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ABSTRACT

The nerve-cell cytoskeleton is essential for the regulation of intrinsic neuronal activity. For example,
neuronal migration defects are associated with microtubule regulators, such as LIS1 and dynein, as well as
with actin regulators, including Rac GTPases and integrins, and have been thought to underlie epileptic
seizures in patients with cortical malformations. However, it is plausible that post-developmental functions
of specific cytoskeletal regulators contribute to the more transient nature of aberrant neuronal activity
and could be masked by developmental anomalies. Accordingly, our previous results have illuminated
functional roles, distinct from developmental contributions, for Caenorhabditis elegans orthologs of LIS1
and dynein in GABAergic synaptic vesicle transport. Here, we report that C. elegans with function-altering
mutations in canonical Rac GTPase-signaling-pathway members demonstrated a robust behavioral re-
sponse to a GABA, receptor antagonist, pentylenetetrazole. Rac mutants also exhibited hypersensitivity to
an acetylcholinesterase inhibitor, aldicarb, uncovering deficiencies in inhibitory neurotransmission. RNA
interference targeting Rac hypomorphs revealed synergistic interactions between the dynein motor
complex and some, but not all, members of Rac-signaling pathways. These genetic interactions are
consistent with putative Rac-dependent regulation of actin and microtubule networks and suggest that
some cytoskeletal regulators cooperate to uniquely govern neuronal synchrony through dynein-mediated

GABAergic vesicle transport in C. elegans.

PILEPSY affects 1-2% of the world population and is
associated with imbalances between excitatory and
inhibitory neurotransmission in the brain (LOCKE et al.
2009). In particular, interneurons expressing gamma-
aminobutyric acid (GABA), the principal inhibitory
neurotransmitter in the human brain, are essential for
normal neuronal synchronization and maintenance of a
seizure threshold in humans (CoOSSETTE et al. 2002),
rodents (DELOREY el al. 1998), and zebrafish (BARABAN
et al. 2005). A failure of the brain to properly regulate
neuronal synchrony can result from ion channel defects
(Xu and Crancy 2008), neuropeptide depletion (BRILL
et al. 2006), brain malformations (PATEL et al. 2004),
interneuron loss (CoBos et al. 2005), and/or synaptic
vesicle recycling failure (D1 Paoro et al. 2002), all of
which may be caused by disrupting the nerve-cell
cytoskeleton. Therefore, further exploration of putative
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links between cytoskeletal components and neurotrans-
mission may accelerate development of novel therapeu-
tics for epilepsy.

Epilepsy associated with cytoskeletal dysfunction
often has a developmental basis (D1 CuNToO et al. 2000;
WENZEL et al. 2001; KeAYS et al. 2007). For example,
mutations in LIS/, a dynein motor complex regulator,
lead to classical lissencephaly, which is characterized by
neuronal migration defects, a lack of convolutions in
the brain, mental retardation, and epileptic seizures (Lo
NIGRO et al. 1997). Yet, observations that lissencephaly-
associated seizures worsen after neuronal migration
ceases, while LISI expression persists, imply that LISI
also acts in the adult brain (CARDOSO et al. 2002).

We previously reported that C. eleganswith a predicted
null mutation (¢1550) in lis-1, the worm ortholog of
human LIS1, exhibited synaptic vesicle misaccumula-
tions, but not neuronal migration or axon-pathfinding
defects, in GABAergic motor neurons. We also observed
anterior “epileptic-like” convulsions, which were in-
tense, frequent, and repetitive, with lis-1(¢1550) homo-
zygotes in the presence of pentylenetetrazole (PTZ;
WILLIAMS et al. 2004), an epileptogenic GABA, receptor
antagonist (HUANG et al. 2001; FERNANDEZ et al. 2007).
PTZ sensitivity was also increased in heterozygous
lis-1(t1550) mutants following RNA interference (RNAi)
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against worm orthologs of associated cortical malforma-
tion genes, such as ¢dk-5 and nud-2, which are known to
interact with LISI and the dynein motor complex.
Depletion of these gene products was coincident with
dynein-mediated synaptic vesicle transport defects, not
with architectural defects, in GABAergic motor neurons
(Lockk et al. 2006).

Plausible functional interactions among LIS-1, dynein,
and Rac GTPases (REHBERG et al. 2005; KHOLMANSKIKH
et al. 2006) have not been explored in an intact adult
nervous system. C. elegans is ideal for characterizing
these interactions due to the availability of weak and
strong Rac pathway mutants (LUNDQUIST et al. 2001;
POINAT et al. 2002; LucaNic et al. 2006), a comprehen-
sive RNAI library (KAMATH et al. 2003), and GFP-based
neuronal markers. Here, we combine these tools with
pharmacological modifiers of neuronal activity and
establish an experimental paradigm that reveals a novel
regulatory pathway. This pathway is composed of integ-
rins at the plasma membrane that signal through Racs to
dynein-associated proteins, which function to coordi-
nate synaptic vesicle transport in larval and adult
GABAergic motor neurons.

MATERIALS AND METHODS

Worm strains and maintenance: C. elegans were maintained
via standard procedures (BRENNER 1974). The following strains
were used: Bristol N2, avr-14(ad1302) avr-15(ad1051) gle-1(pk54),
cat-2(el112), ced-2(n1994), ced-5(n1812), ced-10(n1993), ced-
10(n3246), dgk-1(nu62), dhe-1(js121)/hT2[bli-4(e937) let-2(q782)
qIs48]; jsIs37, eat-4(ky5), egl-8(md1971), egl-10(mdl76), goa-
1(sa734), ina-1(gm39), ina-1(gm144), lis-1(t1550) unc-32(e189)/
qCI1 dpy-19(e1259) glp-1(¢339); him-3(el147), mig-2(gm103), mig-
2(mu28), mig-15(rh80), mig-15(rh148), mig-15(rh326), rab-3(y251),
swan-1(0k267), tom-1(0k188), thh-1(mg280), unc-5(e53), unc-17(e245),
unc-25(e156), unc-26(e1196), unc-30(el191), unc-32(e189), unc-34(e315),
unc-34(e566), unc-40(n324), unc-49(e407), unc-51(396), unc-73
(€936), unc-73(ev802), unc-73(rh40), unc-115(ky275), Ppe115'
mig-2(G16V), P 115 7ac-2(GI12V), julsl (P 025 SNB-1::GFP),
and oxIs12 (P47 GFP).

Behavioral and pharmacological assays: Convulsion assays
were performed, as previously described (WILLIAMS et al. 2004;
Locke et al. 2008). Concentrations of PTZ (Sigma) employed
are indicated in the text. Aldicarb-induced paralysis assays also
were performed, as described (NONET et al. 1998), by trans-
ferring young adult hermaphrodites to NGM plates with
0.5 mm aldicarb (Supelco). Worms were observed in 30-min
intervals for a period of 3 hr.

For thrashing assays, 1-day-old adult worms were washed
clean of bacteria with M9, transferred to 7.5-ml NGM plates
with 2 ml M9, and allowed to recover for 2 min. Movies of
worms thrashing were captured in real-time with a Q Imaging
Retiga Exi digital video camera at 25 frames/sec. Movies were
saved onto an Intel Pentium computer using Image] (National
Institutes of Health, Bethesda, MD) and scored at a reduced
frame rate for accuracy. A thrash was defined as a change in
direction at the worm mid-body.

Other methods used: Details of the rescue of ina-1 are
available in the supporting information, File S1. Descriptions
of the genetic crosses and fluorescence microscopy analyses
used to observe possible alterations in GABAergic D-type
motor neuron architecture and/or synaptic vesicle distribu-

tion are provided in File S1. RNAi by bacterial feeding was
performed, as described (LockE et al. 2006), with slight
modifications (see File S1).

Statistical analysis: Statistical analyses of all data sets, except
for those obtained from thrashing assays, were performed
using Fisher’s exact test (http:/www.langsrud.com/fisher.
htm). Results given are two-tail P-values, which were found
by comparing two appropriate data sets for specified compar-
isons. Statistical analyses of data sets from thrashing assays
were performed using Student’s #test. Data are shown as
mean * SD and were deemed significant, if P < 0.05, for both
statistical tests.

RESULTS

PTZ induces anterior convulsions in Rac GTPase-
signaling-pathway mutants: We previously demonstrated
that worms lacking LIS-1 exhibit PTZ-induced anterior
convulsions. We also found these behavioral responses
to be associated with loss of GABA because systemic
GABA mutants (i.e., unc-25 and unc-47) demonstrated
similar responses to PTZ (WiLL1AMS et al. 2004). More-
over, we previously used PTZ to reveal genetic interac-
tions among ls-I and other microtubule-dependent
cortical malformation genes (Lockk et al. 2006). In-
triguingly, LIS-1 orthologs have also been shown to
interact with Racl in Dictyostelium and mammals to
shape the actin cytoskeleton (KHOLMANSKIKH et al.
2003; REHBERG et al. 2005). These findings suggest an
evolutionarily conserved role for LIS-1 and actin regu-
lators, whose impact on intrinsic neuronal activity is
undefined.

To determine if C. elegans Racs modulate neuronal
synchrony, we exposed loss- and gain-of-function Rac
mutants to PTZ. The products of worm ced-10, mig-2, and
rac-2 genes act redundantly in multiple developmental
processes, including axon pathfinding in GABAergic D-
type motor neurons (LUNDQUIST et al. 2001). The Rac
gain-of-function (gf) mutant allele, ced-10(n3246), con-
fers axon-pathfinding defects similar to those resulting
from multiple Rac loss-of-function (If) mutations and is
predicted to interfere with a common guanine nucle-
otide exchange factor (GEF) of redundant Racs (SHAKIR
et al. 2006). A second Rac gf mutant allele, mig-2(gm103),
has been shown to perturb axon pathfinding (ZpkiN
et al. 1997), vulval cell migration (KISHORE and SUNDARAM
2002), and male tail development (DALPE et al. 2004) ina
manner consistent with cross-inhibition of redundant
Rac pathways (ZIPKIN et al. 1997; LUNDQUIST et al. 2001).
We found that, like a strong systemic GABA mutant
(Figure 1A; Figure S1; File S2), both ced-10(n3246)
(Figure 2; File S3) and mug-2(gm103) (Figure S1; File
S4) mutants had anterior PTZ-induced convulsions
(Figure 1A). The frequency and intensity of convulsions
positively correlated with PTZ concentration, similar
to lis-1(t1550) and systemic GABA mutant responses to
PTZ (WiLLiaMms et al. 2004). Neither of the Rac If muta
nts, ced-10(n1993) and mig-2(mu28), had altered PTZ
sensitivity, compared to C. elegans N2, wild-type, worms
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FIGURE 1.—Rac GTPase and
canonical Rac regulator mutant
anterior convulsions are com-
mensurate with increasing con-
centrations of PTZ. (A and B)
The response level (the percent-
age of young adult worms con-
vulsing per total sample size;
n = 30 for each of three inde-
pendent experiments) of various
C. elegans strains is depicted for
N2 each PTZ concentration, ranging
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from 0 to 10 mg/ml. N2 wild-type
worms (black squares) did not ex-
hibit anterior convulsions at any

tested concentration of PTZ. Conversely, representative GABA (black diamonds) and general synaptic transmission (black circles)
mutants did exhibit PTZ-induced anterior convulsions. (A) Rac gain-of-function (blue and green circles), but not loss-of-function
mutants (collectively shown by gray circles), demonstrated PTZ-induced anterior convulsions. (B) Rac regulator mutants also dis-
played PTZ-induced anterior convulsions. Although both unc-73 Rac GEF mutants were hypersensitive to PTZ, the weakest mutant
tested, ¢936 (brown circles), was more sensitive to PTZ than a stronger unc¢-73Rac GEF mutant, 7240 (purple circles). The strongest
mig-15 mutant tested, 74326 (blue circles), was more sensitive to PTZ than a weaker mig-15 mutant, 72148 (blue circles), but was not
significantly different from a mig-15 mutant, 280 (gray circles), of intermediate strength. Hypomorphic alpha integrin (ina-I)
mutants, gm39 (green circles) and gml44 (gray squares), were hypersensitive to PTZ. Of these two mutants, gm39, thought to
be the weakest, exhibited the greatest sensitivity, as 97.8 * 3.8% convulsed on 10 mg/ml PTZ, whereas 25.6 + 3.8% of gmI44
worms convulsed at the same concentration. Each data point represents mean * SD.

(Figure 1A). A putative rac-21f allele, 0k326, did not alter
PTZ sensitivity (Table 1). These data suggest that CED-
10, MIG-2, and perhaps RAC-2 play redundant roles in
controlling C. elegans inhibitory GABA transmission.
Rac GTPases are known to function in a variety of
neurobiological processes, including neurite branching
and extension, axon pathfinding, and synapse forma-
tion. Furthermore, Rac GTPases are regulated by a
number of other proteins, which are not simply limited
to GEFs and GTPase-activating proteins (GAPs) (pE
Curtis 2008). To determine which, if any, known
C. elegans Rac regulators modulate neuronal synchrony,
we exposed an array of Rac regulator mutants to PTZ. A
Rac GTPase-signaling pathway, which is governed by
interactions between C. elegans orthologs of integrins
and Nck-interacting kinase (NIK), mediates GABAergic
D-type motor neuron axon pathfinding (POINAT et al.

rab-3(y251) ced-10(n3246)

| 0.00s d
1

mig-15(rh80)

2002). Consistent with a role for these Rac regulators in
GABAergic neurotransmission, multiple ina-I (a-integrin)
and mig-15 (NIK) hypomorphs demonstrated anterior
epileptic-like convulsions in response to PTZ (Figure
1B; Figure 2; Figure S1; File S5; File S6). The percen-
tages of mig-15 mutants with anterior convulsions
(Figure 1B) were roughly coincident with the strengths
of mutant alleles, where rh326 > rh80 > rh148 (SHAKIR
et al. 2006). Yet, the frequencies of 14326 and rh80
mutant convulsions were not significantly different
from each other (Figure 1B). Surprisingly, ina-1(gm39)
mutants had higher percentages of PTZ-induced con-
vulsions at all concentrations than ina-1(gml44) mu-
tants, which are predicted from cell migration defects to
be weaker (Baum and Garrica 1997) (Figure 1B).
Perhaps gm39 disrupts the binding of a different
number and/or class of ligands than gmI44 disrupts

ina-1(gm39) Frcure 2.—Stillframeim-
h ages  demonstrating  C.
elegans mutant strains with
anterior convulsions in re-
sponse to 10 mg/ml PTZ.
Thestillimages are represen-
tative frames from movies
(25 frames/sec), which are
available in the supporting
information. The black lines
represent stationary refer-
ence points for visualization
of anterior movements in re-
lation to time (“s” indicates
seconds). Anterior is to the

leftin all images where lines are placed perpendicularly to the original position of each worm’s nose. The convulsions of a general syn-
aptic transmission mutant, rab-3(y251), mimic those of a Rac gain-of-function mutant, ced-10(n3246), and the Rac regulator mutants,

mig-15(rh80) and ina-1(gm39). Bar, 100 pm.
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TABLE 1
C. elegans mutants of interest exhibiting no PTZ-induced anterior convulsions
Gene Allele C. elegans neuronal
name name Protein identity function (s) Reference

Rac GTPase signaling

rac-2 0k326 One of three triply redundant
Rac GTPases

unc-73 ev802 Rho/Rac guanine nucleotide
exchange factor

ced-2 nl1994 Src homology 2- and
3-containing adaptor

ced-5 nl812 Signaling protein, DOCKI180,
ortholog

unc-115 ky275 Actin-binding protein,
limatin, ortholog

swan-1 ok267 WD40 repeat-containing

AN1lI-like protein
Netrin signaling

unc-34 e315 Enabled/VASP ortholog

unc-34 €566 Enabled/VASP ortholog

unc-40 n324 Netrin receptor, DCC, ortholog
unc-5 e53 Netrin receptor

GABA transmission at body-wall muscles
unc-30 el91 Homeodomain
transcription factor

Non-GABA transmission

unc-17 0245 Vesicular acetylcholine transporter
cat-2 elll2 Tyrosine hydroxylase

eal-4 ky5 Vesicular glutamate transporter
iph-1 mg280 Tryptophan hydroxylase

General synaptic transmission
tom-1 ok188 Tomosyn ortholog

Axon pathfinding; cell
migration; cell
corpse engulfment

Axon pathfinding; cell
migration; neurotransmitter
release

Axon pathfinding; cell
migration; cell
corpse engulfment

Axon pathfinding; cell
migration; cell corpse
engulfment

Axon pathfinding

Negative regulation of Racs

Axon pathfinding; cell
migration

Axon pathfinding; cell
migration

Axon pathfinding; cell
migration

Axon pathfinding; cell
migration

D-type motor
neuron differentiation

Acetylcholine transmission
Dopamine transmission
Glutamate transmission
Serotonin transmission

Negative regulation of
neurotransmitter release

LuNDQUIST et al. (2001)

STRUCKHOFF and LUNDQUIST
(2003); WiLLIAMS
et al. (2007)

Wu et al. (2002); KINCHEN
et al. (2005)

Wu et al. (2002); KINCHEN
et al. (2005); LuNDQUIST
et al. (2001)
STRUCKHOFF and
Lunbpquist (2003)
YANG et al. (2006)

GrTAl et al. (2003);
Lucanic et al. (2006);
SHAKIR et al. (2006)

GITAI et al. (2003);
Lucanic et al. (2006);
SHAKIR et al. (2006)

GITAI et al. (2003);
Lucanic et al. (2006)

GrTAI et al. (2003);
Lucanic et al. (2006)

JIN et al. (1994)

MILLER et al. (1996)
SULSTON et al. (1975)
RankIN and Wicks (2000)
KeANE and AVERY (2003)

MCcEWEN et al. 2006

DCC, deleted in colorectal cancer.

(BAum and GARRIGA 1997). Future studies with candi-
date INA-1 ligands should assess this hypothesis.

We also observed PTZ-induced convulsions with a pair
of unc-73 mutants, which are deficient in UNC-73 GEF-
dependent activation of the triply redundant Racs
(STruckHOFF and LunpQuist 2003). The weaker unc-
73(e936) mutants, which carry a splice donor mutation
that disrupts all Rac GEF-containing isoforms of UNC-
73, had higher percentages of PTZ-induced convulsions
than stronger unc-73(rh40) mutants, which lack UNC-73
guanosine-b’-diphosphate to guanosine-5'-triphosphate
exchange activity (STEVEN et al. 1998) (Figure 1B; Figure
S1; File S7). This result could be due to disruption of

GEF2 Rho GEF activity by ¢936 (STEVEN et al. 1998).
GEF2 Rho GEF activity may contribute to PTZ sensitivity,
as it has been previously linked to normal synaptic
transmission in C. elegans (STEVEN et al. 2005; WILLIAMS
et al. 2007). Yet, GEF2 Rho GEF-deficient unc-73(ev802)
mutants (STEVEN et al. 2005) did not exhibit altered PTZ
sensitivities (Table 1), indicating that loss of GEF2 Rho
GEF activity alone is not sufficient to allow for PTZ-
induced convulsions.

We also did not observe altered PTZ sensitivities in
ced-2(n1994) or ced-5(n1812)1f mutants (Table 1), which
disrupt Rac-dependent cell corpse engulfment (KINCHEN
et al. 2005), cell migration, and axon pathfinding (Wu
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TABLE 2

C. elegans Rac-signaling-pathway mutants with PTZ-induced anterior convulsions

Gene name Mutant allele(s)

Protein identity

Human homolog BLAST F-value”

ced-10 n3246 One of three triply redundant Rac GTPases RACI 7.0e87
mig-2 gml03 One of three triply redundant Rac GTPases RACI 1.7¢69
ina-1 gml44, gm39 a-Integrin subunit ITGA6 8.2¢84
mig-15 rh148, rh326, vh80 Nck-interacting kinase MAP4K4 1.26284
unc-73 €936, rh40 Rho/Rac guanine nucleotide exchange factor TRIO 9.1e237

“BLAST F-value obtained from WormBase (http:/www.wormbase.org).

et al. 2002), suggesting that a different Rac-dependent
mechanism underlies PTZ-induced convulsions. Like-
wise, we were unable to detect PTZ-induced convulsions
with unc-40(n324) netrin receptor null mutants (Table
1), which are deficient in Rac-dependent GABAergic D-
type motor neuron axon pathfinding (LUcCANIC et al.
2006) and non-GABAergic neuron axon pathfinding
(Grrat et al. 2003) . We also did not observe PTZ-induced
convulsions with multiple If mutants of unc-34, which
has been shown to function in parallel to Rac mutants,
downstream of UNC-40, in C. elegans axon pathfinding
(GrTAT et al. 2003; Lucanic et al. 2006; SHAKIR et al.
2006) or a second netrin receptor null mutant,
unc-5(e53) (Lucanic et al. 2006; Table 1). Mutants lacking
SWAN-1, which negatively regulates Rac mutants in
neuronal and non-neuronal cells (YANG et al. 2006), or
UNC-115, which positively regulates RAC-2, but not CED-
10 or MIG-2, in GABAergic D-type motor neuron axon
pathfinding (STRUCKHOFF and Lunpquist 2003), also
did not have PTZ-induced convulsions (Table 1). These
data suggest that UNC-73 activation of redundant Rac
mutants, not Rho, lowers PTZ sensitivity in a manner that
depends on integrins, not netrins. We have found that
Rac-signaling mutants phenocopy ls-1(t11550) and sys-
temic GABA mutants by exhibiting anterior convulsions
on PTZ (Table 2). Yet, generalized synaptic transmis-
sion defects lower a threshold for PTZ-induced con-
vulsions, as another general synaptic transmission
mutant, rab-3(y251), convulses on PTZ (Figure 1, A
and B; Figure 2; File S8). Thus, we cannot resolve if this
Rac pathway plays a GABA-specific role in worm neu-
rons by PTZ.

The C. elegansinhibitory GABAergic nervous system is
composed of 19 D-type motor neurons that innervate
body-wall muscles and four nerve ring RME (ring motor)
neurons that innervate head muscles (MCINTIRE et al.
1993). Deficits in a single class of inhibitory GABAergic
neurons could be sufficient for PTZ-induced convul-
sions. To address this possibility, we examined wunc-
30(e191) null mutants, which express wild-type levels
of GABA in RME neurons but fail to express GABA in D-
type motor neurons (JIN et al. 1994). We did not observe
convulsions in these mutants with any PTZ concentra-
tion tested (Table 1), implying that RMEs may be chiefly
responsible for this behavioral phenotype. Yet, these

data do notrule outa contributory role for D-type motor
neurons in convulsions.

GABA may not be the only source of inhibitory trans-
mission at head muscles because unc-49(e407 }predicted
null GABA, receptor mutants respond to PTZ in a
dose-dependent manner (WiLLiamS et al. 2004). The
C. elegans genome contains sequences for many other
GABA, receptor homologs, including glutamate-gated
chloride (GluCl) channels, which could function re-
dundantly with unc-49 (SCHUSKE et al. 2004). In support
of this argument, predicted null unc-49 mutants have
been shown to respond to a GABA agonist, muscimol,
albeitless strongly than wild-type worms (MCINTIRE et al.
1993). Likewise, predicted null unc-49 GABA mutants
also do not display RME neuron-mediated “loopy”
foraging defects, unlike other GABA-deficient worms,
further suggesting redundancy among GABA,4 receptor
homologs (MCINTIRE et al. 1993). To elucidate roles of
other neurotransmitters in PTZ-induced convulsions,
we assayed mutants systemically lacking acetylcholine
[unc-17(e245)] (MILLER et al. 1996), dopamine [cat-
2(el112)] (SULSTON et al. 1975), glutamate [eat-4(ky5)]
(RankiN and Wicks 2000), or serotonin [#ph-1(mg280)]
(KeaNE and Avery 2003) on PTZ. None of these
mutants had PTZ-induced convulsions (Table 1). Yet,
28.9% of triple GluCl channel mutants [avr-14(ad1302);
avr-15(ad1051) gle-1(pk54) ], which lack inhibitory gluta-
mate transmission at the nerve ring (DENT et al. 2000),
displayed anterior convulsions in the presence of 10
mg/ml PTZ (File S9), whereas 100.0% of these mutants
had anterior convulsions in the presence of 20 mg/ml
PTZ. We did not observe convulsions in N2 worms at
these concentrations of PTZ. These results may explain
the failure of strong GABA mutants, such as unc-25(e156),
to spontaneously convulse (WiLLiaMs et al. 2004).
Indeed, C. elegans GluCl channels may also be per-
turbed by PTZ. Picrotoxin (PTX), a second epilepto-
genic GABA, receptor antagonist, has been shown to
block invertebrate GluCl’s (ETTER et al. 1999). Since
PTX and PTZ interact with overlapping domains of
GABA, receptors (HUANG et al. 2001), they may simi-
larly block worm GluCl’s. Yet, because the triple GluCl
mutant convulsions are substantially less frequent and
intense than convulsions of Rac-signaling mutants or
systemic GABA mutants, it is likely that Rac-signaling
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F1GURrRE 3.—Dynein motor complex and canonical Rac-signaling pathway mutants have increased neuromuscular excitability, as
revealed by hypersensitivity to aldicarb. (A-C) The response level (the percentage of young adult worms paralyzed per total sample
size; n = 30 for each of three independent experiments) of various C. elegans strains is depicted for each 30-min time point over a
3-hr exposure to 0.5 mm aldicarb. Paralysis of N2 wild-type worms (black squares) was commensurate with the time of aldicarb
exposure. A representative GABA mutant (unc-25, black diamonds) was hypersensitive to aldicarb, whereas a general synaptic
vesicle transport mutant (rab-3, black circles) was resistant to aldicarb when compared to wild type. (A) A hypomorphic dhc-1
mutant, jsI/21 (orange circles), demonstrated hypersensitivity to aldicarb. Likewise, a predicted Zis-I null mutant (blue circles)
exhibited robust aldicarb hypersensitivity, despite also carrying a mutation (unc-32) that confers resistance to aldicarb in isolation
(green circles). (B) Rac loss-of-function mutants (collectively shown by gray circles) exhibited wild-type aldicarb sensitivities. How-
ever, Rac gain-of-function mutants (blue and green circles) and transgenic worms, which express either constitutively active
mig-2(G16V) (purple circles) or rac-2(GI12V) (brown circles) under the control of the neuron-specific unc-115 promoter (P,,,.1;5),
were hypersensitive to aldicarb. (C) Rac regulator mutants also displayed hypersensitivity to aldicarb. A higher percentage of mu-
tants with a weak Rac GEF allele, unc-73(e936) (brown circles), was paralyzed at 1 hr of aldicarb exposure, compared with mutants
in a stronger Rac GEF allele, unc-73(rh40) (purple circles) at the same time. Conversely, significantly fewer mutants with the weak-
est mig-15 allele, 1148 (dark blue circles), were paralyzed after 1 hr of aldicarb exposure, compared to the percentage of mutants
with the strongest mig-15 allele, 74326 (dark blue circles), or to the percentage of mutants with a mig-15 allele of intermediate
strength, 280 (gray circles). Likewise, there was a differential paralysis observed between ina-1(gm39) (green circles) and
ina-1(gml144) (gray squares) mutants after 1 hr of aldicarb exposure. Notably, very few N2 wild-type worms were paralyzed after
1 hr of aldicarb exposure. All dynein motor complex, Rac gain-of-function, and regulator mutants were hypersensitive at 60 and
90 min. Two independently generated transgenic lines, which overexpress an ina-1 cDNA transgene under the control of the
GABAergic neuron-specific unc-47 promoter (P,,.47), were resistant to aldicarb (light blue circles). Each data point represents
mean * SD. Trends in sensitivity are shown in pale yellow. (D) The response level (the percentage of young adult worms paralyzed
per total sample size; n = 30 for each of three independent experiments) of various C. elegans Rac-signaling mutants with (+) or
without (—) an ina-I cDNA transgene (Tg) under the control of P, 7 is depicted for 90 min of aldicarb exposure. Averaged
results from two independently generated P, .47 ina-1 transgenic lines are shown. GABAergic neuron overexpression of
ina-1 did not significantly affect aldicarb sensitivity of wild-type (WT) worms at this time point. Similarly, P .7t ina-1 failed
to alter aldicarb sensitivity of either the Rac gain-of-function mutants n3246 or gm103 or the strongest Rac-deficient GEF mutant,
unc-73(rh40). Yet, GABAergic neuron overexpression of ina-1 significantly reduced aldicarb hypersensitivity of weaker
ina-1(gm144), mig-15(rh148), and unc-73(e936) mutants. Each data point represents mean * SD.

mutants are GABA deficient. We hypothesize that loss
of UNC-49 significantly lowers an intrinsic threshold,
which PTZ overcomes by antagonizing other partially
redundant GABA, receptor homologs on RME-
innervated muscles. Future experiments, including
electrophysiology, will be needed to better describe
the roles of GABA, receptor homologs in C. elegans
neurons.

LIS-1, dynein, and Rac-signaling-pathway mutants are
hypersensitive to aldicarb: Excitatory acetylcholine
(Ach) transmission and inhibitory GABA transmission
antagonize each other at C. elegans body-wall neuromus-
cular junctions (NM]Js) (RicHMOND and JORGENSEN
1999). Accordingly, C. elegans mutants with deficits in
general synaptic transmission, such as rab-3(y251), are
resistant to paralysis from an acetylcholinesterase in-
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hibitor, aldicarb (Figure 3, A—C; NGUYEN et al. 1995;
MILLER et al. 1996). Conversely, C. elegans mutants with
an inability to negatively regulate ACh transmission
(RoBaTZEK and THOMAs 2000) or positively regulate
inhibitory GABA transmission, such as wunc-25(e156)
(Figure 3, A-C; JIANG et al. 2005; VASHLISHAN ef al.
2008), are hypersensitive to aldicarb. To better charac-
terize synaptic transmission defects associated with lis-1
and dynein mutations, we exposed a collection of
mutants to aldicarb and monitored the time course of
paralysis. The lis-1(t1550) If mutant, which is genetically
linked to unc-32(e189)and convulses on PTZ (WiLL1AMS
et al. 2004), was hypersensitive to aldicarb (Figure 3A).
The Uls-I-associated aldicarb hypersensitivity was sub-
stantial, considering that wunc-32(el89) mutants were
resistant to aldicarb (Figure 3A), as previously reported
(NGUYEN et al. 1995). Consistent with a role for the
dynein motor complex in lis-I-associated aldicarb sen-
sitivity, a hypomorphic dhc¢-1 mutant allele, jsI21, also
conferred hypersensitivity to aldicarb (Figure 3A). In
support of our findings, another study has shown that
RNAIi against other members of the C. elegans dynein
motor complex results in hypersensitivity to aldicarb
(VASHLISHAN et al. 2008). These data suggest that LIS-1
and the dynein motor complex govern neuronal syn-
chrony at worm NMJs by controlling ACh transmission.

To determine if a Rac GTPase-signaling pathway, such
as LIS-1 and the dynein motor complex, participates in
synaptic transmission at C. elegans NMJs, we exposed Rac
and Rac regulator mutants to aldicarb. Consistent with
functionally redundant roles for Racs in synaptic trans-
mission, both ced-10(n1993) and mig-2(mu28)1f mutants
demonstrated wild-type sensitivities to aldicarb (Figure
3B). Conversely, transgenic worms, expressing constitu-
tively active mig-2(GI16V) or rac-2(GI2V) under the
control of the neuron-specific unc-115 promoter (P,,.;15)
(LucaNIc et al. 2006), were hypersensitive to aldicarb
(Figure 3B). Similarly, the Rac gf mutants ced-10(n3246)
and mig-2(gm103) were hypersensitive to aldicarb (Fig-
ure 3B), suggesting cross-inhibition of redundant
Racs.

Hypomorphic ina-I and mig-15 mutants, as well as
Rac-deficient unc-73 mutants, were also hypersensitive
to aldicarb (Figure 3C). INA-1 is known to function
upstream of Racs during axon pathfinding of GABAergic
motor neurons (POINAT et al. 2002) and may also
function upstream of Racs post-developmentally in
synaptic transmission on the basis of our pharmacolog-
ical results. To test if INA-1 contributes to aldicarb
sensitivity through integrin and Rac-signaling pathways
in GABAergic motor neurons, we used a GABA-specific
unc-47 promoter (P,,.47;) to drive the expression of
ina-1in various genotypic backgrounds. Overexpression
of ina-1 in GABAergic neurons significantly decreased
the aldicarb sensitivity of wild-type worms (Figure 3C).
Overexpression of ina-I also partially rescued the
aldicarb hypersensitivity of ina-1(gml144), mig-15(rh148),

and unc-73(¢936) hypomorphs (Figure 3D). Conversely,
ina-1 overexpression did not rescue the aldicarb hyper-
sensitivity of the dominant Rac gf mutant or the strongest
available Rac-deficient GEF mutant, unc-73(rh40) (Figure
3D), which is consistent with INA-1 functioning up-
stream of Racs in GABAergic motor neurons. Over-
expression of ina-1 in GABAergic neurons of the Rac gf
mutants n3246 and gml03 may trend toward signifi-
cance (Figure 3D) due to integrin-dependent modu-
lation of parallel Rac pathways. These results suggest
that a Rac-signaling pathway, dependent upon Trio,
integrin, and NIK, could mediate sensitivity to aldicarb
via the same GABA-based mechanism by which it
mediates sensitivity to PTZ.

Considering that rab-3(y251) mutants (Figure 1, A and
B; Figure 3, A—C; NONET e/ al. 1997) and other PTZ-
responsive general synaptic transmission mutants
(NGUYEN et al. 1995; WiLL1AMS et al. 2004) are resistant
to aldicarb, whereas systemic GABA mutants are PTZ
responsive (Figure 1, A and B; WiLLIAMS et al. 2004) and
hypersensitive to aldicarb (Figure 3, A-C; JIANG et al.
2005; VAsHLISHAN et al. 2008), these results are consis-
tent with GABA-specific roles for our Rac-signaling
pathway. As corroboration, heterotrimeric G-protein-
signaling mutants, which are hypersensitive to aldicarb
(RoBaTZEK and THOMAS 2000; Figure S2A) from excess
secretion of ACh at NMJs, did not convulse on PTZ
(Figure S2B). In fact, If mutations in two antagonists of
DGK-1 and GOA-1 activity, EGL-8 and EGL-10 (ROBATZEK
and THoMmas 2000), increased susceptibility to PTZ-
induced anterior convulsions (Figure SI; Figure S2B;
File S10), implying that GOA-1 inhibits RME activity.

To increase confidence in the interpretation of our
pharmacological assays, we also placed young adult
hermaphrodites in liquid and analyzed a high-
frequency, drug-independent locomotory behavior
known as “thrashing.” Mutants lacking egl-10 or other
synaptic transmission genes have previously been shown
to exhibit reduced thrashing rates (MILLER et al. 1996).
Despite hypersensitivity to aldicarb, goa-1(lf) mutants
did not demonstrate thrashing rates significantly differ-
ent from wild-type worms. Furthermore, goa-I(1f) mu-
tants thrashed at significantly higher rates than the
general synaptic transmission mutant [rab-3(y251)], a
systemic GABA mutant [unc-25(e156)], Rac gf mutants,
and Rac regulator mutants (Figure S2C). Surprisingly,
thrashing assays have revealed another plausible expla-
nation for the failure of wunc-25(el56) mutants to
spontaneously convulse. Although wunc-25(e156) mu-
tants had significantly lower thrashing rates (127.2 =
17.5 thrashes/min) than wild-type worms (188.2 =
14.8 thrashes/min), these systemic GABA mutants
thrashed at significantly higher rates than unc-49(e407)
mutants (96.5 £ 14.6 thrashes/min; Figure S2C), which
have been shown to lack detectable inhibitory GABA
transmission at body-wall muscles (RicHMOND and
JORGENSEN 1999). Perhaps unc-25(el156) mutants have


http://www.wormbase.org/db/gene/gene?name=unc-25;class=Gene
http://www.wormbase.org/db/gene/variation?name=e156
http://www.wormbase.org/db/gene/gene?name=lis-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=lis-1;class=Gene
http://www.wormbase.org/db/gene/variation?name=t1550
http://www.wormbase.org/db/gene/gene?name=unc-32;class=Gene
http://www.wormbase.org/db/gene/variation?name=e189
http://www.wormbase.org/db/gene/gene?name=lis-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-32;class=Gene
http://www.wormbase.org/db/gene/variation?name=e189
http://www.wormbase.org/db/gene/gene?name=lis-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=dhc-1;class=Gene
http://www.wormbas e.org/db/gene/variation?name=js121
http://www.wormbase.org/db/gene/gene?name=LIS-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=LIS-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ced-10;class=Gene
http://www.wormbase.org/db/gene/variation?name=n1993
http://www.wormbase.org/db/gene/gene?name=mig-2;class=Gene
http://www.wormbase.org/db/gene/variation?name=mu28
http://www.wormbase.org/db/gene/gene?name=mig-2;class=Gene
http://www.wormbase.org/db/gene/gene?name=rac-2;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-115;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-115;class=Gene
http://www.wormbase.org/db/gene/gene?name=ced-10;class=Gene
http://www.wormbase.org/db/gene/variation?name=n3246
http://www.wormbase.org/db/gene/gene?name=mig-2;class=Gene
http://www.wormbase.org/db/gene/variation?name=gm103
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=mig-15;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-73;class=Gene
http://www.wormbase.org/db/gene/gene?name=INA-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=INA-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-47;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-47;class=Gene
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/variation?name=gm144
http://www.wormbase.org/db/gene/gene?name=mig-15;class=Gene
http://www.wormbase.org/db/gene/ variation?name=rh148
http://www.wormbase.org/db/gene/gene?name=unc-73;class=Gene
http://www.wormbase.org/db/gene/variation?name=e936
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=unc-73;class=Gene
http://www.wormbase.org/db/gene/variation?name=rh40
http://www.wormbase.org/db/gene/gene?name=INA-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=ina-1;class=Gene
http://www.wormbase.org/db/gene/variation?name=n3246
http://www.wormbase.org/db/gene/variation?name=gm103
http://www.wormbase.org/db/gene/gene?name=rab-3;c lass=Gene
http://www.wormbase.org/db/gene/variation?name=y251
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/3
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/3
http://www.wormbase.org/db/gene/gene?name=DGK-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=GOA-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=EGL-8;class=Gene
http://www.wormbase.org/db/gene/gene?name=EGL-10;class=Gene
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/2
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/3
http://www.genetics.org/content/vol0/issue2009/images/data/genetics.109.106880/DC1/Video_9.mov
http://www.wormbase.org/db/gene/gene?name=GOA-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=egl-10;class=Gene
http://www.wormbase.org/db/gene/gene?name=goa-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=goa-1;class=Gene
http://www.wormbase.org/db/gene/gene?name=rab-3;c lass=Gene
http://www.wormbase.org/db/gene/variation?name=y251
http://www.wormbase.org/db/gene/gene?name=unc-25;class=Gene
http://www.wormbase.org/db/gene/variation?name=e156
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/3
http://www.wormbase.org/db/gene/gene?name=unc-25;class=Gene
http://www.wormbase.org/db/gene/variation?name=e156
http://www.wormbase.org/db/gene/gene?name=unc-25;class=Gene
http://www.wormbase.org/db/gene/variation?name=e156
http://www.wormbase.org/db/gene/gene?name=unc-49;class=Gene
http://www.wormbase.org/db/gene/variation?name=e407
http://www.genetics.org/cgi/data/genetics.109.106880/DC1/3
http://www.wormbase.org/db/gene/gene?name=unc-25;class=Gene
http://www.wormbase.org/db/gene/variation?name=e156

,_.
©o
>
g

>

120

100 =T =3 k==
[ L

o
=]
L

B
o
|

n
o
1

[]r....:GFP

[1P,...:SNB-1:GFP

C. J. Locke et al.

FIGURE 4.—Rac GTPase and canonical Rac
regulator mutants exhibit synaptic vesicle
misaccumulations, but not architectural breaks,
in GABAergic D-type motor neurons of ventral

nerve cords. (A) The percentage of axonal

;_-I_E GFP gaps (the percentage of young adult worms
with gaps per total sample size; n = 30 for each of

three independent experiments) in GABAergic

* D-type motor neurons of ventral nerve cords
(VNGCs) in various C. elegans strains. Soluble

GFP expression showed no architectural breaks

in the VNC axons of wild-type (WT) or Rac-
signaling-pathway mutant young adult ox/sI/2
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Young adult worms without axonal GFP gaps
in VNC - standardized against control (%)
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(Puncs7::GFP) worms (dark gray bars). Yet, Rac-
signaling mutants, except for hypomorphic
mig-15(rh148) mutants, had misaccumulated syn-
aptic vesicles, as revealed by gaps in GABAergic
neuron-specific expression of a synaptobrevin-1
(SNB-1) and GFP translational fusion protein
(light gray bars). Results from oxIsI2-bearing
Rac-signaling mutants were standardized against
wild-type oxIs12 worms. Likewise, results from
julsl-bearing Rac-signaling mutants were stan-
dardized against wild-type julsl (P .25t SNB-
1::GFP) worms. Each data point represents
mean * SD. *P < 0.05; Fisher’s exact test. The
ced-10(n3246) mutants with julsl are heterozy-
gous for the dominant n3246 allele, whereas
ced-10(n3246) mutants with oxIs12 are homo-
I % zygous for the dominant n3246 allele. (B) A
representative wild-type julsl young adult her-
maphrodite exhibited no axonal SNB-1::GFP
gaps, unlike an unc-73(e936) homozygote, which
was deficient in Rac activation. (C) Soluble GFP
expression revealed no significant architectural
breaks in the VNC axons of wild-type, Rac gf, or
Rac regulator mutant L1 larval ox/s12 (P47

L1 larval worms without axonal GFP gaps
in VNC - standardized against control (%)
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) GFP) worms. GABAergic neuron-specific expres-
A sion of a SNB-1 and GFP translational fusion
protein in L1 larval GABAergic D-type motor
neurons showed significant percentages of syn-
aptic vesicle misaccumulations, as demonstrated

by SNB-1::GFP gaps, in Rac gf, ina-1(gmi144), ina-1(gm39), unc-73(¢936), and unc-73(rh40) mutants. No axonal GFP gaps were ob-
served in the VNGs of mig-15(rh148) mutant L1 larvae. Results from oxIs12-bearing Rac signaling mutants were standardized against
wild-type ox/s12worms at the same developmental stage. Likewise, results from julsI-bearing Rac signaling mutants were standard-
ized against wild-type julsI (P,,,.25::SNB-1::GFP) worms at the same developmental stage. Each data point represents mean = SD.
*P < 0.05; Fisher’s exact test. Asterisks for P,,,.»5::SNB-1:: GFP data indicate significant differences in percentages of axonal GFP
gaps, compared to the wild-type julsl background and P, 4;:: GFP data for the same mutant, suggesting that synaptic vesicle
transport defects (SNB-1::GFP gaps) occur independently of architectural defects (soluble GFP gaps). Bar, 5 pm.

sufficient GABA production, which is undetectable by
immunocytochemistry, in RMEs to prevent them from
spontaneously convulsing. A different mutant with ex-
cess ACh secretion and associated hypersensitivity to
aldicarb, tom-1(ok188) (MCEWEN et al. 2006), also failed
to convulse in response to PTZ (Table 1) and thrashed
at wild-type rates (185.3 = 28.8 thrashes/min; n = 30
worms). These data imply that the dynein motor
complex and Rac-signaling pathway control neuronal
synchrony at C. elegans NM]s by promoting GABA
transmission, not by negative regulation of ACh.
GABAergic synaptic vesicles misaccumulate in Rac-
signaling mutants: Despite evidence that disruption of
RMEs is most responsible for PTZ-induced convulsions,
GABAergic synaptic vesicle misaccumulations in D-type

motor neurons correlate well with PTZ sensitivity and
are reliably scored (WILLIAMS el al. 2004; LOCKE el al.
2006). Our previous work demonstrates that misaccu-
mulations of synaptic vesicles in GABAergic D-type
motor neurons are associated with depletion of LIS-1
and dynein motor complex activity (WILLIAMS ef al.
2004; Lockk et al. 2006) . Although Rac GTPase-signaling-
pathway mutants mimic /is-/ and dynein motor com-
plex mutants in the presence of PTZ or aldicarb, we
cannot assume that their sensitivities to these neural
stimulants arise from a common mechanism. A Rac
pathway functions in inhibitory GABAergic motor
neuron development (LUNDQUIST et al. 2001; POINAT
et al. 2002; LucaNIGC et al. 2006). Thus, Rac pathway
mutants may have increased susceptibilities to aldicarb
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B pendent experiments) in GABAergic D-type mo-
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gg various RNAi treatments. Soluble GFP expres-
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> A © ¢ ;\,6\ A b gray bars). Yet, RNAi against Rac-signaling-

P ¥ .

o g pathway members, except for mig-15, resulted

in misaccumulated synaptic vesicles, as revealed

by gaps in GABAergic neuron-specific expression of a synaptobrevin-1 (SNB-1) and GFP translational fusion protein (light gray
bars). Combinatorial RNAi was used against two of three triply redundant Racs, ced-10 and rac-2. Results from mock RNAi
against ox/s12 worms were used to standardize other results with ox/s12 worms. Likewise, results from mock RNAI against julsl

#*P < 0.05; Fisher’s exact test.

and/or PTZ as a result of architectural defects in the
GABAergic nervous system.

To determine if a Rac pathway contributes to post-
developmental GABAergic synaptic vesicle transport, we
assayed for axonal gaps with SNB-1:: GFP or soluble GFP
expressed in GABAergic D-type motor neurons (Figure
4; Figure S3). To correlate axonal gaps with PTZ or
aldicarb sensitivity, we first examined ventral nerve
cords (VNGs; Figure 4A) and dorsal nerve cords (DNCs;
Figure S3) of young adult hermaphrodites (WILLIAMS
et al. 2004; LockE et al. 2006). However, axons from the
two sets of GABAergic D-type motor neurons, known as
VD and DD neurons, overlap extensively in the VNCs
and DNCs of young adults. To buttress our analysis, we
assayed VNGCs of L1 larvae hermaphrodites for axonal
GFP gaps whose VNCs contain only DD axons (SAKAMOTO
et al. 2005; Figure 4C). Consistent with a role for
triply redundant Racs and an integrin-NIK complex
in mediating GABAergic D-type commissural navigation
(PoINAT et al. 2002), we observed significant soluble
GFP gaps in DNCs of mig-2(gm103) young adult Rac gf
mutants, in ina-1(gm144) and mig-15(rh148)young adult
hypomorphs, and in Rac GEF-deficient (STEVEN et al.
1998), wunc-73(e936) and wunc-73(rh40) mutant young
adults (Figure S3). Conversely, young adult mutants
for either ced-10(n3246) or ina-1(gm39) did not exhibit
significant soluble GFP gaps in their DNCs (Figure S3).
Moreover, none of these Rac-signaling mutants had
significant soluble GFP gaps in their VNCs, either as L1
larvae or as young adults (Figure 4).

All Rac-signaling mutants that we examined had
significantly higher percentages of abnormally distrib-
uted synaptic vesicles, as revealed by SNB-1:: GFP axonal
gaps, than axon outgrowth defects, as revealed by
soluble GFP (P ,,.47::GFP) gaps, in their VNCs at the
young adult stage (Figure 4A) and at the L1 larval stage

_::SNB-1::GFP) worms were used to standardize other results with juls] worms. Each data point represents mean * SD.

(Figure 4C). Figure 4B is arepresentative image showing
SNB-1::GFP axonal gaps in the wunc-73(e936) mutant
background. We never observed SNB-1:: GFP mislocal-
ization in the DNGs of Rac-signaling mutant L1 larvae
(data not shown), suggesting that this Rac-signaling
pathway does not participate in synaptic vesicle cargo
recognition during DD neuron remodeling (SAKAMOTO
et al. 2005). The only Rac pathway mutants that did not
exhibit significantly more SNB-1:: GFP axonal gaps than
soluble GFP gaps in young adult DNCs were the mig-15
mutant, 72148 (SHAKIR et al. 2006) , and the strongest Rac
GEF mutant, 7440 (STEVEN et al. 1998) (Figure S3). Rac-
signaling mutants had similar interpunctal SNB-1:: GFP
axonal gap widths and gap numbers atboth L1 larval and
young adultstages (Table S1). Thus, SNB-1:: GFP axonal
gap frequencies, not interpunctal widths or numbers,
correlate with Rac-signaling mutant sensitivities to PTZ
and aldicarb.

Because significantly reduced SNB-1::GFP gaps in
the majority of the Rac pathway mutants tested could
not be explained by axon outgrowth defects, these data
suggest that synaptic vesicle misaccumulations in
GABAergic motor neurons could be sufficient for en-
hanced sensitivities of Rac pathway mutants to aldicarb
and PTZ. In support of this hypothesis, ina-1(gm39)
mutants, unlike ina-1(gml44)mutants, had insignificant
architectural defects in GABAergic DD motor neurons
of young adults (Figure S3). Yet, ina-1(gm39) mutants
were more sensitive to aldicarb (Figure 3C) and PTZ
(Figure 1B) than ina-1(gml44) mutants. Defects in non-
GABAergic neurons of the stronger mutant might
explain its weaker sensitivities to aldicarb and PTZ.
However, paralysis from severe defects in synaptic trans-
mission or axon pathfinding does not prevent PTZ-
induced convulsions, since 100.0% of unc-26(el196) and
82.2% of unc-51(¢396) immotile mutants exhibited
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functionally redundant PAK orthologs, pak-1 and max-2, or RNAi against the dynein motor complex members, bicd-1 and lis-1,
was also sufficient to increase N2 sensitivity to aldicarb. RNAi against most of these Rac-signaling-pathway or dynein motor com-
plex members also enhanced aldicarb sensitivities of either or both Rac gain-of-function mutants, ced-10(n3246) and mig-2(gm103).
RNAI against either ced-10 or rac-2was not sufficient to enhance the aldicarb sensitivity of either Rac gain-of-function mutant, while
pes-7(RNAi) enhanced aldicarb sensitivity of mig-2(gm103), but not of ced-10(n3246). (B) The same synergistic genetic interactions,
which were uncovered with aldicarb exposure, were confirmed with PTZ exposure. Yet, RNAi against wild-type worms was not
sufficient to yield convulsions. Each data point represents mean * SD. *P < 0.05; Fisher’s exact test. Asterisks indicate enhance-
ment, compared to mock RNAi against a given genotypic background. Red outlines around bars indicate synergism, in which
RNAI against a mutant background results in greater drug sensitivity than the sum of the same RNAi treatment against a

wild-type background and mock RNAi against the same mutant.

anterior convulsions with 2.5 mg/ml PTZ. As noted
above, gm39 may also affect binding of a different
number and /or class of ligands than gmI44. Regardless,
similar synaptic vesicle misaccumulations suggest that
LIS-1 and dynein converge with Racs to control GABA
transmission at adult C. elegans NM]Js.

RNAi confirms role for Rac-signaling pathway in
GABAergic vesicle transport: SNB-1:: GFP misaccumu-
lations implicate Rac signaling in GABAergic vesicle
transport. Yet, these data are difficult to interpret in light
of subtle axon-pathfinding defects in GABAergic D-type
motor neurons. To be confident that GABAergic vesicle
transport defects from Rac signaling attenuation are not
secondary to axon-pathfinding defects, we used RNAi to
produce weaker phenotypes than those of extant mutants.

We have previously shown that lactose-induced RNAi
feeding against LIS-1 pathway members is sufficient to

cause SNB-1::GFP misaccumulations in D-type motor
neurons (LOCKE et al. 2006). Accordingly, lactose-
induced RNAi feeding uncovered GABAergic vesicle
transport abnormalities, which phenocopied lis-1(11550)
and Rac=signaling-pathway mutants, with combinatorial
RNAi (T1SCHLER el al. 2006) against both ced-10and rac-2
(Figure b5; Figure S4) in first generation (F;) progeny
of RNAi-treated worms. As with the mutant alleles,
SNB-1:: GFP misaccumulated with mig-15(RNAi) in DNCs
and with ina-1(RNAi), lis-1(RNAi), or unc-73(RNAi) in
both VNCs and DNGCs (Figure 5; Figure S4) of F,;
progeny. RNAi feeding also revealed SNB-1::GFP mis-
accumulations with combinatorial RNAi against the
functionally redundant C. elegans PAK orthologs, pak-1
and max-2 (Figure 5; Figure S4), that encode the im-
mediate downstream effectors of activated Racs im-
plicated in GABAergic D-type commissural axon
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combinatorial RNAi against

both genes, RNAi against the redundant Racs ced-10 or rac-2 was not sufficient to enhance the aldicarb sensitivity of either Rac
regulator mutant. RNAi against pes-7 enhanced aldicarb sensitivity of mig-15(rh148), but not of ina-1(gm144), whereas unc-73(RNAi)
enhanced aldicarb sensitivity of ina-1(gm144), but not of mig-15(rh148). (B) The same synergistic genetic interactions that were
uncovered with aldicarb were confirmed with PTZ. Unlike the results from aldicarb exposure, RNAi against either ced-10 or rac-2
was sufficient to enhance PTZ-induced anterior convulsions of ina-1(gmi144) mutants, but not of mig-15(rh148). PTZ exposure also
did not reveal synergistic genetic interactions between mig-15 and lis-1, pes-7, or the PAK orthologs pak-1 and max-2. Yet, unc-
73(RNAi) enhanced mig-15(rh148) convulsions, revealing interactions that were not apparent from aldicarb exposure. Each data
point represents mean * SD. *P < 0.05; Fisher’s exact test. Asterisks indicate enhancement, compared to mock RNAi against a
given genotypic background. Red outlines around bars indicate synergism, in which RNAi against a mutant background results in
greater drug sensitivity than the sum of the same RNAi treatment against a wild-type background and mock RNAi against the same

mutant.

navigation (LucaNIC et al. 2006). These results may
suggest that PAK-mediated signals between actin and
microtubule networks are particularly important for
GABAergic vesicle transport, as dynein motor complex
subunits, such as dynein light chain (Lu et al. 2005) and
dynamitin (MENZEL et al. 2007) , have also been shown to
physically interact with PAK orthologs in humans and
Drosophila, respectively.

Additionally, our results suggest novel roles for bicd-1,
the worm ortholog of bicaudal-D, a dynein- and NIK-
interacting protein (HouALLA et al. 2005), and pes-7, the
worm ortholog of IQGAPI, a rodent Lisl and Racl
interactor (KHOLMANSKIKH ¢! al. 2006), in GABAergic
vesicle transport (Figure 5; Figure S4). RNAi against
these genes did not result in soluble GFP axonal gaps
(Figure 5; Figure S4). In contrast, most of the same

RNAI treatments against parent animals, instead of their
F; progeny, resulted in SNB-1:: GFP misaccumulations,
but not soluble GFP axonal gaps (Figure S5), such as
those observed with young adult Rac-signaling mutants
(Table SI). The only treatment that did not uncover a
trend toward GABAergic vesicle transport defects was
combinatorial RNAi against pak-1 and max-2 in parents
(Figure Sb). This result may be explained by dilution
of phenotypic strength, where RNAi phenotypes are
weakened by multiple gene targeting (TISCHLER et al.
2006).

RNAI reveals synergistic interactions between dynein
and Rac-signaling pathways: To determine if members
of a canonical Rac-signaling pathway function together
to modulate neuronal synchrony in C. elegans, we
performed aldicarb-induced paralysis assays and PTZ-
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presynaptic GABAergic
motor neuron

postsynaptic muscle cell

Ficure 8.—Model depicting a potential role
for a Rac GTPase-signaling pathway in dynein-
mediated synaptic vesicle transport in en passant
ranspO” C. elegans GABAergic motor axons. Triply redun-
dant Racs (CED-10, MIG-2, and RAC-2) and their
activator, UNC-73 (Trio), may transmit extracel-
lular signals from a Nck-interacting Kkinase
(MIG-15), a-integrin (INA-1), and B-integrin
(PAT-3) complex to a PAK-mediated interface be-
tween actin and microtubule networks. Redun-
dant worm PAK orthologs (PAK-1 and MAX-2)
may promote dynein motility through physical
interactions with dynein motor complex subunits
and/or actin. BICD-1 may regulate vesicle trans-

port via physical interactions with dynein. LIS-1 may also regulate dynein motor activity through direct physical interactions with
dynein motor complex subunits and/or Racs. These interactions may be involved in coordinating the binding of GABAergic syn-
aptic vesicles at microtubule plus ends and subsequent retrograde transport. Disrupting these interactions could also lead to ante-
rograde transport defects, due to the putative interdependency of dynein and kinesin, and to diminished levels of inhibitory
GABA secretion. Blue arrows indicate that physical and genetic interactions have been shown. Orange arrows indicate that only
a genetic interaction has been observed. Microtubules are shown in green, while F-actin is shown in brown. GABA is colored purple.

induced convulsion assays with RNAi-treated animals.
Consistent with parallel functions of triply redundant
Racs in GABAergic motor neurons (LUNDQUIST et al.
2001), RNAi against ced-10 in mig-2(gm103) gf mutants
was not sufficient to alter sensitivity to aldicarb (Figure
6A). Likewise, RNAi against rac-2in either ced-10(n3246)
or mig-2(gm103) gf mutant backgrounds was not suffi-
cient to alter aldicarb sensitivity (Figure 6A). However,
combinatorial RNAi against ced-10 and rac-2 syner-
gized with a mig-2(gm103) mutation to significantly
enhance aldicarb sensitivity and was also sufficient to
increase aldicarb sensitivity of N2 wild-type worms
(Figure 6A).

RNAI against bicd-1, ina-1, lis-1, mig-15, pes-7, or unc-73,
as well as combinatorial RNAi against the functionally
redundant pak-1 and max-2 genes, was sufficient to
enhance the aldicarb sensitivity of wild-type worms
(Figure 6A). RNAI against these putative Rac-signaling-
pathway members, except for pes-7 with ced-10(n3246),
resulted in synergistic enhancement of sensitivity to
aldicarb in both Rac gf mutant backgrounds (Figure
6A). Despite not being sufficient to induce anterior
convulsions in the presence of PTZ, as predicted by our
earlier studies (LOCKE et al. 2006), these same RNAi
treatments also synergized with Rac gf mutations to
increase sensitivity to PTZ-induced anterior convulsions
(Figure 6B). Furthermore, most of these RNAI treat-
ments synergized with hypomorphic ina-1(gmi44) and
mig-15(rh148) mutations, albeit weakly with the latter, to
increase sensitivity to aldicarb (Figure 7A) and PTZ
(Figure 7B). Specifically, neither RNAi against lis-1,
pes-7, and unc-73 nor combinatorial RNAi against pak-1
and max-2 was sufficient to significantly enhance sensi-
tivity to PTZ with mig-15(rh148) (Figure 7B). Likewise,
pes-7(RNAi) was not sufficient to significantly enhance
sensitivity to aldicarb (Figure 7A) or PTZ with ina-
1(gm144) (Figure 7B). These inconsistencies could
result from our use of weaker hypomorphic mutants
(POINAT et al. 2002) or subthreshold levels of neural

stimulants. Ultimately, however, these results suggest
that the canonical Rac GTPase regulators, INA-I,
MIG-15, UNC-73, PAK-1, and MAX-2, modulate neuro-
nal synchrony through interactions with triply redun-
dant Racs, integrators of microtubule-actin-signaling
networks, such as LIS-1, PES-7, and BICD-1.

DISCUSSION

We previously reported that disturbance of LIS-1 and
the dynein motor complex results in enhanced sensi-
tivities to a GABA, receptor antagonist, PTZ, and
synaptic vesicle misaccumulations, which were specific
to GABAergic motor neurons (WILLIAMS el al. 2004;
Lockk et al. 2006). In this work, we show that both /lis-1
and dhe-1 mutants are also hypersensitive to an acetyl-
cholinesterase inhibitor, aldicarb, which overstimulates
body-wall muscles (NGUYEN et al. 1995; MILLER et al.
1996) in a similar manner to PTZ. These results further
suggest that lis-I and dhce-1 cooperate with GABA to
modulate neuronal synchrony. Yet, these data do not
suggest a mechanism by which LIS-1 and dynein may
function specifically in C. elegans GABA transmission,
given their pleiotropy and likely roles in general
synaptic function. Here, we present evidence that this
mechanism is Rac dependent and active in diverse sets
of GABAergic neurons.

GABAergic D-type motor neurons are known to
complete their development in the second of four C.
elegans larval stages (KNOBEL et al. 1999). Moreover,
previous studies have demonstrated that a tripartite Rac
GTPase-signaling cascade mediates commissural axon
navigation of these neurons (LUNDQUIST e al. 2001;
POINAT et al. 2002; LucaNic et al. 2006). Interestingly,
expression of C. elegans Racs persists in the adult
GABAergic nervous system (LuNDQuUIST et al. 2001).
Rac regulators, including ina-1 (BAuM and GARRIGA
1997), mig-15 (POINAT et al. 2002), and unc-73 (STEVEN
et al. 1998; HUNT-NEWBURY et al. 2007), as well as lis-1
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(DAWE et al. 2001; HUNT-NEWBURY et al. 2007) and dhe-1
(HUNT-NEWBURY ef al. 2007), have also been detected in
GABAergic neurons of adult C. elegans hermaphrodites.
These findings suggest that a Rac-signaling pathway
could govern not only GABAergic neuron development
but also GABA transmission, post-developmentally.
Consistent with this hypothesis, we show for the first
time that a Rac-signaling pathway modulates synaptic
transmission at adult C. elegans NM]Js. Furthermore, we
present evidence that Racs have post-developmental
functions, which appear distinct from previously de-
scribed neuromuscular roles for RHO-1 (McMuLLAN
et al. 2006; WILLIAMS et al. 2007). More specifically, this
Rac cascade is required for dynein-mediated synaptic
vesicle transport in GABAergic neurons.

Rho family GTPases, including Racs, may be differ-
entially regulated in space and time to confer cellular
identity (pE Curtis 2008). Indeed, disparate Rac-
signaling pathways have been implicated in several C.
elegans developmental processes (LUNDQUIST et al.
2001). Here, we reveal a specific role for an integrin-
mediated tripartite Rac cascade in GABAergic motor
neurons by combining microscopic, pharmacological,
and behavioral approaches. Furthermore, we have
shown that Rac regulators, which were previously
implicated in GABAergic D-type motor neuron com-
missural axon navigation (POINAT et al. 2002), geneti-
cally interact with Racs and the dynein motor complex
to mediate GABAergic vesicle transport. We have also
identified roles for C. elegans orthologs of bicaudal-D
and IQGAPI1 in this dynein—Rac-signaling pathway. It
has been speculated that these genes integrate signals
between microtubule and actin networks via NIK and
Lis1, respectively (HouALLA et al. 2005; KHOLMANSKIKH
et al. 2006). Although our results support these propo-
sitions, a series of bicd-1 and pes-7 hypomorphic and null
mutant alleles will be required to fully understand the
neuronal functions of these genes.

On the basis of the above results, we present a model
in which disruption of this dynein—-Rac-signaling path-
way results in a loss of the axonal transport of synaptic
vesicles in GABAergic motor neurons (Figure 8). As
suggested in Figure 8, it is plausible that this dynein—
Rac-signaling pathway coordinates microtubule plus
end-binding of GABAergic synaptic vesicles, thereby
allowing them to undergo retrograde transport. Evi-
dence for the interdependency of dynein and kinesin in
anterograde transport also exists and likely explains the
GABAergic vesicle misaccumulations and associated
behavioral phenotypes, which we observed (WILLIAMS
et al. 2004; Locke et al. 2006). These GABAergic vesicle
misaccumulations could also be caused by disruptions
in other cellular processes, such as the localization of
SNB-1::GFP to synaptic vesicle membranes, selective
degeneration or retraction of axons, or regulated deg-
radation or endocytosis of SNB-1:: GFP (KousHIKA et al.
2004). We hypothesize that SNB-1::GFP misaccumu-

lates in these dynein—Rac-signaling mutants due to
axonal transport defects. However, these alternative
hypotheses could be considered in the future, perhaps
best with live imaging.

The identification and characterization of interac-
tions between Racs and the dynein motor complex was
accomplished by separating the architectural from the
functional defects in GABAergic neurons and knocking
down putative interactors in sensitized genotypic back-
grounds. To this end, we employed lactose-induced
RNAI feeding, which dependably inhibits gene expres-
sion in GABAergic motor neurons (LOCKE et al. 2006).
We found that RNAi against members of a Rac cascade
was not sufficient to cause architectural defects in the
GABAergic nervous system, even though these genes are
important for GABAergic D-type motor neuron de-
velopment (LUNDQUIST et al. 2001; POINAT et al. 2002;
Lucanic et al. 2006). Conversely, RNAi against these
targets was sufficient to cause SNB-1:: GFP misaccumu-
lations, revealing a link with synaptic vesicle transport.
RNAI feeding in hypomorphic genotypic backgrounds
was sufficient to uncover genetic interactions without
the need to cross mutants with slow-growing hypersen-
sitive. RNAi strains. This approach may be used to
accelerate the mapping of other signaling cascades
and to identify roles for other developmental genes in
adult neurons.

Previous studies with C. elegans and other model
systems have postulated interactions between the dy-
nein motor complex and Rac GTPases. For example, an
integrin-dependent signaling cascade has been shown
to mediate trafficking of lipid rafts through Racl, Arf6,
and microtubules (BALASUBRAMANIAN ¢t al. 2007).
Likewise, inhibition of Dictyostelium orthologs of LIS-1
and dynein intermediate chain has been associated with
actin depolymerization, possibly through disruption of
Racl (REHBERG et al. 2005). Consistent with these
results, a C. elegans study has shown that lis-/ and dhc-1
mutants are defective in germline cell corpse engulf-
ment (BUTTNER et al. 2007). Although the molecular
basis of these engulfment defects was not investigated,
the data suggested that corpse engulfment is dynein
dependent and likely required /lis-1 and dhc-1 for cargo
transport and/or changes in cytoskeletal dynamics
(BUTTNER et al. 2007). These hypotheses are particularly
relevant to our own findings, as one of three C. elegans
Racs, CED-10, is essential for corpse engulfment
(KINCHEN et al. 2005). It is possible that dynein and
LIS-1 cooperate with CED-10 and other Rac regulators
to mediate engulfment. However, it is unlikely that the
CED-10-dependent mechanism, which is necessary for
engulfment, is the same one responsible for neuronal
synchronization and dynein-mediated GABAergic vesi-
cle transport. Indeed, null mutants of ced-2 and ced-5,
both of which are important regulators of CED-10 in
engulfment (ErLLis et al. 1991), exhibited wild-type
sensitivities to the GABA, receptor antagonist PTZ
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(Table 1). Thus, a unique and perhaps uncharacterized
set of Rac regulators could govern Rac and dynein
activity in adult GABAergic neurons.

Perturbations of inhibitory GABA transmission can
promote epileptic activity in a wide range of model
systems, including rodents (DELOREY et al. 1998), zebra-
fish (BARABAN et al. 2005), Drosophila (PAVLIDIS et al.
1994; GuaN et al. 2005), and C. elegans (WILLIAMS et al.
2004). These studies underscore the utility of both
mammalian and non-mammalian models to reveal
cellular effectors of neuronal activity (LOCKE et al.
2009). Accordingly, several reports from a variety of
animal models further implicate members of a Rac-
signaling pathway in seizures and epilepsy. Orthologs of
dhe-1, lis-1, the functionally redundant Racs and Paks,
ina-1, mig-15, unc-73, bicd-1, and pes-7 are all expressed in
GABA-enriched regions of the adult mouse brain (LEIN
et al. 2007). In addition, limbic seizures have been
shown to resultin increased expression levels of integrin
B 1 (PINKSTAFF et al. 1998) and NIK (ARION et al. 2006),
while integrins have been shown to modulate long-term
potentiation in a mature hippocampus (CHAN et al.
2006; HUANG et al. 2006). Seizure-like activity in Dro-
sophila has also been shown to induce a-integrin and
trio expression and to downregulate a Rac-GAP (Guan
et al. 2005). Together with our own findings, these data
strongly suggest the plausibility of an evolutionarily
conserved network of cytoskeletal regulators that co-
operate in the maintenance of a GABA-dependent
seizure threshold.
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ina-1(gm144)

unc-25(e156) mig-2(gm103)

mig-15(rh1 48_)_ unc-73(e936)

egl-10(md176)

FIGURE S1.—Still frame images demonstrating C. elegans mutant strains with anterior convulsions in response to PTZ. The still
images are representative frames from movies (25 frames per second), which are available in Supplementary Material. The black
lines represent stationary reference points for visualization of anterior movements in relation to time (indicated in s5). Anterior is to
the left in all images, where lines are placed perpendicular to the original position of each worm’s nose. The convulsions of a
GABA mutant, unc-25(e156), mimic those of a Rac gain-of-function mutant, mig-2(gm103), and the Rac regulator mutants, ina-
1(gm144), mig-15(rh148), and unc-75(936). A G protein signaling mutant, ¢gl-10(md176), which is deficient in general
neurotransmitter release, also exhibits anterior convulsions on PTZ. Bar = 100 mm.
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FIGURE S2.—Results from pharmacological and behavioral assays are inconsistent with a role for Rac GTPases and Rac
regulators in heterotrimeric G protein signaling. (A-B) The response level (percent young adult worms paralyzed per total sample
size; n=30 for each of three independent experiments) of various C. elegans strains is depicted for each 30-min. time point in three
hours of exposure to 0.5 mM aldicarb (A) and each PTZ concentration, ranging from 0 to 10 mg/ml (B). Results from control
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strains (shown collectively in black) are repeated from Figure 1 (B) and Figure 3 (A) for convenience. (A) Paralysis of a predicted
null goa-1 mutant, sa754 (dark gray circles), which fails to inhibit excitatory cholinergic transmission at C. elegans neuromuscular
junctions, was greatest. Similar aldicarb sensitivity was also observed for dgk-1(nu62) If mutants (green circles), which are also
characterized by excess levels of excitatory acetylcholine (ACh) transmission, as well as a strong GABA mutant, unc-25(e156)
(black diamonds). Conversely, If mutants for genes, which antagonize signaling through goa-1 and dgk-1, exhibited resistance to
aldicarb (blue and light gray circles); these mutants demonstrated similar aldicarb sensitivities as 7ab-3(y251) mutants (black
circles), which are deficient in general synaptic transmission. Trends in aldicarb sensitivity are shown with pale yellow shading. (B)
Despite similar sensitivities to aldicarb as a representative GABA mutant, goa-1(sa734) and dgk-1(nu62) mutants (collectively
shown by light gray circles) did not exhibit PTZ-induced anterior convulsions, like unc-25(el156) (black diamonds) and rab-3(»251)
(black circles). However, egl-8(md1971) (blue circles) and egl-10(md176) (dark gray circles) did exhibit PTZ-induced anterior
convulsions. Each data point represents mean + mean of standard deviations. Each data point represents mean * standard
deviation. (C) The number of thrashes per minute for one-day old adult worms (n=30) are shown. A mutant with excess ACh
transmission, goa-1(sa734), thrashes at a wild type (W) rate. Yet, Rac signaling pathway mutants, including ced-10(n3246), mig-
2(gm103), ina-1(gm144), and mig-15(rh148) mutants, like a representative general synaptic transmission, 7ab-3(»251), and GABA,
unc-25(e156), mutants, thrash at significantly slower rates than N2 WT worms. Each data point represents mean * standard
deviation. *p < 0.05; Student’s t-test.
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FIGURE S3.—Rac GTPase and canonical Rac regulator mutants exhibit synaptic vesicle misaccumulations and some
architectural breaks in GABAergic DD motor neurons. The percentage of axonal GFP gaps (percent worms with gaps per total
sample size; n=30 for each of three independent experiments) in GABAergic D-type motor neurons of dorsal nerve cords (DNCis)
of young adult hermaphrodites in various C. elegans strains is depicted. Soluble GFP expression showed no significant architectural
breaks in the DNC axons of wild type (W'T), ced-10(n3246), or ina-1(gm39) young adult oxIs12 (P-47::GFP) worms (light gray
bars). However, mig-2(gm103), ina-1(gm144), mig-15(rh148), unc-73(e936), and unc-73(rh40) mutants had significant percentages of
soluble GFP gaps in young adult GABAergic Dtype motor neurons of the DNC, indicating architectural abnormalities.
GABAergic neuron-specific expression of a synaptobrevin-1 (SNB-1) and GFP translational fusion protein in young adult
GABAergic D-type motor neurons revealed significant percentages of synaptic vesicle misaccumulations, as demonstrated by
axonal SNB-1::GFP gaps, in all Rac signaling mutants tested (dark gray bars). Architectural defects in the DNCis of mig-15(rh148)
and unc-73(rh40) mutants could not be separated from synaptic vesicle transport defects. Each data point represents mean + mean
of standard deviations. *p < 0.05; Fisher’s Exact Test. Asterisks for Py,-25::SNB-1::GFP data indicate significant differences in
percentages of axonal GFP gaps, compared to the WT juls! background and P,.47::GFP data for the same mutant, suggesting
that synaptic vesicle transport defects (SNB-1::GFP gaps) occur independently of architectural defects (soluble GFP gaps). Red
outlines around bars, which represent Py, +7::GFP, indicate that percentages of axonal GI'P gaps are significantly different from
the WT ox/s12 background. Red outlines around bars, which represent Py,.-25:SNB-1::GFP, indicate that percentages of axonal
GFP gaps are significantly different from the WT juls! background, but are not significantly different from an oxfs/2-bearing Rac
signaling pathway mutant, which carries the same allele. The ced-10(n3246) mutants with juls! are heterozygous for the dominant
n3246 allele, while ced-10(n3246) mutants with ox/s12 are homozygous for the dominant n3246 allele.
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FIGURE S4.—Lactose-induced RNAIi feeding against canonical Rac signaling pathway members results in synaptic vesicle
misaccumulations, but not architectural breaks, in GABAergic D-type motor neurons of dorsal nerve cords. The percentage of
axonal GFP gaps (percent young adult worms with gaps per total sample size; n=30 for each of three to five independent
experiments) in GABAergic D-type motor neurons of dorsal nerve cords (DNCs) of various RNAI treatments is depicted. Soluble
GFP expression showed no architectural breaks in the DNC axons of young adult 0x/5s12 (Pyy.47::GFP) worms with mock (a-
synuclein) RNAi or RNAi against Rac signaling pathway members (light gray bars). Yet, RNAi against most Rac signaling
pathway members resulted in misaccumulated synaptic vesicles, as revealed by gaps in GABAergic neuron-specific expression of a
synaptobrevin-1 (SNB-1) and GFP translational fusion protein (dark gray bars). Despite not significantly disrupting SNB-1::GIFP
localization in ventral nerve cords (VNCs) (see Figure 5) of young adults, mig-15(RNA) yielded SNB-1::GFP misaccumulations in
young adult DNCis. Conversely, pes-7(RNAI) did not significantly disrupt SNB-1::GFP localization in DNCis, despite affecting
VNCs (see Figure 5). Combinatorial RNAi was used against two of three triply redundant Racs, ced-10 and rac-2. Results from
mock RNAIi against ox/s/2 worms were used to standardize other results with ox/s12 worms. Likewise, results from mock RNAi
against juls1 (Py,-25::SNB-1::GFP) worms were used to standardize other results with juls/ worms. Each data point represents
mean * mean of standard deviations. *p < 0.05; Fisher’s Exact Test.
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FIGURE S5.—Lactose-induced RNAi feeding in parental generations, instead of first generation progeny, further suggests a
post-developmental role for a Rac signaling pathway in dynein-mediated GABAergic synaptic vesicle transport. The percentage
of axonal GFP gaps (percent young adult worms with gaps per total sample size; n=30 for each of three independent experiments)
in GABAergic D-type motor neurons of ventral nerve cords (VNCs) of various RNAIi treatments is depicted. Soluble GFP
expression showed no architectural breaks in the VNC axons of young adult ox/s72 (Py.47::GFP) worms with mock (a-synuclein)
RNAIi or RNAI against Rac signaling pathway members (light gray bars). Yet, RNAi against Rac signaling pathway members,
except for combinatorial RNAi against two PAK orthologs, pak-1 and max-2, resulted in misaccumulated synaptic vesicles, as
revealed by gaps in GABAergic neuron-specific expression of a synaptobrevin-1 (SNB-1) and GFP translational fusion protein
(dark gray bars). Despite not significantly disrupting SNB-1::GFP localization in VNCs of young adults (see Figure 5), mig-
I15(RNAI) yielded SNB-1::GFP misaccumulations in VNCs of L1 larvae. Combinatorial RNAi was also used against two of three
triply redundant Racs, ced-70 and rac-2. Results from mock RNAI against ox/s/2 worms were used to standardize other results
with ox/512 worms. Likewise, results from mock RNAi against juls1 (Py-25:SNB-1::GFP) worms were used to standardize other
results with juls/ worms. Each data point represents mean £ mean of standard deviations. *p < 0.05; Fisher’s Exact Test.
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FILE S1

Supporting Methods and Materials

Rescue of ina-1:

An ina-1 cDNA (F54G8.3) was made by RT-PCR from total N2 RNA samples. Primers used for ina-/ cDNA isolation were
Primer 1: 5' gg-gac-tac-aag-gac-gac-gat-gac-aag-atg-cgt-gaa-tgt-ata-att-agc 3” and Primer 2: 5' gg-cta-aag-tcc-cgt-atc-age-cc 3'. A
Gateway entry vector was generated by using Gateway recombination cloning (Invitrogen) to insert the ina-/ cDNA into
pDONR221 via BP reaction. The sequence verified ina-1 cDNA was shuttled into a Gateway destination vector, pDEST-UNC-
47, via an LR reaction. The pDEST-UNC-47 destination vector was generated by cloning an unc-47 promoter (Williams et al.
2004) into pDEST-UNC-54 (Hamamichi et al. 2008) after removing the unc-54 promoter at the HindIII and Kpnl sites. Two
independent transgenic (T'g) Pyy.-¢7::tna-1 lines were generated by microinjecting pDEST-UNC-47-ina-1 and an intestinal GFP
marker, Py 7::gfp, into wild type (N2) young adult hermaphrodites at a concentration of 100 ng/pL. Genetic crosses were done by
first crossing N2 males to Py 47::ina-1 hermaphrodites, verified by intestinal GFP expression. Tg male offspring were then crossed
with hermaphrodites of target mutant strains. GFP-positive progeny from these crosses were tested for homozygosity of the target

gene by uncoordination, PTZ-induced convulsions, and thrashing, consistent with homozygosity of non-T'g mutants.

Fluorescence Microscopy:

To observe possible alterations in GABAergic D-type motor neuron architecture, ox/s/2 males were crossed with hermaphrodites
from strains carrying ced-10(n3246), ina-1(gm39), ma-1(gml144), mig-2(gm103), mig-15(rh148), unc-73(€936), or unc-73(rh40). After
homozygosing for ox/s/2 and a mutation of interest, young adult hermaphrodites were examined for proper axon pathfinding
along the full lengths of the ventral and dorsal nerve cords, whereas L1 larvae hermaphrodites were examined for proper axon
pathfinding along the full length of the ventral nerve cord (Knobel et al. 2001). Both mig-2(gm103) and mig-15(rh148) mutants with
oxIs12 were generated by meiotic recombination, as previously described (Poinat ez al. 2002) and selected based upon
uncoordination and hypersensitivity to aldicarb and/or PTZ.

To score synaptic vesicle distribution defects in GABAergic D-type motor neurons of mutant strains of interest, juls/
males were crossed with hermaphrodites from strains carrying ced-10(n3246), ina-1(gm39), ina-1(gm144), mig-2(gm103), mig-
15(rh148), unc-73(€936), or unc-73(rh40). After homozygosing for juls! and a mutation of interest, except for ced-10(n3246), young
adult hermaphrodites were assayed for SNB-1::GFP accumulation along the full lengths of the ventral and dorsal nerve cords,
whereas L1 larvae hermaphrodites were assayed for SNB-1::GFP accumulation along the full lengths of the ventral nerve cord.
SNB-1::GFP misaccumulations associated with CED-10 were scored with ced-10(n5246) heterozygotes, due to a failure to isolate
homozygotes with juls/ and dominance from 73246 (Yang et al. 2006). Architectural defects and synaptic vesicle distribution

defects were also examined, as previously described, following lactose-induced RNAI feeding against ox/5s/2 and juls!
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hermaphrodites, respectively. The average ventral nerve cord gap sizes for young adult and L1 worms were obtained by
capturing images with a Photometrics Cool Snap CCD camera driven by MetaMorph software (Universal Imaging). Ten images
from ten worms of each strain were captured for analysis. Gaps in SNB-1::GFP expression were then measured with MetaMorph.
For all fluorescence microscope assays, young adult hermaphrodites were mounted in 3 mM levamisole on 2% agarose pads and
observed with a Nikon Eclipse E600 epifluorescence microscope with DIC optics and Endow GFP HYQ and UV-2E/C DAPI
filter cubes (Chroma, Inc.). All analyses were made at 400X-600X magnification for young adult worms and 1000X

magnification for L1 larvae.

RNA interference:

Lactose-induced RNA interference (RNAI) by bacterial feeding was performed as previously described (Locke et al. 2006), except
that NGM with 0.25% lactose was used. RNAI feeding against hermaphroditic parents (supporting Figure 5), in addition to first
generation offspring (Figure 5), was employed for fluorescence microscopy of young adult ventral nerve cords. The L4440 dsRNA
production vectors for all RNAi experiments, except for a-synuclein (a-syn), a mock RNAi control, were obtained from a C.
elegans RNAI library (MRC, Cambridge, UK) (Kamath et al. 2003). Experiments with a-syn (RNAi) were performed after
Gateway recombination cloning of a-syn cDNA into a Gateway-converted L4440 plasmid. Primers used for a-syn cDNA
production were Primer 1: 5' ggg-gac-aag-ttt-gta-caa-aaa-agc-agg-cta-cat-gga-cgt-gtt-cat-gaa-ggg-c 3’ and Primer 2: 5' ggg-gac-

cac-ttt-gta-caa-gaa-agc-tgg-gte-tta-ggce-ttc-agg-tte-gta-gte-ttg 3'.

SUPPORTING REFERENCES
Hamamichi, S., R. N. Rivas, A. L. Knight, S. Cao, K. A. Caldwell, and G. A. Caldwell, 2008 Hypothesis-based RNAI screening

identifies neuroprotective genes in a Parkinson’s disease model. Proc. Natl. Acad. Sci. U S A 105: 728-733.
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FILEs §2-S10

Supporting Videos

Files S2-S10 are available for download as .mov files at http://www.genetics.org/cgi/content/full/genetics.109.106880/DCI1.

File S2: Representative GABA mutant with anterior convulsions in response to 10 mg/ml PTZ. The strong mutant, unc-
25(el156), is deficient in GABA synthesis and displays PTZ-induced anterior convulsions. This movie is representative of the
behavioral responses to PTZ from all GABA mutant strains upon exposure to PTZ.

File S3: Rac GTPase, ced-10, mutant with anterior convulsions in response to 10 mg/ml PTZ. The Rac gain-of-function mutant,
ced-10(n3246), exhibits PTZ-induced anterior convulsions. This behavioral response is reminiscent of GABA mutant convulsions.

File S4: Rac GTPase, mig-2, mutant with anterior convulsions in response to 10 mg/ml PTZ. The Rac gain-of-function mutant,
mig-2(gm103), exhibits PTZ-induced anterior convulsions. This behavioral response is reminiscent of GABA mutant convulsions.

File S5: Rac GTPase regulator mutant, ina-1, with anterior convulsions in response to 10 mg/ml PTZ. The Rac regulator
mutant, ia-1(gm39), is deficient in integrin activation and displays PTZ-induced anterior convulsions. This behavioral response
mimics those of Rac gain-of-function and GABA mutants in the presence of PTZ.

File S6: Rac GTPase regulator mutant, mig-15, with anterior convulsions in response to 10 mg/ml PTZ. The Rac regulator
mutant, mig-15(1h80), is deficient in integrin-mediated kinase activity and displays PTZ-induced anterior convulsions. This
behavioral response mimics those of Rac gain-of-function and GABA mutants in the presence of PTZ.

File S7: Rac GTPase regulator mutant, unc-73, with anterior convulsions in response to 10 mg/ml PTZ. The Rac regulator
mutant, unc-73(956), fails to activate redundant Racs and demonstrates PTZ-induced anterior convulsions. This behavioral
response is reminiscent of Rac gain-of-function and GABA mutant convulsions.

File S8: Representative general synaptic transmission mutant with anterior convulsions in response to 10 mg/ml PTZ. The
mutant, 7ab-3(»251), is deficient in synaptic vesicle targeting and, as a result, general synaptic transmission. This mutant exhibits
PTZ-induced anterior convulsions that are reminiscent of Rac gain-of-function and GABA mutant convulsions. This movie is
representative of the behavioral responses to PTZ from other general synaptic transmission mutant strains upon exposure to
PTZ.

File S9: Triple glutamate-gated chloride channel mutant with anterior convulsions in response to 10 mg/ml PTZ. A triple
glutamate-gated chloride channel mutant [avr-14(ad1502); avr-15(ad1051) gle-1(pk54)] is deficient in inhibitory glutamate
transmission at the nerve ring and demonstrates PTZ-induced anterior convulsions. This behavioral response is reminiscent of
Rac gain-of-function and GABA mutant convulsions, but is less frequent and intense.

File S10: Heterotrimeric G protein signaling mutant, egl-10, with anterior convulsions in response to 10 mg/ml PTZ. The
heterotrimeric G protein signaling mutant, ¢gl-10(md176), is deficient in neurotransmitter release and demonstrates PTZ-induced
anterior convulsions. This behavioral response is reminiscent of Rac gain-of-function and GABA mutant convulsions, despite
conflicting responses to aldicarb.
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TABLE S1

C. elegans SNB-1::GFP Axonal Gap Quantifications

L1 interpunctal gap

Adult interpunctal gap

Gene name  Allele name L1 gap number Adult gap number
width (um) width (um)

mig-2 gml03 9.7+£2.0 1.0£0.0 28.2+7.5 1.7£0.7

ina-1 gml44 9.0+ 1.9 1.3+0.5 23.4+11.7 1.7+ 0.7

mig-15 rhi148 10.1 £1.8 1.0+ 0.0 252+6.7 1.2+04

unc-73 e936 8.8+25 1.0+0.0 31.3+8.1 1.4+0.7

unc-73 rh40 8.4+2.0 1.0+0.0 27.6+8.4 1.3+05




