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Abstract

Rhythmic motor behaviors are generated by networks of neurons. The sequence and timing of muscle
contractions depends on both synaptic connections between neurons and the neurons’ intrinsic properties.
In particular, motor neuron ion currents may contribute significantly to motor output. Large conductance
Ca®"-dependent K™ (BK) currents play a role in action potential repolarization, interspike interval,
repetitive and burst firing, burst termination and interburst interval in neurons. Mutations in slowpoke
(slo) genes encoding BK channels result in motor disturbances. This study examined the role of slo
channels in shaping rhythmic motor activity using Drosophila larva as a model system. Dual intracellular
recordings from adjacent body wall muscles were made during spontaneous crawling-related activity in
larvae expressing genetic manipulations of slo expression. The incidence and duration of rhythmic
activity in slo mutants were similar to wild-type control animals, while the timing of the motor pattern
was altered. slo mutants showed decreased burst durations, cycle durations, and quiescence intervals, and
increased duty cycles, relative to wild-type. A slo RNA interference construct was expressed in identified
motor neurons, and phenocopied many of the effects observed in the mutant, including decreases in
quiescence interval and cycle duration. Overall, these results suggest an important role for slo channels
in the whole larva, and specifically in motor neurons, in determining the frequency of crawling activity.
This study also highlights the importance of motor neuron intrinsic properties in shaping the timing of
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motor output.

Introduction

Rhythmic motor behaviors, such as respiration and
locomotion, are vital to animal survival, and must
be reliably and precisely controlled by the nervous
system. The sequence and timing of muscle con-
tractions producing these behaviors comprise the
motor pattern, and are generated by collections of
synaptically connected neurons called central pat-
tern generating (CPG) networks [26,31,47]. In many
systems, motor neurons (MNs) are not part of the
classically-defined CPG network [47]. However, in-
trinsic MN properties, such as specific ionic currents,
may play a crucial role in producing proper motor
output [12,25,74] (for reviews see [30,33,38,48]). To
what extent MN currents shape the motor pattern,
and exactly how aspects of the pattern are altered

by expression of specific ion channel genes, are open
questions.

MNs display a variety of K currents that shape
responsiveness to synaptic inputs and firing output
[30,49]. Of particular interest are Ca?"-dependent
K currents (Ixcq) carried through ‘maxi-K’ or ‘Big
K’ (BK) channels [18,58]. BK channels require an
increase in cytosolic Ca?* and membrane depolariza-
tion to maximally activate. BK currents have been
shown to play a role in action potential repolariza-
tion [5,44,62], fast afterhyperpolarization [28,59,62],
regulation of firing frequency and interspike interval
[28,66,73], repetitive and burst firing [5,28,69], inter-
burst interval [73], and burst termination [44,66,73].
In addition, mutations in slowpoke (slo) genes encod-
ing BK channels are associated with motor distur-
bances and disorders [14,51,59].
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The slo gene was originally cloned in Drosophila
[3,16,63]. Channels encoded by the slo gene carry
transient Ik ¢, in muscles [16,39,63], and both tran-
sient and sustained Ix¢, in neurons [57]. slo mu-
tations in Drosophila cause action potential broad-
ening [1,7,15,16,57], decreased delay to first spike
[15, 16], increased interspike interval [15], changes
in firing patterns that include “abnormal regener-
ative responses” [57, 64|, delayed repolarization of
the neuromuscular junction [23], and reduced synap-
tic transmission [42,71]. Locomotor deficits are ob-
served in adult slo mutants, including shaking under
ether anesthesia, reduced flight, semi-paralysis in re-
sponse to heat or bright light [1,2,16], and abnormal
circadian patterns of activity [10,20]. The role of slo
channels in Drosophila MNs and their specific con-
tribution to the timing of larval locomotor activity
has not, to the author’s knowledge, been reported.

This study examined the role of slo channels in
shaping rhythmic locomotor activity in Drosophila
larvae. Dual intracellular recordings were made from
neighboring body wall muscles during spontaneous
fictive crawling. slo expression was manipulated at
two levels: (1) in the whole animal with a hypo-
morphic mutation, or (2) in identified MNs with a
RNA interference (RNAi) construct. Overall, the
results suggest an important role for slo channels in
regulating the frequency of crawling activity. Alter-
ing slo expression, either in the whole animal or in
identified MNs, affected cycle duration, quiescence
interval, and duty cycle. In particular, these results
point to the importance of MN intrinsic properties
in shaping the timing of rhythmic motor behaviors.

Methods

Fly lines and rearing

Drosophila melanogaster were reared at 25 °C under
a 12 hour light-dark cycle on standard yeast-sugar-
cornmeal media. Wandering third-instar larvae were
used for all experiments. w!!''® larvae were used
as wild-type (WT) control. The slo mutant line,
sttslo! (hereafter referred to as slo'), was obtained
from Bloomington Drosophila Stock Center (Stock
No. 4587). The UAS-slo RNAIi line was obtained
from Vienna Drosophila RNAi Center (Transfor-
mant ID: 6723). Expression of RNAi was restricted
to identified MNs, MN1-1b and MNISN-1s [34] (also
known by their embryonic identity as aCC and RP2,
respectively) by RRA-GAL4 [22]. The RRA-GAL4

driver line (obtained from Subhashini Srinivasan)
included a Dicer construct (UAS-Dicer/Cyo;RRA-
GAL4, UAS-cd8 GFP/RRA-GAL4) to increase the
strength of the RNAI [13]

Larval preparations

Larvae were dissected and recorded in HL3.1 saline
[19] containing (in mM): 70 NaCl, 5 KCl, 1.5 CaCl,,
4 MgCl,, 10 NaHCOg, 5 Trehalose, 115 Sucrose, 5
HEPES, pH 7.1-7.3. All chemicals were obtained
from Sigma (St. Louis, Missouri). Previous electro-
physiological studies of Drosophila larvae have used
a dissection method which involves cutting up the
dorsal midline [4,9, 11, 21, 65, 67]. However, since
reliable access to intact dorsal-most body wall mus-
cles 1 and 2 [34] was required for experiments, a
new dissection method was developed in which these
muscles did not risk damage from cutting down the
midline or pinning. Larvae were pinned at the head
and tail in silicone elastomer (Sylgard)-lined dishes.
A cut was made to the right of the dorsal midline,
typically through muscle 4 [34], which left all mus-
cles and axons on one side of the larva intact for
recording. The opposite side suffered damage to the
muscles through which the cut was made. In ad-
dition, the peripheral nerves which lie in the mus-
cle field were cut as a result of the incision, leaving
many of the muscles in the dorsal group on the cut
side without functional innervation. All organs and
fat bodies were removed to allow access to the mus-
cles. Larvae dissected with this method generated
rhythmic peristaltic waves similar to those recorded
from larvae dissected up the midline, except for an
acceleration of the rhythm (see Supplemental Mate-
rials 1). This new larval preparation is referred to
herein as the ‘off midline dissection’ (Fig. 1).

Electrophysiology

Intracellular recordings were made at room temper-
ature (21-23°C) from dorsal muscles 1 or 2 in ab-
dominal segments 2-6, as described previously by
others [4,9]. In the majority of experiments, mus-
cles in two adjacent segments were simultaneously
recorded, while in a few experiments muscle activ-
ity from only one segment was recorded. Sharp elec-
trodes were pulled from thin-walled borosilicate glass
on a P-87 Flaming/Brown filament puller (Sutter In-
strument Co.) to a resistance of 30-50 M. Using
a long and flexible tip was crucial for allowing the
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electrode to move with the muscle during peristaltic
waves of contractions. Electrodes were filled with 3
M KCI or KAc for recording. Recordings were made
with an Axoclamp 2B amplifier (Molecular Devices)
in bridge mode and digitized at a sampling rate of 10
kHz by a Digidata 1320A (Axon Instruments). Data
were stored using PClamp 8.2 (Molecular Devices)
and imported into Spike2 (Cambridge Electronic De-

sign).
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Figure 1: Off midline larval preparation. A
cut (dashed line) was made to the right of the midline
near muscle 4. Larvae were pinned and cleaned so that
the muscles (rectangles) and the central nervous system
(solid black) were exposed. Muscles 1,2,4,6,7 and ab-
dominal segments A5-A7 are labeled. For clarity, not all
muscles, segments, or nerves are pictured.

Data Analysis

Preparations were observed through an Olympus
BX51WI microscope. The incidence of visible peri-
staltic waves, including the direction of the waves,
was noted manually and marked with electronic
timestamps to restrict analysis to these bouts. Ac-
tivity such as tonic firing, or bursts of action po-
tentials not associated with peristaltic waves, was
not included in the analysis. The following criteria
had to be met for a preparation to be considered
rhythmically active: (1) at least 3 spontaneous and
consecutive posterior (P) to anterior (A) or A to P
waves were recorded, (2) the minimum frequency of
the activity was 3 bursts per minute, and (3) the
bout was at least 1 minute in duration; bursts oc-
curring more than 1 minute apart were considered
to belong to separate bouts.

Criteria to include rhythmic activity in the anal-
ysis of the motor pattern were more stringent. In

addition to satisfying (1)-(3), only P to A wave ac-
tivity was included, since this was the prevalent type
of activity. The determination of wave type had to
be both visually confirmed, and supported by appro-
priate segmental delays in the recordings. The only
exceptions to this latter condition were the few single
channel recordings that were included based only on
visual confirmation of the wave type. Finally, irregu-
lar bursting activity that could not be distinguished
from wave-related activity was not included. These
stricter criteria meant that the number of rhythmi-
cally active larvae was often larger that the number
whose activity were used for quantification of the
motor pattern.

Burst start and end times were marked manually
in Spike2 by placing cursors at the beginning of the
upstroke of the first spike and the beginning of the
downstroke of the last spike, respectively. Times-
tamps were exported as .csv files. Custom code was
written in Matlab (The Mathworks) to extract burst
durations, cycle durations, duty cycles, and quies-
cence intervals from the preprocessed data. Burst
duration was calculated as the time elapsed between
the start and end of a burst. Cycle duration was
calculated as the time elapsed between start times
of successive bursts. Duty cycle was obtained by di-
viding burst duration by cycle duration. Quiescence
interval was calculated as the time elapsed between
the end of one burst and the start of the next.

Many previous studies analyzing bursting activ-
ity in a population have pooled all observations of
a particular measure (e.g. all burst durations), irre-
spective of the animal in which they were recorded,
and performed analyses on these pooled data (e.g.
in Drosophila see [21]). This violates the assump-
tion of many statistical tests that the observations
in a sample are independent of one another [35].
Multiple bursts gathered from the same animal are
not independent measures, and dealing with them
as such constitutes pseudoreplication [41]. Instead,
single-animal distributions of each measure were first
calculated and then averaged to obtain a group dis-
tribution (McKiernan and Herrera-Valdez, in prepa-
ration). In this way, each animal was represented
only once in the distribution, and errors due to pseu-
doreplication were avoided.

Studies of bursting activity often report the mean
and standard deviation to compare data sets. How-
ever, such measures are only representative when
the data are normally distributed. The data ob-
tained from these experiments were not normally
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distributed (confirmed by tests for normality in Mat-
lab e.g. lillie test and normplot; data not shown)
and thus were poorly described by a single quan-
tity like the mean. Therefore, for each of the mea-
sures, the minimum, maximum, and quartile values
are reported to give a more complete description of
the distribution. If multiple bouts were recorded
in the same animal, then the maximum cycle du-
ration and quiescence interval were reported as geq
60 seconds. The first quartile (Q1) is the value at
or below which 25% of the data fall in the distribu-
tion. The second quartile (Q2), also known as the
median, splits the distribution in half. The third
quartile (Q3) is the value delineating 75% of the dis-
tribution. To statistically test differences between
group distributions, it was necessary to use a non-
parametric test, since the assumption of normality
was not met. The Mann-Whitney U test (also known
as the rank sum test) was used due to its lack of as-
sumptions about the distribution of the data and its
ability to test for shifts in one distribution relative
to another [32,35,50]. The threshold for significance
was set at 0.05.

Results

slo mutants are rhythmically active

To investigate the role of slo channels in shaping
rhythmic motor activity, recordings were made from
mutant larvae expressing the slo! allele. Expression
of slo' has been shown to eliminate the BK current
in larval [39,63,64] and adult [16] muscles, and neu-
rons [57]. Dual intracellular recordings were made
from dorsal muscles 1 (M1) or 2 (M2) in adjacent
abdominal segments in 18 slo' off midline dissected
larvae. Their activity was compared to WT (w!!18)
larvae prepared with the same dissection.

Rhythmic peristaltic wave activity was recorded
in 25 of 27 (93%) WT larvae. Both anterior (A) to
posterior (P) and P to A waves were observed, with
the latter the more prevalent type of activity. P to A
waves were recorded in all 25 larvae (100%), while A
to P waves were only recorded in 5 larvae (20%). A
total of 24 bouts were recorded across 25 larvae, 20
(83%) of which were comprised of P to A waves, and
4 (17%) of which were combination bouts including
both wave types. No bouts of exclusively A to P
waves were recorded. Individual P to A wave bouts
ranged from 1 to 9 minutes, while combination bouts
lasted 4-9 minutes.

17 of 18 slo! larvae (94%) displayed spontaneous
bouts of rhythmic peristaltic activity. Asin WT lar-
vae, both A to P and P to A waves were observed in
mutant larvae, with the latter being more prevalent.
Of 16 active larvae in which wave type was deter-
mined, 15 of 16 (94%) showed P to A waves, while
just 3 of 16 (19%) displayed A to P waves. Of 18 to-
tal recorded bouts, 14 (78%) consisted of exclusively
P to A waves and 4 (22%) of only A to P waves. P
to A waves bouts ranged from 1 to 9 minutes, while
A to P wave bouts were between 2 and 6 minutes.
Thus, the incidence and duration of rhythmic bouts
in slo' larvae was not different from WT (p > 0.05).

slo mutants show faster rhythmic activity
than WT

Next, to determine if the timing of the motor pat-
tern was altered due to the loss of slo channels, P
to A wave activity was quantified in 21 of 25 active
larvae and 10 of 17 active slo' larvae. According
to the more stringent criteria to include activity in
the analysis (see Methods), recordings from 7 mu-
tant larvae were excluded. This represents a larger
exclusion percentage (41%) than that seen in WT (4
larvae; 16%), and was mostly due to irregular burst-
ing that could not be separated from wave-related
activity in those animals (Fig. 2C). In other words,
though 94% of slo' larvae were capable of producing
rhythmic activity, this group did show an increased
propensity for irregular bursting.

Fig. 2 includes representative recordings of P to
A wave activity from WT and slo' larvae showing
a regular, but much faster, motor pattern in mu-
tant animals. Distributions of the relative frequen-
cies of burst duration, cycle duration, duty cycle,
and quiescence interval were all clearly shifted rel-
ative to WT (Fig. 3). Minimum, maximum, and
quartile values for each measure from WT and slo!
larvae are presented for comparison in Table 1. Dif-
ferences between the quartile values revealed that
burst durations in mutant larvae were 2.16-2.55 sec-
onds (s) shorter (25-40% decrease) relative to WT,
while cycle durations were shorter by 4.48-4.84 s (35-
45% decrease). The greater decrease in cycle dura-
tion relative to burst duration resulted in duty cy-
cles that were larger by 0.06-0.07 (8-9% increase) in
mutant larvae. Quiescence intervals were shorter by
2.03-2.78 s (54-56% decrease). In sum, expression of
the slo' mutant allele decreased burst duration, cy-
cle duration, and quiescence interval, and increased
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duty cycle, relative to WT (p < 0.001 on all com-
parisons).

Rhythmic activity in slo' larvae was quantita-
tively different on all measures from that of WT,
demonstrating the importance of slo channels in
Drosophila larvae for shaping the timing of rhyth-
mic motor activity. However, because the mutant
allele was expressed in every cell of the animal, it
was not possible from these results to determine in
which group(s) of cells the loss of slo channels ex-
erted its effects on the motor pattern. To start ad-
dressing specificity, and in particular to explore the
influence of MNs on the motor pattern, the next step
was to determine whether the observed effects in the
mutant could be phenocopied by restricting manip-
ulation of slo expression to identified MNs.

slo RNAI expression in MNs alters cycle, but
not burst, duration

To explore the role of slo channels in MNs in shap-
ing the timing of rhythmic motor activity, the UAS-
GAL4 system [6] was used to target expression of
a slo RNAI construct to identified MNs. This UAS-
slo RNAI construct has been used previously by oth-
ers [40,43], and its pan-neuronal expression results
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Figure 2: slo' mutant lar-
vae display altered rhythmic
motor output. A. Dual in-
tracellular recordings from WT
(top two traces) and slo* (bot-
tom two traces) larvae. Activ-
ity was recorded during P to A
waves in adjacent M1’s of seg-
ments A4 and A5, as indicated.
Scale bar is 10 seconds. B. En-
largement of dual recordings in A
from WT and slo' larvae. Scale
bar is 2 seconds. C. Examples
of irregular bursting activity not
associated with peristaltic waves
recorded in two slo' larvae. Scale
bar is 10 seconds.

Ih M,
1w,

in a ~30% decrease in slo mRNA [61]. Dicer was
added to the driver construct to further increase
the strength of the knockdown [13]. Expression of
slo RNAi was targeted to two identified MNs per
nervous system hemisegment, MN1-1b and MNISN-
1s [34], using the RRA-GALA4 driver [22]. Dual intra-
cellular recordings were made from the target mus-
cles of these two MNs, MN1 or MN2 [34], in RRA-
GAL4; UAS-slo RNAi (abbreviated slo RNAi) lar-
vae. Their activity was compared to WT larvae.

22 of 23 slo RNAI larvae (96%) displayed spon-
taneous bouts of rhythmic peristaltic activity. As
in WT larvae, both A to P and P to A waves were
observed in these larvae, with the latter the more
frequently recorded activity type. All active larvae
showed P to A waves, while only 3 (14%) displayed
A to P waves. Of 25 total bouts in which wave type
was confirmed, 22 (88%) consisted of exclusively P
to A waves and 3 (12%) were combination bouts con-
sisting of both wave types. No bouts comprised of
only A to P waves were recorded in slo RNAi larvae.
P to A waves bouts ranged from 1 to 10 minutes,
while combination bouts were between 6 and 9 min-
utes. Thus, expression of slo RNAi in identified MNs
did not alter the incidence or duration of rhythmic
motor activity compared to WT larvae (p > 0.05).
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Figure 3: Quantification of motor activity in slo’
larvae. Distributions of the relative frequencies of burst
durations (A.), cycle durations (B.), duty cycles (C.),
and quiescence intervals (D.) for WT (black) and slo*
(white) larvae.

To determine whether the timing of the motor
pattern was altered by slo RNAi expression in MNs,
burst duration, cycle duration, duty cycle, and quies-
cence interval were quantified in all 22 active larvae.
Fig. 4 shows representative recordings of P to A wave
bouts from WT and slo RNAi larvae. The recordings
revealed a similar, though slightly faster, motor pat-
tern in slo RNAi animals relative to WT. Shifts in
the relative frequency distributions calculated from

WT and slo RNAi recordings were seen for all mea-
sures, except burst duration (Fig. 5). Minimum,
maximum, and quartile values for each measure from
WT and slo RNAI larvae are presented for compar-
ison in Table 1. While there was no difference in
burst duration between the two groups (p > 0.05),
cycle durations were shorter in slo RNAi compared
to WT larvae by 0.38-1.35s (3-13% decrease). Since
burst duration did not change, while cycle duration
decreased, duty cycles were larger by 0.09-0.10 (13-
15% increase) in RNAi larvae. The largest difference
between the groups was with respect to quiescence
interval, which was smaller in RNAIi larvae by 1.55-
1.61s (30-42% decrease) relative to WT. In fact, in
some slo RNAI larvae, a low level of tonic firing was
present between bursts and no significant period of
quiescence was recorded (Fig. 4C), even though reg-
ular peristaltic waves were still visually observed. In
sum, expression of slo RNAi in MNs decreased cycle
duration and quiescence interval and increased duty
cycle, relative to WT (p < 0.001 on all comparisons),
thereby phenocopying 3 of the 4 effects on the motor
pattern seen in slo’ mutants.

Discussion

As genetic techniques identify an increasing num-
ber of ion channel genes and splice variants [68,72],
the challenge for neurophysiologists is to understand
how each of these contribute to the behavioral out-
put of the nervous system. In particular, increas-
ing attention is being paid to the role that currents
encoded by specific genes can play in shaping the
firing patterns of MNs in response to synaptic in-
put [30, 33, 38,48]. In this work, we explored the
contribution of slowpoke Ca2?*-dependent K+ chan-
nels to the production and timing of rhythmic loco-
motor activity in Drosophila. In this study, genetic
techniques were used to manipulate slo expression
in the whole organism and in identified MNs.

slo mutation does not interfere with produc-
tion of rhythmic motor output

Although expression of a slo mutation in the whole
larva resulted in a slight increase in the incidence of
irregular bursting, the majority of slo! mutants were
able to generate sustained bouts of visible peristaltic
waves and corresponding rhythmic motor activity.
Similarly, expression of slo RNAi in MNs did not
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Table 1: Measures of motor pattern in WT, slo', and slo RNAi larvae
genotype measure n  min(s) max(s) Ql(s) Q2(s) Q3(s) p-value®

WT
burst duration 21 1.61 17.21 6.32 7.19 8.44 -
cycle duration 21 5.19 >60 10.66 11.81 12.93 -
duty cycle 21 0.05 0.93 0.57 0.63 0.69 -
quiescence interval 21 0.59 >60 3.63 4.35 5.18 -
slo*
burst duration 10 1.15 27.35 3.77 4.78 6.28 <0.001
cycle duration 10 1.89 >60 5.81 6.94 8.45 <0.001
duty cycle 10  0.03 0.96 0.63 0.69 0.75 <0.001
quiescence interval 10 0.26 >60 1.60 1.92 2.39 <0.001
slo RNAi
burst duration 22 235 29.72 6.44 7.73 9.41 >0.05
cycle duration 22 491 >60 9.31 10.62 12,55  <0.001
duty cycle 22 0.08 0.98 0.67 0.73 0.79 <0.001
quiescence interval 22 0.33 >60 2.09 2.74 3.60 <0.001

“Mann-Whitney U Test/Wilcoxon rank-sum test, compared to WT

interfere with the ability of the system to produce
rhythmic motor output, as measured from the MN
muscle targets. These results indicate that either slo
currents do not contribute significantly to rhythm
generation in the larva, or expression of the manip-
ulations throughout development induced compen-
satory changes in expression of other ion channels.

Previous work at the Drosphila neuromuscular
junction has shown that the voltage-gated A-type
K™ channel gene, Shaker, is upregulated in slo mu-
tants, helping to correct abnormalities in synaptic
transmission caused by the loss of slo channels [42].
An increase in Shaker mRNA has also been observed
in Drosophila cultured neurons in response to a re-
duction in Ixc, [53]. Thus, the ability of slo' and
slo RNAIi larvae to produce rhythmic motor activ-
ity could be due in part to upregulated expression
of other K* channels, including but not limited to
A-type channels. Similar homeostatic mechanisms
that preserve rhythmic motor output in the face of
variable current densities, and specifically compen-
satory upregulation of A-type channels, have been
reported in other systems [45,48]. Future work to ad-
dress the issue of homeostatic compensation should
include the acute manipulation of slo expression us-
ing inducible GAL4 [52].

slo contributes to regulating the frequency of
rhythmic motor activity

Genetic manipulation of slo in both the whole ani-
mal and identified MNs significantly altered the tim-
ing of the motor pattern. slo! larvae displayed much
faster motor patterns than WT larvae, with substan-
tial decreases in burst duration, cycle duration, and
quiescence interval, and an increase in duty cycle.
These effects, with the exception of the decrease in
burst duration, were phenocopied by expression of
slo RNAi in MNs, though the changes were smaller
in magnitude than those seen in slo! larvae. It could
be that the larger increase in the frequency of motor
activity recorded from slo! larvae was due to expres-
sion of the mutant allele outside MNs. Or, the rel-
atively less severe phenotype of the slo RNAi larvae
could be because the slo mutation results in a more
significant loss of functional channels than expres-
sion of the RNAIi construct [61]. Overall, the results
from both sets of experiments demonstrate an im-
portant role for slo channels in shaping the frequency
of rhythmic motor activity underlying crawling.

It should be noted that these results regarding
the increased frequency of locomotor activity in slo
larvae are in contrast to a previous study [29]. Al-
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Figure 4: slo RNAi larvae
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though they did not fully characterize the motor
pattern, Guan et al. (2005) report that the fre-
quency of bursting was reduced in Drosophila slo
larvae relative to WT when recorded at 21°C [29].
The only obvious distinction between their study
and this work was the use of the off midline dissec-
tion method. Larvae dissected off the midline show
faster motor activity than those dissected on the
midline (Supplemental 1), suggesting sensory feed-
back in this system contributes to regulating the
frequency of locomotor activity, as in other motor
systems [27]. However, since the activity of mutant
animals was compared only to WT animals prepared
using the same method, the dissection should not
have affected the results. At this time, the reason
for the discrepancy is unknown, but it is interesting
to note that similar conflicting results have been re-
ported in studies of C. elegans slo mutants. While
some studies have reported that slo mutants display
similar or slightly slower rates of locomotion than
WT [70], others have reported that these mutants
move faster [8]. Even those studies reporting nor-
mal rates of locomotion have found that expression
of slo mutant alleles can rescue other mutations with
inhibitory effects on locomotion (for review see [36]).

ut M M

ings in A for WT and slo RNAi
larvae. Scale bars are each 2 sec-
onds. C. Recording from slo RNAi
larva showing low-level tonic firing
between bursts. Scale bar 2 sec-
onds.
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Possible mechanisms for regulation of burst-
ing frequency by slo currents

How do slo currents shape the frequency of rhythmic
motor activity and, in particular, how is cycle dura-
tion shortened by expression of slo RNAi in MNs?
There are at least two possible explanations. The
first relates to the specificity of the driver, RRA-
GAL4, used to target RNAIi expression to identified
MNs. In addition to MN1-1b and MNISN-1s, RRA-
GAL4 expresses in an interneuron known by its em-
bryonic identity as pCC [22]. Therefore, in the ex-
periments described herein slo RNAi was likely also
expressed in pCC. If pCC provides input to MNs,
either directly or indirectly, then a change in the
activity of this interneuron could explain a change
in cycle duration. Future experiments to determine
the role of pCC in producing the locomotor pheno-
type observed in slo RNAIi larvae could include the
mosaic expression of slo RNAi using the FLP/FRT
system [24]. Larvae could be screened and only those
without pCC expression recorded to see whether the
decrease in cycle duration is still observed. If such
studies support a role for pCC in regulating the fre-
quency of MN bursting, it would be the first iden-
tification, to the author’s knowledge, of a specific
interneuron contributing to generation of crawling
rhythms in Drosophila. Identification of such a neu-
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ron could pave the way for studies of motor circuitry
using the advanced genetic tools for which this model
system is renowned.
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Figure 5: Quantification of motor activity in
slo RNAI larvae. Distributions of the relative
frequencies of burst durations (A.), cycle durations
(B.), duty cycles (C.), and quiescence intervals (D.)
for WT (black) and slo RNAi (white) larvae.

On the other hand, it is possible that expression
of slo RNAi in MNs, and not pCC, was responsi-
ble for the decrease in cycle duration. The role of
MN currents in shaping rhythmic motor activity is
a subject of active research [30,33,38,48]. Much of
the recent work has focused on the role of persistent
inward currents in MNs [17,46,56], but outward cur-
rents have also been shown to shape MN firing dur-

ing rhythmic activity [37,46,54,60]. In particular, a
recent study in Drosophila showed that elimination
of Shal-mediated currents in MNs, via expression of
a dominant negative construct under the control of
RRA-GAL4, altered the frequency of larval crawl-
ing [54]. The results from the RNAi experiments
reported herein add to an increasing body of work
suggesting that MN outward currents, and BK cur-
rents in particular, may enable MNs to shape the
timing of rhythmic motor output. Specifically, the
large decrease in quiescence interval in slo RNAi lar-
vae suggests that slo currents may act in MNs as a
hyperpolarizing force following a burst. Such a force
would counteract inward currents to keep MNs from
firing, contributing to the creation of a period of
quiescence. Reduction or elimination of slo currents
would shorten the quiescence interval and thereby
decrease the cycle duration, as observed in our ex-
periments. BK currents have been shown to regulate
quiescence interval and bursting frequency in other
types of neuron [73].

A recent study by Pulver et al. (2010) re-
ported that after-hyperpolarizations following bursts
in Drosophila larval MNs are mediated by the
Na® /Kt ATPase, and not by Ixc, [55]. However,
their results are not necessarily in conflict with the
hypothesis that slo currents contribute to setting
the quiescence interval. First, it is possible that slo
currents may counteract inward currents and keep
the cell from firing without producing a measurable
after-hyperpolarization. Second, and mentioned by
the authors themselves, is the importance of looking
at endogenous activity when examining the role of
a particular current. Rather than recording sponta-
neous bursting in MNs, the authors stimulated MNs
with trains of square pulses at a frequency designed
to mimic rhythmic synaptic input. The activation
(and inactivation) of ionic currents could be very
different in response to square-pulse stimulation, as
opposed to endogenous synaptic input. Intracellular
recordings from MNs during spontaneous locomotor
activity, as recently described by others [60], will
be crucial for determining what currents contribute
when bursting is driven by endogenous inputs.

Limitations, open questions, and future direc-
tions

The biggest limitation of the current work is the lack
of a full characterization of the slo RNAi knock-

down. Preliminary RT-PCR results indicate that
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pan-neuronal expression of the UAS-slo RNAIi con-
struct under the control of elav-GAL4 produces a
~30% decrease in slo mRNA when quantified in the
whole nervous system [61] However, these data do
not indicate the extent of the reduction in slo mRNA
in the MNs targeted in this study. It is possible ma-
nipulation of slo was unsuccessful or insignificant in
all or some MNs, though this seems unlikely since in
that case one would not expect to observe changes in
the motor pattern relative to WT, as were presented.

However, if the manipulation was successful in
some and not other animals, this could potentially
change the interpretation of the results. For ex-
ample, the distribution of burst durations in slo
RNAIi larvae largely overlaps with the WT distri-
bution (Fig. 5), leading to the conclusion that slo
currents do not contribute to burst termination in
larval MNs. The distribution does include, how-
ever, a small tail consisting of a few recordings in
which some burst durations were longer than those
recorded in WT. If the knockdown was more effec-
tive in these animals, this could explain these out-
lying values and suggest that slo currents do play a
role in burst termination. In contrast, the distribu-
tions for other measures such as cycle duration and
quiescence interval, where it was concluded that the
knockdown had an effect, do not show any obvious
tails or bimodalities that would indicate distinct ef-
ficacies of the knockdown.

To conclude whether there is a relationship be-
tween the extent of the knockdown in a particular
MN and the recorded motor pattern would require
performing one of two possible experiments. First,
one could record from the animal and later perform
single cell RT-PCR on MNs expressing the knock-
down to measure the amount of slo mRNA. A sec-
ond possibility is that one could record the motor
pattern and later do patch clamp recordings from
MNs using pharmacology to isolate and measure the
slo current. Both options present significant tech-
nical challenges, but are potential future directions.
A less technically challenging, but also less informa-
tive, approach would be to patch on to several MNs
to determine the percentage showing a significant
reduction in slo current and correlate that with the
percentage of animals showing a change in motor
pattern.

Additional limitations relate to information
about the model system itself. The slo current
has not been fully characterized in larval MNs. It
remains unclear whether slo channels carry tran-
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sient and /or sustained Ca?*-dependent K+ currents,
and to what extent these currents contribute to the
whole-cell current in larval MNs. This information is
vital to understanding the effects of slo knockdown
on MN excitability. Obtaining this information will
require patch clamp recordings using pharmacolog-
ical blockers specific to the slo current to isolate it
from other Ca?*-dependent currents in MNs. In ad-
dition, the circuitry of the putative locomotor CPG
is unknown in this system. An understanding of
the network connectivity, and in particular whether
MNs participate in generating the rhythm itself (as
in the crustacean STG [47]) is crucial for interpreting
our results on changes in the frequency of the loco-
motor rhythm. To map the circuitry of the CPG will
be challenging and require a clever combination of
genetic techniques and simultaneous recordings from
neurons in multiple regions of the larval nervous sys-
tem.

Conclusions

The current work suggests an important role for slo
channels in determining the timing of locomotor ac-
tivity in Drosophila larvae, and specifically points
to the importance of MN currents in shaping mo-
tor output. Several questions remain open regard-
ing exactly how slo currents affect MN firing and
how changes in MN excitability may interact with
synaptic inputs to alter the frequency of motor ac-
tivity. Alternative hypotheses and possible exper-
iments have been outlined that, if completed, will
shed more light on this motor system, and more gen-
erally on our understanding of motor control. It is
hoped that this work will serve as a basis for fu-
ture studies on the role of slo channels in locomotor
behavior and the investigation of the relative contri-
bution of network versus MN intrinsic properties in
the generation of rhythmic motor output.
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