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DISCOVER SOMETHING GREAT

Kinesin-2 Differentially Regulates the Anterograde
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ABSTRACT: Choline acetyltransferase (ChAT)
and acetylcholinesterase (AChE) are involved in acetyl-
choline synthesis and degradation at pre- and postsy-
naptic compartments, respectively. Here we show that
their anterograde transport in Drosophila larval gan-
glion is microtubule-dependent and occurs in two dif-
ferent time profiles. AChE transport is constitutive
while that of ChAT occurs in a brief pulse during third
instar larva stage. Mutations in the Kinesin-2 motor
subunit Klp64D and separate siRNA-mediated knock-
outs of all the three kinesin-2 subunits disrupt the
ChAT and AChE transports, and these antigens accu-
mulate in discrete nonoverlapping punctae in neuronal

cell bodies and axons. Quantification analysis further
showed that mutations in Kip64D could independently
affect the anterograde transport of AChE even before
that of ChAT. Finally, ChAT and AChE were coimmu-
noprecipitated with the kinesin-2 subunits but not with
each other. Altogether, these suggest that Kinesin-2
independently transports AChE and ChAT within the
same axon. It also implies that cargo availability could
regulate the rate and frequency of transports by kine-
sin motors. © 2006 Wiley Periodicals, Inc. J Neurobiol 66: 378—
392, 2006
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INTRODUCTION

Choline acetyltransferase (ChAT) and vesicular acetyl-
choline transporter (VAChHT) are required for the syn-
thesis and packaging of acetylcholine at the presynaptic
compartment, and acetylcholinesterase (AChE), which
is present at the postsynaptic membrane, hydrolyzes it
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(Parsons et al., 1993 for review). Genetic and pharma-
cological studies showed that block in ChAT, AChE,
or VAChT activity by either mutations or antagonist
treatments causes synaptic malfunctioning and paraly-
sis in worms, insects, and humans (Engel et al., 1999;
Kitamoto et al., 2000; Ohno et al., 2001; Suzuki et al.,
2001). Experimental evidence also indicates that rela-
tive neuronal levels of these three enzymes are actively
coregulated. For instance, the over-expression of AChE
in mouse neurons elevates the levels of ChAT in these
cells (Andres et al., 1997). The ChAT and VAChT
gene-expressions are regulated by common upstream
elements in Drosophila (Kitamoto et al., 1998) and in
several other organisms (Berse and Blusztajn, 1995;
Cervini et al., 1995; Oosawa et al., 1999).

Because all these enzymes are made at the neuro-
nal cell body and localized at the synaptic terminals,



which in some cases could be several meters away,
the anterograde axonal transport (AT) by microtu-
bule-dependent motor proteins could play an impor-
tant role in maintaining their proportional balance at
the synapse. Independent studies have shown that
AChE is transported bidirectionally while ChAT is
mainly transported in the anterograde direction. The
anterograde transport rate of AChE is nearly 10-fold
faster than that of ChAT (Di Giamberardino and Cou-
raud, 1978; Wooten and Cheng, 1980) and it requires
microtubules (Kasa, 1968). However, the underlying
mechanisms of their transports remain unknown.

Kinesin-2 is a member of the kinesin superfamily
of microtubule-dependent motor proteins. It is a het-
erotrimeric complex of two motor subunits and a non-
motor accessory protein involved in anterograde
intraflagellar transport (IFT), which maintains the
cilia and flagella in several different cells (Sarpal
et al.,, 2003; Rosenbaum and Whitman, 2002, for
review). The motor subunits of kinesin-2 are also
implicated in the AT in mouse and Drosophila
(Yamazaki et al., 1995; Yang and Goldstein, 1998;
Ray et al.,, 1999). The kinesin-like protein 64D
(Klp64D) loci of Drosophila codes for a protein
homologous to the kinesin-2 motor subunit KIF3A,
and it expresses at a higher level in cholinergic neu-
rons (Ray et al., 1999; Sarpal and Ray, 2002). Muta-
tions in Kilp64D cause selective accumulation of
ChAT in axons (Ray et al., 1999) while KIF3A was
shown to associate with small (=50 nm) lipid-bound
vesicles in sciatic nerve axons (Kondo et al., 1994).
Although not quite explicitly demonstrated, this evi-
dence indicates that kinesin-2 could be involved in
anterograde AT of acetylcholine synthesis and recy-
cling enzymes. Hence, this provided an opportunity
to probe further the mechanisms of axonal transport
of ChAT and AChE and to identify the role of kine-
sin-2 in these processes by using genetic analysis in
Drosophila.

Here we present evidence to suggest that kinesin-2
subunits are involved in the AT of the acetylcholine
synthesis and recycling enzymes in Drosophila. We
have designed an assay to study the relative AT pro-
files of various presynaptic antigens in larval ventral
ganglion and used it to analyze the roles of microtu-
bule and kinesin-2 subunits in the anterograde trans-
port of ChAT and AChE. Details of the experimental
results and their implications are discussed below.

MATERIALS AND METHODS

Descriptions of all the fly stocks if otherwise not mentioned
in this article are available in the fly-base (http://www.
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flybase.org), or in Lindsley and Zimm (1992). Kip64D"!
and KIp64D* are amorphic alleles of KIp64D (Ray et al.,
1999). Kip64D* contains a stop codon at the thirteenth
amino acid position in the predicted ORF while Kip64D*
contains a missense mutation converting the 551 Glu to
Lys. The UAS-KLP64D transgene contains the full length
ORF as well as 435 base pairs upstream of the Kip64D
gene. The transgene alone rescues the lethality of Kip64D
alleles to a certain extent (Ray et al., 1999; S. Chavan and
K. Ray, unpublished observation).

Immunostaining

Larvae were dissected in 4% formaldehyde in phosphate
buffered saline (PBS; Sambrook et al., 1986) and fixed for
15-30 min in the same solution. Next, they were rinsed in
PBS with 0.3% Triton X-100 (PTX) and incubated in pri-
mary antibody solution for 1 h, followed by washes in PTX
with several changes, and further incubation in fluores-
cently conjugated secondary antibody solution in PTX for
1 h. Then the specimens were washed in PTX and mounted
under a cover glass with a drop of Vectashield (Vector Labs
Inc., USA). All images were collected using a Bio-Rad
Radiance 2100 LSCM with identical laser power and detec-
tor settings and further processed using ImageJ (http://
rsb.info.nih.gov/ij/) and Adobe PhotoShop. We used
MADb4B1 at 1:1000 for ChAT (Takagawa and Salvatera,
1996), rabbit anti-Ace at 1:1000 for AChE (Incardona and
Rosenberry, 1996), purified rabbit anti-VAChT (Kitamoto
et al., 2000) at 1:200, both the mouse MAbs for anti-CSP
(Zinsmaier et al., 1994), and anti-Syx at 1:20 and rabbit
antisynaptotagmin (Littleton et al., 1998) at 1:500. All the
fluorescently conjugated secondary antibodies were raised
in donkey and obtained from Jackson Research Labs, Inc.
(USA).

dsRNA Treatments

dsRNA treatments were performed as per the protocols
described by Eaton et al. (2002). In brief, approximately
600 bp long double stranded DNA fragments were PCR
amplified from the fly genomic DNA by using primers spe-
cific to KLP64D, KLP68D, and DmKAP (Table 1). A
26 base pair T7 promoter element (5-TAATACGAC-
TCACTATAGGGAGACCAC-3’) was attached to the 5’
ends of both the forward and reverse primers. The double
stranded RNA fragments were then generated from the
PCR amplified DNA by using the superscript T7 RNA
polymerase kit (Roche Diagnostics GmbH). dsGFP was
prepared from a bacterial plasmid containing the GFP cod-
ing sequence. Embryos were collected after 30 min of egg
laying, incubated for 16 h at RT, and then soaked for 24 h
in 1% sucrose solutions containing 5 mM dsRNA. The lar-
vae hatched during this period were transferred to fresh
vials and grown until the late third instar stage (84-90 h
AEL), then dissected and stained using the protocol as
described above.
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Table 1 Primers for PCR Amplification of Specific DNA Fragments, Used for dsRNA Preparation

Gene T7+Forward (5'-3") T7+Reverse (5'-3") Position (cDNA)
Klp64D GAAAAGGAGGAACTGGCC TCGCCTGGCAGTCGTCGG 1302-2031
Kip68D GAGCTCGAGATGGCTCAG TTTGTTGACCAGGCCGCG 1680-2355
DmKAP CTGATCAAGAGTCAGATCC CGTTTGCGTGAACATGCC 1021-1664
GFP ATGGTGAGCAAGGGCGAG TTACTTGTACAGCTCGTC 0-720

T7 promoter sequence-5'-TAATACGACTCACTATAGGGAGACCAC-3’

Drug Treatments of Larval Brain

Embryos were collected after 2 h of egg laying and aged
until 72 or 90 h in a 25°C incubator. After this, the larval
brains were dissected in Schneider’s Drosophila Media
(GIBCO BRL, Invitrogen Corp., USA) containing inacti-
vated FCS (Sigma Chemicals Co. USA), transferred to a
fresh drop of the same media containing either 0.03%
DMSO, 5 puM vinblastine (dissolved in DMSO), or 5 uM
colchicine, and incubated at room temperature or at 15¢C
for a predetermined period. Then they were fixed and
immunostained as described above.

Image Analysis

For the measurement of AT index of different presynaptic
antigens, the brains of precisely aged larvae were dissected
and processed together in a single batch, as per the above
descriptions. The last six abdominal segments of the ventral
ganglion were imaged from all the specimens for the ratio-
metric estimation. Multiple optical sections were collected
using a 40X/NA 1.3 oil objective (Nikon Corp., Japan),
which was fitted in a Nikon eclipse TE300 inverted micro-
scope, and through a Radiance 2100 LSCM scan head. To
avoid over sampling, the Z-step was set to 1 um and every
alternate section of an image stack was selected for meas-
urement. The system was automated by using a macro in
Imagel (http://rsb.info.nih.gov/ij) to randomly place a 25 X
25-pixel box in the selected region of the image and the
mean intensity levels were measured in an 8-bit scale (0-255
levels). The average of many such measurements from an
entire brain specimen was estimated as a single data point.
Disruption of anterograde AT is expected to increase the
average staining intensity, /¢ [Fig. 2(A)], due to excessive
retention of the antigen in the cell body and axons. A simul-
taneous disruption of the retrograde transport would not
change the Iy [Fig. 2(A)]; in some cases, however, it may
decrease due to normal degradation. As a result, the Iy — I¢
would reduce even further whereas the Iy + I~ would re-
main unaltered, or increased to a certain extent. Therefore,
to compare differences amongst different specimens, a nor-
malized AT index was estimated for each specimen using
the formula (Iy — I¢)/(Iy + Ic). In addition, the Iy and I~
values of certain antigens could be altered by selective turn-
over and/or synthesis defects, and this would also alter the
AT index. The average AT indices with error bars depicting
+SD were plotted, and significance between two data sets
was calculated according to the Mann-Whitney two-tailed
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tests of significance and by using the GraphPad InStat
V3.05 (GraphPad Software Inc.) data analysis package.

Immunoprecipitation Assay

About 50 isolated fly heads were homogenized on ice in
150 pL lysis buffer containing 20 mM HEPES (pH 7.4),
150 mM NaCL, 5 mM MgSOy, 5 mM EGTA, 1 mM PMSF,
and protease inhibitor cocktail and centrifuged at 13,000x g
for 30 min. The supernatant was incubated with appropriate
antiserum (1/10 vol) for 1 h and then for another hour with
30 pL of proteinA sepharose beads on a rocker. The beads
were washed with large volumes of lysis buffer, boiled in
sample loading buffer, and then the extracts were separated
by 10% SDS PAGE, transferred to PVDF membrane, and
probed by different antisera. Westerns were developed by
using ECL chemiluminescence detection kit (GE Health-
care Ltd.). The KLP64D and DmKAP specific antisera were
raised by immunizing female rats with purified GST-
KLP64D stalk-tail and GST-DmKAPN400 fragments,
respectively. Specificity and titer of these antisera were
tested by ELISA against the purified KLP64D stalk-tail and
N-400 fragment of DmKAP, respectively.

RESULTS

Drosophila brain develops from a fixed set of primary
glia and neuronal lineages generated from the stem-
cell-like divisions of neuroblasts. The first wave of
neuroblast proliferation occurs at the early embryonic
stages and this leads to the formation of larval brain
[Fig. 1(A)]. After a phase of mitotic dormancy, neu-
roblasts become active again at the first instar larva
stage and give rise to a second set of neuronal and
glial lineages, which makes the adult ganglion during
metamorphosis (Truman and Bate, 1988; Ito and
Hotta, 1992). The neuroblast proliferation and differ-
entiation generates a concentrically organized gan-
glionic brain [Fig. 1(B,C)], comprised of a central
neuropil formed by neuronal processes and synapses,
surrounded by an outer cortex of neuronal and glial
cell bodies (Strausfeld, 1976). The cortical as well as
the sensory neurons project to the ventral neuropil in
a segment-specific manner [Fig. 1(C)].
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Figure 1 Localization of ChAT, AChE, and other presynaptic antigens in larval ventral ganglion
and segmental nerve axons. (A—C) Schematic representation of the lateral (A) and dorsal (B) views
of a larval brain. Grey area indicates the neuropil, which contains neurites and synapses. Ventral
ganglion (VG) is laterally symmetric, which receives afferent axonal projections from sensory neu-
rons (B) and from the cortical neurons of the brain (C). Box in (B) indicates the area used for this
study. (D-F) ChAT (green) and AChE (red) localization in wild-type VG shown at different magni-
fications as indicated by scale bars on the figures. Cholinergic neurons, marked by cytoplasmic
GFP expression, are shown in blue. (E) The arrow indicates a cholinergic cell body at the cortex
and the arrowhead indicates synaptic bulbs at the neuropil. (F) ChAT (arrow) and AChE (arrow-
head) localization at a typical presynaptic bulb. (G,H) ChAT (blue) and VAChHT (red) colocalize at
the synaptic bulbs (arrows) in VG. (I) ChAT (green) also colocalizes with synaptotagmin (Syt, red)
at the synaptic terminals.

The morphological and functional differentiation
of the secondary neurons is delayed (Truman, 1990).
Though the axonal processes of these neurons pene-
trate the cortex, they halt at the cortex-neuropil bor-
der until the beginning of metamorphosis (Truman

et al., 1994). However, the neuropil volume increases
after every molt, indicating that the existing processes
increase their arborization during this period. The
overall neuropil volume and synaptic density in the
thoracic and abdominal segments of the ventral gan-
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glion remain unchanged during the third larval instar
between 72 and 96 h after egg laying (AEL). There-
fore, we chose this period for our analysis.

ChAT, AChE, and VAChKT are expressed in the
same presynaptic neuron in Drosophila (Zador and
Budai, 1994; Kitamoto et al., 2000). Immunostaining
wild-type larval brain revealed that most of the ChAT
and AChE antigens localize in the neuropil region
[Fig. 1(D,E)] at the third instar stage. Further analysis
revealed that these two antigens are enriched in mutu-
ally exclusive domains at the neuropil [Fig. 1(F)].
On the other hand, the VAChT antigen colocalized
with ChAT within the presynaptic bulbs [arrows,
Fig. 1(H)]. ChAT staining in the presynaptic bulbs
also overlapped with that of synaptotagmin [arrows,
Fig. 1(I)] and cystein string protein (CSP) (data not
shown), indicating that these two antigens are also
present in the presynaptic compartments of choliner-
gic neurons.

Anterograde Transports of ChAT and
AChE Require Microtubules

To assess the role of microtubules in the AT of ChAT
and AChE in Drosophila, we treated isolated larval
brain with microtubule destabilizing agents in tissue
culture media. Previous studies showed that treatments
with low dosage of vinblastine affect the microtubule-
dependent ATs in isolated neurons (Francis et al.,
2005). In addition, colchicine treatment was shown to
block anterograde transport of ChAT in Aplysia
neurons (Koike et al., 1989) and AChE-containing
vesicles were found to associate with microtubules in
the axons of mammalian neurons (Kasa, 1968).

Increased accumulations of ChAT and AChE were
observed within 2 h of 5 puM vinblastine [arrows,
Fig. 2(B,E)] and 5 uM colchicine [arrows, Fig. 2(C,F)]
treatments, respectively. These were found in the corti-
cal region as well as at the margins of the neuropil,
which is largely populated by neurites (arrowheads,
Fig. 2). The control specimens, treated with 0.03%
DMSO, showed no such defect. The cortical accumu-
lations of both ChAT and AChE progressively
increased with the treatment time [Fig. 2(G)]. Inter-
estingly, the AChE accumulations occurred at a rate
faster than that of ChAT. This was more prominent in
the 72 h AEL brain specimens [Fig. 2(H)], in which
AChE accumulated in the axons [arrows, Fig. 2(H)]
and cortex [arrowheads, Fig. 2(H)] before ChAT did.
This suggests that microtubule-dependent transports
play an important role in synaptic localizations of
ChAT and AChE in Drosophila and the latter is per-
haps transported at a faster rate.

Journal of Neurobiology. DOI 10.1002/neu

Quantification of ChAT and AChE
Transports in the Larval Brain

To establish further the inherent difference in the
transports of ChAT and AChE, we designed a quanti-
fication technique to arrive at an AT index from the
immunostained specimens [Fig. 3(A)]. It was de-
signed to highlight changes in the neuropil levels of
an antigen with respect to the cortex. For instance,
accumulation of an antigen in the cortex due to
abnormal transport as well as its depletion from the
neuropil/cortex due to altered stability or a lack of
transport would reduce the AT index. In addition, a
net rise in the neuropil levels of an antigen due to
increased anterograde transport would increase the
index. A constitutive turnover of an antigen would
not alter the index. However, the conjugated changes
in the neuropil and cortical levels, as it may happen
due to disruptions in the AT, would produce rela-
tively higher differences in the AT indices.

The AT indices of ChAT and AChE were altered
significantly within 2 h of both the vinblastine and
colchicine treatments [Fig. 3(B)]. However, with
respect to the DMSO control, the level of ATsche
reduction was about two-fold more than that of
ATcpat, indicating that the two antigens could be
transported at different rates. The possibility that such
changes occurred due to retractions of cholinergic
neurites from the neuropil was ruled out by measur-
ing the ATgpp values from the ChaGal4 UAS-GFP
larvae [Fig. 3(B)], which were not significantly
altered after the drug treatments. Expression of cyto-
plasmic GFP in the cholinergic neurons of these lar-
vae marked the cell bodies and neurites. Hence, a
possible retraction of neurites from neuropil after
the drug treatments would have reduced the ATggp
value.

Differential Transports of ChAT and AChE
during Third Instar Larva Stage

In Drosophila, ChAT mRNA is expressed for brief
durations during the first instar larva and the pupa
stage, and the enzyme activity was observed to peak
at 72 h AEL (Carbini et al., 1990). Therefore, it is
likely that a brief pulse of ChAT transport may take
place just preceding metamorphosis. Systematic
measurement of AT indices revealed that indeed the
ATcpat values increase steadily between 72 and 90 h
AEL [Fig. 3(C)], which confirmed that a net anterog-
rade flow of ChAT occurs during this period. In con-
trast, ATachg remained unaltered throughout this
period [Fig. 3(C)]. Previous analysis suggested that
AChE is transported bidirectionally at a faster rate
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Control Vinblastine Colchicine 15 min 2 hour

Figure 2 ChAT and AChE localization profiles in the larval brains after vinblastine and colchi-
cine treatments. (A—F) A part of the ventral ganglion stained with ChAT (A—C) and AChE (D-F)
antisera, respectively, after a 2 h treatment with 0.3% DMSO (A,D) as control, 5 M vinblastine
(B,E), and 5 uM colchicine (C, F), respectively. Gray levels (0-255) in individual pictures are
depicted in a false color scale as indicated at the right margin. Arrows indicate neuronal cell bodies
and arrowheads mark the boundary between the neuropil and cortex in all figures. (G) ChAT and
AChE accumulation in 90 h AEL larval brain after 5 yM vinblastine treatments of 15 min and 2 h
durations, respectively. Arrows indicate the segmental nerve, and the arrowheads indicate a neuro-
nal cell body at the cortex. (H) Ventral ganglia from 72 h AEL larvae stained with ChAT and
ACHhE antisera, respectively, after different periods of colchicine treatments as indicated at the top
of each column. Arrowheads indicate neuronal cell bodies and arrows mark the ectopic accumula-
tion of the antigens in axons. Note that AChE accumulates in the neuropil-cortex boundary as well
as in the segmental nerve before that of ChAT. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Figure 3 Axonal transport profiles of ChAT, AChE, and other presynaptic antigens. (A) Sche-
matic of the larval VG shows the positions of the sampling boxes. Mean intensity of staining was
calculated by randomly selecting 25 x 25 pixel area in the neuropil (marked N) and the cortical
regions (marked C) of the last five abdominal segments. It covered approximately 56 cubic ym vol-
ume in the specimen. (B) AT indices for GFP, ChAT, and AChE are calculated after 2 h of DMSO
(open bars), vinblastine (grey bars), and colchicine (solid bars) treatments, respectively. (C)
ATcpar (solid bars) and AT acpg (grey bars) variations during 72-90 h AEL period. (D,E) AT ache
(D) and ATcpat (E) levels after different periods of DMSO (control), 5 uM vinblastine, and 5 uM
colchicine treatments, respectively, of isolated 72 h AEL larval brains. (F) ATcpat and AT ache
profiles from 90 h AEL specimens after different durations of 5 uM colchicine treatments. (G) Sim-
ilar measurements were done after 5 M vinblastine treatments of 90 h AEL specimens at 15°C.
(H) The ATgy, changes due to 5 M colchicine treatments. (I) ATgpp levels after a similar set of
treatments as indicated in (D) and (E). Significance levels were tested with respect to the wild-type
values using two-tailed Mann-Whitney nonparametric test. Significant (*p < 0.01), very significant
(**p < 0.001) and not so significant (ns) differences are indicated on top of each bar or dot plots.
For all plots, error bars indicate =SD and »n values are indicated on each bar. For the data presented
in (D,E,F), the n values were >4. The actual significance values for the plots in (D) and (E) are
presented in Supplementary Table 1.

than ChAT. A typical fast AT occurs at an average neuropil. Because measurements were done at every
rate of 0.1-2 pm/s. At this rate, it will only take a few 6 h, they would not reveal transient changes in the
seconds to cover the distance between the cortex and ACHE levels. Nevertheless, this result suggested two
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distinct profiles of ChAT and AChE transports in the
larval neurons.

To assess this, we recorded the AT index variation
due to different extents of the drug treatments with
specimens isolated from 72 h AEL larvae. We found
that extended periods of DMSO treatment selectively
extract AChE from the cortex and improve antibody
penetration into the tissue. As a result, the ATsche
was progressively increased with the time of treat-
ment [Fig. 3(D)] while the ATcpaT Was enhanced at
all time points [Fig. 3(E)]. However, with colchicine
or vinblastine in the media, the AT scng Were rapidly
reduced during the first 30 min and then stabilized
[Fig. 3(D)], but the ATcpat Was only significantly
reduced after 2 h [Fig. 3(E)]. This suggested that
AChE is transported at a rapid rate even at 72 h AEL,
and the ChAT transport probably starts from 73 h
AEL. Interestingly, the proportional reduction of
AT acphg Within 1 h of the drug treatments was similar
to that of ATcpat reduction between 72 + 1 h and 72
+ 2 h AEL, indicating that the rates at which these
two are transported would be similar.

This was tested further by measuring AT indices
from the 90 h AEL brains. This revealed an almost
similar rate of decay for both ATschg and ATcpat
during the first 30 min [Fig. 3(F)], although the
AT achg appeared to equilibrate by 60 min while the
ATcpat appeared to decay at a slower rate. This dif-
ference became clearer when the same experiment
was performed at 15°C [Fig. 3(G)]. These results sug-
gest that at the peak of the ChAT transporting period,
both the ChAT and AChE are transported at similar
rates. It also established that AChE is constitutively
transported at a constant rate throughout the larval
stage. The difference in the rates only becomes appa-
rent when the accumulation is integrated for longer
durations as depicted in Fig. 3(B) above. Further-
more, the ATcphg curves equilibrated faster than the
ATcpat curve. This probably happened due to selec-
tive extraction of the antigen by DMSO in the media.
Alternatively, it could also be contributed to by a
rapid turnover of accumulating AChE in the cell
body. The current assay is inadequate to distinguish
between these two possibilities.

In addition, we found that treatments with micro-
tubule-destabilizing agents also changed the AT indi-
ces of syntaxin [Syx; Fig. 3(H)], in a manner different
from that of ATcpat and ATache. The ATGgp, how-
ever, showed no such changes with time [Fig. 3(1)].
Syx is known to be transported along with VAMP
and other t-SNARE complex proteins in the axons in
a microtubule-dependent manner (Shiff and Morel,
1997; Ahmari et al., 2000). Altogether, this estab-
lished that treatment with low doses of microtubule-
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destabilizing agents affects the microtubule-depend-
ent transport of proteins in the axons, and though both
ChAT and AChE are transported at a similar rate,
their profiles are different.

ChAT and AChE Accumulate in Neuronal
Cell Bodies and Axons in Kip64D Larvae

Mutation in Klp64D was shown to increase the accu-
mulation of ChAT in the segmental nerve axons (Ray
et al., 1999). We further found that in Klp64D homo-
zygous larvae (both £/ and k5 alleles), the AChE
staining was reduced at the neuropil [Fig. 4(A)] and
appeared in the cell bodies [arrowheads, Fig. 4(B)]
and neurites [arrow, Fig. 4(C)]. It was present in
punctate structures at the cell bodies of the sensory
neurons [Fig. 4(E)]. However, most of the ChAT-
[arrow, Fig. 4(E)] and AChE- [arrowhead, Fig. 4(E)]
positive punctae did not overlap. In addition, these
antigens were present in the segmental nerve axons
[arrows, Fig. 4(G)]. We also found that the AChE
staining was increased along the segmental nerve, but
the pattern of accumulation was different from that of
ChAT [Fig. 4(G)]. Altogether, these observations
indicate that KLP64D is required for the synaptic
localization of AChE as well.

siRNA-Mediated Knock-Out of KLP64D,
KLP68D, and DmKAP Causes Selective
Accumulation of ChAT and AChE in the

Cell Bodies and Axons

To further ascertain the roles of other kinesin-2 subu-
nits in their transport, we used a specific siRNA-
mediated knock-out technique to eliminate KIp64D,
Kip68D, and DmKap mRNAs, and studied ChAT and
AChE accumulations in these backgrounds at the
larval stages. Feeding early first instar larvae with
specific dsSRNA fragments causes selective degrada-
tion of the corresponding mRNA, which in turn
reduces the respective enzyme/protein activity in the
tissue (Eaton et al., 2002).

The Kip64D -specific dsRNA produced strong
accumulation of ChAT and AChE antigens in axons
[arrowheads, Fig. 5(B,E)]. Similar accumulations
were observed after dsKip68D feeding as well
[arrowheads, Fig. 5(C,F)]. Here again, we noticed
that the accumulating ChAT- and AChE-positive
punctae in the cortical cells of the VG and in the seg-
mental nerve axons did not overlap (Supplemental
Fig. 1). The dsKap treatment also caused accumula-
tion of ChAT [Fig. 5(G,H)] and AChE (not shown) in
the cell bodies and neurites, but not CSP [Fig. 5(1J)].
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Figure 4 ChAT and AChE localizations in the VG of KIp64D*> homozygous larva shown at dif-
ferent magnifications as indicated in the figures. (A,B) Arrows indicate cell bodies and arrowheads
indicate the neuropil margin. (C) Arrow indicates a ChAT- accumulating neurite. (D,E) ChAT
(green) and AChE (red) localization at the cell body of sensory neurons innervating the lateral chor-
dotonal organ (Ich5) in wild-type (D) and Klp64D* (E) homozygous larva. Cholinergic neurons
are marked by the GFP expression (blue). (D) Sensory neuron cells from a wild-type larva (arrow)
showing no ChAT or AChE accumulations. (E) ChAT (arrow) and AChE (arrowhead) accumula-
tions in the neuronal cell bodies in Klp64D"’5 larva. (F,G) ChAT (green) and AChE (red) localiza-
tions in the segmental nerve axons from wild-type (F) and Kip64D* (G) larvae. Arrows indicate

the segmental nerve.

As expected, dsGFP, as well as the buffer alone,
did not produce such abnormal accumulations.
Altogether, these data indicated that in addition to
KLP64D, the KLP68D and DmKAP subunits are also
involved in ChAT transport to the synapse and possi-
bly that of AChE as well. However, the data did not
rule out the possibility of such a defect arising as the
secondary effect of the ChAT transport block in these
specimens.

Mutations in Klp64D Independently Affect
ChAT and AChE Transports

Because the drug treatment data suggested that ChAT
and AChE have different transport profiles, we
wanted to establish whether KLP64D would be inde-
pendently required for both the AChE and ChAT
transports. For this, we measured the AT scng and the
ATcpat values from Kip64D homozygous larvae at
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72 and 90 h AEL, respectively (Fig. 6). We observed
significant reduction of ATcpar only at 90 h AEL
[Fig. 6(A)] in KIp64D larvae. In contrast, the AT sche
values were reduced significantly at both 72 and 90h
AEL [Fig. 6(B)] in these specimens. These two sets
of data showed that loss of KLP64D activity inde-
pendently affects the two events. Expectedly, both of
the defects were rescued by UAS-KIp64D in the
mutant backgrounds, which firmly mapped the phe-
notypes to the loss of KLP64D activity in these
mutants. The ATcgp and ATgy, remained unaltered in
Klp64D larvae at both 72 and 90 h AEL [Fig. 6(C,D)]
and similar results were obtained with the Syx-spe-
cific antisera as well (not shown). This indicated that
KLP64D is not required for the transport of these lat-
ter antigens. However, it is still formally possible that
altered neurite morphology of cholinergic neurons
could cause such a change in the AT index in
mutants. We ruled out this possibility because ATggp
remained unchanged at both 72 and 90 h AEL
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Figure 5 Effects of kinesin-2-subunit specific dSRNA treatments on ChAT and AChE localiza-
tions in the ventral ganglion. ChAT (A-C) and AChE (D-F) staining in the VGs from dsGFP
(A,D), dsKlp64D (B.E), and dsKlIp68D (C,F) fed larvae. Arrows indicate neuropil region and
arrowheads the segmental nerve axons in different figures. Note that ChAT and AChE are accumu-
lated in axons in dsKlp4D- and dsKlp68D-treated larvae. dsKIp68D treatment also reduced the
ChAT (C) and AChE (F) staining from the neuropil region. (G,H) VG from dsDmKap-treated larva
and stained with anti-ChAT. (H) Cortical neurons show ChAT accumulation in the cell body
(arrow) and neurite (arrowhead). (I,J) The same region stained with CSP antiserum showed no such
accumulations. Scale bar in (C) and (F) indicates 100 pum for figures (A-F), in (G) it indicates

50 pm for (G) and (I), and in (H) it indicates 25 pm.

[Fig. 6(E)] in the ChaGAL4 UAS-GFP, Klp64D"
homozygous larvae. Hence, this confirmed that
KLP64D is selectively and separately required for the
AT of AChE and ChAT. Similar reductions of
ATcpat and AT cpg Were observed in the homozy-
gous DmKap larvae as well (data not shown). This
further implicated the accessory subunit of kinesin-2
in these two processes.

ChAT and AChE Associate with Kinesin-2
in Cell-Free Extracts

One of the essential requirements of AT is that the
motor complex should physically associate with the
cargo. In order to establish such an association
between AChE, ChAT, and kinesin-2, we analyzed
the immunoprecipitation profiles of AChE and ChAT
by kinesin-2-specific antisera and vice versa. Amongst
the several different bands stained by the polyclonal
AChE antiserum, only the ~80 kDa isoform was pre-
cipitated by the antibodies specific to KLP64D,
KLP68D, and DmKAP subunits [Fig. 7(A)], while

both the ChAT and Syx antisera failed to precipitate
any AChE reactive polypeptides [Fig. 7(A)].
MADb4B 10, which stained the neuropil in larval brain
like AChE, also failed to pull down AChE and
KLP68D [Fig. 7(A)]. All these established the specif-
icity of the immuno-precipitation reactions. As
expected, the AChE antisera also precipitated the
KLP64D, KLP68D, and DmKAP [Fig. 7(A)]. Alto-
gether, this suggested that AChE could associate with
kinesin-2 subunits in neurons but it is unlikely to asso-
ciate with ChAT.

The ChAT antiserum also pulled down the 82 kDa
KLP68D and a ~100 kDa DmKAP band [Fig. 7(A)].
Interestingly, we observed an improved efficiency of
the IP by supplementing the lysis buffer with 10 nm
Taxol and 1 mM ATP. Under this condition, the puri-
fied KLP68D antiserum [Fig. 7(B)] recognized an
82 kDa (the expected size of KLP68D) and a
~120 kDa band in the adult head extracts and pre-
dominantly the higher mobility band in the abdominal
extracts [Fig. 7(B)]. It also coprecipitated ChAT
along with these two bands [Fig. 7(B)]. In addition,
the KIF3A-specific antisera pulled down the 120 kDa
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KLP68D band as well as ChAT from the head
extracts of flies expressing the transgenic UAS-
KIF3A in the nervous system [Fig. 7(B)]. As of now,
we are unable to ascertain the identity of the higher
band, which could be either a modified KLP68D or
yet another isoform of the protein. Together, these
experiments indicated that ChAT associates with the
kinesin-2 subunits in neurons. However, ChAT and
AChE are unlikely to associate with each other.

DISCUSSION

We have described a novel assay utilizing the quanti-
tative immunofluorescence measurement to detect
minute changes in the asymmetric distribution of syn-
aptic antigens due to abnormal ATs. We used micro-
tubule destabilizing drugs at low concentration to
derail the intracellular transport and showed that this
causes accumulation of ChAT and AChE antigens
in the cell body region at dissimilar pattern. In addi-
tion, the siRNA mediated knock-out experiment and
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genetic analysis suggested that all the three known
subunits of kinesin-2 in Drosophila are involved in
transporting these two antigens. The AT index mea-
surements in homozygous K/p64D mutants showed
that loss of the protein reduces both the AT ¢y and
ATcpat at two different time points, indicating that
KLP64D separately transports these two enzymes.
Finally, the immunoprecipitation results confirmed
that both AChE and ChAT separately associate with
kinesin-2 in the nervous tissue.

Previous studies using sucrose density gradient
centrifugation analysis of axonal extracts from mouse
brain showed that KIF3A is predominantly parti-
tioned in the denser fraction (Kondo et al., 1994), and
a similar study in our laboratory cofractionated the
KLP64D, KLP68D, and DmKAP along with the
72 kDa ChAT in the 16-20 S range (D. Harinath and
K. Ray, unpublished data). This further supports that
kinesin-2 could associate with AChE and ChAT in
the axons. Together, these data indicate that AChE
and ChAT are differentially transported by kinesin-2
in Drosophila.
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Kinesin-2 and the Mechanism of
Anterograde ATs of Acetylcholine
Synthesis and Recycling Enzymes

Previous studies have shown that AChE is transported
rapidly in a bidirectional fashion in rat sciatic nerve
axons (Wooten and Cheng, 1980) and in other periph-
eral neurons (Torres et al., 1983). The fastest rate was
observed for a tetrameric (G4) form of AChE, which

is incorporated in an 11-20S complex. However, the
majority of the experiments in the past indicated that
ChAT is transported anterogradely at a rate 10-fold
slower than that of AChE (Wooten and Cheng, 1980;
Tucek, 1975). All these studies were done by estimat-
ing the accumulated enzyme activity at the sciatic
nerve ligature after a period of 24 h. Measuring in a
shorter time window of several minutes and by using
the immunofluorescence quantification assay, we show
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that the transports of these two antigens occur at
marginally different rates in Drosophila. However, it
was more interesting to find that ChAT and AChE are
transported in two different profiles.

How could kinesin-2 transport cargoes at two
apparently distinct profiles? We demonstrated that
loss of kinesin-2 causes ChAT and AChE accumula-
tions in separate punctae in the neuronal cell bodies
and axons, which implies that these two are packaged
separately. It was confirmed further by the immuno-
precipitation analysis. Therefore, ChAT and AChE
could interact with kinesin-2 through independent
sites present on one or more subunits. Alternatively,
both of them could interact through the same site and
their loading onto the motor could be regulated by
the relative abundance of AChE and ChAT in the
cell. Although its speed in the axons is yet to be
determined, the particles associated with kinesin-2
move at a rate similar to that of the fast ATs in the
sensory cilia (Snow et al., 2004). Hence, individual
motor complexes containing either AChE or ChAT
may actually move at the same rate, but a relatively
higher frequency of AChE-containing complexes in
the axons would result in an apparently faster AChE
transport rate. Kinesin-1 is also known to associate
with JIP and GRIP1 complexes through KLC and
KHC, respectively, and transport them towards the
pre- and postsynaptic compartments (Bowman et al.,
2000; Verhey et al., 2001; Setou et al., 2002). How-
ever, these were observed in different types of neu-
rons and the rates of the respective transports were
not determined.

The average speed of axonal transport of a cargo
is also determined by the time it actually spends mov-
ing in the axons, which is the duty ratio. Most of the
vesicular cargoes move in the axon with the higher
duty ratio, which results in a faster average speed,
while the soluble proteins like microtubule and neu-
rofilaments (NF) have a lesser duty ratio (Brown,
2003, for review). It was recently shown that the so-
called slow rates of transport of microtubule and NF
are actually caused by rapid but intermittent and
asynchronous movement of these in the axons (Wang
et al.,, 2000; Roy et al., 2000; Wang and Brown,
2001, 2002). Microtubule-dependent fast axonal
motors play an important role in all these transports
(Xia et al., 2003; He et al., 2005).

The rates of ChAT and AChE accumulations are
similar at the pick of the ChAT transporting period,
beginning at ~73 h AEL. But there is negligible
transport of ChAT before that. This suggests that the
AChE:kinesin-2 and the ChAT:kinesin-2 complexes
would have a similar duty ratio in axons. Thus, the
apparently slower rates of ChAT transport could
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occur due to intermittent and less frequent transport
of this protein. This may imply that the availability of
cargoes controls the transports. This is an interesting
possibility, which could be resolved by direct analysis
of ChAT transport in live neurons.

Balancing ChAT and AChE at the Synapse
by Kinesin-2-Dependent Anterograde
Transport

Though it is still unclear how different sets of intra-
cellular transports are regulated, some experimental
evidence indicates that proteins involved in a single
biochemical process are likely to be packaged
together and transported by a specific motor. For
instance, the enzymes of JUN kinase signaling cas-
cade are assembled in a scaffold and transported by
conventional kinesin motors in axons (Bowman et al.,
2000; Verhey et al., 2001), which interact with the
JIP/SYD subunit of the scaffold. Similarly, proteins
involved in synaptic vesicle docking, for example,
synaptotagmin, synaptophysin, and Rab3A, and so
forth, are transported together in the axon in a prefab-
ricated organelle by an anterograde microtubule-
dependent motor protein (Ahmari et al., 2000; Yone-
kawa et al.,, 1998; Okada et al., 1995). It is also
known that VAMP and t-SNARE are associated with
each other even before they enter the axons (Shiff
and Morel, 1997). All of this indicates the assembly
of functionally related enzymes in a scaffold or
organelle before they are transported into the axon.
This perhaps helps to maintain their relative stoichi-
ometry at the synapse.

ChAT and AChE have distinctly different turnover
rates in the mammalian axons (Lubinska et al., 1964;
Fonnum et al., 1973). Maintaining their proportional
balance at the synapse would require careful regula-
tions of the AT rates. Hence, a natural hypothesis
would be to assume that different motors would trans-
port these two proteins in the axon. Our results sug-
gest that ChAT and AChE are also differentially
transported in the axons in Drosophila. However,
quite surprisingly, we find that both are transported
by kinesin-2. Because temporal patterns of ChAT and
AChE expression are different and our results show
that the ChAT transport follows its expression pat-
tern, suggesting that actual regulation of such trans-
ports of differentially active proteins of a biochemical
pathway could be achieved by regulations of the
respective gene expressions.
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