copy. The transmission data yielded an av-
erage dichroic ratio (R) of 2 at 490 nm,
where R is the ratio of absorbance parallel
to versus perpendicular to the film (20).
The conductivity of the multiwire cables in
the concentrated 107? M nanocomposite
was determined by an optical method be-
cause the material exhibits a high contact
resistance. We estimated the conductivity
from the plasma resonance (w,) exhibited
by (LiMo;Se;),, in the infrared region (10).
The infrared spectrum of a 1072 M
poly(VC)-(LiMo,Se;),, gel sheared between
two KBr disks dlsplays a broad (L1M03Se3)
plasma absorption centered at ~1100 cm™

Fitting the absorption according to a Drude
model (21) gives o, and an estimated con-
ductivity o of 10? to 10° Sem™! from ¢ =
w, ’r/4m, where 7 is the carrier relaxation
time. This compares favorably with a conduc-
tivity of 2 X 10? S cm™! measured for a neat

(LiMo;Se;),, thin film (10).
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Visualization of Slow Axonal Transport in Vivo

Sumio Terada, Takao Nakata, Alan C. Peterson,
Nobutaka Hirokawa*

In axons, cytoskeletal constituents move by slow transport. However, it remains con-
troversial whether axonal neurofilaments are dynamic structures in which only subunits
are transported or whether filaments assemble in the proximal axon and are transported
intact as polymers to the axon terminus. To investigate the form neurofilament proteins
take during transport, neurons of transgenic mice lacking axonal neurofilaments were
infected with a recombinant adenoviral vector encoding epitope-tagged neurofilament
M. Confocal and electron microscopy revealed that the virally encoded neurofilament M
was transported in unpolymerized form along axonal microtubules. Thus, neurofilament
proteins are probably transported as subunits or small oligomers along microtubules,
which are major routes for slow axonal transport.

Neurons are highly asymmetric cells. Their
axonal processes can extend for an excep-
tionally long distance, but there is a com-
plete lack of protein synthesis machinery in
axons. Thus, all materials necessary for ax-
onal maintenance and function are trans-
ported from the cell body by fast and slow
transport mechanisms. Components of the
neuronal cytoskeleton and several axonal
cytoplasmic proteins are conveyed by slow
axonal transport at a rate of 0.1 to 3 mm/
day (1). Although the process has been an-
alyzed by various methods, it still remains
controversial whether axonal neurofila-
ments are dynamic structures in which only
subunits are transported (2, 3) or whether
the axonal neurofilament cytoskeleton poly-
merizes in the cell body immediately after
synthesis and subsequently is transported as
a coherent column to the axon terminus by
a sliding mechanism (4, 5).

To study the mechanisms involved in slow
axonal transport, we constructed a recombi-
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nant adenoviral vector (6) encoding an
epitope-tagged neurofilament M protein. The
rat gene encoding neurofilament M (7) was
modified by polymerase chain reaction tech-
niques to encode a c-Myc epitope tag (8).
Because the COOH-terminus of neurofila-
ment M is only poorly conserved among spe-
cies (9), the precise amino acid sequence is
unlikely to be critical, and we introduced the
c-Myc epitope in that domain. The neurofila-
ment M protein by itself cannot form 10-nm
filaments (10, 11), which precludes any direct
evaluation of functional consequences arising
from this modification. However, in a bacu-
lovirus expression system, neurofilament M
can form 10-nm filaments by copolymerizing
with neurofilament L. Epitope tagging did
not lead to any observable changes in cross-
bridge formation, spacing between core fila-
ments, or core filament assembly in this ex-
pression system (I1). The recombinant ade-
novirus encoding the epitope-tagged rat neu-
rofilament M protein (AxCA-NT-NFMmyc)
was constructed by homologous recombina-
tion between the expression cosmid cassette
and the parental virus genome (12). This
vector was then used to infect the fourth
lumbar (L4) dorsal root ganglion (DRG) neu-
rons of both normal and transgenic mice
(13). In line 44A transgenic mice, expression
of an NF-H-B-galactosidase fusion protein
causes the entire intermediate filament cy-
toskeleton to precipitate in the cell body, and
consequently axons lack a neurofilament cy-
toskeleton (14). As neurofilament M proteins
cannot by themselves form polymers (10, 11),
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investigation of the transport of the virally Copolymerization of the tagged neurofila- NFMmyc was concentrated (15) to 10 to
encoded gene product was expected to reveal ment M protein into the endogenous inter- 10" plaque-forming units (PFUs) per milli-

whether unassembled neurofilament protein  mediate filament network was observed in liter and injected into the left L4 DRG of line
can be transported by slow axonal transport.  DRG neurons (Fig. 1). A stock of AXCA-NT-  44A transgenic mice. A characteristic fila-

Fig. 1. Successful co-
polymerization of tagged
neurofilament protein into
10-nm filaments in DRG
neurons of line 44A
transgenic mice infect-
ed with AXCA-NT-NFM-
myc in vivo. (A} Differen-
tial interference contrast
(DIC) image of a DRG
infected with vector con-
taining viruses. (B) Char-
" acteristic filamentous dis-
tribution pattern of trans-
gene products as de-
tected by epifluorescent
microscopy in the same
specimen as shown in
(A). Two of three DRG
neurons shown in the
DIC image are infected
with vectors. Scale bars
in {A) and (B), 10 um. (C)
Cell body of a DRG neu-
ron from a noninfected

transgenic mouse, processed by conventional electron microscopic procedures. (D) Immunoelectron
microscopic preparation of vector-infected DRG neurons from line 44A mice, showing close parallel

mentous distribution pattern of the Myc
epitope was observed in the DRG cell bodies
by epifluorescent microscopy (Fig. 1B). Co-
assembly of the Myc-tagged neurofilament M
protein with endogenous 10-nm intermediate
filaments was also revealed by immunoelec-
tron microscopy (Fig. 1D). The neurofila-
ments precipitated in the neuronal cell bodies
of line 44A mice assumed a tightly spaced
parallel array. Ultrastructural analysis of the
infected DRG cell bodies revealed a similar
configuration of filaments, some of which
were labeled with silver grains. When we
compared them with noninfected cells, we did
not detect any pathological changes of struc-
tural components (16) in DRG neurons in-
fected with vector (Fig. 1D). The recombi-
nant adenovirus vector had little or no cyto-
toxic effect on DRG neurons, even at the
ultrastructural level.

At 5 or 7 days after infection, sciatic
nerves and spinal roots were dissected, sec-
tioned in the longitudinal plane, and analyzed
by immunocytochemistry with the use of a
monoclonal antibody (mAb) to c-Myc. Con-
focal laser scanning microscopy revealed that

arrays of filaments with silver grains, which are highly reminiscent of the neurofilament configuration the tagged pegrofilament protein was read%ly
typical of such cells. Tannic acid, instead of osmium tetroxide, was used for contrast enhancement. ~ detectable in infected DRG cell bodies (Fig.

Scale bars in (C) and (D), 100 nm.

Fig. 2. Vector-encoded neurofilament-M protein detected by immunocytochem-
istry and immunoblotting in sciatic nerve axons. Highly concentrated AxCA-NT-
NFMmyc was injected into L4 dorsal root ganglia of transgenic mice, and animals
were killed 2, 5, or 7 days after infection. Sciatic nerves were dissected, sectioned
in the longitudinal plane, and analyzed by immunocytochemistry with the use of a
mAD to c-Myc. (A through €) show axons on day 5 after infection. (A) L4 DRG.
Scale bar, 250 um. (B) Section adjoining (A), distal portion. Scale bar, 100 pm. (C)
The front tip of the positive staining, located about 5 mm from the DRG (arrow).
Scale bar, 50 um. We could distinguish the leading edge of fluorescence in a
labeled axon from a case in which the labeled axon altered its course and moved
above or below the plane of the tissue section by analyzing consecutive recon-
structed cross-sectional images calculated with confocal laser scanning micros-
copy. (D) Day 7 after infection. The synchronous termination of transported trans-
gene products in multiple axons, measured and confirmed in the same way as in
(C), is shown. Scale bar, 25 pm. In (A) through (D), tagged neurofilament proteins
are traveling in the axons toward the right. (E) Distribution of transgene product
declines abruptly against the background. Upper panel, day 5 after infection [the
same sample shown in (C)); lower panel, day 7 after infection. The vertical axis
shows relative signal intensity, measured by confocal laser scanning microscopy.
The horizontal axis shows distance along the longitudinal axis of the stained axon.
The locations of the front tips of positive staining are indicated by arrows. For
immunoblotting, virus-injected animals were killed 2 days after infection and both
proximal and distal nerve fragments within 2 mm distance from the DRG were
isolated. (F) Lanes 1 and 2, samples from nerve fragments from a virus-injected
DRG; lane 3, samples from contralateral nerve fragments from a negative control.
Lanes 1 and 3 were blotted with mAb to c-Myc; lane 2 was blotted with antibody
to neurofilament M. Bars on the left indicate molecular mass markers of 200, 116,
97, 66, and 45 kDa (from the top down), and the arrowhead shows the position of
the dye front.
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axons and in some, when analyzed by serial
optical sectioning, labeled protein was contin-
uously detectable from the DRG cell body to
the leading edge of its transport (Fig. 2). To
enhance antibody penetration in this experi-
ment, we used only paraformaldehyde fixa-
tive. Successful staining was confirmed by

analysis of confocal laser scanning microscope
images in which reconstructed cross sections
of axons showed uniform and continuous la-
beling. At 5 days after infection, the front tip
was located about 5 mm from DRG neurons,
and at 7 days it had traveled about 7 mm from
the ganglion. These results are compatible

Fig. 3. Immunoelectron microscopic analysis of transported tagged neurofilament protein in sciatic nerve
axons of line 44A transgenic mice. (A) and (B} are cross-sectional views of neurofilament polymer-free
axons processed (A) by conventional electron microscopic procedures and (B) by tannic acid, instead of
osmium tetroxide, for immunoelectron microscopy. [We used tannic acid for contrast enhancement in (B)
through (H) because osmification was found to dissolve silver grains. Note the difference between the
images enhanced by tannic acid and the image of the conventional specimen (A).] (C) Cross-sectional
image of an axon devoid of neurofilament polymers, revealing tagged unpolymerized proteins traveling
down the axon. In contrast, (D) is the cross-sectional view of an axon containing neurofilament polymers
and shows labeled neurofilament proteins (sitver grains) located preferentiaily along microtubules (arrows).
(E through H) Longitudinal sections of vector-infected neurofilament polymer-positive axons, showing the
existence of selective channels for neurofilament protein transport. Tagged neurofilament proteins are
traveling down the axons toward the right. Labeled proteins were most often situated in a line along the
longitudinal axis of the axon. This configuration becomes progressively more evident in the distal portion
of axons shown in (E) and (F) and is obscured in proximal axon segments (G). (H) is at a lower magnification.
Scale bars in (A) through (G), 100 nm; scale bar in (H), 500 nm.
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with the transport speed of slow component a
(SCa), which includes the endogenous neu-
rofilament proteins (4). Furthermore, as
shown in Fig. 2D, we often observed several
leading edges of staining in one specimen.
This indicates a very synchronous rate of
transport in different axons. In addition, the
distribution of vector-derived neurofilament
M assessed by measurement of the signal in-
tensity profile along the labeled axons re-
vealed that the concentration of tagged neu-
rofilament proteins was essentially uniform
throughout the labeled region. At the leading
edge, the signal declined abruptly, usually ex-
tinguishing in less than 70 wm (Fig. 2E).
These results are consistent with the evidence
from metabolic labeling studies for both direct
transport of cytoskeletal proteins and the ex-
istence of a transport mechanism involving
more than simple diffusion (17). We could
not detect any labeling in Schwann cells;
even in reconstituted cross-sectional images of
nerve fibers, the fluorescence was detected
only in axons, and the concentric circular or
elliptic stainings that corresponded to the po-
sitions of the Schwann cell cytoplasm were
never observed (18). We confirmed that the
transgene products that moved into axons
were intact tagged neurofilament M proteins,
rather than tagged proteolytic fragments, by
immunoblotting analysis (19); mAb to c-Myc
detected a single band in axoplasm (Fig. 2F),
which corresponded to the labeling by mAb
to neurofilament M. There were no degraded
fragments. Some of the tagged neurofilament
M proteins were phosphorylated in cell bodies
at this stage, whereas in axons, no phospho-
rylation of tagged proteins was observed (20).
As neurofilament M proteins cannot form
polymers by themselves (10, 11) and most
axons in these mice do not possess polymer-
ized neurofilaments, it is likely that neurofila-
ment proteins were transported as monomers
or small oligomers.

It was not possible to perform longer term
experiments with line 44A, because such mice
have a normal immune system. The E2A
product expressed by cells infected with the
viral vector causes inflammation to develop
after 7 days because of major histocompatibil-
ity complex—dependent cytotoxic T lympho-
cytes (21). Genetically athymic mice of the
BALB/c-nu/nu strain lack a cellular immune
response and do not mount an inflammation
response, and so can be studied beyond 7 days
after infection. In such mice, even at 2 weeks
after infection, the distribution of transgene
product followed the same pattern as in the
line 44A experiments. The transport rate in
such mice was similarly compatible with that
of SCa components and, as in the neurofila-
ment-deficient axons, the leading edge of la-
beling terminated abruptly (20).

To determine the subcellular distribution
of the transported, tagged neurofilament pro-



tein and to confirm that it could be transport-
ed in axons free of endogenous neurofilament
polymer, we carried out immunoelectron mi-
croscopic analysis of neurons 3 days after in-
fection (Fig. 3). Readily detectable label rep-
resenting the moving neurofilament M pro-
tein was present in 10-nm filament-free axons
(Fig. 3C). Thus, tagged neurofilament M pro-
tein traveled down axons in the absence of
polymer formation. In hemizygous 44A trans-
genic mice, although most axons lack neuro-
filaments (14), a small population with appar-
ently normal neurofilaments is consistently
encountered. In ventral roots, for example,
there may be one to three fibers with neuro-
filaments and approximately 1000 without
them. Such normal neurons apparently do not
express the transgene, and consequently their
axons have a normal cytoskeleton that serves
as an ideal internal control. In such neurofila-
ment polymer—positive axons, silver grains
were located preferentially along or immedi-
ately adjacent to microtubules (cross-sectional
view in Fig. 3D). Silver grain density was
significantly higher within 50 nm of microtu-
bules (Poisson distribution test, P < 0.1; n =
101). Longitudinal sections of vector-infected
neurofilament polymer—positive axons also re-
vealed selective channels for neurofilament
transport (Fig. 3, E, F, and H). Labeled pro-
teins tended to be situated in a line along the
longitudinal axis of the axon, and this ten-
dency became progressively more evident in
the more distal portions of the labeled axons
(Fig. 3, E through H). Three days after infec-
tion, the transition in the distribution pattern
was observed approximately 1 mm distal from
DRG neurons. At such times, the selective
channels were not obvious in the vicinity of
DRG neuronal cell bodies.

The results presented here suggest that
neurofilament proteins can be transported
in the form of monomers or small oligomers,
and therefore that assembled 10-nm neuro-
filament polymers need not be transported
by means of slow axonal transport. Our
results are reenforced by observations of
neurofilament L knockout mice (22) and of
a Japanese quail line named “quiver,”
which has a nonsense mutation in the gene
encoding neurofilament L (23). The phe-
notypes of these mutants are much alike,
and both of their nerve pathologies are
characterized by axonal hypotrophy associ-
ated with neurofilament polymer deficien-
cy; yet small amounts of middle- and high-
molecular-mass  neurofilament proteins
moved into their axons. In these animals
also, the presence of intact neurofilament
structures is not a prerequisite for transport
of neurofilament subunits into axons.

Our investigation has several implications
regarding the motors and rails used in slow
axonal transport. A simple diffusion mecha-
nism is insufficient to explain the precipitous

loss of label at the wave front after the tagged
protein has traveled down the axon for more
than 5 mm. The fact that intra-axonal distri-
bution of tagged protein occurs preferentially
along microtubules suggests that the rails for
slow axonal transport are microtubules, and
therefore that the driving mechanism will be
microtubule-dependent. Some members of
the kinesin superfamily of proteins may serve
as motors for this transport (24).

Because of the very dynamic equilibrium
between monomers or small oligomers and
neurofilament polymers that has been re-
vealed by photobleaching studies with cul-
tured DRG neurons (3), the very localized
distribution of moving tagged proteins
along microtubules suggests that some un-
known mechanism stabilizes neurofilament
proteins during transport. Neurofilament
proteins on the move must be protected
against Brownian movement and be slowly
but effectively transported within the axon,
so that the profile persists as a coherent
peak weeks after labeling. Dynamic equilib-
rium between small oligomers and polymers
involves only the portion of the protein
that has been uncoupled from microtubules.
Such disassociation from microtubule rails
occurs behind the leading edge of transport.
Our observation that the heavily labeled
channels of transported neurofilament pro-
tein in neurofilament-positive axons be-
comes fuzzier in the proximal segments of
axons may imply that incorporation into
polymers has occurred in these regions.

A cell clearly does not consist of uniform
protoplasm contained in a membranous
bag. Rather, each structural component oc-
cupies a specific location in a highly or-
dered structure, and this is particularly true
of neurons (18, 25). We consider the slow
axonal transport system to be a kind of
default pathway, especially for the cytoplas-
mic proteins, and believe that our findings
regarding neurofilament proteins will help
reveal the basic mechanism underlying one
of the most generalized cell biology prob-
lems: how cytosolic proteins are transported
to their appropriate destinations.
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. The recombinant adenovirus vector AXCA-NT-NFM-

myc was constructed by the COS-TPC method (26).

Briefly, an expression cosmid cassette (pPAXCA-NT-

NFMmyc) was constructed by insertion of the expres-

sion unit (composed of the cytomegalovirus enhancer

plus the chicken B-actin promoter, a complementary

DNA coding sequence, and the rabbit B-globin poly-

adenylation signal sequence) into Swa | site of pAxw,

which is a 42-kb cosmid containing a 31-kb adenovi-
rus type 5 genome lacking ETA, E1B, and E3 genes.

The expression cosmid cassette and the adenovirus

DNA-terminal protein complex (Ad5 dIX DNA-TPC),

predigested by Eco T22I, were cotransfected into 293

cells [American Type Culture Collection (ATCC);

CRL1573] by calcium phosphate precipitation. The

recombinant viruses were subsequently propagated

with 293 cells, and the viral solution was stored at

—80°C. The titers of viral stocks were determined by

plaque assay on 293 cells. For in vivo injection exper-

iments, highly concentrated recombinant viral stocks

were generated by the method of Kanegae et al. (15).

Line 44A mice were obtained from the original breed-

ing colony maintained at McGill University by one of

the authors (A.C.P.). We chose the DRG as a site of in
vivo infection because other neurons such as pyrami-
dal neurons of the cerebral cortex and retinal ganglion
cells were resistant to infection. Infection of anterior
horn motor neurons, although readily achieved, might
lead to the simultaneous infection of adjoining fibers of

DRG neurons. Adult male and female mice of line 44A

were anesthetized with ether, and dorsal root ganglia

(left fourth lumbar, L4) were exposed by hemilaminec-

tomy and were injected by means of glass needles

filed with a highly concentrated (10°to 10" PFU/m)
recombinant adenovirus vector stock in phosphate
buffered saline. Injected animals were killed between
3and 7 days after surgery. Briefly, they were anesthe-
tized with sodium pentobarbital and fixed by transcar-
diac perfusion with fresh 4% paraformaldehyde with

(for immunoelectron microscopy) or without (for im-

munocytochemistry) 0.1% glutaraldehyde in 0.1 M

phosphate buffer (pH 7.3). Immediately after perfu-

sion, L4 dorsal roots, ganglia, and sciatic nerves were
carefully excised. Consecutive 1-mm segments pro-
ceeding from the center of the DRG were removed

and placed in the same fixative for an additional 2

hours at room temperature and for a further 12 hours

at 4°C. The samples were then transferred to 10%

sucrose in the same buffer and incubated for 2 hours

at 4°C, after which they were cryoprotected with a

graded series of sucrose concentrations, up to 60%,

in the same phosphate buffer and then embedded in

Tissue-Tek O.C.T. compound (Miles, Elkhart, IN) and

frozen. For each segment, serial sections 8 to 10 um

thick were cut on a cryostat and collected. The sections
were quenched (in 100 mM glycine) for 30 min at room
temperature and then permeabilized and blocked (in

1% Triton X-100, 0.1% saponin, and 5% skim milk) for 4

hours at room temperature; both solutions were pre-

pared in 0.1 M phosphate buffer (pH 7.3). Subsequent-
ly, sections were incubated overnight at 4°C withamAb
recognizing the c-Myc epitope tag (Myc 1-9E10.2 hy-
bridoma cells; ATCC; CRL1729), followed by a second
overnight incubation at 4°C with either fluorescein iso-
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Immunodeficiency in Protein Kinase
Cp-Deficient Mice

Michael Leitges,*t+ Christian Schmedt,* Rodolphe Guinamard,
Jean Davoust, Stefan Schaal, Silvia Stabel,
Alexander Tarakhovsky

Cross-linking of the antigen receptor on lymphocytes by antigens or antibodies to the
receptor results in activation of enzymes of the protein kinase C (PKC) family. Mice
homozygous for a targeted disruption of the gene encoding the PKC-gIl and PKC-lI
isoforms develop an immunodeficiency characterized by impaired humoral immune
responses and reduced cellular responses of B cells, which is similar to X-linked im-
munodeficiency in mice. Thus PKC-gl and PKC-BIl play an important role in B cell
activation and may be functionally linked to Bruton’s tyrosine kinase in antigen receptor-

mediated signal transduction.

Cross—l'mking of the antigen receptor on B
and T cells by antigens or by antibodies to
the receptor is accompanied by rapid phos-
pholipase C—y activation, resulting in phos-
pholipid hydrolysis and subsequent activa-
tion of the serine-threonine-specific protein
kinase C (PKC) (1). The term PKC defines
a family of at least 10 proteins that are
characterized by a high degree of homology
in their catalytical and cysteine-rich do-
mains. On the basis of structural similarity
and the requirement of Ca™ ™ or diacylglyc-
erol (DAG) or both for catalytic activity, the
PKC family has been subdivided into three
groups. The Ca**- and DAG-dependent
PKCs are represented by PKC-a, -BI, -BII,
and -y isoforms; PKC-3, -€, -1, and -0 are
DAG-dependent but Ca**-independent;
and PKC-{ and -\ are not activated by Ca**
and DAG in vitro (2). Despite extensive
information on the enzymatic properties and
expression patterns of various PKC isoforms
in cells of the hematopoetic system, little is
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known about the physiological role of indi-
vidual PKC isoforms in lymphocyte function
(3). We started to address this question with
the analysis of the immune system of mice
deficient for the Ca**-DAG-dependent
PKC-BI and -BII. Both PKC-B isoforms are
encoded by the same gene and are expressed
in B and T lineage cells (4).

The gene encoding PKC- was disrupt-
ed in embryonic stem (ES) cells by inser-
tion of a lacZ-neo cassette into the second
exon of the PKC-B gene by homologous
recombination (Fig. 1) (5). The presence
of the targeted PKC-B allele in mice het-
erozygous or homozygous for the mutation
was revealed by Southern (DNA) blot
analysis (Fig. 1B). The absence of PKC-
protein in homozygous mutant mice was
confirmed by protein immunoblot analysis
of lysates of splenocytes and thymocytes
(Fig. 1C) (5).

Analysis of lymphocyte populations re-
vealed that the frequency and absolute num-
ber of the CD23~ immunoglobulin M™*
(IgM*) (B-1) B lymphocytes as well as of
CD5" IgM™* (B-1a) cells, which represent a
substantial fraction of the B-1 lymphocyte
population, were severely reduced in the
peritoneal cavity of PKC-B~/~ mice as com-
pared with that of wild-type mice (Fig. 2)
(6). B-1 lymphocytes are located predomi-
nantly in the peritoneal cavity of mice and
are thought to belong to a separate B cell
lineage that differs from those of other B



