim- 
ulation abolished rhythmic depolarizations in one intemeuron 
and also provided a phasic input to a neuron that was not driven 
by the rhythm generator. In the cat respiratory system, the in- 
fluence of proprioceptors on the rhythmic actvity of central 
neurons has been examined in considerable detail (Cohen, 1979). 
It is interesting that some of the same features of proprioceptive 
modulation observed in the respiratory system were found to 
occur in locust flight. 

The majority of SR connections were to intemeurons that 
were active in phase with depressors. This was expected, as the 
SRs normally fire close to this phase of the flight cycle (Wilson 
and Gettrup, 1963; MShl, 1985a). Similarly, in cat respiration 
the pulmonary SRs fire maximally toward the end of lung in- 
flation and excite late inspiratory neurons (Berger, 1977; Marino 
et al., 198 1; Cohen and Feldman, 1984). In the locust, we iden- 
tified one intemeuron (5 19) that did not receive central flight 
oscillator input, yet received a phasic input from the wing SRs. 
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B 

J-4 f-SR 

Figure 10. SR input to a neuron not 
driven by the central oscillator (519). 
A, Structure of 5 19 in the metathoracic 
ganglion. B, The ipsilateral f-SR evokes 
a large (6 mV) EPSP with superimposed 
spikes in 5 19. C, Directing wind to the 
head evokes flight activity, shown by 
the subalar muscle recording (SA), but 
there is no oscillating response in 5 19. 
D, Triggering ESR stimulation to occur 
on every oscillator cycle induces 
rhythmic burst activity in 519. The 
spontaneously occurring spikes in 5 19 
are still evident between depolariza- 
tions. 

J 1OmV 
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Similarly, in the nucleus of the solitary tract in the cat brain 
stem, the “pump” neurons do not show respiratory modulation 
in the absence of artificial ventilation (Berger, 1977; Lipski et 
al., 1979; Cohen and Feldman, 1984). These units are equally 
excited by lung inflation during inspiration or expiration (Cohen 
and Feldman, 1984). In another locust interneuron (308), SR 
stimulation on every cycle abolished its rhythmic depolariza- 
tions. A similar phenomenon has also been reported in pontine 
respiratory neurons by Feldman et al. (1976). Here, neurons 
were found with only low tonic background activity when the 
animal was artificially ventilated, but rhythmic modulation of 
their discharge would appear if lung inflation was withheld. 
However, for 308 in the locust, we have found that other wing 
afferents are excitatory, and therefore there is probably a phase- 
shift of its activity that is dependent on proprioceptive input, 
rather than being functionally inactive during intact flight. 

The degree of modulation of rhythmic intemeuronal activity 
by proprioceptive feedback in locust flight raises the question 
of whether the central pattern generator (central oscillator) op- 
erates as a functional unit in the intact animal. We have looked 
at the input from only one group of proprioceptors. Phasic sen- 
sory inputs also come from the head hairs (Bacon and MShl, 
1979; Horsmann et al., 1983), the tegulae (Kien and Altman, 
1979; Neumann, 1985) and the wing campaniform sensillae 

I 20mV 

100msec 

(Gettrup, 1966; Horsmann and Wendler, 1985). One would 
expect that the activity of many intemeurons in intact animals 
would be considerably altered, and would include large phase- 
shifts and additional active central neurons. As commonly used, 
the term “central pattern generator” carries with it the impli- 
cation of being a functional unit for generating the basic motor 
pattern. For example, Grillner (1975; see also Andersson et al., 
198 1) has suggested that the cat central pattern generator within 
the spinal cord may be sufficient to generate walking in a straight 
line on a flat surface. Proprioceptors would modify the central 
pattern generator when the animal is turning, accelerating, de- 
celerating, or walking uphill or downhill. In locust flight, an 
equally plausible view may be that the central pattern generator 
represents part of a central circuit through which the different 
sources of proprioceptive information are integrated to modify 
the motor pattern for steering and other ffight maneuvers. Cer- 
tainly, a neural circuit with the capacity to oscillate resides with- 
in the CNS. However, from the results presented in this paper, 
it seems distinctly possible that when the proprioceptive feed- 
back is incorporated, one will not be able to recognize a distinct 
central pattern generator. Obviously, evaluating this possibility 
will depend on a more thorough understanding of the central 
pattern generator and an analysis of its activity in the intact 
animal. 
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