types) resistant to dihydropyridines,
®-CgTx, and w-Aga-IVA. The P-type
channels and the resistant channels must
reside together in glutamatergic terminals
because strong depolarizations are able to
overcome block by w-Aga-IVA to maxi-
mally stimulate secretion. Thus L-, N-, and
P-type channels may account for only part
of the Ca’* current in mammalian brain.
In conclusion, we have shown that
w-Aga-IlIA and w-Aga-IVA block gluta-
mate release from rat brain synaptosomes, a
process resistant to o-CgTx. This pharma-
cological evidence suggests that in rat
brain, a P-type Ca’* channel has a promi-
nent role in neurotransmission at gluta-
matergic synapses and that the role for
N-type channels in this process remains
obscure. These results show that w-agatox-
ins are important tools for identifying and
characterizing presynaptic Ca?* channels
involved in neurotransmitter release and
thus will prove useful in efforts to under-
stand the ways in which neurosecretion and
synaptic transmission are regulated.
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Effects of Kinesin Mutations on Neuronal
Functions

M. Gho,* K. McDonald, B. Ganetzky, W. M. Saxton

Kinesin is believed to generate force for the movement of organelles in anterograde axonal
transport. The identification of genes that encode kinesin-like proteins suggests that other
motors may provide anterograde force instead of or in addition to kinesin. To gain insight
into the specific functions of kinesin, the effects of mutations in the kinesin heavy chain gene
(khc) on the physiology and ultrastructure of Drosophila larval neurons were studied.
Mutations in khc impair both action potential propagation in axons and neurotransmitter
release at nerve terminals but have no apparent effect on the concentration of synaptic
vesicles in nerve terminal cytoplasm. Thus kinesin is required in vivo for normal neuronal
function and may be active in the transport of ion channels and components of the synaptic
release machinery to their appropriate cellular locations. Kinesin appears not to be required
for the anterograde transport of synaptic vesicles or their components.

Kinesin is a ubiquitous mechanochemical
adenosine triphosphatase (ATPase) that can
move toward the plus ends of microtubules in
vitro (I, 2). The native molecule is a het-
erotetramer consisting of two identical heavy
chains and two light chains (2). The kinesin
heavy chain, and more specifically the NH,-
terminal head of the heavy chain, appears to
contain all of the mechanochemical elements
necessary for generating microtubule-based
movements (3). The light chains and the
COOH-terminal tail of the heavy chain are
thought to be involved in binding kinesin to
vesicles or other cargo destined for microtu-
bule-based transport (2, 4).

On the basis of the polarity of kinesin’s
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movement and its presence in neural cells,
it was originally suggested that kinesin
might act as a motor for anterograde axonal
transport (1). It since has been shown that
vesicle movement in axoplasm (both an-
terograde and retrograde) can be inhibited
in vitro by an antibody that binds to the
kinesin heavy chain (5). It also has been
shown that kinesin heavy chain (khc) muta-
tions in Drosophila cause behavioral defects
that suggest a requirement for kinesin in
normal neuromuscular functions (6). Al-
though these data provide a persuasive argu-
ment that kinesin acts as a motor for axonal
transport, the argument remains indirect.
Kinesin is a member of a superfamily of
kinesin-like proteins that share similar
mechanochemical domains (7), and multi-
ple members of the kinesin superfamily are
co-expressed in neural and other tissues (8).
Thus, if kinesin is a motor for anterograde
axonal transport, it is likely to function in
the context of a complex set of anterograde
motors. Consequently, understanding an-
terograde axonal transport and other micro-
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tubule-based transport processes will require
critical analyses of the specific functions of
different motor proteins.

We have taken advantage of khc muta-
tions to study the effects of impaired kinesin
function on specific physiological functions
of motor neurons in Drosophila larvae. Ac-
tion potential propagation by segmental
nerves and synaptic transmission at neuro-
muscular junctions were tested in both the
second (A2) and sixth (A6) abdominal
segments of control and khc mutant larvae
(9). Two hypomorphic khc alleles (khc® and
khc®) were used to construct both control
and mutant genotypes (10) because these
alleles are severe enough to cause a strong
behavioral phenotype in larvae (6), vet
mild enough to permit larval growth to an
appropriate size for manipulations. Similar
results were obtained with both alleles, and
the data were pooled.

Figure 1 shows recordings of compound
action potentials and corresponding excit-
atory junctional potentials (EJPs) evoked by
stimulation of segmental nerves in control
and khc mutant larvae (9). Recordings from
segment A6 indicate that khc mutations
caused a fourfold reduction in the mean
amplitudes of both compound action poten-
tials and EJPs (Table 1) (11). Similar differ-
ences were observed for segment A2, but the
short segmental nerve that innervates A2
made the dual recordings and subsequent
quantification of compound action poten-
tials difficult. Qur best recordings (greatest
amplitudes) from A2 are shown in Fig. 1.

The voltage required to evoke responses
in khc mutant larvae was twice that for
control larvae (legend to Fig. 1). Even with
the increased voltage, only about one out of
four nerve stimuli evoked a response. Con-
trol larvae never failed to respond under the
same conditions. Because it usually was
possible to elicit compound action poten-
tials and corresponding EJPs, functional
motor neurons were present in khc mutants.
However, the frequent failures and the
reduced amplitudes of compound action
potentials in mutant nerves indicate that
axonal function was impaired. A compound
action potential is the sum of many simple
action potentials in the individual sensory
and motor axons within the segmental
nerve. Thus, reduced compound action po-
tential amplitude could reflect a reduction
in the proportion of axons that fire in
response to a given stimulation or a reduc-
tion in the action potential amplitudes
produced by individual axons. In either
case, khc mutations cause impaired action
potential propagation. Electron micrographs
of cross sections of larval nerves (not shown)
indicate that khc mutations do not alter the
number of axons in a nerve bundle.

The observation that EJP amplitudes in
khc mutants are reduced relative to controls
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suggest that wild-type kinesin is required for
proper synaptic transmission. To analyze
whether the reduction in synaptic transmis-
sion resulted from defective release of neu-
rotransmitter or in the postsynaptic re-
sponse to neurotransmitter, we studied
spontaneous miniature excitatory junction-
al currents (mEJCs) in control and khc
mutant muscles (Fig. 2). Such currents are
thought to be evoked in a muscle cell by the
random spontaneous release of single quan-
ta of a neurotransmitter from the presynap-
tic terminal, probably due to the exocytosis
of individual synaptic vesicles (12). The
mEJC amplitude serves as a measure of

control and khc mutant muscles (Fig. 2B).
Furthermore, comparable results were ob-
tained at different muscle membrane poten-
tials (Vy; = —60, —80, —100, and —120
mV) indicating by extrapolation that the
reversal potential of the postsynaptic cur-
rents was not modified by the khc muta-
tions. These results show that postsynaptic
response to neurotransmitter was normal in

Table 1. Mean amplitudes of compound action
potentials (CAP) and excitatory junctional po-
tentials (EJP) in segment A6.

postsynaptic response to quantal stimula- Larvae CAP (wV)  EJP (mV)
tion by neurotransmitter. Under volFage- Control (7 = 9) 366 =130 23+
clamp conditions (13), the mean amplitude ~ ;} oo (n=10) 86= 46 5543
of mEJCs was not appreciably different in _ _
Fig. 1. The effects of Control khe

khc mutations on action

potentials and synaptic .__,..._.w\,\,___w [

transmission. Segmen-

talnervesforA2and A6 A ~ .

were stimulated (trian- »

gles) and recordings _._._._/\ L2

were made of com- A A

pound action potential 400 pv
amplitude (filled ar- 40 mV
rows) and the corre- 40ms
sponding EJP ampli-

tudes (open arrows) W v

i
from muscle 6 in control \
(left) and khc mutant Ag N
(right) larvae. The up-
per panels show re-
sponses obtained from A
segment A2 and the

lower panels those obtained from segment A6. The large stimulus artifact that precedes the action
potential in mutants was a result of the strong stimulation required to evoke a measurable response.
Stimulation with reversed polarity did not evoke any responses. Care was taken to evoke all-or-none
EJP responses associated with a measurable delay of at least 2 ms, indicating that the response
was elicited by an axonal action potential rather than by direct depolarization of the terminal.
Stimulation parameters were 5 V and 0.1 ms for controls and 10 V and 0.1 ms for mutants.

Fig. 2. Spontaneous min- A
iature excitatory junction-
al currents recorded from
control and khc mutant
muscles. (A) Represen-
tative traces of mEJCs
obtained from muscle 6
in the second (A2) and
sixth (A6) abdominal seg-
ments. Histograms show
mean and standard devi-
ation values for the ampli-
tude (B) and frequency
(C) of mEJCs in control
and khc mutant muscles.
In (C) the values for seg-
ment A6 are significantly
different as determined
by the Student's test (P <
0.01). The number of ani-
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mals tested was five controls and five mutants for segment A2 and six controls and six mutants for
segment A6. Data were collected for at least 30 s from each muscle. To obtain good resolution in mEJC
recordings, the holding potential was ~100 mV. The external calcium concentration was 0.15 mM.
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khc mutants. Therefore, the effect of khc
mutations on synaptic transmission must be
due to impaired neuronal function.
Although the amplitude of mEJCs was
not affected by khc mutations, in segment

Control khe
N
N N —
Ve o
. ‘ 40 ms

Fig. 3. The effect of khc mutations on excitatory
junctional currents evoked by direct electrotonic
stimulation of the presynaptic terminal. Termi-
nals were stimulated (triangles) and recordings
of EJCs were taken from muscle 6 of segments
A2 and A6 of control and khc mutant larvae. The
bathing solution contained 1 pM tetrodotoxin.
Stimulation parameters were 5V and 1 ms.

Table 2. The number of synaptic vesicles (SVs)
per cubic micrometer of cytoplasm estimated
from electron micrographs of sections of bou-
tons on muscles 6 and 7.

Animal Segment  Sections SVs/um3

Mutant

1 A2 13 1440

A6 19 1750

2 A6 12 2280

3 A6 23 2390
Control

1 A2 32 2100

A6 12 1320

2 A6 9 2260

3 A6 26 1790

A6 the frequency of mEJCs was depressed
fourfold relative to that of controls in both
hypertonic (Fig. 2C) (9) and normal saline
solutions (not shown). These results suggest
that khc mutations affect the function of the
axon terminal itself, at least in the more
posterior segment. An occurrence versus
amplitude histogram was prepared for mEJCs
recorded from segment A6 of mutant and
wild-type larvae to address the possibility
that the reduction in mE]JC frequency result-
ed from the absence of a distinct subpopula-
tion of synaptic vesicles. The amplitude
histograms from khc mutants and controls
were not distinguishable (not shown). Thus
it is unlikely that kinesin is responsible for
the preferential transport of a particular class
of synaptic vesicles to motor terminals.
The analysis of EJP amplitudes after
nerve stimulation (Fig. 1) revealed that khc
mutations reduce the amount of evoked
neurotransmitter release from motor neu-
rons. This result could be either a direct
consequence of impaired presynaptic termi-
nal function or an indirect consequence of
impaired action potential propagation in
motor axons. To evaluate the function of
presynaptic terminals in the absence of
axonal conduction, excitatory junctional
currents (EJCs) evoked by direct electro-
tonic stimulation of the presynaptic termi-
nal were measured (Fig. 3) (14). The mean
amplitude of EJCs evoked by direct stimu-
lation in segment A2 of controls was 159 =+
35 nA (n = 3 larvae). Under similar con-
ditions the mean amplitude in khc mutants
was 61 = 20 nA (n = 4 larvae). The
reduction in amplitude in khc mutants was
more extreme in segment A6: 118 = 27 nA
for controls (n = 7 larvae) and 25 + 16 nA

Fig. 4. A comparison of the ultrastructure of nerve terminals from wild-type and khc mutant larvae.
Synaptic vesicles (arrows), mitochondria (m), and dense bodies (arrowheads) are noted in sections
of boutons from junction of muscles 6 and 7 in segment A6 of wild-type (A) and khc mutant (B)

larvae. Scale bar, 0.2 pm.
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for khc mutants (n = 6 larvae). These
observations show that khc mutations in-
hibit the function of presynaptic terminals
in both anterior and posterior segments.

The preceding observations provide di-
rect evidence that kinesin is required for
proper neuronal function. In addition,
comparison of results from segments A2 and
A6 suggest that the effect of impaired kine-
sin function on motor terminals is more
severe in posterior segments. Motor termi-
nals in posterior segments are served by
relatively long axons, and thus there is a
correlation between phenotype severity and
axon length. This correlation supports the
hypothesis that kinesin functions in vivo as
a motor for axonal transport.

The axonal components transported by
kinesin have not yet been identified. Hall
and Hedgecock (15) have reported a severe
reduction in synaptic vesicle concentration
in nerve terminals of nematodes carrying
mutations in unc-104, a Caenorhabditis ele-
gans gene that encodes a kinesin-like pro-
tein (16). This suggests that UNC-104
protein is responsible for the anterograde
transport of synaptic vesicle components
(15). A similar role for kinesin might ex-
plain the impaired transmitter release re-
ported here for khc mutants.

To determine if the defects in transmit-
ter release in khc mutants were due to
reduced transport of synaptic vesicle com-
ponents, we examined nerve terminals by
electron microscopy (17). In khc mutant
nerve terminals corresponding to those as-
sayed by electrophysiology, synaptic vesi-
cles appeared to be abundant (Fig. 4).
Morphometric analysis confirmed that the
concentrations of synaptic vesicles in the
terminals of khc and control larvae were not
different (Table 2). These results, bolstered
by our observations that the frequency of
spontaneous transmitter release in khc mu-
tants was normal in segment A2 (Fig. 2)
while the evoked transmitter release was
substantially reduced (Fig. 3), suggests de-
fects in the mechanism of transmitter re-
lease. Kinesin must be responsible for the
transport of material other than synaptic
vesicle components. Presumably the com-
ponents of synaptic vesicles in Drosophila

_are transported by a kinesin-like protein

that is similar to UNC-104.

Both of the defects of khc mutant neu-
rons—faulty action potential propagation
and impaired neurotransmitter release—
could be explained by reduced anterograde
transport of ion channels. Voltage-gated
sodium and potassium channels are likely to
be carried in the membranes of vesicles that
are transported along microtubules to
points of insertion into the axonal plasma
membrane (18). Kinesin could be responsi-
ble for transporting such channel-bearing
vesicles. Impaired kinesin function would
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then lead to reduced sodium and potassium
channel density in the axonal membrane
and consequently to a reduced capacity to
propagate action potentials. Similarly, im-
paired kinesin function could lead to re-
duced calcium channel density in terminal
membranes, causing impaired neurotrans-
mitter release. However, reduced antero-
grade transport of other terminal compo-
nents could also cause impaired transmitter
release. These include presynaptic mem-
brane components responsible for forming
release sites and cytoplasmic proteins that
are active in preparing synaptic vesicles for
productive association with release sites.
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