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Abstract
Social deprivation is known to trigger a variety of behavioral and physiological modifications in
animal species but the underlying genetic and cellular mechanisms are not fully understood. As we
described previously, adult female flies reared in isolation show increased frequency of aggressive
behaviors than those reared in group. Here we report that isolated rearing also caused significantly
altered nerve and muscle excitability and enhanced synaptic transmission at larval neuromuscular
junctions. We found that mutations of two genes, Hyperkinetic (Hk) and glutathione S-transferase-
S1 (gsts1) alter the response to social isolation in Drosophila. Hk and gsts1 mutations increased
adult female aggression and larval neuromuscular hyperexcitability even when reared in group.
Unlike wild type, these behavioral and electrophysiological phenotypes were not further enhanced
in these mutants by isolated rearing. Products of these two genes have been implicated in reactive
oxygen species (ROS) metabolism. We previously reported in these mutants increased signals
from a ROS probe at larval neuromuscular junctions and this study revealed distinct effects of
isolation rearing on these mutants compared to the control larvae in ROS-probe signals. Our data
further demonstrated modified nerve and muscle excitability by a reducing agent, dithiothreitol.
Our results suggest that altered cellular ROS regulation can exert pleiotropic effects on nerve,
synapse, and muscle functions and may involve different redox mechanisms in different cell types
to modify behavioral expressions. Therefore, ROS regulation may take part in the cellular
responses to social isolation stress, underlying an important form of neural and behavioral
plasticity.
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INTRODUCTION
Animal behaviors can be significantly modified by social isolation. In mammals including
humans, the outcome of social deprivation may range from hyperactivity (Sahakian et al.,
1975; Gentsch et al., 1981) to anxiety, depression, aggression, and schizophrenia (Spitz
1945); Harlow & Harlow 1962; Hatch et al., 1965), suggesting profound effects on nervous
system functions. The effects of social isolation are also evident in invertebrate species. For
example, rearing in isolation increases aggressive behaviors in the crayfish (Yeh et al.,
1996), cricket (Alexander, 1961), bee (Breed 1983), wasp (Pfennig & Reeve, 1989) and
fruitfly (Hoffmann 1990), Ueda & Kidokoro 2002), and affects locomotive activity,
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aggregation, and dispersion in certain species of locusts (Ellis 1953); Pener & Yerushalmi,
1998) and butterflies (Long, 1953).

Despite its important consequences, our understanding of the genetic and cellular
mechanisms mediating social isolation effects is still limited. Extensive studies have
implicated important roles of hormonal and monoamine systems in these social isolation-
induced behavioral phenotypes in both vertebrate (Schiller et al., 2006; Serra et al., 2007)
and invertebrate (Edwards & Kravitz 1997; Pener & Yerushalmi, 1998; Anstey et al., 2009)
species. Genetic studies have identified several genes related to the cAMP second messenger
cascade in mediating social isolation-induced neuroanatomical modifications in Drosophila
(Balling et al., 1989) and behavioral changes in mice (Barrot et al., 2005). So far, reports on
electrophysiological alterations of the nervous system following social isolation have been
limited to hippocampal long-term potentiation (Kehoe et al., 1995).

Modifications in nervous system development by social isolation have been documented in
Drosophila. When larvae are grown at a low density throughout development, the motor
axon terminal arbor becomes more elaborated and expanded (Stewart & McLean 2004). In
addition, during the initial several days following eclosion, social isolation affects the
number of axon fibers in the mushroom bodies, an important adult brain structure for
behavioral plasticity (Technau 1984). Additionally, aggressive behaviors of adult males
(Hoffman 1990) and females (Ueda & Kidokoro 2002) are enhanced by social isolation.
However, little is known about whether social deprivation causes physiological changes and
which genes regulate social isolation-induced behavioral modifications in Drosophila. In this
study, we explored electrophysiological phenotypes associated with social deprivation, and
mutational effects of identified genes on the corresponding physiological and behavioral
modifications.

We found that social isolation exerts significant effects on behavioral and physiological
traits at different developmental stages. In addition to the well documented enhancement of
aggressive behaviors in adults, isolated rearing can increase nerve excitability, indicated by
activity-dependent enhancement of synaptic transmission at the larval neuromuscular
junction. Furthermore, our results identified two genes, Hyperkinetic (Hk) and glutathione
S-transferase-S1 (gsts1) that may play important roles in physiological and behavioral
responses to social isolation. Significantly, these two genes have been implicated in reactive
oxygen species (ROS) metabolism. The gsts1 gene encodes a sigma class glutathione S-
transferase (Beall et al., 1992), which conjugate glutathione to reactive oxygen intermediates
(Singh et al., 2001). Hk codes for the auxiliary subunit for the Shaker (Sh) K+ channel
(Chouinard et al., 1995) and modulates its gating and inactivation (Wang & Wu, 1996).
However, the Hk polypeptide and its vertebrate orthologs Kvβ polypeptides (auxiliary
subunits of the Sh ortholog, Kv1α, McCormack & McCormack 1994) share sequence
similarities with aldo-keto reductase superfamily enzymes that catalyze NADP(H)-
dependent reduction of a variety of substrates (Jin & Penning 2007). Recent studies have
shown that vertebrate Kvβ1 and Kvβ2 not only modulate Kv1α– mediated K+ current but
also catalyze reduction of aldehydes to alcohols in heterologous expression systems (Weng
et al., 2006; Pan et al., 2008). Consistent with the above studies, Hk and gsts1 mutations
have recently been shown to alter cellular ROS levels in larval motor terminals (Ueda & Wu
2008). Furthermore, Hk mutant flies are more sensitive to ingestion of the ROS generating
agent, paraquat (Wang et al 2000).

Our results demonstrate a remarkable form of neural and behavioral plasticity induced by
social deprivation. This paper presents an initial characterization of the wide-ranging effects
of social isolation and manipulations of redox regulation on nerve, muscle, and synapse
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functions, in order to provide a basis for further investigations into the neural circuits
relevant to associated physiological and behavioral changes.

MATERIALS AND METHODS
Drosophila Stocks

The Drosophila melanogaster mutant stocks used included Hk1, Hk2, gsts106253; ry506, and
gsts104227; ry506. The Hk alleles were generated by EMS mutagenesis (Kaplan & Trout
1969). The gsts1 alleles were P-element insertion-induced and therefore carry ry506 as a
marker (Spradling et al., 1999). The gsts1; ry506 and the ry506 lines were obtained from
Bloomington Stock Center (Indiana University, Bloomington, IN). Second-site lethal
mutations carried in the original gsts1; ry506 stocks were removed by backcrossing to the
ry506 control line eight or more times (Ueda & Wu, 2008). The ry506 control and gsts104227;
ry506 mutant lines were Cantonized 7–8 times further, and part of behavioral and
physiological data were taken from these Cantonized stocks. These mutant alleles represent
independent isolates, and thus provide a means for controlling possible effects from
unidentified second-site mutations. The wild-type strain, CS, and ry506 served as control for
Hk and gsts1, respectively.

Rearing larvae in isolation and in group
To rear larvae in isolation, we let adult flies lay eggs in a vial containing standard cornmeal
food media with yeast paste for several hours to one day. Within a few hours after hatching,
individual first instar larvae were transferred to a fresh vial containing yeast paste on the
food surface. These larvae were allowed to grow individually until third instar wandering
stage for physiological recordings. The control larvae were grown in the same vials in which
parental flies laid the eggs with or without yeast paste. In both conditions, about 100 – 200
larvae pupated per vial and produced no significant differences in physiological phenotypes.

Electrophysiology
Postfeeding third instar larvae were used for electrophyiological recordings. Dissections
were performed in HL3 saline containing (in mM) 70 NaCl, 5 KCl, 20 MgCl2, 10 NaHCO3,
5 treharose, 115 sucrose, and 5 HEPES, at pH 7.2 (Stewart et al., 1994). Excitatory
junctional potentials (ejps) and nerve action potentials were recorded in a modified HL3
saline containing (in mM) 150 NaCl, 5 KCl, 4 MgCl2, 0.2~1.0 CaCl2, 10 NaHCO3, 5
treharose, 7.5 sucrose, and 5 HEPES, at pH 7.2. The increased Na+ and decreased Mg2+

concentrations in this modified saline enhanced the expression of neuronal hyperexcitability
(cf. HL3.1 saline; Feng et al., 2004) and helped clear demonstration of the effects of isolated
rearing and of Hk and gsts1 mutations. Unless otherwise stated, we used saline containing
0.2 mM Ca2+ to avoid muscle contraction during repetitive stimulation. In addition, the
altered neuromuscular transmission was most striking at low Ca2+ concentrations, as
previously shown in several hyperexcitable mutants (Ganetzky & Wu, 1982, 1983; Lee et
al., 2008). To evoke nerve action potentials and ejps, we severed the segmental nerve from
the ventral ganglion and stimulated through the cut end with a suction electrode (10 µm
inner diameter). The stimulation voltage was adjusted to 2.5 times the threshold voltage to
ensure action potential initiation. For ejp recordings, intracellular glass microelectrodes were
filled with 3M KCl and had a resistance of ~60 MΩ. Ejps were recorded from muscles 1, 2,
6, 7, 9, 10, and 14 with direct current preamplifiers (model M701 microprobe system; WPI,
Sarasota, FL, and an additional custom-built amplifier). Action potentials were recorded
extracellularly from the segmental nerve en passant with a suction pipet (Wu et al., 1978).
Signals were picked up by differential alternating-current amplifiers (DAM-5A; WPI, P15,
and an additional custom-built amplifier). Both ejps and action potentials were stored on
VCR tapes with a pulse code modulator (model Neuro-Corder DR-384; Neuro Data, New
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York, NY). Data was digitized with pClamp5 (Molecular Devices, Burlingame, CA) and
analyzed with an IBM-compatible computer. To characterize the frequency-dependent
profile of giant ejps induction, frequency response of giant ejps was tested from higher to
lower frequency, i.e. from a more effective frequency (15 Hz) to progressively more
stringent conditions (10- and 5 Hz, see Results). After initial 15-Hz stimulation, 10-Hz
stimulation was tested only if 15 Hz stimulation successfully triggered giant ejps, and 5-Hz
stimulation was tested only if 10-Hz stimulation triggered giant ejps. In this manner, the
propensity of a NMJ to generate giant ejps can be determined without risking preparation
run-down.

Dihydrorhodamine-123 (DHR) staining of the larval neuromuscular preparation
We followed the methods published before (Ueda & Wu, 2008). Briefly, larval
neuromuscular preparations were incubated for 45 min with 1 µg/ml DHR in saline
containing (in mM) 150 NaCl, 5 KCl, 4 MgCl2, 0.2 CaCl2, 10 NaCHO3, 5 Trehalose, 7.5
Sucrose, 5 HEPES, and 1 DMSO at pH 7.2. Subsequently, the preparation was washed with
the same saline to remove external DHR. For initial trials, pluronic-F (1 ng/ml) was added to
help disperse DHR. However, we observed comparable staining pattern and fluorescence
intensities with or without pluronic-F. Data from the two protocols were combined. See
Ueda & Wu (2008) for additional details.

Adult female aggressive behaviors
Virgin females were collected within 6 hours after eclosion and kept in isolation or in groups
of 10 in food vials for 4 to 6 days. Before observation of aggressive behaviors, we starved
flies by supplying only Kimwipe tissue paper moistened with distilled water for 6 – 8 hours.
To observe aggressive behaviors, a pair of females was placed in an observation cell (φ=
1.45 cm, h = 0.95 cm, containing standard corn meal food medium covered with live yeast
or dry yeast powder), and their behaviors were video taped for 10 min. Flies were allowed to
acclimate up to 5 min before scoring of aggressive behaviors. We discarded fly pairs which
remained agitated beyond 5 min. Occurrences of three types of behaviors were counted
(Ueda & Kidokoro 2002) for 5 min. ‘Approach’ – a directed movement of a female toward
the other (from a location more than one-body length away). Movements outside the arena
surface (e.g. on the observation chamber wall) was not considered as ‘approach’. ‘Head
butt’ (Nilsen et al., 2004; ‘lunge’ in Ueda & Kidokoro, 2002) – a female head-butted at
another female (Figure 1). ‘Wings erect’ – one or both wings were briefly erected against
the other female (Figure 1). This was frequently coupled with head butt. Behavioral scoring
was performed either double blind or single blind.

Statistical Analysis
Unless otherwise stated, X2-test was carried out for comparing the frequency of aggressive
behaviors, which is not normally distributed.

RESULTS
Effects of social isolation on adult female aggression in wild-type flies

To score aggression behaviors, we placed a pair of female flies in an observation chamber,
and recorded the frequency of aggressive behaviors in a 5 min session. These included
“approach”, “head butt”, and “wings erect” (Figure 1). We compared female flies socially
isolated for 3 to 6 days after eclosion with control flies maintained in a group of 10 for the
same time period (Figure 2 and Table 1). As reported previously (Ueda & Kidokoro 2002),
when reared individually, the wild-type (WT) strain, CS, female flies more frequently
displayed the stereotypic aggressive behaviors. They often approached each other and
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performed head butt against the opponent. The head-butt behavior was occasionally coupled
with erecting one or both wings (Figure 1). In some incidents, one fly chased the other after
a head-butt event. These behaviors were significantly different between socially isolated and
control flies, with head butt showing the greatest, and wings erect the least, difference in the
frequency of occurrence. These observations are summarized in Figure 2, which displays the
frequency distribution of the number of occurrence of different aggressive behaviors for the
observed fly pairs, and in Table 1, which presents the mean frequency of occurrence per fly
pair and the percentage of fly pairs displaying repeated incidents (counts ≥ 2) of each
aggressive behavior within an observation session.

Increased adult female aggression in Hk and gsts1
Interestingly, we found that Hk and gsts1 flies showed higher frequencies of aggressive
behaviors, even when they were reared in groups of 10 or more. The Hk and gsts1 mutants
exhibited stereotypic aggressive patterns, including approach, head butt, and wings erect,
similar to the aggressive behaviors observed in isolated WT and ry control females
described above.

For Hk mutant flies, there was an overall increase in the frequencies of these aggressive
behaviors compared to group-reared WT control, with a more pronounced increase in head-
butting (Figure 2 and Table 1). In addition, Hk flies sometimes chased around the opponents
while chasing was rarely observed in WT control even when reared in isolation (data not
shown). There were noticeable allele-dependent effects of social isolation on specific
aggressive behaviors in Hk flies. Hk1 showed higher frequencies than Hk2 in all categories
of aggressive behaviors and social isolation apparently caused increase in Hk2, but not Hk1,
in head-butt and wings-erect behaviors (Figure 2 and Table 1).

In comparison, the enhanced aggressive phenotype of gsts1 mutant flies was less
pronounced and more allele dependent when compared to ry control flies (Figure 2 and
Table 1). In group-reared flies, the allele 06253 (06 hereafter) displayed significantly higher
occurrences of approach and head butt, but 04227 (04 hereafter) displayed only a trend of
increased head-butt behavior. Social isolation increased the occurrence of approach and
head butt in ry control, but exerted no significant effect on aggressive behaviors in gsts1
mutant flies (Table 2).

Effects of isolated rearing on larval neuromuscular transmission in WT
To obtain insights into the cellular effects of prolonged isolation on the nervous system, we
took advantage of the well-established physiological protocols for the larval neuromuscular
preparation to examine nerve excitability and synaptic transmission (Jan & Jan 1976; Wu et
al., 1978). Larvae were grown either individually (one larvae/vial) or in a crowded condition
(typically 100 – 200 larvae per vial, see Methods) from first instar until late third instar.
Notably, at wandering stage, isolation-reared larvae were less mobile and stayed on food
surface or on the glass wall immediate above food surface, in contrast to higher pupation
sites observed in crowded vials. Since these larvae were raised in the same food vial until
the wandering stage, rearing in groups softened the food, while isolated larvae experienced
harder food medium. These rearing conditions might produce differences in nutritional and
sensory factors, which could contribute to behavioral and physiological changes in larval
development. Nevertheless, isolated rearing did not seem to prolong the wandering stage
because these larvae pupated within several hours, about the same time as the group-reared
larvae did.

The increased Na+ and low Ca2+ and Mg2+ concentrations in the recording saline (see
Methods) enhanced hyperexcitability expression and facilitated the detection of the effects
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of isolated rearing. We found that isolation rearing affected mainly activity-dependent
enhancement of synaptic transmission upon repetitive stimulation at low Ca2+ levels. During
initial low-frequency stimulation (≤ 0.5 Hz), neuromuscular transmission of the isolation-
reared WT larvae appeared similar to those of group-reared larvae (‘a’ and ‘b’ in Figure
3Aand ‘a’ in 3B), consistent with a previous report of unaltered ejp sizes from larvae grown
at low densities (10 larvae/vial, Stewart & McLean 2004). At 0.2 mM Ca2+, the average
amplitude and the failure rate of ejps in isolation-reared larvae (5.1 ± 3.6 mV and 24 ± 38 %
for muscles 6, 7 and 14, n = 7) were similar to those of group-reared larvae (8.0 ± 5.1 mV
and 20 ± 33 %, n=6). However, after tens of seconds of repetitive nerve stimulation (0.5
Hz), bursts of transmitter release were recruited in isolation-reared larvae more frequently
than group-reared larvae (3 out of 15 NMJs compared to 1 out of 14). Summation of these
recurrent, supernumerary ejps could sometimes amount to a few tens of millivolts (multiple-
peak giant ejps following a single stimulus, ‘b’ in Figure 3B).

In comparison, for a majority of isolation-reared larvae, high-frequency nerve stimulation
(15 Hz, 10 s) rapidly evoked bursting activities of giant ejps within a few seconds. These
recurrent giant ejps persisted up to tens of seconds and regularly reached a few tens of
millivolts in amplitudes (Figure 3D). Giant ejp induction was scarce in group-reared WT
larvae compared to isolation-reared larvae (1 out of 12 vs. 8 out of 15). In general, high-
frequency repetitive stimulation in group-reared larvae induced only synaptic facilitation
with a gradual increase in ejps amplitude within 10 seconds of stimulation (Figure 3C). For
both isolation- or group-reared larvae, some of the NMJs that failed to express giant ejps
could still be recruited to do so by extending the stimulus period from 10 to 50 seconds (10
out of 15 vs. 3 out of 12, isolation-reared vs. group-reared larvae).

The effect of isolated rearing appeared to be common among different NMJs within the
larval body wall musculature. A dorso-ventral difference in synaptic strength has been
reported for NMJs within the abdominal segment (Lee et al., 2008). We found that giant ejps
occurred in both ventral and dorsal muscle fields (4 out of 8 in dorsal vs. 4 out of 7 in
ventral NMJs). Therefore, we present combined data from different muscles from both
group- and isolation-reared larvae of different genotypes hereafter.

Increased neuromuscular transmission and lack of isolation-rearing effects at Hk and
gsts1 larval NMJs

Behavioral observations indicated allele differences in female aggression between Hk
mutants, with Hk1 more extreme than Hk2 following group rearing (Figure 2). Such allele
differences were even more evident for neuromuscular transmission, with Hk1 far more
extreme in activity-dependent hyperexcitability. During 10-s high-frequency (15 Hz) nerve
stimulation at 0.2 mM Ca2+, we observed giant ejps far more frequently in the group-reared
Hk1 mutant larvae (Figure 4A) than in WT larvae, consistent with a previous report (Stern &
Ganetzky, 1989). However, this phenotype occurred only slightly more frequently in Hk2

than in WT (Figure 5A). In contrast to Hk, allele differences of gsts1 mutations were less
pronounced in neuromuscular transmission. Upon 15-Hz stimulation, both mutant alleles of
gsts1 displayed giant ejps more frequently than the ry control line (Figures 4B and 5B).

In addition to the recurrent giant ejps described above during the course of 10-s, 15-Hz
stimulation, we also observed isolated giant ejps that sporadically occurred at intervals of
seconds. Such sporadic giant ejps appeared as a prelude to the recurrent giant ejps that
occurred when stimulation persisted beyond 10 s. For example, in group-reared Hk1 and
Hk2 larvae, as well as isolation-reared WT, sporadic giant ejps were all associated with
ensuing events of recurrent giant ejps (4 out of 4, 1 out of 1, and 2 out of 2 for Hk1, Hk2, and
WT). In contrast, a smaller portion of group-reared WT larvae that displayed sporadic giant
ejps eventually produced recurrent giant ejps (2 out of 7).
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The occurrence of recurrent giant ejps was stimulus-frequency dependent. When stimulus
frequency was lowered from 15 to 10 Hz, their occurrence was significantly reduced in
group-reared mutant larvae. If the stimulus frequency was further reduced to 5 Hz, many
NMJs across all genotypes ceased to display giant ejps in the 10-s stimulation bouts (Figure
5).

To characterize basal transmitter release in Hk anf gsts1 mutant larvae, we monitored
synaptic responses to single nerve stimuli (delivered at a low frequency, e.g. 0.5 Hz) to
avoid complications introduced by frequency-dependent synaptic facilitation. We found that
basal release at 0.2 mM Ca2+, as measured by ejp amplitude, was not different between
group-reared Hk and WT larvae (7.8 ± 3.4mV, 3.9 ± 1.9 mV, and 8.0 ± 5.1mV for Hk1,
Hk2, and WT; ventral muscles 6, 7, and 14; n = 6 each). Basal transmitter release was also
similar among gsts1 mutants and ry control (3.4 ± 4.4 mV, n=6 for gsts104; 4.3 ± 5.6 mV, n
= 12 for gsts106; 4.0 ± 2.8 mV, n = 9 for ry; ventral muscles).

Interestingly, unlike WT and ry control larvae, the fraction of NMJs in Hk and gsts1 larvae
that exhibited giant ejps did not further increase when reared in social isolation. The fraction
of NMJs with giant ejps in isolation-reared Hk and gsts1 larvae were directly comparable to
those of group-reared mutant larvae at 5-, 10-, or 15-Hz stimulation, and were in fact, less
than those in isolation-reared WT and ry control (Figure 5). In contrast, isolation-reared WT
and ry larvae displayed recurrent giant ejps at least 5 times more frequently than group-
reared larvae upon either 5-, 10-, or 15-Hz stimulation (Figure 5).

Increased neuronal excitability by isolation rearing and by Hk and gsts1 mutations
The above observations raise the possibility that Hk and gsts1 mutations affect mainly
activity-dependent nerve excitability rather than facilitation of synaptic transmission. It is
also important to determine whether the same underlying cellular mechanisms are
responsible for the giant ejps in isolation-reared WT larvae. To investigate the source of
excitability leading to these giant ejps, we performed simultaneous recordings of nerve
action potentials and muscle ejps (Ganetzky & Wu 1982, 1983; Ueda & Wu, 2006). We
found that each nerve stimulus evoked repetitive firing in motor axons, with each action
potential occurring a few milliseconds prior to a corresponding supernumerary ejp within
the recurrent giant ejps (Figure 6). The repetitive firing of motor axons was observed
whenever giant ejps appeared in WT, Hk, ry, and gsts1 alleles, regardless of the stimulus
frequencies (0.5, 5, 10, and 15 Hz). This observation suggests that the bursting giant ejp
activity was caused by motor neuron spike trains, and that isolated rearing lead to
hyperexcitability of larval motor neurons, a neural plasticity phenomenon that is altered in
Hk and gsts1 mutants.

Neuronal excitability at physiological concentrations of Ca2+

We confirmed that the enhanced nerve excitability described above could still be detected in
isolation-reared WT larvae when the concentration of Ca2+ was increased to physiological
Ca2+ levels. Even though the hyperexcitability phenotype became less striking with Ca2+ in
saline increased to 0.5 or 1.0 mM, it was evident that isolated WT larvae more frequently
displayed supernumerary ejps (extra responses occurring between stimuli). At physiological
Ca2+ levels, with ejps approaching the saturation amplitude and with more effective
repolarization by Ca2+-activated K+ currents, hyperexcitability is more readily revealed by
supernumerary ejps rather than enhanced ejp amplitudes. Upon increasing Ca2+ from 0.2 to
1.0 mM, we observed two different types of transitions of giant ejps. The NMJs exhibiting
supernumerary ejps at 0.2 mM Ca2+ retained extra synaptic responses between stimuli
during the 10- or 15-Hz repetitive stimulus train at 1.0 mM Ca2+ (Figure 7A, c and e).
However, the giant ejps produced by summation of closely spaced repetitive transmitter
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release, as indicated by notches in the ejp rising phase at 0.2 mM Ca2+ (Figure 7A, b,
arrowhead), turned into single ejps (Figure 7A, d). Their amplitudes were indistinguishable
from those of NMJs displaying normal sized ejps at 0.2 mM Ca2+ (Figure 7A, a and d).

These two types of giant ejps at 0.2 mM Ca2+ reflected different patterns of repetitive firing
of the motor axon, the one with a few closely spaced extra spikes (< 15 ms, Figure 6, Hk
upper panels) and the other one longer inter-spike intervals (> 20 ms, Figure 6, the rest).
These two types of giant ejps were found across different genotypes and rearing conditions
but with different frequencies of occurrences. They resembled the typical ejps at low Ca2+

levels in the K+ channel single mutant eag (with supernumerary peaks) and double mutant
Sh; Shab (with notches in the rising phase), in which transient Sh and sustained eag or Shab
K+ currents are eliminated, resulting in extreme hyperexcitability (Ganetzky & Wu, 1983;
Ueda & Wu, 2006).

We confirmed with simultaneous recordings that the supernumerary ejps at physiological
Ca2+ also followed motor axon repetitive firing (data not shown) and the frequency of their
occurrence at 1.0 mM Ca2+ is summarize in Figure 7B. In WT, they were significantly more
frequent in isolated larvae than in grouped larvae (Figure 7B). However, the difference
between isolation-reared and group-reared larvae in Hk and gsts1 was not statistically
significant. Again, supernumerary ejps were significantly more frequent in grouped Hk
compared to grouped WT control larvae (Figure 7B).

It should be noted that for gsts1 and ry control, there were no clear difference between
isolation- and group-reared larvae and between the two genotypes at 1.0 mM Ca2+, unlike
the clear differences at 0.2 mM Ca2+ (compare Figures 5B and 7B). One possible
explanation is suggested by our preliminary results that at low Ca2+ levels, a higher
proportion of giant ejps in isolated ry larvae resulted from motor axon multiple firing with
closely spaced inter-spike intervals (see example in Figure 6). This type of giant ejps (with
notches in the ejp rising phase, data not shown) typically turn into single ejps in response to
individual stimuli at 1.0 mM Ca2+ (see example in Figure 7A, b and d).

Acute effects of a reducing agent on neuromuscular excitability
The Hk and gsts1 genes have been implicated in cellular redox regulation and increased
ROS levels have been documented in the motor terminals of Hk and gsts1 (Ueda & Wu,
2008), raising the possibility that redox mechanisms may play a role in the regulation of
membrane excitability. We employed dithiothreitol (DTT), a widely used agent to reduce
disulfide bonds in physiological investigations (e.g., Del Castillo et al., 1971). After 30 min
incubation with DTT, about 30% of WT NMJs showed a transition from single responses to
supernumerary ejps upon nerve stimulation at 1.0 mM Ca2+ (4 out of 14 larvae, Figure 8A,
b). Simultaneous recordings of nerve action potentials and ejps demonstrated that
supernumerary ejps followed repetitive motor axon firing (Figure 8B), indicating increased
nerve excitability.

Acute application of DTT also altered membrane excitability in muscle cells. A
characteristic regenerative hump, with a waveform distinct from supernumerary ejps (Figure
8A, b and c), was seen superimposed on the ejp in about 50 % of NMJs (11 out of 20
muscles). We confirmed that this regenerative potential was muscle in origin because
current injection causing depolarizing or hyperpolarizing muscle membrane could enhance
or suppress, respectively, this regenerative event (Figure 8C).

Effects of isolation rearing and mutations on muscle membrane excitability
The above finding prompted us to examine potential modifications in muscle membrane
excitability by depolarizing current injection. The results established a wide-ranging
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isolation-rearing effect on different excitable tissues. The action potential in larval body-
wall muscles is mediated by Ca2+ (rather than Na+) currents, which is normally suppressed
by K+ channel activation. Full-blown Ca2+ action potentials are evoked when K+ channel
blockers are applied (Singh & Wu, 1990). All-or-none overshooting action potentials could
also be produced by replacing external Ca2+ with Sr2+, a more effective charge carrier
through Ca2+ channels and an inhibitor of K+ channels (Hille 2001). Such Sr2+ spikes
displayed different waveforms during current injection. As shown in Figure 9A, they ranged
from a single spike of about 100 ms duration to sustained oscillation or prolonged plateau
potential which could outlast the current injection period for seconds. Interestingly, the
distribution among these Sr2+ spike waveforms was distinct between grouped and isolated
larvae (Figure 9B). In WT larvae, group rearing lead to exclusively prolonged plateau
potentials (c and d) while isolation rearing produced a higher proportion of short-duration
single spikes or oscillations (a and b in Figure 9B). Furthermore, when grouped larvae were
treated with DTT, a shift from exclusively patterns c and d toward a more even distribution
of patterns a, b, c, and d was observed (Figure 9B). Muscle Sr2+ spikes in group-reared Hk
showed a distribution intermediate between those of isolated and grouped WT larvae (Figure
9C).

It should be noted that Hk1 and Hk2 showed detectable differences in Sr2+ spike waveforms.
The initial peaks and the following oscillation in Hk2 tended to be less pronounced and
sometimes, did not overshoot. This represents another allele-dependent mutational effects of
Hk, in addition to the cases of aggression (Table 1) and motor axon excitability (Figure 5).
Compared to Hk mutations, gsts1 mutations showed minimal effects on muscle excitability
(Figure 9C), consistent with their milder effects on motor axon spikes and ejps (Figires 5
and 7B). The Sr2+ spike waveform distribution in group-reared gsts1 were only minimally
different from ry control (n = 12), which were nearly identical to group-reared WT in the
waveform distribution (data not shown).

Effects of rearing conditions on presynaptic boutons in the staining with a ROS-sensitive
dye, dihydrorhodamine-123 (DHR)

Dihydrorhodamine-123 (DHR) is a fluorescent probe sensitive to oxidation by ROS (Kinsey
et al., 1987). Upon oxidation by ROS in the cytosol, non-fluorescent DHR is converted to
positively charged, fluorescent rhodamine-123 (Rothe et al., 1988; Emmendorffer et al.,
1990), which is subsequently trapped in mitochondria due to their extremely low membrane
potential (Johnson et al., 1980; Emaus et al., 1986). We employed DHR staining to
investigate the possible effects of isolation rearing on cytosolic ROS levels in Hk and gsts1
mutants and their controls. The fluorescent intensities increased progressively during the 45-
min staining period, leading to strong fluorescent puncta in type Ib presynaptic boutons, as
previously described (Ueda & Wu, 2008). After washout of external DHR, the fluorescence
signal continued to rise albeit at a slower rate, reflecting oxidation of the remaining cytosolic
DHR by ROS.

As reported previously, under the group-rearing condition, the fluorescent signal was
stronger in Hk and gsts1, compared to WT and ry control (p < 0.001 and 0.05 for Hk and
gsts1, respectively, F45-0 in Table 2), suggesting higher cytosolic ROS levels in presynaptic
boutons of these mutants (Ueda & Wu, 2008). We subsequently examined isolation-reared
larvae using the same protocol and found a similar pattern of isolation effect on fluorescent
accumulation in WT and ry control larvae. Although isolation rearing caused no significant
changes in fluorescence accumulation following 45-min staining compared to group rearing
(F45-0, Table 2), further fluorescence increase in 30 min after washout (F75-45) was
proportionally less in isolated larvae.
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Importantly, application of this staining protocol on Hk and gsts1 mutant larvae produced
different fluorescence accumulation patterns in contrast to their controls (Table 2). Isolation
rearing in fact significantly reduced fluorescence accumulation in Hk (gsts1 showed a
similar trend, although not statistically significant) and after washout, the further increase in
fluorescence was proportionally greater in Hk, contrary to the smaller increase in WT after
washout (Table 2).

At present time, it is not possible to provide a simple interpretation for the observed
differences in DHR fluorescence signals because the identity of the ROS involved is
unknown. Moreover, the kinetics of accumulation of Rh-123 in mitochondria and the
decline of the fluorescence accumulation after washout of external DHR may depend on the
dynamics of ROS generation, consumption, and clearance (see Discussion).

Discussion
Effects of social isolation and a potential link with ROS

This paper presents the first documentation of isolation rearing effects on nerve and muscle
excitability. Isolation rearing is known to increases aggressive behaviors in various
vertebrate and invertebrate species, including rats (Hatch et al., 1965), crustaceans (Yeh et
al., 1996), and insects (Alexander, 1961; Breed 1983; Pfennig & Reeve, 1989; Hoffmann
1990; Ueda & Kidokoro 2002). Our study demonstrated that Hk and gsts1 mutations altered
adult female aggressive behaviors as well as larval neuromuscular excitability. Furthermore,
these mutations inhibited the robust behavioral and neuromuscular modifications in response
to isolated rearing detected in WT control animals. As described in Introduction, both Hk
and gsts1 have been implicated in ROS metabolisms (Singh et al., 2001; Weng et al., 2006;
Ueda & Wu, 2008). A potential role of ROS in mediating social isolation-induced
phenomena has been inferred from increased ROS levels in mouse brain (Huong et al.,
2005) and urine (Miyashita et al., 2006) after social isolation. Interestingly, recent
independent studies have demonstrated the involvement of a cytochrome p450 gene, a
potential player in ROS regulation, in Drosophila male-male aggression (Dierick &
Greenspan 2006). Mutations of this gene cause excessive aggressive behaviors and block the
enhancement effect of isolation rearing on aggression (Wang et al., 2008). Additional
examples of the involvement of free radicals in aggression include nitric oxide synthase-
knockout mice (Nelson et al., 1995) and certain coelenterates using ROS to injure
conspecific neighbors (Bartosz et al., 2008). It will be interesting to investigate whether
altered ROS regulation also modify membrane excitability in these preparations.

Effects of ROS on membrane excitability
It is worth pointing out that isolation rearing led to different consequences in motoneurons
(Figure 3) and muscles (Figure 9) and the same is true for treatment with a redox agent DTT
(see Figure 8 for motoneurons, and Figures 8 and 9 for muscles). This may reflect the
pervasive actions of different ROS molecules on diverse targets, including certain types of
ion channels. It has been shown that oxidation of the -SH group can lead to profound
functional modifications of Ca2+ (Chiamvimonvat et al., 1995) channels and several K+

channels, including Drosophila Sh IA (Ruppersberg et al., 1991; Ciorba et al., 1997) and
slowpoke BK (DiChiara & Reinhart 1997) channels. Thus, our results of DTT treatment can
be interpreted in the light of ROS modification of these Drosophila K+ channels (Figures 8
and 9).

Different neurons and muscle cells in Drosophila display a variety of excitability properties
and firing patterns (e.g. Elkins et al., 1986; Elkins & Ganetzky, 1988; Singh & Wu, 1990;
Zhao & Wu, 1997; Yao & Wu, 1999; Peng & Wu, 2007), as a result of differential
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expression of ion channels. For example, action potentials in Drosophila nerve and muscles
are controlled by Na+ and Ca2+ channels, respectively (Wu & Ganetzky, 1980; Salkoff &
Wyman 1983; Singh & Wu, 1990), along with different subsets of K+ channels (Salkoff &
Wyman 1981, Singh & Wu, 1989; Baker & Salkoff, 1990; Peng & Wu, 2007). Therefore,
the consequences of altered ROS regulation may lead to non-uniform effects on membrane
excitability in different excitable cells. It will be desirable to employ additional redox
reagents attacking other chemicals bonds or functional groups to further examine the
differential responses of different channel types. In addition, voltage-clamp experiments in
specific cell types will be required to identify the specific channels and their redox
modifications.

ROS localization, action and dynamics
We have previously described measurements of fluorescent signals from the ROS probe
DHR at larval NMJs (Ueda & Wu, 2008). The signal was enhanced in Hk and gsts1 as well
as in WT treated with hydrogen peroxide. In the present study, we found no significant
differences between grouped and isolated WT larvae in fluorescence accumulation during
DHR incubation (Table 2). However, this result does not preclude a role of altered ROS
metabolism in isolation-induced hyperexcitability. The DHR signal does not reflect in real
time the generation and action of ROS, which may have a brief turnover time in the local
microenvironment, whereas accumulation of oxidized DHR trapped in mitochondria can
follow a slower time scale of tens of minutes (Ueda & Wu, 2008). Another potential
complication is that significant ROS increase may trigger cellular responses to mobilize
reserved or redundant redox mechanisms, as demonstrated in other preparations (for review,
Scandalios 2005). For instance, neuronal excitation imposed by sustained high K+ stimulus
can increase the cellular capacity for ROS clearance (Yermolaieva et al., 2000). Such
homeostatic feedback regulation may change the apparent ROS levels indicated by oxidized
DHR fluorescence accumulation in mitochondria.

Importantly, in WT (CS) and ry control, isolation rearing lead to slower further
accumulation of fluorescence upon removal of external DHR. This is consistent with the
possibility of an increased clearance capability by isolation rearing such that cytosolic ROS
is more effectively removed. After stopping DHR influx by washing, the local DHR supply
would be less effective in competition with the enhanced clearance mechanisms for ROS
reaction, i.e. more ROS is removed locally before reacting with DHR remaining in the cell.
In the same vein, homeostatic ROS clearance mechanisms may also be evoked in Hk and
gsts1 mutants, especially in the isolated larvae. However, the above assumptions await
further experimental verification.

Pleiotropy of Hk and gsts1 mutations and isolation rearing-induced phenotypes
Our results are consistent with the roles of Hk and gsts1 in redox regulation and their
mutations are expected to have potential pleiotropic effects on a variety of cellular
processes. The various physiological and behaviorial phenotypes examined here may
involve non-overlapping subsets of excitable cells or neural circuits, upon which Hk and
gsts1 mutations or isolation rearing exert differential effects.

Similar to the effects of isolation rearing and DTT treatment, the effects of Hk and gsts1
mutations were not identical for individual behavioral components of female aggression and
physiological parameters of NMJs. Specifically, different aggressive behaviors were more
extreme in Hk1 and gsts106 mutants than isolation-reared WT and ry control (Table 1),
whereas the reverse was true for the NMJ hyperexcitability phenotype (Figures 2 and 5).
Furthermore, these mutant phenotypes are not strictly correlated in the order of severity
among alleles of Hk and gsts1. For example, the sequences of severity in the mutant alleles
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and control lines (iso, isolated and grp, grouped) are compared bellow for three different
phenotypes.

Head butt: gsts106 ≈ Hk1 > ryiso > gsts104 > Hk2 > WTiso ≈ rygrp ≫ WTgrp

Approach: gsts106 ≈ ryiso > gsts104 > Hk1 ≈ WTiso ≈ rygrp ≫ WTgrp ≈ Hk2

NMJ hyperexcitability: ryiso > WTiso ≈ Hk1 > gsts104 ≈ gsts106 > Hk2 ≈ rygrp > WTgrp

The mechanism why Hk1 is different from Hk2 is not known because mutation sites of these
EMS-induced alleles have not been reported. However, milder aggression phenotype in
gsts104227 compared to gsts106253 might be due to the difference in the expression levels of
the GSTS1 protein. P-element in gsts104227 is inserted in an upstream region of the gene,
while that in gsts106253 is in the untranslated region of the first exon (Tweedie et al., 2009).
It is possible that both mutants are hypomorph.

It should be noted that in this study, our gsts1 stocks contained a ry marker derived from the
parental line. Since ry encodes xanthine dehydrgenase (Glassman & Mitchell 1959), we can
not exclude the possibility that it contributes to redox metabolism. Certain mild phenotypes
were noticeable in ry larvae. First, enhancement of aggression by isolation rearing was less
extreme in the ry control than in WT CS (Figure 1) and second, at a physiological Ca2+

level, isolation-induced nerve repetitive firing persisted in CS but was suppressed in ry
(Figure 7). Therefore, it is possible that the gsts1 phenotypes described here are modified by
the ry background effect. It will be important to investigate the separate roles of gsts1 and ry
in isolation in future studies.

Larval NMJs and isolation-induce hyperexcitability
The Drosophila larval NMJs have been shown to be remarkably plastic in response to
environmental influences. NMJ growth can be enhanced by exposure to high temperature
(Zhong & Wu, 2004) or by growing larvae at low densities (Stewart & McLean. 2004).
Larvae that maintained prolonged crawling activity on agar plates are associated with
increased synaptic strength at NMJs (Sigrist et al., 2003; Steinert et al., 2006). The cAMP
pathway has been implicated in these studies in the regulation of the observed
developmental plasticity (Zhong & Wu, 2004; Steinert et al., 2006). However, additional
signaling mechanisms, including those directly or indirectly influenced by ROS, may also be
involved in similar developmental plasticity. It is known that dysfunction of several
signaling pathways can also cause motorneuron hyperexcitability leading to giant ejps, e.g.
mutations of a Ca2+-sensitive regulator of guanylyl cyclase, frq (Mallart et al., 1991, Pongs
et al., 1993) and forced expression of mutated tyrosine protein kinase, Fak (Ueda et al.,
2008). Potential cross-talks between redox reactions and these signaling pathways have been
implicated (Gozin et al., 1998; Mancuso et al., 2008). Thus, further exploration using the
larval neuromuscular preparation may provide insights into the potential links between ROS
levels and the various signaling pathways in isolation rearing-induced hyperexcitability.

Identification of neural circuits underlying altered behavioral components
Considering the pervasive effects of Hk and gsts1 mutations in different cell types, the role
of these genes in aggressive behaviors requires further investigation with refined temporal
and spatial control. It is likely that expression of aggressive behaviors requires functional
modulation of specific types of neurons or neural circuits in the CNS. Our characterization
of the robust modifications in motor neurons and muscles by social isolation provides a
foundation for studying functional modifications of relevant neural circuits in the CNS. It is
known that aggressive behaviors are affected by the biogenic amine systems (Baier et al.,
2002; Certel et al., 2007; Dierick & Greenspan 2007; Hoyer et al., 2008), which are
vulnerable to ROS stress (Zhou & Freed 2005; Whitworth et al., 2005). It is also known that
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forced expression of Gsts1 proteins can rescue the loss of dopamine neurons in the
Drosophila Parkinson disease model (parkin mutations, Whitworth et al., 2005). The Gal4-
UAS binary expression system (Brand & Perrimon 1993) used in the above study will
enable targeted expression of Hk and Gsts1 proteins in specific neural circuits. It will be of
great interest to determine the types of central neurons and neural circuits responsible for
aggressive behaviors and how Hk and gsts1 mutations separately or jointly modify different
functional aspects of these neurons.
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Figure 1.
Behavioral components of female aggression. A1-2. Approach: a directed movement of a fly
toward the opponent (arrow), often followed by “head butt” and/or “wings erect”. B1-2.
Head butt: a fly dashing at the opponent (arrow). C1-2. Wings erect: a fly erecting both
wings (arrow), facing the opponent. Consecutive frames (67-ms interval) are shown for each
behavior from video recordings of group-reared Hk female pairs on corn meal medium
surface supplemented with live yeast.
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Figure 2.
Effects of social isolation and Hk and gsts1 mutations on female aggressive behaviors.
Frequency distributions of different aggressive behaviors during the 5-min observation
period are shown for Hk and gsts1 mutant alleles and control lines grown in isolation or in
group. A. Isolation rearing increased frequencies of all three aggressive behaviors
(approach, head butt, and wings erect) in WT flies. Group-reared Hk1 flies displayed
aggressive behaviors at higher frequencies than group-reared WT flies. Hk2 flies exhibited a
weaker tendency than Hk1. However, isolation caused little increase in aggression of both
Hk alleles, except for wings erect in Hk2. B. Group-reared gsts106253 (gsts106) flies showed
increased frequencies of approach and head butt compared to ry control while a tendency of
increased head butt was seen in gsts104227 (gsts104). (See Table 1 for an assessment of
isolation-rearing effects in gsts1 and ry control, as well as in Hk and WT.) X2-test based on
the proportions of fly pairs with and without incidents (non-0 vs. 0) of aggressive behaviors
in the observation session: +, p < 0.05; ++, p < 0.01 for group- vs. isolation-reared flies
within the same genotype; *, p < 0.05; **, p < 0.01; ***, p < 0.001 for mutant vs. control
lines within the same rearing condition. Numbers of fly pairs examined are shown in
parenthesis.
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Figure 3.
Greatly enhanced larval neuromuscular transmission by isolation rearing. A. Group-reared
WT larvae displayed low levels of basal release at low external Ca2+ (0.2 mM) at
neuromuscular junctions (NMJs). In a faster time scale, excitatory junctional potentials
(ejps) of small amplitudes were time-locked to individual nerve stimulation (a, b). ●
indicates 0.5-Hz nerve stimuli. B. Isolation-reared WT displayed similar basal-level of ejps
(a), but following repeated 0.5-Hz stimulation, burst of transmitter release could occur,
resulting in giant ejps (b). In faster time scale, giant ejps are resolved into supernumerary
events of transmitter release. C. In group-reared WT, high-frequency (15-Hz, bar)
stimulation resulted in only synaptic facilitation at low Ca2+, producing gradual increase in
ejp amplitudes (compare c and d). D. In isolation-reared WT, 15-Hz stimulation (bar)
triggered recurrent giant ejps that persisted for seconds (d).
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Figure 4.
Giant ejps and lack of isolation rearing effects in Hk and gsts1 mutants. In Hk (A) and gsts1
(B) mutant larvae, low frequency stimulation (0.5 Hz, ●) triggered basal transmitter release
of small amplitudes, but high-frequency stimulation (15-Hz, bar) readily evoked recurrent
giant ejps that persisted for seconds, regardless of rearing condition. Ca2+ = 0.2 mM
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Figure 5.
Stimulus-frequency dependent profile of persistent giant ejp induction. The fraction of
NMJs displaying recurrent giant ejps during a 10-s stimulation period is plotted against the
nerve stimulation frequency (see Methods). Note that WT and ry control line displayed clear
effects of isolation rearing to increase the propensity of giant ejp induction (+, p < 0.05 and
+++, p < 0.001. X2-test for 15-Hz nerve stimulation). Group-reared Hk1 and gsts1 mutant
alleles displayed higher neuromuscular transmission than group-reared WT and ry control
(*, p < 0.05 and **, p < 0.01). However, isolation rearing did not further enhance the
excitability level in these mutants. Note that isolation-reared WT and ry displayed more
frequent recurrent giant ejps than Hk2 and gsts1 alleles. Total numbers of NMJs tested for
each genotype are shown in parenthesis.
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Figure 6.
Increased motor neuron excitability by mutations in Hk and gsts1 and by isolation rearing.
During 15-Hz nerve stimulation, group-reared WT displayed only a compound action
potential (▲) and a single ejp following nerve stimulation (●). However, isolation-reared
WT displayed supernumerary spikes (Δ) coupled with increased ejp amplitudes. Note that
Hk and gsts1 mutants displayed supernumerary spikes and giant ejps in both isolation- and
group-rearing condition. Two types of supernumerary firing are shown for Hk, one with
shorter (< 15 ms) and the other with longer (> 20 ms) inter-spike intervals. They were
associated with giant ejps exhibiting notches (arrows) in the rising phase or multiple peaks,
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respectively. Both types of supernumerary spikes were observed in gsts1 and isolated WT
larvae as well.
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Figure 7.
Supernumerary ejps at physiological concentrations of Ca2+. A. Different types of ejps
triggered by high-frequency nerve stimulation (10 and 15 Hz) in saline containing low (0.2
mM, left column) or physiological (1.0 mM, right column) concentrations of Ca2+ in WT
larvae. NMJs displaying normal ejps (a, group-reared larvae) or giant ejps with a notch in
the rising phase (arrow head in b, isolation-reared larvae) in low-Ca2+ saline produced large
ejps with a normal waveform when Ca2+ was increased to 1.0 mM (d, e). NMJs displaying
multi-peak ejps in low-Ca2+ saline (c, isolation-reared larvae) retained supernumerary
discharges when Ca2+ was raised to a physiological concentration (f). Horizontal dashed
lines indicate resting membrane potential and vertical dotted lines mark the peaking time of
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normal ejps. , nerve stimulation. B. Fraction of NMJs displaying supernumerary ejps at 1
mM Ca2+ associated with different genotypes and rearing conditions. *, p < 0.05 (X2-test).
Number of NMJs in parentheses.
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Figure 8.
Acute effects of a reducing agent, dithiothreitol (DTT), on WT ejps at a physiological
concentration of Ca2+ (1 mM). A. Acute DTT treatment (~30 min) resulted in
supernumerary ejps (b) or ejps with a hump (c). B. Supernumerary ejps (bottom trace)
temporarily correlated with motor axon repetitive firing (top trace) indicates increased nerve
excitability induced by DTT treatment. C. Muscle regenerative potential manifested as a
hump superimposing on the ejp. The hump was inhibited by hyperpolarizing current
injection and promoted by depolarizing current injection (superimposed traces). Current
injection onset is indicated by the superimposed schematic traces (bottom). ●, nerve
stimulation. The DTT effects were similar in both isolation- and group-reared WT larvae.

Ueda and Wu Page 27

J Neurogenet. Author manuscript; available in PMC 2013 April 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
Effects of rearing condition and mutations on muscle action potentials evoked in saline
containing 2 mM Sr2+ and 0 mM Ca2+. Sr2+ replaced Ca2+ as the charge carrier to facilitate
all-or-none action potential generation (see text). A. Classification of muscle Sr2+ action
potentials. (a) Single action potentials (~100 ms in duration). (b, c) Action potentials that
terminated at the cessation of depolarizing current with (b) or without (c) oscillation ripples.
(d) Sustained action potentials that outlasted the current injection. Muscle action potentials
were collected at near-threshold levels of 700-ms current injection (bottom trace). B. Effects
of isolation rearing and acute DTT treatment (~ 30 min, group-reared) on muscle action
potentials in WT larvae. Note that types a and b action potentials were absent in group-
reared larvae. C. Group-reared Hk and gsts1. The distribution of muscle action potential
types in group-reared Hk was significantly different from that of group-reared WT (p < 0.01,
Fisher’s exact test after regrouping to a+b and c+d), whereas group-reared gsts1 and ry
control (data not shown, n = 12) were similar to group-reared WT control. Number of
muscles in parenthesis.
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