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The Activation of Protein Kinase A Pathway Selectively Inhibits
Anterograde Axonal Transport of Vesicles but Not Mitochondria
Transport or Retrograde Transport in vivo

Yasushi Okada, Reiko Sato-Yoshitake, and Nobutaka Hirokawa

Department of Anatomy and Cell Biology, Faculty of Medicine, University of Tokyo, Hongo, Tokyo, 113, Japan

To shed light on how axonal transport is regulated, we ex-
amined the possible roles of protein kinase A (PKA) in vivo
suggested by our previous work (Sato-Yoshitake et al.,
1992). Pharmacological probes or the purified catalytic
subunit of PKA were applied to the permeabilized-reacti-
vated model of crayfish walking leg giant axon, and the
effect was monitored by the quantitative video-enhanced
light microscopy and the quantitative electron microscopy.
Dibutyryl cyclic AMP caused concentration-dependent
transient reduction in the number of anterogradely trans-
ported small vesicles, while the retrogradely transported
organelles and anterogradely transported mitochondria
showed no decrease. This transient selective inhibition of
anterograde vesicle transport was reversed by the appli-
cation of a specific inhibitor of PKA (KT5720) in a concen-
tration-dependent manner, and was reproduced by the ap-
plication of the purified catalytic subunit of PKA and
augmented by the application of adenosine 5'-O-(3-thiotri-
phosphate) (ATPyS). Corresponding biochemical study
showed that several axoplasmic proteins including kinesin
were specifically phosphorylated by the activation of the
PKA pathway. These findings suggest the possible roles of
PKA in the regulation of the direction of the axonal trans-
port in vivo. The finding that only vesicle transport but not
mitochondria transport was inhibited also suggests that
the transport of vesicles and that of mitochondria are dif-
ferently regulated and might be supported by different mo-
tors.

[Key words: axonal transport, phosphorylation, kinesin,
protein kinase A, phosphatase, crayfish walking leg giant
axon]

Numerous types of membrane-bound organelles are transported
and distributed through the cytoplasm. Fast axonal transport, a
bidirectional transport of membranous organelles through axon,
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is an especially well developed intracellular organelle transport
system. Many studies have been focused on the mechanism of
this transport, but little is known about its regulation. As a pu-
tative mechanism for the regulation, we have proposed a model
from our recent studies (Hirokawa et al., 1990, 1991) that the
anterograde motor kinesin is decommissioned at the axon ter-
minal, and that the retrograde motor cytoplasmic dynein is trans-
ported, presumably in an inactive form, by the anterograde or-
ganelle transport to the axon terminal, where it should be
activated to support the retrograde organelle transport.

Our present study was undertaken to examine this regulation
mechanism. One plausible mechanism is through protein kinases
and phosphatases, as is true with fish scale chromophores. In
these cells, pigment granule dispersion and aggregation along
microtubules are regulated through the protein kinase A (PKA)
system (Lynch et al.,, 1986a,b; Rodzial and Haimo, 1986a,b;
Sammak et al., 1992). It is not unreasonable to suppose that it
might regulate the direction of the fast axonal transport as well,
because PKA is reported to be enriched in brain, especially at
the presynaptic terminal (Walter et al., 1978; Dunkley et al,,
1988). This speculation was supported by our previous investi-
gation (Sato-Yoshitake et al., 1992), in which we demonstrated
that kinesin was phosphorylated by PKA, and that the phos-
phorylation reduced the affinity of kinesin to purified synaptic
vesicles, while its motor activities were not affected.

In the present study, we examined the effect of the activation
of the PKA system in vivo using a permeabilized-reactivated
model of crayfish walking leg giant axon (Hirokawa and Yori-
fuji, 1986; Forman et al., 1987). It provides a good model system
because it lacks neurofilament protein (Burton and Hinkley,
1974; Hirokawa, 1986; Hirokawa and Yorifuji, 1986; Viancour
et al., 1987). Neurofilament is a good substrate for PKA (Let-
errier et al., 1981); its phosphorylation can induce a substantial
change in the structure of the neuronal cytoskeleton, and the
organelle transport was greatly perturbed (mostly stimulated
both in number and velocity) as reported in Aplysia growth
cones (Forscher et al., 1987) (R. Sato-Yoshitake, unpublished
results). In the crayfish giant axon, however, no apparent change
in the axonal cytoskeleton was observed even at an electron
microscopic level. We can thus assess the effects of the activa-
tion of the PKA system on the axonal transport system more
directly.

Quantitative video-enhanced light microscopic and electron
microscopic observation of this model revealed that the activa-
tion of the PKA system selectively inhibited the anterograde
vesicle transport, but the retrograde transport and the mitochon-
dria transport were not affected. These effects by PKA activa-
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tion, coupled with the previous in vitro results (Sato-Yoshitake
et al., 1992) and the corresponding biochemical results reported
here, support the idea that decommission of kinesin at the axon
terminal is performed by the release of kinesin through its phos-
phorylation.

Materials and Methods

Video-enhanced light microscopy of the isolated crayfish walking leg
giant axon. As described in our previous paper (Hirokawa and Yorifuji,
1986), a giant motor axon dissected from crayfish (Procambarus
clarkiiy walking leg was mounted in a perfusion chamber filled with
crayfish internal medium (CFIM; 280 mm K-aspartate, 15 mm NaCl,
15 mm HEPES, 5 mm MgCl,, 3 mm EGTA, pH 7.4) (Lieberman et al.,
1981). It was observed with an Axiophot microscope (Zeiss, Ober-
kochen, Germany) equipped with a 63X NA 1.40 plan-apochromat ob-
jective (Zeiss), an NA 1.4 condenser (Zeiss), and the G. W. Ellis fiber-
optic light scrambler (Technical Video, Woods Hole, MA). The DIC
image was projected to a video camera, Hamamatsu C-2400-07, by 6X
relay lenses (Zeiss). With an image processor Argus-10 (Hamamatsu
Photonics, Hamamatsu, Japan), the image of moving organelles was
contrast enhanced by differentially subtracting rolling-averaged video
frames. For quantification of the motility of the organelles, the objective
focal plane was adjusted to the center of the axon, a line perpendicular
to the long axis of the axon was drawn on the video monitor, and the
number of moving organelles crossing the line was counted for 10 sec
(vesicles) or 5 min (mitochondria).

Application of the pharmacological probes to the permeabilized-re-
activated model and the quantification of its effect by video-enhanced
light microscopy. Before the application of the pharmacological probes,
the isolated axon was observed as described above, and the number of
moving organelles was counted. Only the axons more than 20 pm in
diameter and with more than 100 anterogradely moving vesicles were
used for the following assays. In some preparations, the organelles in
axons showed less smooth movement than other preparations. Such ax-
ons were discarded, because this type of movement was often observed
in injured axons.

Membrane-permeable probes such as dbcAMP, KT5720, okadaic
acid, and calyculin A were directly perfused into the chamber, and the
number of moving organelles was counted.

For the application of the membrane-nonpermeable probes such as
the catalytic subunit of PKA and ATPvS, the permeabilized-reactivated
model was used. The axolemma was permeabilized by 30 min incu-
bation in CFIM containing 0.015% saponin and 2 mm ATP. When nec-
essary, an ATP regeneration system (3 mM creatine phosphate, 1 unit/ml
creatine phosphokinase) was added to this medium to maintain an op-
timum concentration of ATP. Then the permeabilizing medium contain-
ing PKA or other probes was perfused into the chamber, and the number
of moving organelles was counted as above.

Quantification of the effect of PKA application by electron micros-
copy. The isolated giant axon was permeabilized and reactivated as
described. After 30 min permeabilization, the catalytic subunits of PKA
and ATPyS were added at final concentrations of 0.05 mg/ml and 0.02
mM, respectively. The sample was incubated for 35 min at 25°C, and
the midpoint of the axon was ligated with surgical thread. The axon
was incubated for 5 min and fixed with 4% paraformaldehyde and 2%
glutaraldehyde, followed by a conventional electron microscopic meth-
od. Thin cross sections were cut from the portion 20-60 pm proximal
or distal to the region damaged by the ligation. Electron micrographs
of 200 axons from nine independent preparations for each condition
were taken. Two different authors independently examined the resulting
1200 micrographs in a blinded fashion. Each author scored the degree
of accumulation of vesicles and mitochondria according to a predeter-
mined scale (0 = no accumulation, 1 = slight accumulation, 2 = sig-
nificant accumulation, 3 = most accumulated), and the scores by the
two authors were summed for each micrograph. Thus, the degree of
organelle accumulation was semi-quantitatively scored by this “accu-
mulation score,” and histograms were plotted to illustrate changes in
the degree of accumulation by shifts in their peaks. For the statistical
evaluation of the shifts, the accumulated x* test was performed.

Detection of phosphorylated proteins in the axoplasm of the crayfish
giant axon. Nerve fibers isolated from crayfish walking legs were
squeezed with a handmade small roller onto a parafilm-coated petri dish.
About 2-3 pl of axoplasm was obtained from one nerve fiber, which
was diluted to 30 wl with CFIM and centrifuged at 2000 X g for 10

min to remove contaminating axolemma debris. This axoplasm con-
tained many microtubules and membranous organelles such as mito-
chondria and small and large vesicles. ATP (final 2 mm) and y-*?P-ATP
(final 0.3 mCi/ml) were added and incubated for 45 min in the presence
or absence of the catalytic subunit of PKA (final 0.05 mg/ml). The
samples were analyzed on a 7.5% SDS-polyacrylamide gel (SDS-
PAGE) by Coomassie stain and autoradiography. The autoradiogram
was quantitatively analyzed with an image analyzer BAS2000 (Fuji,
Tokyo, Japan).

Purification of CF-kinesin from crayfish nervous tissue. CF-Kinesin
was purified from crayfish nerves and ganglia by scaling down the
method already reported (Vale et al., 1985a,b; Wagner et al., 1989; Sato-
Yoshitake et al., 1992). Briefly, walking leg nerves and abdominal gan-
glia were isolated from 300 crayfishes and homogenized in 10 ml PEM
(PIPES 100 mM, pH 6.9, EGTA 1 mMm, MgCl, 1 mM, dithiothreitol 1
mM, phenylmethylsulfonylfiuoride 10 pm, and leupeptin 10 pg/ml). Mi-
crotubules, reconstituted from the clarified homogenate in the presence
of 10 pM taxol and 1 mMm ATP, were removed by centrifugation, and
the supernatant was incubated with 10 U/ml hexokinase and 50 mm
glucose for 5 min at 25°C. The sample was further incubated with 2
mM adenylyl-5’-imidodiphosphate, 10 pMm taxol, and 0.3 mg/ml tubulin,
and reconstituted microtubules were pelleted by centrifugation through
a 50% sucrose cushion. This pellet was extracted with 1 ml PEM con-
taining 10 mm MgATP on ice, and microtubules were removed by cen-
trifugation with 20 pM taxol. The supernatant was dialyzed against TM
(50 mM Tris, pH 7.2, and 1 mM MgCl,), and this fraction was used in
the following assays.

Metabolic labeling of CF-kinesin and peptide mapping. Carefully dis-
sected ventral nerve cord was incubated in CFIM supplemented with 1
mCi/ml *?P-orthophosphate for 30 min. CF-kinesin was partially puri-
fied as described above, and the 120 kDa band was excised from SDS-
PAGE gel. At the same time, purified CF-kinesin was phosphorylated
in vitro by 60 min incubation with 0.1 mm ATP containing 0.3 mCi/ml
v-*?P-ATP and 0.05 mg/mi catalytic subunit of PKA, and excised from
SDS-PAGE gel. These in vivo and in vitro phosphorylated CF-kinesin
were partially digested by V8 protease and analyzed by a second 15%
SDS-PAGE gel as described by Cleveland et al. (1977).

Assay of phosphatase activity in axoplasm. Purified CF-kinesin (0.1
mg/ml) was phosphorylated by 60 min incubation with 0.1 mm ATP
containing 0.3 mCi/ml y-*?P-ATP and 0.05 mg/ml catalytic subunit of
PKA. CF-kinesin and two contamination bands (70 kDa protein and
tubulin) were strongly phosphorylated. Excess cold ATP (10 mm), phos-
phatase inhibitors (okadaic acid and calyculin A), and protease inhibi-
tors were added to this sample, and it was incubated in the presence or
absence of the extruded axoplasm (1:4 v:v), and analyzed on a 7.5%
SDS-PAGE by Coomassie stain and autoradiography. The autoradio-
gram was quantitatively analyzed with a BAS2000 image analyzer
(Fuji, Tokyo, Japan).

Association of axonal organelles and kinesin. Extruded axoplasm
from six nerve fibers was diluted 1:1000 with ice-cold CFIM and cen-
trifuged at 16,000 rpm for 30 min by desk-top centrifuge after 30 min
incubation at —1°C. The supernatant was observed by video-enhanced
light microscopy and negative-staining electron microscopy, and it was
confirmed that its major component was membranous organelles other
than mitochondria or the debris of axolemma, and that it contained little
cytoskeletal filamentous structure. Otherwise this centrifugation step
was repeated. The organelles were collected by centrifugation (Beck-
man TL100.2 rotor, 75,000 rpm, 30 min) and the pellet was resuspended
with 100 pl TM containing 500 mm KCl, as previously described (Sato-
Yoshitake et al., 1992), to remove kinesin already bound to the organ-
elles. The sample was again centrifuged and the pellet was resuspended
with 50 pl TM. This sample was checked by video-enhanced light
microscopy and negative-staining electron microscopy, and many small
and large vesicular organelles and occasionally mitochondria were ob-
served, but microtubules or the debris of axolemma were rarely found.

Phosphorylated CF-kinesin was obtained by 60 min incubation of the
purified CF-kinesin (0.1 mg/ml) with the catalytic subunit of PKA (0.05
mg/ml) and 2 mm ATP at 25°C. For unphosphorylated CF-kinesin, the
purified CF-kinesin was incubated under the same conditions but with-
out PKA. The CF-kinesin aliquots were centrifuged (Beckman TL100.2
rotor, 100,000 rpm, 30 min) to remove the aggregates.

The organelles were added to the kinesin aliquots and incubated for
30 min at 25°C. For the control, samples without organelles or kinesin
were incubated under the same conditions. The samples were then cen-
trifuged (Beckman TL100.2 rotor, 100,000 rpm, 30 min) to separate the



bound/free kinesin. In this step, cosedimentation of free kinesin with
contaminating microtubules and its nonspecific binding to the tube sur-
face can obscure the result. Therefore, we performed the centrifugation
in the presence of ATP to reduce the binding of kinesin to microtubules,
and siliconized tubes were used to prevent nonspecific binding. The
pellets and the supernatants were analyzed by immunoblotting using
monoclonal anti-kinesin antibody H2 and '**I-labeled protein A (ICN,
Tokyo, Japan). The results were quantified by analyzing the autoradi-
ograms of the blot with BAS2000 (Fuji, Tokyo, Japan).

Other materials and reagents. The catalytic subunit of PKA, mono-
clonal anti-kinesin heavy chain antibody H2, and taxol were generous
gifts from Dr. M. Inagaki (Tokyo Metropolitan Institute of Gerontolo-
2y), Dr. G. S. Bloom (University of Texas), and Dr. N. Lomax (National
Cancer Institute), respectively. Crayfish was purchased from a local dis-
tributor. Nucleotides, nucleotide analogs, and detergent were purchased
from Sigma (St. Louis, MO). Buffers were purchased from Dojindo
Laboratories (Kumamoto, Japan). Other reagents were purchased from
Wako Chemical (Tokyo, Japan) unless otherwise stated.

Results

Observation of isolated giant axon by video-enhanced light
microscopy

As in our previous study (Hirokawa and Yorifuji, 1986), two
distinct types of organelles were observed to move both anter-
ogradely and retrogradely in the isolated crayfish walking leg
giant axon observed by video-enhanced light microscopy. One
is a long (~1 wm) large organelle moving slowly (~0.2 pm/sec)

in a saccadic manner. The other is a small (smaller than the -

diffraction limit), spherical organelle moving rapidly (1-2
pm/sec) in a smooth manner. From their shape and size, the
former is considered to be a mitochondrion, and the latter is
assumed to be a vesicle. This interpretation was confirmed by
the results from the electron microscopic observations described
in the following section. Hence, to avoid unnecessary complex-
ity, we refer to the smaller, spherical organelles as vesicles, and
the ‘larger, longer organelles as mitochondria in the following
sections describing the results of light microscopic observations.

A quantitative measure is necessary for the evaluation of the
drug effect. A naive one is the number of moving organelles.
Indeed, it was maintained around the same level (SD ~ 5% of
the mean) for more than 2 hr in the control conditions, but it
varied very much (SD ~50-100% of the mean) from prepara-
tion to preparation (Fig. la,c; see Fig. 4a—d, CTRL traces),
which made it difficult to compare different preparations. Pre-
liminary studies, however, suggested the response to the drug
was proportional to the initial level. Therefore we used the rel-
ative changes in the number of moving organelles as the mea-
sure for the drug effect. For this purpose, ‘‘relative motility in-
dex” was calculated by dividing the number of moving
organelles by the average before drug application. In any con-
ditions in this study, the SD of this index was within 10% of
the mean (mostly 3-5%), much smaller than that of raw number
(50-100%) and small enough to detect the drug effects in this
study.

Application of dbcAMP selectively inhibits anterograde small
vesicle transport

For the activation of the PKA system, we first applied dbcAMP
to the nonpermeabilized isolated giant axon. DbcAMP is a mem-
brane-permeable analog of cAMP, and activates PKA. After the
addition of dbcAMP, the number of anterogradely transported
vesicles decreased (Fig. 1b,¢), while the number of retrogradely
transported vesicles and anterogradely or retrogradely transport-
ed mitochondria showed no decrease (Fig. 1d,f~h). The velocity
of transported organelles did not change. The inhibition of the
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anterograde vesicle transport was transient, reaching its peak at
around 30 min after dbcAMP application, and then recovering
to the initial level at 40-60 min after dbcAMP application, even
when new medium containing the same concentration of
dbcAMP was perfused into the chamber. This indicated that the
recovery was not due to the consumption of dbcAMP.

The inhibition by dbcAMP was concentration dependent (Fig.
2a). At 1 mM, the anterograde vesicle transport was most inhib-
ited. The higher the concentration, the more rapidly the inhibi-
tion reached its peak and recovered (Fig. le). It appears that
increasing the concentration of dbcAMP stimulated both the in-
hibition and its recovery.

To demonstrate that PKA is responsible for this inhibition by
dbcAMP, we used a specific PKA inhibitor: KT5720. When
KT5720 was applied to the medium, the inhibition of the an-
terograde vesicle transport by 1 mm dbcAMP was reversed in a
dose-dependent manner, while KT5720 alone showed no effects
on organelle transport (Fig. 1e). ICs, for this inhibition was ~50
nM. It corresponds well with the ICq, for the inhibition of PKA,
and was much lower than the IC,s for the inhibition of other
kinases such as protein kinase C, Ca?*-calmodulin kinase, and
myosin light chain kinase (Kase et al., 1987). This demonstrates
that PKA plays a key role in the effect of dbcAMP on organelle
transport.

The selective inhibition by dbcAMP is caused by the activation
of PKA

To study further the mechanism of the inhibition by dbcAMP,
we used a permeabilized-reactivated model. In this model, most
cytosolic soluble proteins are washed out, and only cytoskeletal
and membrane-associated components remain.

Using this model, we first evaluated what effect the decrease
or increase of ATP concentration might have with the organelle
motility, because organelle motility depends on ATP and its de-
pletion ceases the motility. In-fact, in preliminary experiments
without ATP regeneration system, activation of PKA pathway
depleted ATP and organelle movement stopped. This is why we
included ATP regeneration system in the reactivation medium,
but still there remains a possibility that a slight decrease of ATP
concentration by pharmacological perturbation can influence or-
ganelle movement.

To rule out this possibility, the ATP concentration in the re-
activation medium was altered, and organelle motility was ob-
served. As shown in Figure 3, both anterograde and retrograde
vesicle transports decreased concentration dependently when the
ATP concentration was lower than 1 mm. The retrograde trans-
port was more sensitive to the decrease of ATP concentration
than the anterograde one. Therefore, anterograde-specific inhi-
bition cannot be reproduced by decreasing ATP concentration;
that is, the observed specific inhibition of anterograde vesicle
transport is not caused by the possible decrease of ATP concen-
tration by pharmacological perturbation, but rather by its phar-
macological actions.

Second, we applied the catalytic subunit of PKA to the per-
meabilized-reactivated model. To maintain the concentration of
ATP, an ATP regeneration system was supplementarily added to
the reactivation medium, and the concentration of ATP was kept
at 1-2 mm, the optimum concentration for organelle transport
(Fig. 3). The effect of the application of PKA was similar to
that by dbcAMP. The anterograde vesicle transport showed a
selective and transient decrease in number (Fig. 4a,¢) but not in
velocity, while no significant changes were observed in the ret-
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Figure 1.

Effects of dbcAMP on organelle transport in the crayfish giant axon. The numbers of anterogradely (a, b) and retrogradely (c, d) moving

organelles were counted in the absence (a, ¢) and presence (b, d) of dbcAMP (1 mm). Some typical raw data are plotted against time after the
drug application in a—d. Open symbols with dotted lines indicate the number of moving mitochondria, and closed symbols with solid lines show
that of small vesicles. These raw data were transformed into “relative motility indices™ by dividing the average values before the drug application,
and the mean and SEM of eight independent preparations are plotted in e~ (e, anterograde small vesicles; f, retrograde small vesicles; g, anterograde
mitochondria; A, retrograde mitochondria). The values in the absence of dbcAMP (<) and in the presence of 1 mm dbcAMP (M) are indicated in
e—h, and those in the presence of 2 mM dbcAMP (A) and in the presence of 1 mM dbcAMP and 2 um KT5720 () are also shown in ¢ and f. The
application of dbcAMP caused a selective and transient reduction in the number of anterogradely transported small vesicles, and this reduction was
reversed by the application of the specific PKA inhibitor KT5720.
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Figure 2. Dose dependence of the reduction of the anterograde vesicle
transport by dbcAMP (a) and its reversal by KT5720 (b). Mean and
SEM of relative motility indices at 25 min after the drug application
from five independent experiments are shown. Asterisks indicate that
the reduction or its reversal was significant at P < 0.05 by Student’s ¢
test.

rograde vesicle transport or mitochondria transport (Fig. 4b,f).
These results support the interpretation that the anterograde-spe-
cific inhibition by dbcAMP is due to the activation of PKA, and
that the inhibition is not due to the change of ATP concentration
in the axoplasm.
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Figure 3. The effects of the alteration of ATP concentration on the
anterograde (M) and retrograde (<) vesicle transport. Mean and SEM
from three independent experiments are shown. Reduction of ATP con-
centration has an inhibitory effect on both the anterograde and retro-
grade trangport, but the latter was more sensitive. This difference in
sensitivity was significant at P < 0.01 by the paired ¢ test. Note that at
any concentration of ATP, the relative motility index for the anterograde
transport was equal to or greater than that for the retrograde one.

ATPvS augments the inhibition by PKA

The application of dbcAMP or PKA showed a biphasic effect
on vesicle transport: inhibition and its recovery. One possible
explanation for the recovery is that protein phosphatase dephos-
phorylates a protein or proteins once phosphorylated by PKA.
To inspect this possibility, okadaic acid and calyculin A, broad
range phosphatase inhibitors, were used. Neither of them
showed a significant effect; these drugs did not interfere with
the inhibition by PKA.

However, there still remains room for a possible role of pro-
tein phosphatase, for only protein phosphatases 1, 2A, and 2B
are inhibited by these drugs. Then, to inhibit all the phospha-
tases, the ATP analog ATPyS was applied. It can be the substrate
for the kinase and the target protein is thiophosphorylated, but
the thiophosphate moiety is hardly hydrolyzed by protein phos-
phatase. Because Shimizu et al. (1991) have reported that
ATPyS inhibits vesicle transport and motor proteins such as ki-
nesin at higher concentrations, we carefully determined the con-
centration of ATPyS to avoid its inhibitory effects on the trans-
port. No significant effect by ATPyS was observable up to 200
M even after 120 min incubation in the medium (Fig. 4, CTRL
traces).

In the presence of 100 pM ATPvyS, however, the effect of the
catalytic subunit of PKA was augmented. The anterograde ves-
icle transport was suppressed in number (Fig. 4a,e) but not in
velocity, and the retrograde vesicle transport (Fig. 4b,f) and the
mitochondria transport (Fig. 4c,d,g,h) were not inhibited. The
decrease in the number of anterogradely transported organelles
was greater than in the absence of ATPyS, and the recovery was



3058 Okada et al. » Selective Inhibition of Axonal Transport by PKA

b

Antero-vesicle Retro-vesicle c Amtero-mit

8
°
g
go
o
o0
=
s
(=]
2 100
50 -
40 —
0 T T T 0 T T | T Y T
0 20 40 60 0 .20 40 60 0 20 40 60
Time/min Time/min Time/min
e Antero-vesicle f Retro-vesicle g Antero-mit

LZW 1.2

% ;1;1;

-

0.8 -
y 0.8
g
=
- 0.6 T T T
= 0 20 40 60
2 0.6
= .
P h Retro-mit
'§ L PKA+YS
L
=4
0.4 —--¥--~ KT
----0O----  CIRL
0.2
—&k— PKA
Y T T T 0 T T T
0 20 40 60 0 20 40 60
Time/min Time/min Time/min

Figure 4. The effects of the application of the exogenous PKA catalytic subunit to the permeabilized-reactivated model of crayfish giant axon.
a~d show typical raw data, and the mean and SEM of relative motility indices from eight independent preparations are plotted against time after
PKA application (e-h). CTRL, PKA, PKA+vS, and KT indicate the conditions: CTRL = ATPyS only; PKA = PKA only; PKA+yS = PKA and
ATPYS; and KT = PKA, ATPvS, and KT5720. The application of the exogenous PKA catalytic subunit transiently and selectively inhibited the
anterograde vesicle transport (P < 0.01 by ¢ test at 15-30 min after PKA application). This effect was augmented by the addition of ATPyS, and
its recovery was inhibited (P < 0.01 at 30~60 min).



inhibited in the presence of ATPyS (Fig. 4a,e). This suggests
the involvement of phosphatase activity in the recovery phase.

EM observation confirmed that PKA-sensitive organelles are
small vesicles, but not mitochondria

Contrast-enhanced light microscopy revealed that the antero-
grade organelle transport can be divided into two pharmacolog-
ically different systems: one is sensitive to PKA activation and
the other is insensitive or less sensitive. The limited resolution
of light microscopy enabled us to discriminate only two mor-
phologically different populations. One consisted of small,
spherical, smoothly moving organelles whose movement was
specifically inhibited by the activation of the PKA system, and
the other was made up of larger, longer, saltatory moving or-
ganelles that were not inhibited by PKA.

For observation at a higher resolution, electron microscopy
was used. Ligation of the axon is an effective method for dis-
criminating the anterogradely or retrogradely transported organ-
elles from nontransported ones (Smith, 1980; Hirokawa et al.,
1990, 1991). The anterogradely transported organelles accumu-
late at the proximal portion to the ligated site, while the retro-
grade ones accumulate at the distal portion. Nontransported or-
ganelles do not accumulate.

The permeabilized-reactivated giant axon was ligated after 35

min incubation in the presence of ATPyS and the catalytic sub-

unit of PKA, and was fixed 5 min after its ligation. This prep-
aration allowed us to observe only the organelles moving during
the period 35-40 min after PKA application, when the inhibition
of the transport reached its peak (Fig. 4a,e). Typical electron
micrographs are demonstrated in Figure 5. First of all, unlike
mammalian axons, no apparent changes of the cytoskeletal or-
ganization were observed with these treatments (Fig. 5a—f). Un-
der control conditions (Fig. 5a,d), many vesicles and mitochon-
dria accumulated at both proximal and distal regions. Some
accumulated vesicles fused to form large membranous cisternae.
The addition of PKA caused a decrease in the accumulation of
vesicular and membranous cisternae at the proximal region (Fig.
5b), while the accumulation of mitochondria showed no appar-
ent change, and no distinct change was observed at the distal
region (Fig. 5e).

The effects of the application of the pharmacological probes
on the accumulation of organelles at both the proximal and distal
regions were semi-quantitatively analyzed. As shown in Figure
5g—j, the degree of accumulation was scored and the histogram
was calculated. No significant difference was detected in the
distal portion (Fig. 54,j), as expected from the results by light
microscope. At the proximal region, the accumulation of vesicles
and membranous cisternae was significantly inhibited, and this
inhibition was reversed by the application of the PKA inhibitor
KT5720 (Fig. 5g), while the accumulation of mitochondria was
not affected (Fig. 5i).

Thus, the observation at the electron microscopic level con-
firmed the results obtained by light microscopy that the activa-
tion of the PKA system selectively inhibited the anterograde
transport of vesicles.

Kinesin is a possible target of PKA

The activation of PKA system in crayfish giant axon specifically
inhibits the anterograde vesicle transport. Then what is the target
of PKA? To answer this question, we searched a protein band(s)
that was specifically phosphorylated by the activation of PKA
pathway. The phosphorylated proteins in the axoplasm were an-
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alyzed by SDS-PAGE and detected by autoradiography. At least
13 bands were identified on the autoradiogram (Fig. 6, lane 1).
Their radioactivities were significantly increased in the sample
incubated in the presence of PKA (Fig. 6, lane 2"). The addition
of KT5720 reversed this increase (Fig. 6, lane 3’). Thus these
bands are good candidates for the target of PKA.

Kinesin is reported to be a substrate of PKA in vitro (Murphy
et al.,, 1989; Sato-Yoshitake et al., 1992), and several studies
have revealed that kinesin is a phosphoprotein in vivo (Hollen-
beck, 1993) and that its phosphorylation level is raised by PKA
activation (Matthies et al., 1993). Furthermore, our previous pa-
per (Sato-Yoshitake et al., 1992) suggested the possible role of
kinesin phosphorylation in the regulation of the fast axonal
transport. Thus kinesin is a good candidate for the substrate, and
we performed the following experiments for its demonstration.

To clarify whether kinesin is really phosphorylated in crayfish
giant axon, we purified crayfish kinesin (CF-kinesin) by nucle-
otide-dependent binding to and release from microtubules. The
resulting fraction supported microtubule motility (data not
shown). A 120 kDa protein was concentrated in this fraction
(Fig. 6, lane 7), and this band was recognized by anti-kinesin
heavy chain monoclonal antibody H2 (Pfister et al., 1989) (see
Fig. 9). We therefore consider this 120 kDa protein to be the
kinesin heavy chain homolog, and we refer to it as CF-kinesin.
This fraction was purer than the corresponding fraction from
mammalian brain. Only tubulin and CF-kinesin were the major
components, and other contaminating bands were very subtle
(Fig. 6, lane 7). Thus we used this fraction in the following
assays. We could not identify kinesin light chain (KLC) in this
fraction, mainly due to the lack of anti-KLC antibody that cross-
reacts with crayfish.

This CF-kinesin fraction was added to the extruded axoplasm
(Fig. 6, lanes 4-6). CF-kinesin was phosphorylated in vitro
among axoplasmic proteins and the band around 116 kDa was
demonstrated to correspond to that of CF-kinesin (Fig. 6, lanes
4'-6").

CF-kinesin is phosphorylated by PKA in vivo

Thus CF-kinesin is a good candidate for the target of PKA in
vivo, but is it really phosphorylated in nonperturbed crayfish
neuron, and is it directly phosphorylated by PKA? To answer
these questions, we metabolically labeled the ventral nerve gan-
glia with 3?P-orthophosphate, purified CF-kinesin from these
ganglia, and performed phosphopeptide mapping to compare the
in vivo phosphorylation site with the PKA phosphorylation site
in vitro. :

CF-kinesin was actually phosphorylated in vivo (Fig. 74, lane
2'; b, lanes 5-8), and the phosphopeptide mapping was identical
with CF-kinesin phosphorylated in vitro by PKA (Fig. 7). This
demonstrates that CF-kinesin is a phosphoprotein in crayfish
neuron, and that the 116 kDa PKA substrate in the crayfish
axoplasm is CF-kinesin.

Crayfish axoplasm has a phosphatase activity specific to CF-
kinesin
The results obtained with the contrast-enhanced light microscope
suggested that the axoplasm has a phosphatase activity which
dephosphorylates the target protein of PKA, and thus the inhi-
bition of the anterograde vesicle transport was recovered.

This means that the target protein of PKA must be dephos-
phorylated by an axoplasmic factor. We therefore incubated
phosphorylated CF-kinesin with extruded axoplasm. As shown
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Figure 6. Phosphorylation of crayfish axoplasmic proteins by the application of PKA under the condition corresponding to that used for the
microscopic observation. Extruded axoplasm (lanes 1-3), extruded axoplasm supplemented with purified CF-kinesin (lanes 4-6), and purified CF-
kinesin (lanes 7-9) were incubated in the absence of PKA (I, 4. 7), in the presence of PKA (2, 5, 8), and in the presence of PKA and KT5720
(3, 6, 9). The samples were analyzed on SDS-polyacrylamide gel by Coomassie stain (/—9), and by autoradiography (1'-9"). The positions of the
molecular weight marker proteins are indicated on the left of lane 1. At least 13 phosphoprotein bands were recognized in lanes 1" and 2’, and
their positions are indicated on the left of lane 1'. Application of PKA increased the level of phosphorylation of these bands (lane 2'), and this
increase was reversed by KT5720 (lane 3"). Purified CF-kinesin was phosphorylated by PKA (lane 8') even in the presence of other axoplasmic
proteins (lane 5'). The position of the phosphorylated CF-kinesin band was around 116 kDa, corresponding to the phosphoprotein band around
116 kDa in lane 2'. :

in Figure 8, the amount of phosphate moiety incorporated into possibility. To confirm that this is also the case with CF-kinesin,
CF-kinesin decreased in a time-dependent manner even in the we performed a binding experiment with crayfish axoplasmic
presence of okadaic acid or calyculin A, but no significant organelles and CF-kinesin.

change was found in the two other contaminating phosphopro- Crayfish axoplasmic organelles were collected from the ex-
teins p70 and tubulin. Thus the axoplasm was demonstrated to truded axoplasm to avoid the contamination of axolemma. Mem-
have phosphatase activity which dephosphorylates phosphory- brane organelles were collected by sequential centrifugation.
lated kinesin, one of the possible targets of PKA. This phospha- Mitochondria were mostly removed by the first centrifugation;
tase activity was not inhibited by okadaic acid or calyculin A, most microtubules, the only major filamentous cytoskeleton,
corresponding well with the observation by light microscopy. were depolymerized by the dilution and chilling just above

freezing point; and most nondepolymerized microtubules were
PKA phosphorylation of CF-kinesin reduces its affinity to also removed by the first centrifugation. Thus the pellet of the

axonal organelles second centrifugation contained little cytoskeletal filamentous

The above results collectively show that the phosphorylation of  structure.

CF-kinesin by PKA parallel the selective inhibition of antero- After washing with salt to remove already binding kinesin,
grade axonal vesicle transport. Then can the phosphorylation of  this organelle fraction was mixed with purified CF-Kinesin, and
kinesin cause the inhibition? Several studies deny the possibility the amount of free/bound kinesin was measured by quantitative

that phosphorylation of kinesin directly inhibits its motor activ- immunoblotting with anti-kinesin heavy chain H2 antibody
ity (Murphy et al., 1989; Matthies et al.,, 1993). In fact, the (Pfister et al., 1989). As expected, the binding of CF-kinesin to
microtubule motility by kinesin was not affected by its phos- the axoplasmic organelles decreased to 75 £ 5% (mean =*
phorylation (data not shown). SEM, N = 5) after the phosphorylation of CF-kinesin by PKA

The second possibility is that the phosphorylation uncouples (Fig. 9). This supports the idea suggested in our previous in vitro
kinesin from its cargo. Our previous in vitro study with rodent study that PKA phosphorylation of kinesin inhibits organelle
kinesin and organelle (Sato-Yoshitake et al., 1992) supports this motility by releasing the motor from its cargo, though the ob-

—

Figure 5. Accumulation of transported organelles proximal (a—c) and distal (d—f) to the ligation. In the control group (ATPyS only), at both
proximal (a) and distal (d) portions, many mitochondria (arrow) and vesicles (small arrowhead) accumulated, and accumulated vesicles fused to
form Jarge membranous cisternae (large arrowhead). After application of PKA and ATPyS, the accumulation of vesicles decreased at the proximal
portion (b), while that at the distal portion (e) and the accumulation of mitochondria had no apparent changes. The decrease of vesicle accumulation
at the proximal portion was inhibited by the addition of KT5720 (¢, proximal portion; f, distal portion). g—j show the histograms of the degree of
accumulation scored as described in Materials and Methods (g, proximal-vesicle; &, distal-vesicle; i, proximal-mitochondria; j, distal-mitochondria).
The application of PKA (x) selectively reduced the accumulation of vesicles at the proximal portion, which caused a significant shift of the peak
in g (P < 0.01 by accumulated x? test). This reduction was reversed to the control level (@) by the addition of KT5720 (). No significant change
in the profile of these histograms was detected in distal portions (h, j) or in the accumulation of mitochondria (i, j).
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Figure 7. Kinesin phosphorylation in vivo. a, Metabolically labeled CF-kinesin was partially purified by cosedimentation with microtubules. Lanes
/ and 2 are Coomassie stains of crude extract and microtubule pellet, respectively. Lanes 1" and 2" are the corresponding autoradiogram. Arrowheads
show the position of CF-kinesin band. b, Phosphopeptide mapping of PKA phosphorylated CF-kinesin (lanes /—#) and in vivo phosphorylated CF-
kinesin (lanes 5-8). Phosphorylated CF-kinesin band was excised from SDS gels and digested with O (lanes I and 5), 3 (lanes 2 and 6), 10 (lanes
Jand 7), or 30 ng (lanes 4 and §8) of V8 protease. Peptides were separated on a second 15% SDS gel (Cleveland et al., 1977), and exposed for
autoradiography. Nine phosphopeptide bands were identified (arrowheads) in both PKA phosphorylated (lanes 1-4) and in vivo phosphorylated
(lanes 5-8) preparations, suggesting that the in vive phosphorylation site(s) is the same as the in vitro PKA phosphorylation site(s). Open arrowhead
shows the position of the border between the stacking and the separation gels. The positions of molecular weight markers are indicated on the left

of lane I: 200, 116, 97, 66, 45, 31, 21, and 14 kDa from the top.

served change in the binding affinity was a little bit smaller,
probably due to the impurity of the organelle fraction.

Discussion

Many types of regulatory machinery are postulated in the fast
axonal transport, but only a few studies have shed any light on
it. Phosphorylation/dephosphorylation is supposed to play a role
in the regulation of fast axonal transport from the analogy of the
regulation of the pigment granule movement in fish scale chro-
matophores (Lynch et al., 1986a,b; Rodzial and Haimo, 1986a,b;
Sammak et al., 1992), but no positive evidence was reported yet.
Bloom and his colleagues (1993) have reported the possible reg-
ulatory roles of small GTP-binding proteins in the squid giant
axon, but they could not detect any effect by the inhibition of
the kinase/phosphatase system. In this paper, we first report that
the activation of PKA pathway selectively inhibits the antero-
grade vesicle transport by using crayfish giant axon as the ex-
perimental model.

Activation of PKA pathway selectively inhibits anterograde
vesicle transport

The application of dbcAMP or exogenous PKA caused a tran-
sient but selective inhibition of the anterograde vesicle transport.
This inhibition was completely reversed by the application of
KT5720, and was augmented by ATPyS. Thus it is natural to
assume that this inhibition is caused by the activation of PKA,
but then why did phosphatase inhibitors and PKA inhibitors
alone have no significant effect on organelle transport? We con-
sider that it is due to the following reasons.

First, the phosphatase inhibitors that Bloom et al. (1993) and
we used are okadaic acid or calyculin A. They inhibit only pro-
tein phosphatases 1, 2A, and 2B, and are not effective to other
phosphatases. This is why we used ATPyS to inhibit all the
putative phosphatases, and its application indeed augmented the
PKA action. However, we could not detect any significant spe-
cific effects by ATP+S alone. This would be due to the permea-
bilization and the dose of ATPyS. By permeabilization, soluble
proteins including kinase were washed out. The dose of ATPyS
was arranged to be as low as possible to avoid its direct inhib-
itory effect on motor protein; it was arranged to have no appar-
ent effect in the control experiments.

Second, Bloom et al. (1993) and we observed that the appli-
cation of PKA inhibitor alone caused no increase in the antero-
grade vesicle transport. This might be partly due to the very low
basal PKA activity in the axon; PKA might be already inhibited
by the regulatory mechanism. However, we consider that the
chief reason lies in the intrinsic limit of video light microscopy.

The resolution of light microscopy is limited. Therefore, when
too many organelles are moving in the same direction, they will
create a group of moving overlapped Airy disks. Because it is
difficult to correctly estimate the number of organelles forming
each Airy disks, only the number of Airy disks was counted
instead of that of organelles. Thus, the number counted in this
assay might be an underestimated value, especially when too
many organelles are moving. In fact, judging from the apparent
optical density of the Airy disks in our system, we consider that
this overlapping effect was obvious when the number of moving
vesicles exceeds 200. This intrinsic limitation of video micros-
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Figure 8, Phosphatase activity in the crayfish axoplasm. Purified CF-
kinesin was phosphorylated as in lanes 8 and 8’ in Figure 6. After the
addition of excess cold ATP, okadaic acid, calyculin A, and protease
inhibitors, the sample was then incubated in the absence (/, 3, 5) or in
the presence (2, 4, 6) of the extruded axoplasm for 10 min (7, 2), 30
min (3, 4), and 50 min (5, 6). They were analyzed on SDS-polyacryl-
amide gel by Coomassie stain (/-6) and by autoradiogram (/'-6"). The
position of CF-kinesin and two other contamination bands (p70 and
tubulin) are indicated. The autoradiogram was quantitatively analyzed
and the relative level of phosphorylation was plotted. Circle, square,
and rriangle symbols indicate kinesin, p70, and tubulin, respectively.
The closed symbols with dotted line and the open symbols with solid
line are in the presence and the absence of axoplasm, respectively. Mean
and SEM of three independent experiments are shown. CF-kinesin was
selectively and significantly dephosphorylated in the presence of axo-
plasm (p < 0.01 at 30 and 50 min by paired ¢ test).

copy can limit the detection of the increase or the subtle decrease
in the anterograde vesicle transport, for the number of moving
vesicles in unperturbed axons was around this limit.

Phosphorylation regulates anterograde vesicle transport

What causes the selective inhibition of anterograde motility by
PKA?

It seems unlikely that this inhibition is caused by nonphy-
siological hyperphosphorylation of axonal proteins. PKA acti-
vation can cause metabolic effects, but the selective inhibition
could not be reproduced by altering ATP concentration. PKA
can also phosphorylate cytoskeletal proteins, which perturbs ax-
onal transport in Aplysia (Forscher et al., 1987) and in mam-
malian neuron (Sato-Yoshitake, unpublished results). In our sys-
tem, no apparent change was observed in the cytoskeletal
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Figure 9. The binding of CF-kinesin to axonal organelles was weak-
ened by the phosphorylation of CF-kinesin. Purified CF-kinesin and
purified axonal organelles were incubated, and free kinesin and bound
kinesin were separated by centrifugation. The amount of free (3, 4) and
bound (/, 2) kinesin was quantitated by immunoblotting with anti-ki-
nesin heavy chain monoclonal antibody H2 (Pfister et al., 1989). Lanes
I and 3 show the result using unphosphorylated kinesin, and lanes 2
and 4 show that with phosphorylated kinesin. The amount of kinesin
bound to the organelles was reduced to 75 = 10% (mean = SEM, N
=5, P < 0.01 by paired r test) by phosphorylation.

architecture even at an electron microscopic level. Considering
that only anterograde vesicle transport was selectively inhibited,
it is natural to assume that the target of PKA phosphorylation
is some proteins specifically involved in anterograde vesicle
transport. Thus it is unlikely that cytoskeletal proteins are the
PKA target responsible for the inhibition.

Therefore, the PKA target would be a protein whose phos-
phorylation selectively inhibits anterograde vesicle transport.
That is, the anterograde vesicle transport can be regulated
through the phosphorylation state of this PKA target protein.
This is the first positive result supporting the idea that axonal
transport is regulated through phosphorylation as in other cel-
lular processes including pigment granule movement.

For further analysis, it is necessary to identify the PKA target.
It will be among the proteins identified in Figure 6, and we have
demonstrated that one of them is kinesin, which is supposed to
be regulated by PKA phosphorylation (Sato-Yoshitake et al.,
1992). Kinesin is a phosphoprotein in vivo whose phosphory-
lation was augmented by PKA activation. The site of phosphor-
ylation in vivo is the same or similar to the PKA phosphorylation
site in vitro, and the phosphorylation reduced the affinity to its
cargo. These results are consistent with our previous in vitro
results with rodent kinesin (Sato-Yoshitake et al., 1992), and
they strongly support our hypothesis on the regulation of the
direction of axonal transport that phosphorylation regulates the
decommission of kinesin at the axon terminal by releasing it
from its cargo (Sato-Yoshitake et al., 1992). Therefore, kinesin
is a good candidate for the PKA target responsible for the reg-
ulation of axonal transport, although we could not demonstrate
the direct relation between kinesin phosphorylation and the in-
hibition of anterograde vesicle transport. Furthermore, this does
not mean that other putative PKA target proteins are not in-
volved in the regulation. Further study will be necessary for their
characterization and the analysis on the relation between their
phosphorylation and the inhibition of vesicle transport.

Different response of vesicles and mitochondria to PKA

The movement of mitochondria is apparently different from that
of vesicles. Vesicles move very smoothly and rarely change di-
rection (Breuer et al., 1975), while the movement of mitochon-
dria is very saccadic. They move for relatively short distance
and then stop for a while. Their reversal of direction is not a
rare event (Hirokawa and Yorifuji, 1986; Forman et al., 1987).
It is not unnatural to suppose that the direction of movement is
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differently regulated. Only a few studies have focused on this
difference, but our results clearly show that the movement of
vesicles and mitochondria is differently regulated.

One possible and attractive explanation is that this is because
the motors for anterograde vesicle transport and mitochondria
transport are different. Recent molecular and cell biological
studies have revealed that in neural cells and many other types
of cells there exist new motor molecules besides kinesin and
dynein, and it is supposed that these motors carry many different
cargoes (Stewart et al., 1991; Aizawa et al., 1992; Kondo et al.,
1994; Sekine et al., 1994). In Reticulomyxa, for example, it is
reported that the bidirectional movement of mitochondria, even
its plus-end-directed movement, is supported by a variant of
cytoplasmic dynein (Euteneuer et al., 1988). Furthermore, we
have recently identified a new motor protein, KIF1B, which is
a good candidate for mitochondrial transport (Nangaku et al.,
1994). The differential regulation of vesicle and mitochondria
transports will be an important question for the future challenge.
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