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Abstract We have measured parameters of identified
excitatory postsynaptic potentials from flight interneu-
rons in immature and mature adult locusts (Locusta mi-
gratoria) to determine whether parameters change dur-
ing imaginal maturation. The presynaptic cell was the
forewing stretch receptor. The postsynaptic cells were
flight interneurons that were filled with Lucifer Yellow
and identified by their morphology. Excitatory postsy-
naptic potentials from different postsynaptic cells had
characteristic amplitudes. The amplitude, time to peak,
duration at half amplitude and the area above the base-
line of excitatory postsynaptic potentials did not change
with maturation. The latency from action potentials in
the forewing stretch receptor to onset of excitatory
postsynaptic potentials decreased significantly with mat-
uration. We suggest this was due to an increase in con-
duction velocity of the forewing stretch receptor. We also
measured morphological parameters of the postsynaptic
cells and found that they increased in size with matura-
tion. Growth of the postsynaptic cell should cause excit-
atory postsynaptic potential amplitude to decrease as a
result of a decrease in input resistance, however, this was
not the case. Excitatory postsynaptic potentials in imma-
ture locusts depress more than in mature locusts at high
frequencies of presynaptic action potentials. This differ-
ence in frequency sensitivity of the immature excitatory
postsynaptic potentials may account in part for matura-
tion of the locust flight rhythm generator.
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Introduction

Neuronal circuitry that generates motor patterns underly-
ing behaviour is impressively plastic. It has been demon-
strated that neural circuits can be reconfigured in the
short term, by the presence or absence of particular ne-
uromodulators, to produce a repertoire of different be-
haviours (e.g. the crustacean stomatogastric system, Har-
ris-Warrick and Marder 1991). In a longer term develop-
mental context circuitry can be modified to generate age-
specific behaviours (e.g. Bekoff et al. 1987; Weeks et al.
1989). Not surprisingly, this ability of neural circuits to
control different behaviours has generated considerable
interest in the mechanisms underlying such circuit recon-
figuration. Whereas information is accumulating on the
short term plastic (McNaughton 1993) and elastic chang-
es (Harris-Warrick and Marder 1991), there is less infor-
mation available about what occurs to neuronal circuits
as they are implemented at different developmental stag-
es.

Post-embryonic plasticity in vertebrates has been
demonstrated in the central auditory system in gerbils
(Sanes 1993), seasonal plasticity of the birdsong nucleus
(Nottebohm 1981) and the changes in synaptic efficacy
and anatomy which are thought to underlie learning and
memory (Lisman and Harris 1993). In these systems,
however, it is difficult to relate changes in synaptic inter-
actions of the circuitry to subtle changes in behaviour. In
the more accessible systems of invertebrates it is possi-
ble to make such correlations. For example neurons, as-
sociated with proleg movements in Manduca sexta lar-
vae, undergo regression of their dendritic arbors and de-
pression of the strength of synaptic connections during
pupation (Weeks et al. 1989). Dendritic reorganization of
motoneurons during metamorphosis has been correlated
with changes in their synaptic inputs (Levine and Tru-
man 1982) and in the behaviour which they mediate (Ja-
cobs and Weeks 1990; Kent and Levine 1993). In these
studies, however, the changes in properties of the circuit-
ry are accompanied by extensive changes in external
morphology and the underlying musculature. In hemime-
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tabolous insects, such as the locust, development pro-
ceeds along a more linear course without such drastic
changes in external morphology and, in particular, of the
musculature.

The flight circuit of Locusta migratoria is a useful
system for examining what happens as a circuit for gen-
erating rhythmic behaviours first becomes functional.
The central component of the flight motor pattern gener-
ator is present in all pre-adult stages but is not used until
after the wings have emerged during the imaginal moult
(Stevenson and Kutsch 1986, 1988). The output frequen-
cy of the flight motor, as indicated by the wingbeat, in-
creases over the next 14 days (Kutsch 1974; Gray and
Robertson 1994). This is a subtle modification in behavi-
our which is amenable to investigation at the neuronal
level. The flight rhythm is generated at the interneuronal
level (Robertson and Pearson 1984) but is modified by
afferent input (Wolf and Pearson 1987). The change in
output frequency of the flight motor pattern during matu-
ration can be attributed largely to changes in propriocep-
tive input (Stevenson and Kutsch 1988). However, there
may also be concurrent changes in flight interneurons
that would affect their response to the afferent signal. In-
deed there is evidence that the central circuit is changing
because, following functional deafferentation, the output
frequency of the central flight rhythm generator is great-
er in mature (>14 days past the imaginal moult) adult lo-
custs than in immature (<2 days past the imaginal moult)
adult locusts (Gray and Robertson 1994).

We set out to determine whether, during post-
imaginal maturation of the flight motor output, there are
changes in synapses from the forewing stretch receptor
(fSR) to flight interneurons concurrent with increasing
fSR sensitivity. There are 4 SRs, each is a single cell
which is associated with a strand of connective tissue,
one at the base of each wing (Gettrup 1962, Pabst 1965).
The fSR branches extensively in the 3 thoracic ganglia
(Altman and Tyrer 1977) and makes monosynaptic con-
nections with many motoneurons (Burrows 1975) and in-
terneurons of the locust flight circuit (Reye and Pearson
1987). The firing frequency of the SR increases with in-
creasing wing elevation (Pabst 1965) and it has been
shown that the SR can entrain the frequency of the cen-
tral motor pattern (Reye and Pearson 1988). Thus the
fSR is an important component of the locust flight sys-
tem. By using action potentials in the fSR as the stimu-
lus, and filling postsynaptic interneurons in the mesotho-
racic ganglion with Lucifer Yellow, we were able to
compare parameters of EPSPs from identified synapses
in immature and mature adult locusts.

Materials and methods

Male adult Locusta migratoria were obtained from a crowded col-
ony which is maintained at the Department of Biology, Queen’s
University (31°C, 18:6 light:dark). Immature animals moulted two
days or less prior to use. Mature animals were at least |3 days past
the imaginal moult.
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Preparation

Animals were cold-anaesthetized, the legs and wings were re-
moved and a dorsal midline incision was made. The thoracic gan-
glia were then exposed and a stainless steel plate was placed be-
neath them to provide stability (Robertson and Pearson 1982). The
body cavity was filled with saline at room temperature [in mM:
147 NaCl, 10 KCI, 4 CaCl,, 3 NaOH, 10 HEPES buffer]. A silver
wire hook electrode was placed on mesothoracic nerve 1D/1D,
(nomenclature of Campbell 1961) to record and/or stimulate the
forewing stretch receptor (fSR) (Fig. 1). Nerves 3 and 4 of both
meso- and metathoracic ganglia were cut to increase stability of
the preparation. In some preparations, all thoracic nerves were cut
or crushed and the pro-meso and abdominal connectives were
crushed to reduce background synaptic activity. In later experi-
ments, nerve 1D, was cut distal to the hook electrode to eliminate
spontaneous fSR activity and allow us to control the fSR action
potential frequency by stimulating electrically. The stimuli were of
short duration (0.2 ms) and suprathreshold (~12 V) to ensure that
action potentials were generated rapidly. Using this stimulus re-
gime the PSPs recorded from the interneurons were identical to
those produced by spontaneous fSR action potentials. The PSPs
were always unitary indicating that other afferents were either not
being stimulated and/or they were not affecting activity in the in-
terneurons being studied.

Intracellular recording

Intracellular recordings were taken from the neuropil segments
of interneurons in the mesothoracic ganglion (Fig. 1). These in-
terneurons have been previously identified as having monosy-
naptic excitatory connections from the fSR (Reye and Pearson
1987). The interneurons which were penetrated at least 3 times
in both immature and mature locusts are 016 (numbered accord-
ing to Rowell and Reichert 1991; first described by Rowell and
Pearson 1983), 302 and 701 (Robertson and Pearson 1983), 313
and 507 (Reye and Pearson 1987). What we classified as inter-
neuron 016 may in fact not be a single interneuron, but a group
of local interneurons which have similar structures. We found it
impossible to distinguish these based on morphology. The neu-
ropil segment penetrated was always ipsilateral to the extracel-
lular hook electrode (Fig. 1). Recordings were made with glass
microelectrodes filled at the tip with Lucifer Yellow CH (4% in
distilled H,0). The shafts were filled with 0.5 M fithium chlo-
ride (electrode resistance ~100 M€2). These are all spiking inter-
neurons and in some cases it was necessary to inject small
amounts of hyperpolarizing current to stop the cell from spiking
and enable us to measure the EPSPs. After recording EPSPs,
hyperpolarizing current was used to fill the impaled cell with
Lucifer Yellow. In many instances, prior to removing the micro-
electrode, the preparation was examined under epifluorescence
illumination in order to determine the recording site in the inter-
neuron.

The ganglia were fixed in 4% paraformaldehyde for 1 h, dehy-
drated in an ethanol series and cleared in methyl salicylate. Gan-
glia were examined under a compound fluorescence microscope
from the dorsal aspect and a drawing of the ganglion’s outline and
the filled interneuron was made with the aid of a camera lucida.
Some interneurons were photographed.

One hundred forty-three penetrations of neurons which re-
ceived input from the fSR were made. Of these, those which did
not show a stable membrane potential after penetration were dis-
carded. Preparations from which the postsynaptic cell was not
identifiable, due to insufficient filling with Lucifer Yellow, were
not included in the comparison of EPSP parameters. Only flight
interneurons which have previously been described as receiving
monosynaptic input from the fSR were used in this study. Thus
any preparations in which the postsynaptic cell was either a moto-
neuron or a previously undescribed interneuron were not included
in the analysis. This left us with 82 penetrations, 31 from imma-
ture and 51 from mature locusts.
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Fig. 1 Schematic diagram of
recording situation. The three
thoracic ganglia are shown;
prothoracic (PRO),
mesothoracic (MESQ) and
metathoracic (META). The W
extracellular hook electrode is

shown placed on mesothoracic
nerve 1D with a sample trace of
a forewing stretch receptor
(fSR) action potential. The
intracellular microelectrode is
shown penetrating the neuropil
segment of interneuron 302
ipsilateral to the extracellular
electrode with a sample EPSP

(IN). Vertical scale bar=2 mV, L
horizontal scale bar=10 ms

Morphological analysis

Diameters of the main neuropil process and the axon of interneu-
ron 302 were measured from photographs. Other morphological
parameters were measured from camera lucida drawings of the in-
terneurons and ganglia, using a digitizing tablet and SigmaScan®
software (Jandel Scientific, San Rafael, CA). Two-dimensional
projected ganglion arca was measured by tracing the outline of
each drawing. Dendritic projection area was measured by tracing
around the perimeter of the high order branches. For interneuron
302 two distances were also measured: 1) the length of the main
neuropil process (arrow heads, Fig. 2) from the point where the
primary neurite descends to the soma, to the first main branch con-
tralateral to the soma; 2) the distance from the branch point at the
main process to the most anterior branches (arrows, Fig. 2). Only
those preparations for which the fine higher order branches were
well filled, could be used for comparison of the dendritic projec-
tion areas. For many of the identified interneurons only 2 prepara-
tions at one age were well filled. This precluded statistical analysis
using individual neuron types for the most part. All statistical
comparisons in Table 1 were made using the unpaired Student’s ¢-
test.

Analysis of parameters of excitatory post synaptic potentials

Either the spontaneous fSR action potential or the stimulus arte-
fact was used for spike-triggered averaging of the EPSPs. The av-
erage trace from at least 25 EPSPs was plotted, along with an ex-
tracellular trace, on an x-y plotter. The following parameters were
then measured for each average EPSP; the latency from the fSR
spike to the onset, the maximum rising slope, the amplitude, the
. time from onset to the peak, the duration at half amplitude and the
area above the baseline. EPSP parameters from immature and ma-
ture interneurons were compared using Student’s ¢-test.
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In some preparations the fSR was stimulated at different fre-
quencies to determine whether frequency of stimulus had an effect
on EPSP parameters, and whether this effect was age-related. The
nerve containing the fSR was cut distally to prevent spontaneous
action potentials. The fSR was stimulated at 1 Hz, [0 Hz, 20 Hz
and 30 Hz for about 1 min each. The order in which the frequen-
cies were presented varied and the frequency was returned to 1
Hz. Average EPSP amplitudes, in response to fSR action poten-
tials at 10 Hz, 20 Hz and 30 Hz, were divided by the amplitude at
1 Hz stimulation to normalize the data. No differences in frequen-
cy sensitivity were seen with different interneurons. The log,, nor-
malized amplitude was plotted vs. frequency for each individual
from which EPSPs were recorded at two or more frequencies in
addition to 1 Hz. A linear regression was fit for each individual
and the slopes and y-intercepts of the regressions of the immature
and mature animals were compared using Student’s -test.

A two-way ANOVA was used to test the data in Fig. 5.

Results
Morphology

We found that the projected two-dimensional area of the
mesothoracic ganglion increased significantly during
post-imaginal maturation (Table 1). This led us to inves-
tigate whether the flight interneurons we recorded from
were also expanding. Examples of 2 interneurons from
immature and mature locusts are shown, interneuron 302
(Fig. 2) and interneuron 701 (Fig. 3). The pooled average
of the two-dimensional projection area over which the
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Fig. 2 Photographs of Lucifer
Yellow fills of A an immature
and B a mature interneuron 302
in the mesothoracic ganglion
taken from the dorsal aspect.
The asterisks mark the cell
bodies which are located
ventrally and are out of the
plane of focus. There are two
distinct areas of dendritic
branching, one close to the
soma and one where the main
neuropil process makes a turn
and sends an axon towards the
metathoracic ganglion. Note
that the main neuropil process
appears thicker in the mature
interneuron (arrow heads.
which also mark the
intracellular electrode
penetration site). The length
which the various processes,
including the higher order
branches extend (arrows)
appears to be greater in the
mature interneuron. Scale
bar=100 um

dendrites branch, increased significantly during adult
maturation (Table 1). The dendritic projection area for
individual types of interneurons could not usually be
compared statistically, due to low numbers of complete
fills. For interneurons 016 and 302 there were enough
complete fills to compare morphological parameters be-
tween immature and mature animals. The increase dur-
ing maturation of the dendritic projection area for 016
was not significant (Table 1). For 302 there are two dis-
tinct areas of dendritic branching; one ipsilateral to the
soma, the other contralateral to the soma near the axon
(see Fig. 2). These areas were measured separately, and
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summed for each individual. Both the dendritic projec-
tion area near the soma and the total projection area were
significantly higher in mature animals (Table 1). The
dendritic projection area near the axon was greater in
mature individuals (Table 1) but the difference was not
significant (P=0.076). The length of both the transverse
primary neuropil process (arrow head, Fig. 2), and the
distance which the anterior-going branches extend (ar-
row, Fig. 2) also increased significantly during matura-
tion (Table 1). The diameters of the main neuropil pro-
cess and the axon of interneuron 302 increased with mat-
uration {Table 1).
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Fig. 3 Two-dimensional cam-

era lucida drawings of interneu-

ron 701 taken from an A imma- A
ture and B mature locust. As-

terisks mark the cell bodies.
Note that the processes of the
mature interneuron appear
more robust and the two-di-
mensional areas of both the
ganglion and the dendritic pro-
jections appear greater in the
mature locust. Arrow heads
mark the intracellular electrode
penetration site. Scale bar=100
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No change in the general architecture of these neu-
rons was noticed with maturation. In Fig. 3, the imma-
ture 701 has an anterior branch which crosses the mid-
line of the mesothoracic ganglion while the mature inter-
neuron does not. This was not a maturation-specific dif-
ference in branching pattern, but was seen between dif-
ferent examples of this interneuron at both ages.

EPSP parameters

* Parameters of EPSPs in identified interneurons were
measured from averages of 25 to 100 PSPs triggered
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from action potentials in the fSR. Parameters were then
averaged within the age categories to facilitate compari-
son between immature and mature locusts. Table 2
shows that for EPSPs recorded from interneuron 302
there were no significant differences, due to maturation,
in any of the parameters measured. Interneuron 701 was
the only interneuron for which several of the EPSP pa-
rameters changed; the amplitude, slope and area all de-
creased with maturation (Table 2).

» These results are interesting in that one would expect
the amplitude of EPSPs to decrease if the only change
occurring during maturation was growth of the postsy-
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Table 1 Comparison of morphological parameters of the mesothoracic ganglion and flight interneurons in immature and mature adult
Locusta migratoria

Morphological parameter Interneuron Immature Mature Significance
mean (SEM; n) mean (£SEM; n) (z-test)
Ganglion projection area (mm?) - 0.942 (+0.019; n=30) 1.132 (20.023; n=31) P<0.001
Dendritic area (total) (mm?) all 0.280 (£0.018; n=19) 0.388 (£0.025; n=24) P<0.05
Dendritic area (total) (mm?) 016 0.244 (£0.017; n=4) 0.297 (20.021; n=7) n/s
Dendritic area (total) (mm?2) 302 0.284 (£0.008; n=5) 0.406 (£0.040; n=6) P<0.05
Dendritic area (soma) (mm?) 302 0.162 (£0.004; n=6) 0.239 (+0.020; n=7) P<0.05
Dendritic area (axon) (mm?2) 302 0.123 (£0.008; n=6) 0.162 (£0.018; n=6) n/s
Neuropil process length (mmy) 302 0.378 (£0.010; n=8) 0.475 (£0.017; n=8) P<0.001
Anterior branch length (mm) 302 0.311 (£0.012; n=8) 0.384 (+0.024; n=7) P<0.05
Neuropil process diameter (pm) 302 7.0 (2.7; n=5) 11.6 (£2.7; n=5) P<0.05
Axon diameter (tm) 302 6.7 (£1.3; n=5) 10.3 (£2.4; n=5) P<0.05

Table 2 Parameters of EPSPs from the forewing stretch receptor, in identified flight mtemeurons of immature and mature Locusta
migratoria (1/2 Amp. Dur., duration at half amplitude)

Neuron Parameter Immature Mature Significance
mean (£SEM; n) mean (£SEM; n) (t-test)

016 Latency (ms) 3.47 (£0.20; n=8) 2.80 (£0.15; n=14) P<0.05
Amplitude (mV) 5.57 (+0.67; n=8) 3.91 (20.64; n=14) nls)
Slope (mY/ms) 3.93 (+1.17; n=8) 3.39 (£1.10; n=14) nls
Time to Peak (ms) 6.26 (£1.02; n=8) 5.19 (£0.91; n=14) nls
1/2 Amp. Dur. (ms) 23.88 (£3.55; n=8) 21.62 (£2.91; n=14) n/s
Area (mV*ms) 142.28 (£16.58; n=8) 97.80 (£17.62; n=13) nfs

302 Latency 2.77 (0.3; n=7) 2.68 (£0.16; n=16) nis
Amplitude 3.31(%0.82; n=7) 2.60(x0.28; n=16) nls
Slope 3.13(+0.78; n=7) 2.28(+0.32; n=16) nls
Time to Peak 3.08(x0.50; n=7) 3.25(20.44; n=16) nls
1/2 Amp. Dur. 19.97(+1.52; n=6) 21.58(£2.25; n=15) n/s
Area 82.00(+27.95; n=6) 55.57(+5.99; n=15) n/s

313 Latency 2.92(£0.29; n=5) 2.37(x£0.25; n=7) nls
Amplitude 8.56(x1.77; n=5) 8.83(x1.39; n=7) nls
Slope 7.32(£2.11; n=5) 7,85(x1.13; n=7) nfs
Time to Peak 3.20(x0.73; n=5) 2.53(30.21; n=T7) nfs
1/2 Amp. Dur. 19.78(24.76; n=5) 8.37(x£1.95; n=7) P<0.05
Area 195.03(%57.04; n=5) 114.62(£18.98; n=6) nfs

507 Latency 3.89(30.57; n=6) 2.74(£0.24; n=6) nls
Amplitude 1.96(£0.48; n=6) 1.50(x0.39; n=6) nls
Slope 1.10(x0.43; n=6) 1.02(+0.34; n=6) nls
Time to Peak 4.97(20.56; n=6) 3.27(10.25; n=6) P<0.05
1/2 Amp. Dur. 20.92(x1.45; n=6) 22.69(£2.10; n=6) nfs
Area 50.49(+15.84; n=4) 37.76(£6.07; n=6) nls

701 Latency 2.72(20.45; n=3) 3.16(x0.29; n=6) nls
Amplitude 8.89(+1.92; n=3) 3.04(£0.22; n=6) P<0.05
Slope 6.90(+£0.85; n=3) 2.46(30.38; n=6) P<0.05
Time to Peak 2.68(+0.40; n=3) 2.85(20.37; n=6) n/s
1/2 Amp. Dur. 9.59(20.99; n=3) 12.27(£2.56; n=6) nls
Area 127.00(£29.62; n=3) 47.41(£5.77; n=6) P<0.05

naptic cell. This, however, was only seen for interneuron sis penetrations in which the intracellular electrode did
701 (Table 2). not penetrate the same neuropilar process of each inter-
Several factors must be taken into consideration neuron (indicated with arrow heads in Figs. 2 and 3). Re-
which may have caused or obscured any changes in the cording from different sites would introduce PSP ampli-
PSPs. One is the distance of the recording electrode from tude differences due to electrotonic length differences
the synapses and the relationship to the electrotonic which would be unrelated to developmental changes.
structure of the neuron. We examined the preparations.-  Attempts were made to measure the input resistances
under epifluorescence illumination prior to removing the of the interneurons but these measurements were unreli-
intracellular electrode. We excluded from further analy- able. Small diameter Lucifer Yellow-filled electrodes
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Fig. 4A,B EPSPs depress when the frequency of action potentials
in the fSR increases. A Average EPSPs from one experiment (ma-
ture interneuron 701) while stimulating the fSR at different fre-
quencies. Note that the amplitude at 1 Hz is almost the same be-
fore and following high frequency stimulation. B Average EPSP
amplitudes, normalized to the amplitude at 1 Hz, plotted against
frequency of fSR action potentials (error bars are standard error of
the means). Note that the normalized amplitude of the immature
EPSPs is invariably lower than the mature EPSPs. The depression
is approximated by an exponential decay. Data obtained from 15
immature and 15 mature interneurons, at least 8 interneurons are
represented in each bar. These data are analyzed statistically in Ta-
ble 3. Vertical scale bar=2 mV, horizontal scale bar=10 ms

have high resistances making it difficult to use either
bridge balancing techniques or discontinuous current
clamp to obtain an estimate of input resistance in a small
process. The hyperpolarizing current injected into some
+ cells to prevent action potentials did not change the size
or shape of the PSPs.
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Table 3 Y-intercepts and slopes of linear regressions, fit to the
log,, transformation of normalized EPSP amplitude versus
frequency of fSR stimulation for individual immature and mature
Locusta migratoria

Immature Mature Immature Mature
Y-intercept Y-intercept  slope slope
0.0146 —0.0058 —0.0165 -0.0134

-0.0192 0.0025 —-0.0095 —0.0080
-0.0318 -0.0206 -0.0076 —0.0011
—0.0256 -0.0421 -0.0116 —0.0058
-0.0192 —0.0405 -0.0149 —0.0009
—0.0086 —0.0765 —0.0099 —0.0052
-0.0176 -0.0059 -0.0116 -0.0098
-0.0340 —-0.0550 -0.0123 —0.0061
—0.0341 -0.0732 —-0.0029 -0.0082
—0.0613 —-0.0234 —-0.0092 -0.0079
—0.0461 -0.0270 -0.0112 -0.0070
-0.0119 - -0.0180 -

Mean —0.0246 —0.0334 —0.0113a —0.00672

SEM 0.0056 0.0081 0.0012 0.0011

2 indicates significant difference, Student’s r-test

A further consideration is the firing frequency of ac-
tion potentials in the presynaptic neuron. When we stim-
ulated the stretch receptor at increasing frequencies, we
found that EPSPs depressed (Fig.4). This depression
was not long-lasting as the amplitude of EPSPs returned
to the starting value at 1 Hz within a few seconds after
changing the stimulus frequency. We did not see charac-
teristic differences in the way different types of interneu-
rons depressed. Therefore, average EPSP amplitude at
each frequency was divided by the amplitude at 1 Hz to
account for differences in individual amplitudes and the
data were pooled for each age. Immature EPSPs de-
pressed more than mature EPSPs (Fig. 4B). The depres-
sion approximated an exponential decay, therefore, we
plotted linear regressions fit to the log,, normalized am-
plitudes versus the stimulus frequency for each penetra-
tion. There was a significant difference in the slopes of
the linear regressions between immature and mature
EPSP depression (Table 3).

The fSR tends to fire spontaneously at a faster rate in
mature locusts (Gray and Robertson 1994). Therefore in
order to remove the effects of firing frequency from our
comparison, we excluded preparations in which the fSR
was either not firing spontaneously between around 1 Hz
and less than 3 Hz, or not stimulated at 1 Hz.

Using only the ‘select’ preparations, that is those
where the recording sites were consistent, and the fSR
action potentials occurred at or near 1 Hz, the amplitudes
of EPSPs were compared (Fig. 5). No change in EPSP
amplitude was seen with maturation for interneurons
016, 302 and 313 (Fig. 5). These were the only interneu-
rons, for which we found at least 3 preparations at each
age, which met the selection criteria. No significant dif-
ferences were seen in any of the other parameters mea-
syred between immature and mature interneurons of a
given type (not shown). There are however, significant
differences in EPSP amplitude between neuron types eg.
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Fig. 5 A Overlays of 5 EPSPs in response to stimulation of the
fSR at 1 Hz, in mature locusts from interneurons 016, 302 and
313, respectively. B Average EPSP amplitudes of the above inter-
neurons from the ‘select’ preparations (see text). Error bars are
standard error of the means. No significance differences in EPSP
amplitudes were detected due to maturation (horizontal lines).
Significant differences in EPSP amplitudes were detected between
synapses (asterisks) (two-way ANOVA). There are 3 to 8 penetra-
tions represented by each bar. Vertical scale bar=2 mV, horizontal
scale bar=10 ms

the amplitude of 016 is characteristic and different from
the amplitudes of 302 and 313 (Fig. 5).

To see whether there might be some general change in
any of the parameters the data from the select prepara-
tions were pooled (Fig. 6). The only significant change
detected was a decrease in the latencies between the fSR
action potential and the EPSP in the mature preparations
(Fig. 6). The position of the extracellular electrode var-
ied between preparations, but there was no age-depen-
dent difference in placement, thus we feel that this dif-
ference is in fact due to maturation. We also examined
latency pooled from all the experiments shown in Table
1. This larger data set also contained a significant de-
crease in EPSP latency with maturation.

Discussion

The purpose of the present study was to examine wheth-
er, during post-imaginal maturation of the locust flight
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system, there are changes in parameters of identified
EPSPs. We found that EPSP parameters do not change
during maturation, however, we did find that EPSPs re-
corded from different interneurons had characteristic am-
plitudes. There were 3 differences seen with maturation:
1) the latency from an action potential or stimulus arti-
fact in the fSR to onset of EPSPs decreased with matura-
tion; 2) mature EPSPs depressed less than immature
EPSPs when the presynaptic cell was stimulated at high
frequencies; 3) the size of the postsynaptic cell increases
with maturation.

During post-imaginal maturation of the locust, we
found significant growth both of the two-dimensional
projected area of the mesothoracic ganglion and of the
postsynaptic cells. This agrees with previous studies in
hemimetabolous insects, which have shown growth of
the mesothoracic ganglion well into adulthood in Schist-
ocerca (Sbrenna 1971), and in Locusta migratoria (Gray
and Robertson 1994). This expansion is due largely to an
increase in the volume of the neuropil (Afify 1960;
Sbrenna 1971). Gymer and Edwards (1967) showed that
the number of neurons in the last abdominal ganglion of
the cricket Acheta domesticus do not increase following
hatching. A subsequent forty-fold increase in ganglion
volume is due primarily to increasing neuronal cell vol-
ume (Gymer and Edwards 1967; see also Sbrenna 1971
for Schistocerca). This is in contrast to Manduca, a ho-
lometabolous insect, in which postembryonic neurogene-
sis has been demonstrated (Booker and Truman 1987).
We did not test for the presence of neurogenesis in the
locust. However, the interneurons we examined showed
increases in the area over which their processes extend,
and in the length of processes during adult maturation.
The diameters of both the neuropil process, which the in-
tracellular electrode penetrated, and the axon of inter-
neuron 302 also increased with maturation.

This growth may have important implications for the
flight circuitry. The increase in diameter of axonal pro-
cesses should result in an increase in the conduction ve-
locity of action potentials in flight interneurons. In the
locust fSR and the dorsal longitudinal motoneuron, con-
duction velocity increases during adult maturation and
may partly account for the increase in wingbeat frequen-
cy (Gray and Robertson 1994). An increase in conduc-
tion velocity of flight interneurons may also help speed
up the central component of the flight rhythm generator,
particularly with respect to those interneurons which
communicate between ganglia.

Increasing diameters of dendritic processes will also
result in a decrease in the input resistance of the inter-
neuron, EPSPs recorded at sites electrically distant from
the synapse will therefore be smaller in amplitude uniess
there is some compensatory increase in either the synap-
tic current or synaptic density (Lev-Tov et al. 1983; Jack
et al. 1983). Since we did not find that EPSP amplitudes
decreased during this period of growth, there must be
some compensation in the system which keeps parame-
ters of EPSPs constant during adult maturation. Goldfish
retinal ganglion cells grow throughout the animal’s life
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Fig. 6 Average EPSP parameters and standard error bars from the
‘select’” immature and mature preparations. Latency decreases sig-
nificantly with maturation (asterisk). None of the other parameters
show a significant difference between immature and mature EPSPs.
Data obtained from 17 immature and 15 mature interneurons

and presumably maintain their signalling properties de-
spite the predicted decrease in input resistance (Bloom-
field and Hitchcock 1991). An increase in the number of
synaptic contacts found on large arbors may allow the
amplitude of PSPs to remain constant (Hitchcock 1993).
In the cricket cercal system, there is rearrangement of
sensory neuron-to-interneuron synapses that is thought
to maintain interneuron response properties as the num-
ber and size of sensory receptors increase during devel-
opment (Chiba et al. 1992). The strength of some identi-
fied synapses systematically decrease during develop-
ment while others increase in strength over the course of
several instars (Chiba et al. 1988). In the locust flight
system synaptic rearrangement may also occur and con-
tinue past the imaginal moult to compensate for growth
of the interneurons and to maintain the strength of the
connection from the fSR. An alternative mechanism
whereby EPSP size could be maintained in a growing
postsynaptic cell could be an increase in the current gen-
erated at each postsynaptic site as has been demonstrated
in the crustacean neuromuscular junction (Lnenicka and
Mellon 1983). Such a mechanism could be effected by
changes in either pre- or postsynaptic properties.

The fSR firing frequency was found to depress the
EPSPs. The EPSPs in immature interneurons were more
sensitive to stimulus frequency than mature EPSPs. Ter-
minal processes may have smaller diameters in the im-
mature locusts increasing the chance of conduction fail-
ure of high frequency action potentials to the presynaptic
terminals. Alternatively, if the rate of supply of transmit-
ter is limited in the immature animals, there may be de-
pletion of available transmitter as frequency increases.
Changes in the responsiveness of the postsynaptic mem-
brane could also be involved. We are not yet able to de-
termine which, if any, of the possibilities presented here
account for the different depression patterns in immature
and mature locusts.

When comparing only those preparations where the
penetration sites, in a given type of interneuron, were
consistent and where the stimulus frequency was around
1 Hz, we were able to distinguish significant differences
in EPSP amplitude between types of interneurons. The
difference in amplitudes of EPSPs from different inter-
neurons, in response to an action potential in the same
presynaptic cell, may indicate several things. One is that
the electrotonic distances, of the recording sites, from
the synapses varied drastically from cell to cell. This is
probably not the primary cause of the differences we
found between neuron types. EPSPs recorded simulta-
neously from two parts of a flight motoneuron do not
differ much in amplitude (Schneider 1991). Also, it is
known that single local interneurons in Schistocerca
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americana make central inhibitory synapses with differ-
ent parameters, onto different postsynaptic neurons (Lau-
rent and Sivaramakrishnan 1992). Quantal analysis re-
vealed that quantal content at different contacts from the
same presynaptic cell differed, suggesting that release
probabilities were different between the sites associated
with different postsynaptic cells (Laurent and Si-
varamakrishnan 1992). Gardner (1991) has shown that in
Aplysia buccal ganglia, synaptic current amplitudes are
different for synapses in different targets from a single
presynaptic neuron. This was also found to be due to
presynaptic factors (Gardner 1991). Thus the differences
in EPSP amplitudes which we found are likely not due
only to differences in the electrotonic structure of these
interneurons, but probably indicate specialization at the
level of individual synapses.

The only change in EPSP parameters seen with mat-
uration was the decrease in latency from the fSR spike
to the onset of the EPSP. The position of the extracellu-
lar electrode varied only slightly from preparation to
preparation, and there was no age-dependent bias. Sig-
nificant differences in latency were only apparent when
a large number of trials were combined. It is likely that
the decrease in latency seen here is due to the increase
in conduction velocity of the fSR (Gray and Robertson
1994). The EPSPs travel electrotonically from the syn-
apse to the recording electrode and would therefore be
recorded almost instantaneously following onset, re-
gardless of age. We cannot rule out the possibility that
synaptic delay may change with maturation as well, but
we could not, with the paradigm used, determine what
the relative contributions of conduction velocity and
synaptic transmission were to the change in latency
measured.

The problem we set out to investigate was whether
changes in the interactions between afferents and inter-
neurons in the flight system occur during post-imaginal
maturation. We have not found a change in parameters of
identified EPSPs from our population of flight interneu-
rons. This does not preclude that other EPSPs or IPSPs
may change in efficacy during adult maturation, but does
indicate that there is neither a general strengthening nor
weakening of synaptic efficacy.

We did however, detect two changes which may bear
some influence on wingbeat frequency. The first is the
decrease in latency. This is most likely due to an increase
in conduction velocity of the presynaptic cell but as the
flight system contains mainly spiking interneurons, a
general increase in diameters and consequent increase in
conduction velocities could effect a ‘speeding-up’ of the
circuitry. The reduced depression seen at higher frequen-
cies in the mature animals may also affect output of the
flight motor. That is, in an immature animal the output
frequency of the central circuitry may be limited by
EPSP amplitudes which become less efficacious at high
frequencies. As the animal matures and EPSP amplitude
becomes less frequency-sensitive, a higher output fre-
quency can be supported. The effects of maturation seen
in the central circuitry are accompanied by changes in
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peripheral components which would act in concert to
produce maturation of the flight system.

In conclusion then, it appears that a mechanism exists
which allows EPSP parameters, especially amplitude, to
remain constant during growth of the central nervous
system. EPSP amplitudes are characteristic in different
flight interneurons even though the presynaptic cell is
the same. If the difference in frequency-sensitivity of im-
mature and mature EPSP amplitudes is common to all
synapses it may account for the central component of the
increase in wingbeat frequency during post-imaginal
maturation.
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