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Abstract

By studying the effects of mutations on a simple circuit of identified neurons in Drosophila, we
have found genes whose proper functioning is necessary to produce normal synaptic connections
between the neurons. These neurons comprise the giant fiber (GF) system; the GFs are command
neurons activated by a light-off stimulus and evoke a stereotyped pattern of activity in the thoracic
muscles producing an escape jump. Each GF monosynaptically drives a motor neuron innervating
the tergotrochanteral muscle (jump muscle, TTM). Each GF also disynaptically drives the motor
neurons innervating the dorsal longitudinal flight muscle (DLM) via the peripherally synapsing
interneuron (PSI) (King, D. G., and R. J. Wyman (1980) J. Neurocytol. 9: 753-770; M. A. Tanouye
and R. J. Wyman (1980) J. Neurophysiol. 44: 405-421). A search was made for mutations affecting
these identified synapses. Fifty thousand mutagenized flies were screened for nonjumping behavior
to the light-off stimulus. Fifty-seven nonjumping mutant lines were established from individuals
selected in the screen. Members of the lines were then tested for abnormal GF motor output to the
TTM and DLM. From these lines, four X-linked mutations (representing three complementation
groups) were isolated which affect the circuit. The mutations differentially disrupt specific synapses
within the GF system. One mutation, bendless, disrupts synaptic transmission between the GF and
the TTM motor neuron. Another, gfA, disrupts the synaptic connections of the PSI, and a third

mutation, passover, disrupts transmission in both pathways.

A central concern of developmental neurobiology is to
understand the mechanisms by which nerve cells form
specific connections. Most efforts at solving this problem
involve describing the sequence of events during normal
development or after surgical intervention. An alterna-
tive approach, which we use, is to search for genes whose
normal functioning is necessary for the establishment of
proper neuronal connections. If such genes were identi-
fied, then it should be possible, using recombinant DNA
technology, to identify the gene products. Thus, for in-
stance, if surface-bound molecules function as guidance
cues during axon growth and choice of synaptic targets,
then the genes and gene products of either the molecules
themselves (if proteins) or the enzymes involved in their
synthesis (if not proteins) might be identified.

Mutations which alter genes involved in specifying
neural connections would be expected to alter the normal
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pattern of connectivity and to disrupt the behavior gen-
erated by those connections. Many mutations in Droso-
phila exist which affect various components of the fly’s
behavioral repertoire. Mutations have been isolated
which affect phototaxis, flying, optomotor behavior, che-
mosensory behavior, circadian rhythms, learning, and
memory (for review, see Hall, 1982). However, due to the
complexity of the neuronal circuits producing these be-
haviors, it has not been possible to determine if these
mutations cause changes in the connectivity. To over-
come this difficulty we have chosen a simple network of
neurons in Drosophila, the giant fiber (GF) system, in
which we can test for the functioning of identified syn-
aptic connections and in which we can select for muta-
tions which disrupt these connections.

The giant fibers are a bilateral pair of large (5 um)
interneurons descending from the brain to the thoracic
ganglion. Their wild-type morphology has been described
by Koto et al. (1981) using intracellular injection of
Lucifer Yellow. The GF cell bodies are located in the
brain and send processes into visual and antennal cen-
ters. The axon of each GF descends along the dorsal
midline of the cervical connective to the thoracic gan-
glion. Within the mesothoracic neuromere the GF makes
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synaptic contact with two identified neurons (Fig. 1a)
(King and Wyman, 1980). Near the middle of the neu-
romere, the GF synapses with the peripherally synapsing
interneuron (PSI) which crosses the ganglion and chem-
ically synapses with the five motor neurons innervating
the contralateral dorsal longitudinal flight muscle
(DLM). The GF then bends laterally and at its terminus
contacts the central process of a motor neuron innervat-
ing the ipsilateral tergotrochanteral muscle (TTM, or
jump muscle). In EM sections of these regions King and
Wyman (1980) found evidence of gap junctions between
the GF and the PSI and between the GF and the TTM
motor neuron.

Tanouye and Wyman (1980) have shown that extra-
cellular stimulation of the GFs in the brain evokes a
characteristic pattern of activity in the TTM and DLM.
Both muscles are driven with short and constant laten-
cies, and the pathway to each muscle is extremely stable.
Based on latency analysis of these pathways, they con-
cluded that transmission between the GF and TTM
motor neuron and also between the GF and PSI was
electrical, thus complementing the anatomical findings
of King and Wyman (1980).

In this paper we show that the giant fibers mediate an
escape jump response to a visual stimulus. By screening
for nonjumping behavior we have isolated mutations
induced on the X chromosome which disrupt proper
functional connectivity between the identified neurons
driving this response.

Materials and Methods

Stocks. Except where noted, descriptions of mutations
used in this study can be found in Lindsley and Grell
(1968). Wild-type strains used were Canton-S (C-S) and
Hochi. Four white-eyed strains were used: white (w),
cinnabar brown (cn bw), vermilion; brown (v;bw), and
brown;scarlet (bw;st). Nonjumping mutations were
mapped by meiotic recombination with the markers yel-
low, crossveinless, vermilion, forked, and carnation. A
series of X chromosome deficiencies and translocations
was used for cytological mapping of the mutations:
Df(1)JA27 (Campos-Ortega and Jimez, 1980), Df(1)16-
3-22 (Schalet and Lefevre, 1976), Df(1)HA92 (Campos-
Ortega and Jimez, 1980), and T'(1;4)B°. The deficiencies
were isolated by Dr. G. Lefevre. All crosses were reared
at 25°C.

Mutagenesis. One- and 2-day-old bw;st males were fed
the mutagen ethyl methane sulfonate (EMS) according
to the method of Lewis and Bacher (1968) and mated
with C(1)M3/Y females also carrying bw;st. F; male
progeny from this cross inherit the mutagenized paternal
X chromosome and express mutations induced on it.
These F; males were screened for nonjumping behavior;
individual C(1)M3 lines were established from the non-
jumpers selected in the behavioral screen.

Behavioral screen. The screening device was placed in
a box lined with white paper. Illumination of 700 Lux
was provided by a fluorescent lamp positioned above the
box; a translucent cover was placed on top of the drum
to diffuse the light. A brief flicker of the lamp served as
the light-off stimulus and was produced by driving a
solenoid-activated relay in series with the 117-V line.

Synaptic Connectivity Mutants

531

Stimuli were delivered at 15-sec intervals unless other-
wise noted.

Muscle recordings. Flies were tethered to an insect pin
using Eastman 910 contact cement (Kodak Chemicals).
A pair of insulated tungsten electrodes was inserted into
the brain for extracellular stimulation of the GFs or into
the thoracic ganglion for extracellular stimulation of the
motor neurons. Short stimulus durations (0.05 msec)
were used to facilitate latency measurements. Recording
electrodes (insulated tungsten) were placed intracellu-
larly in a fiber of the DLM and in the TTM. An unin-
sulated tungsten electrode inserted in the abdomen
served as a ground. All experiments were carried out at
23°C.

GF recordings. Techniques of GF recordings and dye
injection were modified from Tanouye and Wyman
(1980) and Koto et al. (1981). Flies were mounted ventral
side up within a small hole at the bottom of a 2 X 2 X
0.2 cm plastic dish. They were sealed in wax such that
the abdominal and thoracic spiracles were exposed to an
air flow while the ventral nerve cord could be bathed in
saline. Removal of the prothoracic pre-episternum pro-
vided access to the cervical connective where the giant
fibers were intracellularly penetrated. Insulated tungsten
stimulating and recording electrodes were inserted in the
brain and T'TM and DLM muscles. Microelectrodes were
filled with either 3 M KCI or with a 5% solution of
Lucifer Yellow (backfilled with 0.5% LiCl). Dye was
injected for 2 to 10 min using 10 nA hyperpolarizing
pulses. Intracellular penetration of the GF could be con-
firmed by virtue of its having the same spiking threshold
as the DLM to stimulation in the brain (Tanouye and
Wyman, 1980). In dye injection experiments the GF
could be identified on the basis of its characteristic
morphology and position within the cervical connective.

After dye injection animals were placed in 5% formal-
dehyde (phosphate buffered to pH 7) where they were
left for 1 to 12 hr. In the fixative the brain and thoracic
ganglion were dissected out, dehydrated in an alcohol
series, and cleared for whole mount observation in
methyl benzoate. For sectioning, the tissue was em-
bedded in Spurr’s medium. Whole mount and sectioned
materials were viewed with fluorescence optics as de-
scribed by Stewart (1978).

Results

The giant fibers drive a stereotyped escape response.
Flies will jump to a variety of stimuli. When tactile and
visual stimuli were delivered to a tethered fly while
recording activity from the TTM and the DLM, it was
found that different stimuli elicited different patterns of
activation of the thoracic muscles. In general, repetition
of the same stimulus evoked variable responses. To de-
termine which, if any, of these responses were driven by
the giant fiber, the pattern of muscle response to giant
fiber stimulation was studied. The giant fiber was intra-
cellularly stimulated in the cervical connective. It was
found that the GF drove the TTM and DLM with very
constant latencies of 0.9 msec for the TTM and 1.3 msec
for the DLM (Fig. 1b).

Tanouye and Wyman (1980) found the same pattern
of response when the GF's were extracellularly stimulated
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Figure 1. Giant fiber motor output in wild-type. a, Schematic
diagram showing the synaptic relationship among identified
neurons of the GF system. e, electrical synapse; ¢, chemical
synapse. Modified from King and Wyman (1980) and Tanouye
and Wyman (1980). b, Intracellular stimulation of the GF while
recording muscle responses in the T'TM and DLM. Two current
pulses at threshold for the GF spike were delivered: one pulse
was ineffective, the other elicited spikes in the GF, the DLM,
and the TTM. Injected current was 3 nA; the bridge was
intentionally overbalanced for display purposes. Vertical cali-
bration is 40 mV for GF and DLM, 10 mV for the TTM. ¢,
Extracellular stimulation of the GF in the brain with concom-
itant recording of the GF, TTM, and DLM. Spikes in all three
elements are elicited at the same threshold, and the muscle
response latencies (measured from the first GF spike) are
identical to those seen in b. Vertical calibration is the same as
in b.

in the brain. In the present study, for comparison with
the mutants, the GFs were stimulated extracellularly in
20 wild-type Canton-S (C-S) flies and the TTM and
DLM response latencies recorded. The result from one
individual is shown in Figure 1c. The spikes in the GF,
TTM motor neuron, and DLM all had the same thresh-
old, and the latency intervals between the three were
indistinguishable from those seen in the intracellular
stimulation experiment. The pooled data from the 20
individuals are shown in Table I. The mean T'TM latency
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was 0.88 = 0.09 msec, and the mean DLM latency was
1.30 = 0.09 msec. The mean latency varied somewhat
with temperature, but at any given temperature the
response was always stereotyped with standard devia-
tions of less than 0.1 msec.

Of all the stimuli used to elicit jump responses, only a
rapid light-off stimulus elicited this stereotyped pattern
of activation of the GF, TTM, and DLM. Figure 2a
shows an intracellular recording of a GF in an individual
presented with the light-off stimulus. The GF spike
occurred 20 msec after the stimulus and elicited the
characteristic pattern of activity in the TTM and DLM
(Fig. 2b). Latencies from the GF spike to the TTM and
DLM responses were indistinguishable from those

TABLE 1
Muscle response latencies of the mutants

Latency to GF Stimulation Latency to Motor Neuron

Genotype {msec)® Stimulation (msec)®
TT™M DLM TTM DLM
C-S¢ 0.88+0.09 1.30+0.09 0.63+0.04 0.65=+0.05
bendless 231+0.44 1.29+0.10 0.63 £0.056 0.64 = 0.06
passover 1.50 + 0.18 Notdriven 0.62 +0.06 0.63 + 0.04
gfA 0.87+0.09 3.21+094 0.62+0.04 0.66=0.06
¢ N = 20 for each genotype.
® N = 10 for each genotype.
¢ cf. Tanouye and Wyman (1980) for wild-type values.
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Figure 2. GF activation by a light-off stimulus. a, Intracel-
lular spike in the GF evoked by the light-off stimulus in a bw;st
individual. The DLM spike had the same threshold as the GF
spike. Latency from the light-off stimulus to the GF spike is
20 msec with a further 1.3 msec to the DLM spike. Time
calibration is 200 msec; vertical calibration is 20 mV for GF,
40 mV for DLM. b, Expanded time base record of the response
in the TTM and DLM to the light-off stimulus in bw;st. The
pattern of muscle responses is identical to that seen in the GF
stimulation experiments shown in Figure 1. Time calibration
is 10 msec; vertical calibration is 100 mV for the DLM and 40
mV for the TTM. The top trace in b and c is the voltage record
of the stimulator output driving the electronic shutter.
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evoked by intracellular stimulation of the GF. In tethered
flies, other stimuli showed different patterns of activa-
tion of the TTM and DLM and thus likely activate the
muscles by pathways that do not involve the giant fiber.

Since the TT'M is the main extensor of the mesothor-
acic leg which provides the majority of thrust during a
jump (Mulloney, 1969), activation of the GFs should
result in a jump. When presented with the light-off
stimulus, an unrestrained fly was found to exhibit an
abrupt jump response. The probability of eliciting this
jump response in wild-type flies was rather low: Hochi
and C-S strains responded to only 34% and 37% of the
stimuli, respectively. White-eyed flies jumped with
greater reliability. Four genotypes conferring white eyes
were tested: w (responding to 58% of stimuli), v;bw (60%),
cn bw (72%), and bw;st (97%). Since all four of the white-
eyed strains (each carrying a different combination of
mutations) showed an enhancement of the response, it
is probable that the reduction in screening pigments in
these mutants per se, rather than pleiotropic effects of
the particular mutations, is responsible for the increased
responsivity. In addition, GF motor output in each of the
white-eyed strains was indistinguishable from wild-type,
and the GF morphology in three of the strains examined
has been shown to be completely normal (Koto et al.,
1981; Thomas and Wyman, 1982).

In summary, the giant fiber drives a very rapid and
stereotyped response. Activation of the giant fiber and
the ensuing stereotyped response are elicited by visual
stimuli, resulting in a jump. The jumping reliability in
the bw;st strain is great enough to allow the efficient
screening of large numbers of flies for nonjumping mu-
tants.

Giant fiber output in existing mutations. Before search-
ing for induced mutations affecting the giant fiber sys-
tem, the physiological output of the giant fiber was tested
in a variety of existing mutations known or suspected to
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alter either the morphology or physiology of the nervous
system. Five individuals for each genotype were tethered
and the GF stimulated extracellularly in the brain while
recording from the TTM and DLM. Table II lists the
mutations tested along with their map position and phen-
otypes. In none of these mutations was the pattern of
evoked responses in the TTM and DLM different from
wild-type.

Behavioral screen. The screening device for selecting
nonjumping flies consisted of a 250-ml boiling flask
inverted in a 250-ml beaker. Flies were placed inside the
flask where they were free to walk along its inner surface.
A series of light-off stimuli were delivered, causing them
to jump and fall a small distance. After several stimulj,
jumpers fell into the beaker from which they were unable
to reenter the testing flask. The three or four remaining
flies could then be tested individually and those capable
of jumping eliminated.

The efficiency of the screening procedure was tested
by placing sets of 100 bw;st males plus a single fly
carrying the Bar mutation into the testing flask. Bar
flies have severely reduced numbers of ommatidia and
do not jump to the light-off stimulus. Light-off stimuli
were delivered every 15 sec. At the end of 3 min it was
noted whether the Bar fly had remained in the testing
area. Ten trials were run using separate sets of flies for
each trial. In 9 of the 10 trials the Bar fly remained. The
screening protocol was both selective (flies capable of
jumping were always eliminated) and efficient (90% of
true nonjumpers are recovered from the screen). The rate
of screening was quite rapid, allowing the handling of
large numbers of mutagenized flies.

Fifty thousand F; males carrying mutagenized X chro-
mosomes (see “Materials and Methods”) were screened
for nonjumping behavior to the light-off stimulus. Of
these, 332 failed to jump. These males were mated indi-
vidually to C(1)M3/Y females to establish lines. In these

TABLE II
Existing mutations tested for abnormal giant fiber motor output

Genotype of

Mutation and Map Position Animal Tested

Phenotype

Paralysis upon physical disturbance (Grigliatti et al., 1973)
Severely reduced number of ommatidia; lamina and medulla small (Power, 1943);

alters dendritic morphology of GF (Strausfeld and Singh, 1980)

Temperature-sensitive paralytic (Siddigi and Benzer, 1976)
Ommatidia and optic lobe axons disarrayed (Meyerowitz and Kankel, 1978)
Shakes under ether anesthesia; abnormal jumping behavior (Kaplan and Trout,

Temperature-sensitive paralytic; affects nerve membrane excitability (Wu and

Ganetsky, 1980)

Ocelli absent (Lindsley and Grell, 1968)
Reduced optomotor response; appears to lack a class of lobula plate interneurons

(Heisenberg et al., 1978)

bang sensitive (1-47.2) basB31°
Bar (1-57.0) Bar
comotose (1-40) com®%®
glass (3-63.1) gl®
Hyperkinetic (1-30.9) Hk-1
1974)
no action potential (2-56.2) nap
ocelliless (1-23.1) oc
optomotor-blind (1-prox) omb™!
outer rhabdomeres absent (3-65.3) w;ora
paralytic (1-59.5) para™
retinal-degeneration-B (1-42.7) w rdgB

rough (3-91.1) ro
sevenless (1-32.2) sev 3 bw;st

Outer rhabdomeres 1-6 absent (Harris et al., 1976)

Temperature-sensitive paralytic (Suzuki et al., 1971)

Outer rhabdomeres 1-6 absent (Harris et al., 1976)

Ommatidia and optic lobe axons disarrayed (Meyerowitz and Kankel, 1978)

Lack visual receptor R7 (Harris et al., 1976)

Shakes vigorously under ether anesthesia; effects fast transient potassium current

(Salkoff and Wyman, 1981)

Shaker (1-58.2) Sh-5
shibire (1-52.2) shi*!
stoned (1-66.3) stn®™!

Temperature-sensitive paralytic (Grigliatti et al., 1973; Salkoff and Kelly, 1978)
Uncoordinated leg and wing movements (Kelly, 1974)
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lines the mutagenized X chromosome is inherited exclu-
sively from father to son. The male progeny from each
of these lines were retested. Of the original 332 lines, 198
were capable of jumping and were discarded, 77 produced
either no males or no progeny at all, and the remaining
57 lines were nonjumping. These nonjumping lines con-
sisted of two classes: 41 totally nonjumping lines in which
every male failed to jump to the light-off stimulus, and
16 partially nonjumping lines in which 20% to 90% of
the males failed to jump.

Electrophysiological screen. The inability to jump in
these 57 mutant lines could have a variety of causes
including defects presynaptic to the giant fibers (e.g., in
the visual system), in the circuit of identified cells itself
or in the musculoskeletal output elements. Since we were
primarily interested in mutations that affeet the giant
fibers and associated identified neurons, we tested mu-
tant males from each line for abnormal TTM and DLM
response to extracellular stimulation of the GFs. Non-
jumping mutants that exhibited normal GF output were
presumed to have visual system or other defects presyn-
aptic to the GF. We could detect mutants with defective
muscular or skeletal elements by extracellularly stimu-
lating the motor neurons in the ganglion with concomi-
tant monitoring of muscle and leg responses.

The nonjumping males from the 16 partially nonjump-
ing lines all showed normal giant fiber output. Among
the 41 totally nonjumping mutant lines, 36 showed nor-
mal output and one (nj42, not discussed further here)
proved to be missing the TTM muscle (Thomas, 1980;
Costello and Thomas, 1981). The four remaining lines
showed abnormal GF output. These four mutations com-
prise three X-linked complementation groups: bendless,
passover, and gfA (two alleles, gfA' and gfA?). The phys-
iological phenotypes of the two gfA alleles are indistin-
guishable from each other. Each of the four mutations is
recessive and shows complete penetrance of both the
nonjumping behavior and the physiological phenotype.

bendless (ben). Figure 3a shows the response in the
GF, TTM, and DLM of a bendless individual to extra-
cellular stimulation of the GFs in the brain. In these
experiments, Lucifer Yellow fills were used to confirm
that the intracellular electrode was in the giant fiber. It
can be seen that the DLM latency is normal, but the
TTM latency is 2.5 msec, or more than twice the normal
latency. Intracellular stimulation of the GF evoked the
same abnormal response. The pooled results for 20 ben
flies are shown in Table I. In all flies examined, the DLM
response latency and following frequency characteristics
were indistinguishable from wild-type. However, the
TTM response latency was longer and more variable
with a mean latency of 2.31 + 0.44 msec in contrast to
wild-type where the mean latency was 0.88 £ 0.09 msec.

In wild-type the TTM can be driven by the GF at
frequencies exceeding 100 Hz (Tanouye and Wyman,
1980). However, in ben flies, attempts to drive the TTM
at frequencies of 1 Hz or higher resulted in failure of
response to many stimuli. Figure 3b shows these inter-
spersed failures to a stimulus train at 2 Hz. To eliminate
the possibility that the low following frequency and
abnormally long latency in the mutant were due to
defects in TTM motor neuron conduction or neuromus-
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Figure 3. GF motor output in bendless. a, Extracellular
stimulation of the GF, recording from the GF, TTM, and DLM.
DLM response latency is normal (1.4 msec), but the TTM
latency is abnormally long (2.5 msec). GF penetration was
confirmed by intracellular injection of Lucifer Yellow. Vertical
calibration is 40 mV for GF and DLM, 20 mV for TTM. b,
Response in the TTM of ben to stimulation of the GF at 2 Hz.
The first in a train of 16 stimuli is at the top, the last is at the
bottom. The TTM failed to 9 of the 16 stimuli. Vertical calibra-
tion is 20 mV. ¢, Response in the TTM of ben to extracellular
stimulation of its motor neuron at 50 Hz. Muscle responses to
the train are displayed as in . The TTM responded without a
failure. Vertical calibration is 20 mV.

cular transmission, the TTM motor neuron was stimu-
lated extracellularly in the ganglion. The results are
shown in Figure 3c and Table 1. Both the following
frequency and synaptic delay of the TTM neuromuscular
junction in all ben flies examined were normal. The mean
latency from stimulus to T'TM response was 0.63 + 0.05
msec, and the junction followed stimulation frequencies
in excess of 100 Hz. This shows that the defect in the
pathway responsible for the abnormal TTM response
lies not in T'TM motor neuron conduction nor at the
neuromuscular junction but at the GF-TTM motor neu-
ron junction.

Genetics of bendless. bendless maps between vermilion
and forked on the X chromosome meiotic map. Hetero-
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zygous ben/+ females show normal phenotype. However,
the mutant phenotype is expressed in females heterozy-
gous for ben and the X chromosomal deletion
Df(1)HA92. This deletion has been shown cytologically
to have breakpoints in bands 12A6-7 and in 12D3 (and
to be missing the bands in between) on the salivary gland
chromosome map. Thus, the ben mutation is located
between these breakpoints.

passover (pas). Figure 4a shows the response evoked
in the TTM and DLM of a passover individual to extra-
cellular stimulation of the GF in the brain. Neither
muscle response is normal. In all flies examined the TTM
responses had abnormally long latencies (mean latency
= 1.50 = 0.18 msec, Table I), and no response could be
evoked in the DLMs. The same response was evoked by
intracellular stimulation of the GF. The GF-TTM path-
way in pas is also more labile than normal; the TTM can
be driven 1:1 by the giant fiber only at frequencies less
than 1 Hz. Figure 4b shows the response in a T'TM of a
pas individual to extracellular stimulation of the GF at
2 Hz. At this frequency the T'TM failed to many stimuli.

To eliminate the possibility that the lack of response
in the DLM and the abnormal response in the TTM
were due to defects in the motor neurons or neuromus-
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cular junctions, the motor neurons were stimulated ex-
tracellularly in the ganglion while recording from the
muscles. Figure 4, ¢ and d and Table I show the results
of these experiments. Both the TTM and DLM showed
normal latencies and following frequencies to ganglion
stimulation, indicating that the defects lie centrally, be-
tween the GF and the T'TM motor neuron (for the GF-
TTM pathway) and between the GF and the DLM motor
neurons (for the GF-DLM pathway).

Genetics of passover. passover maps proximally to
forked on the X chromosome and was originally called
nj156 (Thomas, 1980). Females heterozygous for pas and
Df(1)16-3-22 express the pas physiological phenotype.
On this evidence, pas is located cytologically between
bands 19D1 and 20A2 on the polytene chromosome map.
Hyperploid males homozygous for pas, but carrying, in
addition, an extra proximal segment of the X chromo-
some from T'(1;4)B® (which includes these bands), do not
express the pas phenotype.

&fA. GF output in gfA® is shown in Figure 5a. Both the
TTM and the DLM response thresholds are the same as
the giant fiber spiking threshold to brain stimulation,
and the muscles could be driven by intracellular stimu-
lation of the GF. In this mutant the TTM is driven

b
™ — N~
— To——
— .EE :
I A\
d
DLM

Figure 4. GF motor output in passover. a, Extracellular stimulation of the GF in pas with concomitant recording of GF, TTM,
and DLM. Both muscle responses are abnormal: the DLM is not driven at all; the TTM latency is abnormally long at 1.2 msec.
GF penetration was confirmed by Lucifer Yellow injection. Vertical calibration is 40 mV for GF and DLM, 20 mV for TTM. b,
Response in the TTM of a pas individual to stimulation of the GF at 2 Hz. The top trace is the first of a train of 16 stimuli, the
bottom trace is the last. The TTM muscle failed to nine of the stimuli. Vertical calibration is 20 mV. ¢, Response of the TTM of
pas to motor neuron stimulation at 50 Hz. The muscle responded to all stimuli without a failure. Vertical calibration is 20 mV.
d, Response in a DLM fiber to stimulation of its motor neuron at 50 Hz. The muscle responded to all stimuli without a failure.
Calibration is 40 mV. The trace displays in ¢ and d are the same as in b.
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Figure 5. GF motor output in gfA'. a, The response in the TTM and DLM to extracellular stimulation of the GF. Three
stimuli were delivered. The T'TM responded with normal latency (0.9 msec), but the DLM response latency is long and variable.
Vertical calibration is 20 mV. b, Response in a DLM fiber to GF stimulation at 2 Hz. The first stimulus of the train is at the ¢op.
The DLM response latency is long and variable and failed to 4 of the 14 stimuli. ¢, Response in a DLM fiber to stimulation of
its motor neuron at 50 Hz. It followed without a failure. The trace display is the same as in b. d, Response in two ipsilateral
DLM fibers to GF stimulation. Two stimuli were delivered: fiber 1 responded to both, fiber 2 responded to only the first stimulus.

Vertical calibration for b, ¢, and d is 40 mV.

normally by the giant fiber, but the DLM is not. In Table
I the latencies of gfA' and wild-type are compared. The
DLM response latency is abnormally long and variable
(mean latency = 3.21 + 0.94 msec versus 1.30 + 0.09 for
wild-type). In addition, the DLM can be driven by the
giant fiber only at abnormally low frequencies. The giant
fiber output to the DLM at stimulating frequencies of 2
Hz is shown in Figure 5b. It can be seen that at this
frequency the DLM cannot follow 1:1. In comparison,
the DLM in wild-type flies can be driven by the giant
fiber at frequencies exceeding 100 Hz (Tanouye and
Wyman, 1980).

The abnormal DLM response in the mutant is not due
to defects in motor neuron conduction or neuromuscular
transmission. Figure 5¢ shows a gfA'! DLM fiber response
to stimulation of its motor neuron at 50 Hz. The response
latency is normal (Table I), and the maximum following
frequency was found to be, like wild-type, in excess of
100 Hz. This shows that the defect in gfA' must lie
centrally, either in the giant fiber output to the PSI or
in the PSI itself.

If this site of lability were exclusively the GF-PSI
synapse, one would expect that for each stimulus the PSI
would be either driven or not. Since all the DLM fibers
are driven by the PSI, they should all fail together when
the PSI fails. However, this was found not to be the case.

Figure 5d shows responses in two ipsilateral DLM fibers
evoked by brain stimulation of the giant fibers. Of the
two stimuli delivered, DLM fiber 1 responded to both,
and DLM fiber 2 responded only to one. Other pairs of
DLM units were recorded from, and in all cases (n = 10)
the fibers failed independently.

Genetics of gfA. gfA' maps proximally to forked. The
physiological phenotype of gfA* homozygotes or gfAl/
8fA” heterozygotes is indistinguishable from gfA'. Thus,
gfA' and gfA® are allelic. The physiological phenotype of
&fA'/Df(1)JA27 females is indistinguishable from gfA!
hemizygous males or homozygous females, and on this
basis the mutation is located cytologically between bands
18A5 and 18D1.

Discussion

GF-mediated escape response. The giant fiber circuit
can be activated by three different means: intracellular
stimulation of the giant fiber, extracellular stimulation
of the giant fiber in the brain, and a light-off visual
stimulus. In each case the pattern of response observed
in the GF, TTM, and DLM is indistinguishable from the
other two. Intracellular stimulation of the giant fibers
demonstrates that giant fiber activation, by itself, is
sufficient to elicit the characteristic pattern of activity
in the muscles. It is very likely that giant fiber activation
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is also necessary for elicitation of the response. It was
never possible to drive the muscles in the GF-like pattern
unless a GF spike was also elicited; for each mode of
stimulation the threshold for GF activation was always
the same as for activation of the TTM and DLM spikes
at the appropriate latencies. By capitalizing on the find-
ing that this circuit mediates a visually induced escape
response, flies can readily be screened behaviorally for
possible defects in the pathway. Among the behavioral
mutants selected in the screen are those which have
abnormal giant fiber motor output.

bendless. The electrophysiological evidence on ben mu-
tants shows that the GF is present, is capable of carrying
spikes, and drives the DLM normally. We also know,
from the motor neuron stimulation, that the TTM neu-
romuscular junction and muscle are functioning nor-
mally. Thus, it can be concluded that the defect in
bendless lies in the transmission between the GF and the
TTM motor neuron. This conclusion is strengthened by
an anatomical study of the GF in bendless showing that
the GF extends to the region of its normal synapse with
the PSI, but does not extend laterally to the region of
normal synaptic contact with the TTM motor neuron
(Thomas and Wyman, 1982).

Whether the giant fiber in the mutant actually makes
direct synaptic contact with the T'TM motor neuron is
not known. However, the long and variable latency of
the mutant GF-to-TTM pathway and the failure of 1:1
transmission at rates over 1 Hz are features character-
istic of polysynaptic chemical pathways, thus suggesting
the absence of direct synaptic contact between the GF
and TTM motor neuron. The slow driving of the TTM
that remains in the mutant could be due to a pathway
which is normally present but masked in wild-type by
the fast pathway through the GF-TTM motor neuron
electrical synapse. Alternatively, it could be due to aber-
rant synapses made by the GF in the mutant. The TTM
can normally be driven by pathways other than the GF
(see above), and abberant synapses might be made onto
premotor neurons of these pathways.

passover. In passover flies the giant fiber is present and
carries spikes. The TTM motor neuron is present and
drives the muscle normally. Therefore, the abnormal
driving of the TTM in pas is also due to disruption of
transmission between the GF and the TTM motor neu-
ron. This physiological defect has been shown to have a
morphological correlate. In a study of the TTM motor
neuron morphology in pas, Koto (1983; and cited in
Thomas and Wyman, 1983) found that the TTM motor
neuron branch, which normally extends to the point of
synaptic contact with the ipsilateral GF, extends past
this point, crosses the midline, and enters the contralat-
eral neuromere. The GF morphology is normal in pas
flies (Thomas, 1980).

The GF can still drive the TTM with an abnormally
long latency and greatly reduced following frequency.
Unlike bendless, where the TTM latency is 1.2 to 2.8
msec longer than normal, passover flies have T'TM laten-
cies only 0.4 to 1.0 msec longer than wild-type. Therefore,
it is possible that the GF still makes direct synaptic
contact with the TTM motor neuron, but that synaptic
transmission is malfunctioning in some manner to pro-
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duce the abnormally long latency and low following
frequency. Alternatively, the direct synaptic connection
between the GF and TTM motor neuron may be absent
and the GF may drive the TTM motor neuron via a
polysynaptic pathway as discussed above for ben.

Since the DLM neuromuscular junctions are normal
in pas, the lack of DLM driving by the GF must be due
to defects in the transmission between either the GF and
the PSI or between the PSI and DLM motor neurons (or
both). We have no evidence to distinguish between these
possibilities.

gfA. Since the DLM neuromuscular junctions function
normally and the GF carries spikes (and drives the TTM
normally), the defect in gfA lies in either the transmission
between the GF and the PSI or between the PSI and
DLM motor neurons. It is possible that some of the
connections in the pathway are simply not made. In this
case the abnormal driving of the DLMs would be me-
diated by another, perhaps aberrant, pathway between
the GF and the DLM motor neurons. The long and
variable latency and low following frequency suggest the
presence of polysynaptic driving. Alternatively, connec-
tivity may be intact in the mutant and the synapses
malfunction to produce the abnormal DLM response. In
this case, the defect should reside in PSI-to-DLM motor
neuron transmission since the ipsilateral DLM fibers (all
driven by the PSI) fail independently.

Genes and neuronal connectivity. The first step in
searching for genes that are responsible for the specificity
of neuronal connection is to determine if mutations exist
which differentially disrupt specific synapses in a path-
way. We have found that such mutations do exist. The
GF has two output paths: to the TTM and to the DLM.
One mutation (ben) disrupts only the former pathway,
one mutation (gfA) disrupts only the latter pathway, and
the third mutation (pas) disrupts both. Of the two mu-
tations which affect the same synapse (GF-TTM) one
clearly alters the morphology of the presynaptic neuronal
branch where this synapse is located, while the other
mutation clearly affects the relevant branch of the post-
synaptic neuron (Thomas and Wyman, 1982; Koto,
1983).

Before drawing any conclusions about the specificity
or function of the affected genes, several lines of further
research are necessary. Since we have only studied a very
restricted piece of the nervous system, the mutations
may have effects elsewhere. The acquisition and analysis
of more extreme alleles at the loci might also reveal
additional defects. However, the finding that the phys-
1ological phenotypes of ben/Df, pas/Df, and gfA/Df are,
within present limits of analysis, indistinguishable from
their homozygous counterparts suggests that these alleles
are not leaky in the sense that gene function is merely
reduced. Instead, gene function may be completely oblit-
erated, and these mutations may be the most extreme
alleles at their respective loci.
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