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Abstract

This study describes the creation and application of a defective herpes simplex viral (HSV) vector for B-50 /GAP-43, a neural
growth-associated phosphoprotein. We demonstrate abundant expression of B-50/GAP-43 in cultured non-neuronal cells
(African green monkey kidney cells [vero cells] and Rabbit skin cells) via this HSV vector. When B-50 /GAP-43 was expressed in
non-neuronal cells major morphological changes occurred that included extensive membrane ruffling, the formation of filopodia
and long thin extensions reminiscent of neurites. These extensions often terminated in growth cone-like structures. Quantitation
of these morphological changes at different times following infection demonstrates that the surface area of the B-50 /GAP-43-ex-
pressing cells started to increase between 6 and 10 h post-infection. At 72 h, B-50 /GAP-43-positive cells were 3.0 times larger in
size and one third of the cells expressed long processes with a mean length of 165 £+ 14.5 pm. Ultrastructural studies of cells 48 h
after infection revealed that B-50/GAP-43 is predominantly localized at the plasma membrane of the elaborated processes.
Some immunoreactivity was associated with vesicular structures that appear to be in-transit in the processes. These observations
suggest that B-50 /GAP-43 acts at the plasmamembrane to induce a neuron-like morphology in non-neuronal cells persisting for
several days in culture. In the future the defective viral vector will enable gene transfer to express B-50/GAP-43 in neurons in
vivo in order to study its involvement in regencrative sprouting and neuroplasticity.
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1. Introduction growth is under the control of extracellular molecules
including growth factors, cell adhesion molecules and
extracellular matrix components. In addition a number

of proteins have been implicated in the intracellular

Adult nervous systems consist of complex neuronal
networks. The initiation of nerve fiber formation is one

of the first crucial events in an elaborate process even-
tually resulting in the establishment of these highly
organized structures. The regulation of nerve fiber
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mechanisms that regulate neurite outgrowth. These
include the cytoskeletal protein actin [26,46], juvenile
forms of tubulin [28,13], microtubule-associated pro-
teins [8,27], the developmentally regulated dendritic
protein Drebrin [35], and the growth-associated protein
B-50 /GAP-43 [10,40].

GAP43 was originally discovered in an attempt to
identify proteins specifically transported into growing
axons [5,37]. Earlier, a substrate of protein kinase C
was isolated which was specific to nervous tissue and
this protein was called B-50 [23,58,59]. Subsequently
molecular cloning revealed that GAP-43 [4] and B-50
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[29] are the same protein and are also homologous to
F1 [32], a protein associated with long-term potentia-
tion and neuromodulin, a calmodulin-binding protein
[9]. An intense interest developed in determining what
role, if any, B-50/GAP-43 plays in the development
and regeneration of nerve fibers.

Studies on the localization and the regulation of
B-50/GAP-43 protein expression and transport have
vielded some insights in the role of this protein in
axonal growth. The abundance of B-50/GAP-43 in the
growth cone [11,20,39] and in developing embryonic
neurons [6], coupled with a downregulation of the
expression of the protein shortly following target cell
innervation has furthered speculation that B-50 /GAP-
43 actively participates in the regulation of nerve fiber
outgrowth [40]. B-50 /GAP-43 levels in injured periph-
eral nervous system (PNS) neurons are normally upreg-
ulated following a lesion and increased levels of B-
50/GAP43 are associated with periods of nerve regen-
eration [19,37,38.49.52]. The decline in B-50/GAP43
closely correlates with the completion of synapse for-
mation and with the maturation of axon-glia interac-
tions. This suggests that inhibitory signals associated
with these events may play a role in down-regulating
B-50/GAP-43 expression and that injury may interrupt
this inhibitory influence resulting in reinduction of
B-50 /GAP-43 expression [41].

Despite the close correlation between B-50 /GAP-43
expression and axonal growth, the precise role of this
protein remains elusive. B-50/GAP-43 expression in
cultured hippocampal neurons precedes the determi-
nation of neuronal polarity [S0]. During the initial
stages of nerve fiber elongation B-50/GAP-43 is
equally distributed in all short processes and their
growth cones. As polarity in these cultured neurons
develops B-50 /GAP-43 becomes more abundant in the
faster growing axonal process [16,50]. In PC-12 cells,
treatment with nerve growth factor (NGF) results in a
redistribution of B-50/GAP-43 from vesicular struc-
tures in the cytosol to the plasma membrane [51]. This
occurs coincident with the initiation of nerve fiber
outgrowth during neuronal differentiation of this cell
line. Some of the most direct evidence supporting a
role for B-50 /GAP-43 in the determination of process
outgrowth and cell shape has been obtained in experi-
ments in which the levels of B-50/GAP-43 were ma-
nipulated in cell lines. Non-neuronal cells that express
B-50/GAP-43 exhibit transient cell surface reactions
during the first hours following plating of the cell
[55,57]. Stable transfection of neuroblastoma cell lines
resulted in more rapid neurite outgrowth in response
to differentiating stimuli [30,56] and a longer mainte-
nance of formed processes on withdrawal of such sig-
nal [24]. Downregulation of B-50/GAP-43 expression
with anti-sense B-50/GAP-43 oligonucleotides or
blocking of B-50/GAP-43 with anti-B-50 /GAP-43 an-

tibodies results in a diminished outgrowth response in
neuroblastoma cells [36,19].

The purpose of this study was to develop a defective
herpes simplex virus (HSV) vector which would result
in high-level long-term expression of B-50/GAP-43 in
mammalian cells in vitro and in vivo. The defective
viral vector system used is a plasmid based vector
containing two HSV recognition sequences, the cleay-
age /packaging signal and the origin of replication,
which allows packaging of the plasmid in cells in tissue
culture in the presence of viral proteins supplied by a
helper virus [25,42]. Defective viral vectors have been
used successfully to direct in-vitro and in-vivo expres-
sion of genes in neurons [14,15,17,21,22]. We employed
these viral vectors to direct high-level sustained expres-
sion of B-50/GAP-43 to non-neuronal cells (Vero-type
African green monkey kidney cells and rabbit skin
cells) and observed the induction of long neurite-like
processes and structures reminiscent of growth cones.
In contrast to the previously reported transient changes
in cell shape observed during the first hours following
plating of B-50/GAP-43 expressing non-neuronal cells
[55.57] the present morphological changes persisted for
several days in culture. Furthermore, we report the
induction of much longer processes than previously
observed. Our observations support the notion that
B-50/GAP-43 is directly involved in the initiation and
maintenance of nerve fiber growth.

2. Materials and methods
2.1. Construction of amplicons

The construction of amplicon pHCL containing the bacterial
lacZ gene under the control of the human Cytomegalovirus immedi-
ate early (CMV) promoter has been described previously [21]. The
amplicon pHCB-50 (Fig. 1) was generated as follows. Sa/l restriction
sites were introduced 5 and 3’ of the CMV-promoter — SV-40
poly(A) signal expression cassette of pcDNA 1 (Invitrogen) using the
polymerase chain reaction (PCR). The PCR product was digested
with Sall, gel-purified and ligated in the Sa/l site of pGEM2
(Promega) resulting in pGEM-CMV. An Eagl and Smal site were
introduced 5" and 3’ of the rat B-50 coding sequence directly adja-
cent of the translation start and stop codons using the B-50 cDNA
[29] as a template. The PCR product was digested with Eagl and
Smal and cloned downstream of the CMV promotor in the Eagl and
EcoRV sites of pGEM-CMYV resulting in pGEM-CMV-B-50. The
B-50 coding sequence in pGEM-CMV-B-50 was sequenced. This
revealed no PCR errors or cloning artifacts. pGEM-CMV-B-50 was
digested with Sal/l and the CMV-B50-poly(A) fragment was cloned
into the unique Sall site of pSRa-ori, a plasmid containing the
HSV-1 cleavage /packaging signal and HSV-2 origin of replication
[21]. This yielded amplicon pHCB-50 (Fig. 1).

2.2. Tissue culture and generation of defective viral vectors

Tissue culture media and reagents were from Gibco. Vero (Afri-
can green monkey kidney) cells were obtained from the American
Tissue-type Culture Collection and rabbit skin cells were obtained
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trom Dr. Ann Kwong. These cell lines were maintained in Dulbecco’s
modified Earle’s medium (DMEM) containing 10% inactivated fetal
calf serum (IFCS) at 37°C in an atmosphere of 5% CO,. For the
production of virus stocks, Vero cells were plated and allowed to
grow to confluence in T150 tissue culture flasks (Nunc). Defective
viral particles were generated as described previously [21] using a
temperature-sensitive mutant helper virus (tsK) obtained from J.
Subak-Sharpe, Institute of Virology (Glasgow, Scotland). Defective
viral titers were determined by histochemical staining for -gal or by
immunohistochemistry for B-50/GAP-43 as described below. Viral
stocks were devoid of wildtype virus since no plaque formation
occurred at 39°C in infected cultures.

2.3. Infection of cells with defective viral vectors

To analyse the B-50/GAP-43 protein product synthesized via
dvHCB-50 and to study the effect of B-50/GAP-43 on cellular
morphology, cells were cultured at densities of 2x 104 cells per cm?
on poly-L-lysine (Sigma) coated microscope slides (26 x40 mm) in
DMEM with 10% IFCS. Cells were allowed to grow for 6 to 72 h
following plating and were infected with 1.5 ul of concentrated virus
(m.o.i. = 0.02) diluted in 1 ml phosphate-buffered saline (PBS, pH
7.4)/1% TFCS per microscope slide. One and a half hour later the
virus containing buffer was removed and fresh DMEM /10% IFCS
was added to the cells. The cells were allowed to grow for 6 to 72 h
at 39°C and were subsequently processed for Western blotting or
light and electron microscopy.

2.4. Gel electrophoresis and immunoblotting

For Western blot analysis, B-50/GAP-43 infected Vero cells
were removed from the microscope slide at 24 and 48 h following
infection using a denaturing electrophoresis sample buffer [58]. Prior
to electrophoresis, proteins in sample buffer were heated for 10 min
at 80°C. Proteins were separated by sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis [58] and separated proteins were
transferred from the 11% gels to nitrocellulose [48], immunostaining
of the blots with affinity-purified anti-B-50/GAP-43 antibody de-
rived from antiserum #8921 [31] was performed under standard
conditions [53].

2.5. Light microscopy

Cells in 12-well microtiter plates (for the determination of the
titers of the viral stocks) or cells cultured on poly-1-lysine-coated
microscope slides (to study effects of B-50 /GAP-43 on morphology)
were fixed for 15 min in 4% paraformaldehyde in 0.1 M phosphate
buffer at pH 7.4 (PB). Following fixation, cells were rinsed exten-
sively with PBS. B-Galactosidase expressing cells were visualized
with a standard histochemical staining procedure using X-gal as a
substrate [33]. B-50 was detected with affinity-purified polyclonal
rabbit antibodies (dilution 1:2500). All incubations with antibody
were at room temperature in PBS containing 0.1% Triton X-100 and
0.2% BSA. After each incubation with antibody, cells were washed
with PBS /0.1% Triton X-100. Primary antibody incubations were
performed overnight. Antigen—antibody binding was visualized with
biotinylated secondary antibodies and an avidin /biotin /HRP stain-
ing kit (Vector laboratories, Burlingame, CA) according to the proce-
dure supplied with the kit. Immunostained cells were briefly counter-
stained with hematoxylin, dehydrated, embedded in Depex mounting
medium and examined in an Olympus BH-2 microscope.

2.6. Quantification of cell shape

For each cell, the surface area, the number of cellular extensions
and the length of the extensions were determined with a computer-

ized image analysis system (DIFA, Breda, The Netherlands). To this
end cells were visualized on a television screen with a 20 X objective
using an Olympus BH-2 microscope equipped with a videocamera
linked to an IBM computer. To avoid biased sampling three ran-
domly chosen fields were marked with a pencil on each slide by an
investigator not directly involved in the quantification (J.V.) and the
cells present in these field were analysed (by W.T.J.M.C.H.). Thirty
to 59 B-gal and B-50/GAP-43 cells were analysed at 6, 10, 24, 48
and 72 h post-infection.

2.7. Electron microscopy

Vero cells cultured on poly-1-lysine-coated thermanox coverslips
were fixed in 4% paraformaldehyde /2% glutaraldehyde (biological
grade, Polysciences, Warrington, USA) in PB for 20 min at 4°C.
Fixed cells were washed in PB and aldehyde groups were inactivated
in a freshly prepared solution of sodium borohydride and 0.1%
glycine in PB. Before and after each immuno-incubation, cells were
rinsed for 1 h in 0.5% BSA and 0.1% gelatin in PB. This solution was
also used as diluent of the primary and secondary antibodies and as
incubation medium of the primary antibody which also contained
0.1% saponin and 2% normal goat serum. Cells were incubated
overnight in 1:300 diluted affinity-purified anti-B-50 /GAP-43 anti-
bodies. The next morning, cells were rinsed for 2 h and incubated in
1:80 diluted goat anti-rabbit immunoglobulines conjugated to 1 nm
gold particles (Aurion, Wageningen, NL) for 5 h at 37°C. The cells
were subsequently rinsed for 1 h in 0.5% BSA and 0.1% gelatin in
PB and in PB, fixed for 10 min in 2.5% glutaraldehyde in PB, washed
in PB and incubated in 0.1% osmium tetroxide in PB for 30 min.
After 3 rinses of 3 min, each in deionized water the cells were
treated according the N-propyl-gallate silver enhancement method
[3]. Thereafter, Vero cells were rinsed and stored temporarily in PB.
Subsequently, cells were rinsed 3 times, fixed in 2% uranyl acetate in
50% ethanol for 30 min and dehydrated and embedded in epon.
Thermanox coverslips were removed from the resin, leaving the cells
at the surface of the epon block. Ultrathin sections of the epon
embedded cells were prepared with a Reichert-Jung Ultracut micro-
tome, mounted on formfar-coated nickel grids and the sections were
photographed without counter staining in a Philips CM10 electron
microscope [50].

3. Results

3.1. Creation of B-50 / GAP-43 amplicons and genera-
tion of defective viral vector

Amplicon pHCB-50 is based on a previously de-
scribed prototype, pSRa-ori [21]. This plasmid contains
the HSV cleavage packaging signal (‘a’ sequence) and
origin of replication. The B-50/GAP-43 coding region
was placed under the control of the CMV promoter
with the SV40 poly-adenylation signal downstream of
the coding region. This transcription unit was inserted
into pSRa-ori creating pHCB-50 (Fig. 1). Following
transfection of amplicons pHCB-50 and pHCL (an
amplicon containing a transcription unit for lacZ and
constructed by Kaplitt et al. [21]) into rabbit skin cells,
defective HSV vectors were created by superinfection
with the temperature-sensitive helper virus tsK, which
replicates at 31°C but is inactive at 39°C. The resulting
viral stocks were serially passaged and the helper and
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defective titers were determined for each passage as
described in the Materials and Methods section. Titers
of viral stocks were 3.6 X 10° (dvHCL) and 5.9 x 10°
(dvHCB-50) infectious defective viral particles per ml
and 1.2x10° (dvHCL) and 1.9 x 10° (dvHCB-50)
plaque forming units of tsK helper virus per ml. For
titering immunohistochemistry was used to detect ex-
pression of B-50/GAP-43 protein and enzyme histo-
chemistry was used to detect B-galactosidase 24 h
following infection. Positive cells were clearly identi-
fied in plates infected with dilutions of the viral vector
dvHCB-50. Uninfected cells, as well as cells infected
with helper virus alone or with the lacZ-expressing
virus dvHCL were completely negative for B-50 /GAP-
43. In addition the number of B-50/GAP-43-positive
cells changed proportionately to the viral dilution fac-
tor, thereby confirming that the positive cells were the
result of a viral infection. This demonstrates that B-
50/GAP-43 protein expression was the result of ex-
pression from defective viral vector dvHCB-50 (data
not shown).

To determine if infection of Vero cells results in the
expression of intact B-50 /GAP-43, a Western blot with
proteins extracted from dvHCB-50-infected Vero cells,
non-infected Vero cells and from mouse brain was
incubated with B-50/GAP-43 antibody. Expression of

Sal I

CMYV promoter

Eag I

B-50/GAP-43

pHCB-50
5179 bp

Sma I/Eco RV

Poly A

Sal I

ColEl ori

HSV ori

Fig. 1. Diagram of B-50/GAP-43 amplicon pHCB-50. pHCB-50 is
based on amplicon pSRaori (Kaplitt et al. [21]) and contains the
B-50/GAP-43 coding sequence under the control of the CMV pro-
moter. An SV40 polyadenylation signal (polyA) is located down-
stream of the transcription unit. The entire transcription unit was
inserted in a unique Sa/l restriction site in the polylinker of pSRa-ori.
The Eagl and Smal/EcoRV site used to insert the B-50 /GAP-43-
coding sequence is indicated. The position of the HSV
cleavage /packaging signal (HSV a), the HSV origin of replication
(HSV ori), the ampicilin resistance gene (Amp) and the ColE1 ori
are indicated. In the presence of the HSV proteins provided by the
helper virus, the HSV ori allows replication of the amplicon and the
HSV a sequence permits cleavage of 150kb length units of DNA and
packaging into HSV virions.
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Fig. 2. Analysis of B-50 /GAP-43 protein expression from dvHHCB-50.
A Western blot prepared from vero cell proteins extracted 24 (lane
1) and 48 (lane 2) h after infection with dvHCB-50 and proteins from
non-infected Vero cells (Iane 3) and from mouse brain (lane 4) was
incubated with anti-B-50/GAP43 antibody. Each sample contained
70 pg of total protein. The B-50 /GAP-43 immunoband in dvHCB-50
infected Vero cell extracts runs at the same position as B-50/GAP-43
in a protein extract from mouse brain. This demonstrates that the
expression of B-50/GAP-43 in Vero cells via dvHCB-50 results in
the synthesis of intact B-50/GAP-43. The position of molecular
weight markers is indicated on the left.

B-50/GAP-43 is readily detectable in infected Vero
cells but is absent from non-infected cells. B-50 /GAP-
43 expressed in Vero cells via dvHCB-50 migrates in
Western blots to the same position as B-50/GAP-43
from mouse brain (Fig. 2).

3.2. Effect of B-50 / GAP-43 on the morphology of non-
neuronal cells

Vero cells at a culture density of 2 x 10* cells /cm?
(covering approximately 20% of the microscope slide)
were infected with dvHCB-50 or with dvHCL and their
morphology was studied at 6, 10, 24, 48 and 72 h
post-infection. Visual inspection of dvHCB-50-infected
Vero cells revealed the occurrence of striking changes
in the morphology of the B-50/GAP-43-immunoreac-
tive cells in a time-dependent fashion. Such changes
were not observed in the B-gal-positive cells (Fig. 3).
At 10 h after infection, B-50/GAP-43-positive cells
were significantly larger in size than the B-gal cells. At
this time point, most B-50/GAP-43-positive cells ex-
hibited irregular membranes but no long processes
were observed yet. At 24, 48 and 72 h post-infection,
two distinct phenotypes were apparent (Fig. 3): (1)
virtually all B-50/GAP-43 cells were larger in size than
the cells expressing B-gal and exhibited ruffled mem-
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Fig. 3. Comparison of the morpholgy of Vero cells infected with dvHCL and dvHCB-50. At various timepoints following infection with defective
viral vectors cells were fixed and B-gal or B-50 /GAP-43 expression was visualized with a histochemical staining (3-gal) or by immunohistochem-
istry (B-50,/GAP-43). A,B: Vero cells expressing B-gal 48 h after infection with dvHCL. C,D,E,F,G: Vero cells expressing B-50/GAP-43 48 h
(C.E,F,G) and 72 h (D) after infection with dvHCB-50. B-50 / GAP-43 expression results in enlarged cells with ruffled membranes and numerous
filopodia (C) or in cells with long thin processes (D,E,F). Details of Vero cells in F and G illustrate growth cone-like structures on B-50/GAP-43
expressing cells. G is a magnification of the process in E. Changes such as shown here were observed in nearly all cells expressing B-50 /GAP-43
between 24 and 72 h following infection in 4 independent experiments. In contrast no such changes were seen in cells expressing B-50/GAP-43
at 6 h post-infection or in B-gal expressing cells throughout the 72 h observation period. Bar = 50 um (for A,C.D.E) and 19 um for (B,F,G).
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branes and filopodial-like extensions, (2) a second class terminating in club-shaped growth cone-like structures.
of cells exhibited additional long processes (a process is First-order processes emanating directly from the cell
defined as an extension longer than 15 um) often surface occasionally branched to form second-order

Sy .
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*
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Fig. 4. Examples of varicosities on B-50/GAP-43-expressing Vero cells and ultrastructural localization of B-50/GAP-43 48 h following infection
with dvHCB-50. A: in some Vero cells high local concentrations of B-50/GAP-43 (arrows) are observe at the plasma membrane of cellular
processes. Note that these foci of high B-50 expression are often associated with varicosities and 50 um (for B and C). B,C: ultrastructural
localization of B-50/GAP-43 in dvHCB-50-infected Vero cells. Cells were processed for immuno-electron microscopy and the localization of
B-50/GAP-43 was visualized with an immunogold labelling techniques using silver enhancement as described in Materials and methods. B
illustrates the ultrastructural localization of B-50/GAP-43 in a Vero cell extending processes. The cell body of the immunolabelled Vero cell is
indicated by a solid asterisk and the cell body plasma membrane is indicated by arrowheads. Two non-labelled Vero cells are indicated by an
open asterix. Note that the B-50/GAP-43-positive cell is much larger then the non-labelled cells and that the immunogold labelling is
predominantly present on the plasma membrane of the extensions (arrows) and is much lower on the plasma membrane of the cell body
(arrowhead). The two non-labelled Vero cells appear to be engulfed by the processes formed on the B-50/GAP-43 expressing cell. C shows an
ultrastructural detail of a B-50 /GAP-43-labelled Vero cell extension. Note that the immunolabelling is associated with the plasma membrane
and with vesicular structures in the process. Bar in A = 19 um. Bar in B=3.3 pum for B and 1 um for C.
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extensions (Fig. 3D,F,G). In both phenotypes, swellings
along the plasma membrane resembling varicosities
were present usually containing high levels of B-
50/GAP-43 (Fig. 4A). The morphological changes in
B-50/GAP-43-expressing Vero cells were seen in 4
independent experiments. In addition, similar changes
in cell shape were observed in another non-neuronal
cell line, rabbit skin cells. The changes in these cells
were only investigated at 48 h after infection but were
comparable to the morphological effects seen in the
Vero cells (Fig. 5).

D

For the ultrastructural studies, sections of trans-
fected Vero cells were selected and examined in which
both the cell body and extending processes could be
observed. Fig. 4B shows that B-50/GAP-43 was pre-
dominantly localized at the plasma membrane of the
Vero cell processes. The plasma membrane of the cell
body was also immunolabelled but to a much lesser
extent then the extensions. Some immunolabelling in
the cytoplasm was associated with vesicular structures
that might be in-transit (Fig. 4C). B-50/GAP-43-im-
munolabelled processes were often in intimate contact

v E

Fig. 5. Changes in the shape of rabbit skin cells expressing B-50 /GAP-43. Rabbit skin cells expressing B-gal (A,B) and B-50/GAP-43 (C,D,E) 48
h after infection with dvHCL and dvHCB-50. Note the changes in cell shape in rabbit skin cells expressing B-50/GAP-43. E is a detail of the cell
in D and illustrates multiple processes terminating in growth cone like structures. Bar = 50 um for A-D and 19 um for E.

- ol
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Fig. 6. Quantitation of dvHCL and dvHCB-50 infected vero cells at various times following infection. Vero cells cultured on poly-L-lysine-coated
microscope slides were infected with dvHCL or dvHCB-50. Cells were fixed at 6, 10, 24, 48 and 72 h following infection and B-gal and
B-50/GAP43-positive cells were identified with a histochemical staining (B-gal) or immunocytochemically (B-50/GAP-43) as detailed in the
Materials and methods section. We determined the cell surface area (A), the percentage of process-bearing cells (B), the mean number of
processes per process-bearing cell (C) and the mean length of individual processes (D) using a computerized image analyzer at 6, 10, 24, 48 and
72 h following infection with dvHCL (open bars) and dvHCB-50 (hatched bars). The numbers of cells analysed at each time point are indicated in
the bars of A. Statistical analysis of the results was performed with a Student’s r-test (* P < 0.05, dvHCL-infected cells versus dvHCB-50-infected

cells).

with cell bodies of non-labelled cells and apparently
preferred their surface as a matrix for elongation of
their processes.

3.3. Quantitative analysis of B-50 / GAP-43-induced
morphological changes

The changes in the shape of Vero cells were further
analysed with an image analyser. We measured the cell
surface area, the number of cells with one or more
processes, the length of individual processes and the
number of processes per process-bearing cell of 30 to
59 cells at each time point (Fig. 6). The surface area of
the B-50/GAP43-positive cells increased gradually
from 10 h up to 72 h post-infection (Fig. 6A). At 72 h,
the B-50 /GAP43-positive cells were 3.0 times larger in
size as compared to the gB-gal-expressing cells. B-
50/GAP43-positive cells with processes were not ob-
served at 6 h but started to appear between 10 and 24
h post-infection. At 72 h, 31% of the cells exhibited
processes with a mean length of 165 + 14.5 um (Fig.
6B,D). The mean number of processes per process-
bearing cell increased sharply from virtually no pro-
cesses at 10 h following infection to 2.7 + 0.6 processes

per cell at 24 h following infection. The mean number
of processes per process-bearing cell was retained be-
tween 24 and 72 h post-infection (Fig. 6C). Thus, the
quantitative analysis of Vero cells shows that the B-
50/GAP-43-positive cells become more complex over
time and retain their changed morphology in culture
for at least 72 h.

4. Discussion

The neural phosphoprotein B-50 /GAP-43 has been
associated with the formation of nerve fibers [41] and
with the determination of cell shape [57]. A large body
of circumstantial evidence indicates the involvement of
B-50/GAP-43 in the development and regeneration of
neuronal connections. One approach to demonstrating
a direct effect of B-50/GAP-43 on cell shape and
nerve fiber extension would be to create a gene trans-
fer system that allows long-term high-level expression
of the B-50/GAP-43 gene product in cells in culture
and in vivo. As an initial and necessary step towards
achieving this goal, we have generated a defective HSV
vector containing the B-50/GAP-43 gene. These vec-



34 J. Verhaagen et al. / Molecular Brain Research 26 (1994) 26-36

tors transfer and express the B-50/GAP-43 gene in
cells in tissue culture. We demonstrate that B-
50/GAP-43 expression in non-neuronal cells induces
progressive changes in the shape of these cells eventu-
ally resulting in a considerable number of cells with a
neuron-like morphology. This demonstrates that B-
50/GAP-43 can initiate changes in cell shape and
suggests a direct involvement of this growth-associated
protein in the elaboration of cellular processes.

Our results differ in two important aspects from
previously reported B-50/GAP-43-induced changes in
cell shape [55,57]. First, the previous changes were
quite modest as compared to the data presented here.
For instance, transfection of a B-50/GAP-43 expres-
sion vector in COS cells [55] increased their cell sur-
face area from 1000 wm? to 1340 pum?, whereas we
observed increases from 1342 pum? to 4044 pm? in
Vero cells. Stably transfected CHO cell lines exhibited
membrane ruffling and filopodial extensions of 20 to 75
um in only 15% to 40% of the cells expressing B-
50/GAP-43 [57]. We observed cell surface changes in
virtually all cells expressing B-50 /GAP-43. In addition,
one third of these cells expressed processes with a
mean length of 165 wm. This is more than twice as
long as the longest filopodial extensions seen on CHO
cells. Apparently, the introduction of B-50 /GAP-43 in
a cell provides this cell with a new function, i.e. the
ability to enlarge its plasma membrane and form nu-
merous long extensions. The predominant expression
of B-50/GAP-43 on the plasma membrane of the
extensions and the association of high levels of the
protein with the formation of varicosities add strong
support to a direct relationship between the elabora-
tion of processes and the presence of B-50/GAP-43.

A second important difference between the previous
cellular changes in response to B-50/GAP-43 and the
current data lies in the timing of the effects. The
previous morphological effects became manifest in the
first 2 to 4 h following plating of the cells and were of a
transient nature. In contrast, in cells expressing B-
50/GAP-43 via a defective HSV vector, the cellular
morphology gradually became more complex and the
induced changes persisted up to 72 h in culture (Fig.
6). Although the differences in our results in Vero and
rabbit skin cells and those seen in CHO and COS cells
may be related to the differences in cell type used, we
consider this only a formal possibility. COS cells are
derived from CV-1 cells. CV-1 cells and Vero cells are
both derived from African green monkey kidney cells.
Thus, COS cells and Vero cells are very closely related
cell types. Furthermore, our observations of similar
effects in Vero and rabbit skin cells suggest that the
morphological changes are not a cell type-specific phe-
nomenon.

One suggestion raised by these differential effects of
B-50/GAP-43 on cell shape is the influence of the

level of expression of B-50/GAP-43 upon changes in
cells shape. We did not make an attempt to quantify
the amount of B-50 /GAP-43 production in individual
cells in culture. However, the polyclonal antibody used
in this study was used at a higher dilution (1,/2500)
than usual in light microscopic studies on B-50 /GAP-
43 in brain sections (1,/1000). At this higher dilution,
most of the cells were darkly stained, indicating a high
level of B-50/GAP-43 synthesis. The use of a strong
viral promoter to drive gene expression, and transfer of
the gene via a defective viral vector may have con-
tributed to our observations. The CMV IE promoter is
a very strong transcriptional activator [34] and each
vector will package numerous copies of the plasmid
genome up to 150 kb [42]. Each infected cell will
therefore contain numerous copies of the B-50 /GAP-
43 transcription unit. Finally, gene transfer through
viral infection results in greater uniformity of gene
delivery than with transfection of naked DNA, in which
the number of copies of a gene entering a cell can be
quite variable. The defective HSV vector permits uni-
form gene transfer, which is one reason for creating a
stably transfected cell line, and the vector also trans-
fers multiple copies in an episomal form, thereby limit-
ing the possibility of low gene expression due to inser-
tional influences on the transgene. Thus, the dramatic
and persistent cell surface reactions in virtually the
total population of B-50 /GAP-43-expressing cells may
be related to the uniform high level of expression that
can be achieved by defective herpes viral vector gene
transfer.

The mechanism by which B-50 /GAP-43 changes the
shape of non-neuronal cells and causes the formation
of long processes reminiscent of neurites is not clear.
The shape of non-neuronal cells is affected by a num-
ber of factors such as the culture density, the phase of
the cell cycle and the presence of mitogenic stimuli [7].
In neuronal cell lines as studied so far enhanced B-
50/GAP-43 synthesis was not by itself sufficient to
induce nerve fiber extensions [30,56]. Neurons are nor-
mally dependent on the presence of an appropriate
differentiating agent that induces sprouting. Increased
levels of B-50/GAP-43 in neuronal cell lines have
been shown, however, to facilitate the sprouting re-
sponse following the application of a growth factor [56]
or retinoic acid [30]. A recently shown interaction
between B-50/GAP-43 and G-proteins in growth-cone
membrane preparations [43,44] and in Xenopus laevis
oocytes [45] provides compelling evidence for a role of
B-50/GAP-43 as an intracellular component in the
control of receptor-mediated signal transduction. B-
50/GAP-43 regulation of receptor-coupled G-proteins
and its affinity for calmodulin [2,1] may be important in
a molecular cascade eventually resulting in focal neu-
ronal membrane addition, i.e. elaboration of nerve
fibers. Non-neuronal cells do not normally respond to
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stimuli like growth factors with the elaboration of long
thin stable cellular processes as is the case in neurons.
Thus, non-neuronal cells apparently lack the specific
transduction systems that are operative in the control
of nerve fiber growth in neurons. The introduction of
B-50/GAP-43 in non-neuronal cells may result in the
differential regulation of components of the signal
transduction systems active in non-neuronal cells such
as G-proteins. This could trigger a membrane re-
sponse, as shown in the B-50/GAP-43-expressing
non-neuronal cells in this paper, that has a striking
resemblance to that seen in neurons during develop-
ment or following neuronal damage.

In future studies, the herpes-based defective B-
50/GAP-43 expression vector will be employed to in-
vestigate the effect of B-50 /GAP-43 on the regenera-
tive capacity of damaged neurons. Neurons of the adult
mammalian central nervous system usually fail to re-
generate following injury [41]. Although B-50 /GAP-43
is induced in some CNS nerve cells following lesion, in
close proximity to their cell bodies [12] increases in
B-50/GAP-43 expression are relatively slow as com-
pared to inductions in the PNS [47,54). Thus, one of
the factors that may contribute to the poor regenera-
tion of injured central nervous system neurons may
relate to the diminished capacity of these neurons to
upregulate B-50/GAP-43. The expression of B-
50/GAP-43 via a defective viral vector in damaged
central nervous system neurons could potentially en-
hance their regenerative capacity. In addition, other
regeneration-related proteins could be expressed with
this vector system in vivo to explore their beneficial
effect in nervous tissue regeneration.
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