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In the central nervous system (CNS), damaged axons are inhibited from regeneration by glial scars, where
secreted chondroitin sulfate proteoglycan (CSPG) and tenascin repulse outgrowth of neurites, the forerunners
of axons and dendrites. During differentiation, these molecules are thought to form boundaries for guiding
neurons to their correct targets. In neuroblastoma NIE-115 cells, outgrowth of neurites on laminin could be
induced by serum starvation or inhibition of RhoA by Clostridium botulinum C3 toxin. The outgrowing neurites
avoided crossing onto the repulsive substrate CSPG or tenascin. This avoidance response was partially
overcome on expression of membrane-targeted and kinase-inactive forms of PAK. In these cells, the endoge-
nous PAK isoforms colocalized with actin in distinctive sites, �PAK in the cell center as small clusters and
along the neurite shaft and �PAK and �PAK in areas with membrane ruffles and filopodia, respectively. When
isoform-specific N-terminal PAK sequences were introduced to interfere with PAK function, substantially more
neurites crossed onto CSPG when cells contained a �PAK-derived peptide but not the corresponding �PAK-
or �PAK-derived peptide. Thus, while neurite outgrowth can be promoted by RhoA inhibition, overcoming the
accompanying repulsive guidance response will require modulation of PAK activity. These results have
therapeutic implications for CNS repair processes.

The failure of the adult mammalian central nervous system
(CNS) to regenerate after injury may in part be due to the
inhibitory nature of the glial scar that forms, preventing the
damaged axons from regenerating, leading to loss of function
(10, 37). The glial scar is a combination of damaged cells,
invading cells, and their associated secreted molecules such as
chondroitin sulfate proteoglycan (CSPG) and tenascin, which
form both a physical and chemical barrier to extending axons
(10, 30, 42). In the developing cerebral cortex, tenascin-C is
transiently expressed at the boundaries of migratory pathways
(17). In the peripheral nervous system, tenascin-C expression
correlates with increased cell migration and axonal growth (5).
Members of the CPSG family are the major proteoglycans
expressed in the nervous system by both neurons and glia (27).
Like tenascin-C, CSPGs are believed to form boundaries to
guide neurons to their appropriate targets and prevent them
making connections with inappropriate targets (23, 52). In the
absence of a glial scar, adult rat dorsal root ganglia (DRG)
transplanted into adult rat white matter are able to extend
axons from the graft boundary (7). Up-regulation of CSPG at
the graft boundary was associated with the failure of the DRG to
enter the host white matter (7). These and other observations on

myelin and its derivatives support a role for glial scar components,
particularly CSPG, in preventing regeneration in the adult CNS.

For functional recovery, neurons are required to regenerate
or repair axons that have to skirt or grow through the glial scar
and then reconnect with their appropriate targets. Morpho-
genesis of the precursor neurites and axons crucially involves
the actin cytoskeleton, which is subject to regulation by the
Rho family GTPases (19, 20, 35, 38, 39, 47). The activation of
Rac1 is required for nerve growth factor-induced neurite out-
growth in PC12 cells and can be blocked through injection of
dominant negative Rac1 N17 (6). In N1E-115 cells, both Rac1
and Cdc42 are required for outgrowth (20). This can be achieved
through the activation of Rac1 either directly or indirectly via
prior activation of Cdc42, which antagonizes the activation of
RhoA and prevents neurite collapse (20, 47). The involvement of
RhoA in growth cone collapse and neurite retraction has been
shown in both primary neurons and cultured cells like N1E-115
and PC12 cells (15, 20, 36, 46). Both RhoA and Rac1 have been
shown to be involved in different pathways that lead to growth
cone collapse in response to inhibitory cues. In the case of ephrin
A5-mediated collapse in retinal ganglion cell (RGC) growth
cones, RhoA and its downstream effector ROK are required (50).
However, Rac1 has also been shown to mediate the collapse of
DRG neurons in response to Sema3A (collapsin-1) (16, 49).

N1E-115 neuroblastoma cells provide a facile model for
studying how the Rho GTPases participate in guidance signal-
ing pathways initiated by inhibitory substrates. The use of these
cells has provided much information on the role of GTPases
and effectors in neurite outgrowth and in retraction processes
required for guidance or avoidance (12, 14, 20, 40). Unlike
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primary neuronal cells, for example, those derived from the
hippocampus (8) or DRG, NIE-115 cells show no predisposi-
tion to produce outgrowth and therefore better mimic regen-
erating CNS neurons, which have only a low intrinsic ability to
regenerate their axons (9, 10). NIE-115 cells will undergo dif-
ferentiation and neurite outgrowth on withdrawal of serum (1).
They are capable of responding to guidance cues; for example,
their neurites will turn towards a source of ACh (20), a positive
guidance response first demonstrated in spinal neurons of Xe-
nopus (54). The response is dependent on activation of Cdc42
and Rac1 GTPases. The cells are easy to transfect, providing a
large population where the effects of Rho GTPases or their
effectors can be subjected to quantitative analysis. In this study,
outgrowth of neurites from NIE-115 cells was induced through
serum withdrawal or treatment with various agents. The effects
of various components of the Rho GTPase signaling pathways
on guidance behavior at boundaries of either CSPG or te-
nascin were analyzed. Serum withdrawal or RhoA inhibition
promoted outgrowth of neurites that were able to avoid the
repulsive surfaces. In serum-starved cells, this avoidance re-
sponse could be overcome by introduction of various PAK
derivatives, implicating PAK action in the negative guidance
response.

MATERIALS AND METHODS

Materials. CSPG, tenascin, and their antibodies were from Chemicon. The
peptide delivery system was BioPorter from Gene Therapy Systems (supplied by
Q-Biogene, United Kingdom). Laminin was from ICN Flow; all other tissue
culture reagents were from Life Technologies. Tetramethyl rhodamine isothio-
cyanate (TRITC) dye, used to mark the laminin, was from Sigma. PAK isoform
antibodies were from Santa Cruz. Vinculin antibody was from Sigma; the laminin
antibody was from Polyscience. The blocking peptides were from Santa Cruz and
Jerini Germany.

Cell culture. N1E-115 cells were grown in Dulbecco’s modified Eagle medium
(DMEM) with 0.11g/liter sodium pyruvate, 4.5 g/liter D-glucose, and 580 mg/liter
L-glutamine (Life Technologies). This medium was supplemented by adding 10%
fetal calf serum (FCS) and 1% antibiotic/antimycotic solution (AB/AM) con-
taining penicillin (10,000 U/ml), streptomycin (10,000 �g/ml), and amphotericin
(25 �g/ml) (Life Technologies) as described previously (20, 40).

Microscopy. Phase images were taken of cells grown on chamber slides on a
heated stage (37°C) in an atmosphere of humidified air and 5% CO2. Cells were
video recorded using an Axiovert 135 microscope, Palmix TM-6CN video cam-
era, and Sony-u-matic V0-5800 PS video recorder. Individual images were cap-
tured using Adobe Premier software and manipulated with Adobe Photoshop.
Confocal microscopy was carried out using an LSM 410 Zeiss scanning micro-
scope with three single-line lasers at 488 nM (argon), 543 nM, and 633 nM
(HeNe).

In situ localization. For in situ analysis, primary and secondary antibodies
were used at a 1:100 dilution. The PAK antibodies, all from Santa Cruz, were as
follows: �PAK N20, �PAK N19, and �PAK N19. Cells were fixed with 4%
paraformaldehyde in phosphate-buffered saline (PBS) for 10 min at room tem-
perature (RT), washed with PBS two times for 10 min, permeabilized for 1 min
in 0.5% Triton X-100 in PBS, and then blocked with 3% bovine serum albumin
(BSA) in PBS for 15 min. The coverslips were then exposed to primary antibod-
ies diluted 1/100 in 1% BSA in PBS and incubated at 37°C for 2 h in a humid
chamber. Cells on coverslips were then washed in PBS twice for 10 min. Sec-
ondary antibodies diluted in 1% BSA in PBS and F-actin were stained with
rhodamine-conjugated phalloidin (0.1 �g/ml; Sigma) and incubated with cover-
slips for 1 h in a dark humid chamber. Finally, coverslips were washed twice for
10 min in PBS and mounted in Immuno-Flore (ICN Flow). The slides were

FIG. 1. N1E-115 neuroblastoma cells are responsive to signaling
differences at a boundary. (A and B) Phase-contrast images of serum-
starved cells at a laminin/PDL boundary. (A) Cells accumulated on the
laminin side of the boundary and at the boundary have shorter neurites
than those further away. (B) Neurite has begun to turn away from PDL
(arrow), avoiding crossing from laminin. *, boundary interface. (C to
F) Fixed cells were stained with phalloidin (green) and laminin pre-
mixed with TRITC (red) to visualize the boundary interface. (C) Cell
with shortened neurite (arrow) at laminin/PDL boundary—Stop cate-
gory (D) Cell with neurite changing direction (arrow) at laminin/PDL
boundary—Turn category. (E.) Cell with neurite containing long filo-
podia at its distal end (arrow), splaying out with a sidestepping mor-
phology to avoid crossing PDL—Turn category. (F) Cell with neurite
that has crossed (arrow) from laminin onto PDL—Cross category. (G
and H) Cells at laminin–laminin-TRITC boundary remain in sharp
focus, suggesting that laminin is not causing a ridge. In panel H a
neurite that has crossed is indicated by an arrow. Cells were stained
with phalloidin (green), and a secondary coat of laminin was mixed
with TRITC dye (red). Scale bar � 20 �m in these and all subsequent
figures. (I) Analysis of neurites that avoid crossing or cross the bound-
ary between laminin and another substrate. The results are for three
independent experiments (n � 6; 6 coverslips containing one bound-
ary each) in all experiments except for laminin–laminin-TRITC, where

n � 10. Standard errors of the means are shown here and in subse-
quent figures. For each condition in this and subsequent figures, the
numbers of cells analyzed were from 139 to 1,310, with the average
number being 530 cells.
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allowed to set overnight before viewing with a Zeiss Axiovert microscope and a
Zeiss LSM 410 confocal microscope.

Cell guidance assays. (i) Permissive/attractive boundary. Coverslips were first
washed and sterilized and then coated in one of the following ways. The cover-
slips were covered with a solution of poly-D-lysine at 10 �g/ml and incubated for
1 h at RT and then rinsed once with sterile water and allowed to air dry in a
laminar flow hood before 30 �l of laminin (10 �g/ml) was placed centrally and
the coverslips incubated for 1 h at 37°C in a humid chamber to prevent evapo-
ration and uneven application of the laminin. The coverslips were then rinsed
twice in sterile water before being dried in the hood.

(ii) Control boundary. The coverslips were coated with laminin (10 �g/ml) for
1 h at RT and then rinsed in sterile water and left to dry. A second layer of
laminin was applied as a 30-�l drop mixed with 1 �g/ml of TRITC label.
Coverslips were left for 1 h at 37°C in a humidity chamber and then rinsed twice
with sterile water and dried before use.

(iii) Attractive/repulsive boundary. Slides were coated with either tenascin at
10 �g/ml or chondroitin sulfate proteoglycan (CSPG) at 5 �g/ml for 1 h at 37°C
in a humid chamber and then rinsed in sterile water and allowed to air dry before
a 30-�l drop of laminin (10 �g/ml) mixed with 1 �g/ml of TRITC label was
applied to the center of the coverslip and left for 1 h at 37°C in a humidity
chamber before two rinses in sterile water and drying before use. This coating
was also done in reverse with the laminin applied first and then the tenascin or
the CSPG applied secondly. To ensure that the substrates were evenly applied and
remained on the coverslips after attachment of cells, antibodies for tenascin, CSPG,
or laminin were used to check the integrity of the substrates and to visualize the
boundary on a sample of the coverslips; in this case the TRITC label was omitted.

Cells were then seeded onto the prepared coverslips at 2 � 105 cells in 1 ml in
a 35-mm petri dish in DMEM, 10% FCS, and 1% AB/AM. Cells were allowed to
attach, the medium was then removed, and the coverslips were rinsed in serum-
free medium and incubated overnight (16 h) in serum-free medium. The cells
were fixed and stained to show the morphology of cells at the boundary.

Time-lapse analysis of neurite behavior. Cells were plated in Willco glass-
bottom dishes coated with laminin–CSPG-TRITC or laminin–laminin-TRITC to
create boundaries as described above. Cells were allowed to attach for 4 h. After
withdrawal of serum and addition of Y-27632 (final concentration, 10 �M) to
induce rapid outgrowth of neurites, the cells were placed in a mini-incubator
mounted to a Bio-Rad Radiance 2000 confocal system. Cells were imaged over
2.5 h. Images were captured at 45-s intervals using a Nikon 40� oil objective and
were processed using Adobe Photoshop.

Transient transfection. Cells were harvested by gentle pipetting to remove
attached cells and plated out at 1.5 � 105 cells/ml in a 35-mm dish containing
prepared coverslips and incubated overnight. The medium was then replaced
with 1 ml of serum-free DMEM only and the cells incubated for 1 h at 37°C. Two
hundred microliters of DMEM was placed into a sterile 1.5-ml Eppendorf tube,
and 1 �g of the plastid DNA (in eukaryotic expression vector PXJ40) was added
to each tube with 6 �l of Lipofectamine 2000 (GIBCO), followed by gentle
inverting and then incubation at RT for 45 min to allow the lipids to package the
DNA. At the end of the incubation the mix was added to the dish containing the
cells, and they were then incubated for 4 h at 37°C. After incubation the trans-
fection mix was then removed and the cells rinsed with 1 ml of DMEM–5%
FCS–1% AB/AM; 1 ml of the same medium was added, and the cells incubated
for a further 16 h.

Protein delivery system. The BioPorter reagent was prepared according to the
manufacturer’s instructions. Cells were plated out at 1.5 � 105 cells in a 35-mm
dish containing prepared coverslips and incubated overnight. The protein or
peptide of interest was diluted in 100 �l PBS to give a final concentration of 10
�g/ml, and 1 �l of fluorescein isothiocyanate-labeled goat immunoglobulin G
(IgG) was added to act as a marker. This mixture was added directly to the tube
containing the BioPorter reagent, mixed by pipetting up and down two or three
times, and then allowed to stand for 5 min. Cells were washed once with serum-
free DMEM; 1 ml of serum-free DMEM was added to the tube containing the
peptide and BioPorter mix and vortexed gently before being added to the cells.
The cells were incubated for 4 h at 37°C. After incubation the cells were then
incubated for a further 2 h in 5% FCS–DMEM or serum-free DMEM for cells
undergoing a substrate guidance assay. The cells were then fixed and stained.

Immunoblot analysis of PAK isoforms. N1E-115 cells were harvested after
growing in 10% FCS in DMEM. The supernatants of lysed, sonicated cells were
subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis. Gels containing separated proteins were blotted onto nitrocellulose
filters. The filters were blocked in 5% milk powder (Marvel)–PBS–0.1% Tween
20, washed with PBS, and incubated with the relevant primary (PAK) antibody
(1/1,000 dilution) in 1% milk–PBS–0.1% Tween 20 for 1 h at RT. The primary
antibody was washed off with PBS–0.1% Tween 20 (PBST), and secondary

antibody (1/1,000 dilution) added. Filters were incubated for 1 h, washed in
PBST, blot dried, and then developed using ECL reagents (Amersham Pharma-
cia Biotech). For immunoblots, primary and secondary antibodies were used at
a 1/1,000 dilution.

Assay of Rac1-GTP levels. NIE-115 cells grown in 5% FCS on plastic, laminin,
or CSPG were transfected with HA-RhoA N19, as described above. Cell extracts
from mock- and RhoA N19-transfected cells were assayed for their Rac-GTP
content using glutathione S-transferase (GST)/PAK-CRIB constructs and Rac1
antibodies essentially as described previously (4).

FIG. 2. Transfection with RhoA N19 induces outgrowth of neurites
with increased numbers crossing from laminin onto CSPG or tenascin.
(A) RhoA N19-transfected cell on laminin, stained with phalloidin. (B)
RhoA N19-transfected cell stained with HA antibody. (C) Neurite of
RhoA N19-transfected cell crossing from laminin onto CSPG, stained
with phalloidin. (D) Analysis of increased neurite crossing from lami-
nin onto CSPG by RhoA N19-transfected cells. Results are for three
independent experiments (n � 6 for controls [serum starvation and
mock transfection treatment]) (n � 21 for RhoA N19-transfected
cells). (E). RhoA N19-transfected N1E-115 cell stained with phalloidin
crossing from laminin onto tenascin. (F) Analysis of increased neurite
crossing from laminin onto tenascin by RhoA N19-transfected cells.
Results are for three independent experiments (n � 6 for control and
RhoA N19-transfected cells).
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Effect of Rac1 N17 expression on cell morphology. NIE-115 cells were grown
in 10% FCS either on laminin or CSPG for 4 h overnight. Cells were then
transfected with HA/Rac1 N17 as described above. The morphologies of mock-
and Rac1 N17-transfected cells were examined after staining with phalloidin or
hemagglutinin (HA) antibody as described above. Cells were categorized into
those that were contracted (a), showing neurite outgrowth (b), flattened (c), or
elongated (d).

Statistical analysis. Data are expressed as mean values from three indepen-
dent experiments; error bars represent standard errors of the mean values. The
n values refer to the numbers of coverslips, each containing a boundary, sub-
jected to analysis. The neurites analyzed were all within a 40-�m strip along the
laminin side of the boundary in each coverslip, the average number analyzed
being �50. Values from the control and experimental groups were compared
using the Mann-Whitney U test with a P value of 	0.05 considered significant.

FIG. 3. Effects of the ROK inhibitor Y-27632 on neurite outgrowth and guidance. (A) Serum-starved cells showing outgrowth but with flattened
neurites and areas of lamellipodial spreading. (B) Cells grown in 5% FCS–DMEM with added Y-27632 (10 �M) contain neurites that are spread
less, with terminal actin-dense projections, more branched, and/or contain actin-dense projections along the neurite shaft. (C) Y-27632 treatment
induces neurite outgrowth in 5% FCS. Results are for three independent experiments (n � 6). Error bars denote standard errors of the means
in this and subsequent graphs. Serum-starved NIE-115 cells rarely have branched neurites. With treatment using different agents, outgrowing
neurites become more branched. The categories are as follows: branched neurites, two branches or more per neurite; flattened neurites, those with
lamella and generally 1/3 to1/4 of cell body width (normally neurites are 1/5 cell body width) (filopodium values refer to numbers of filopodia on
neurite shaft). (D and E) Cells at laminin/CSPG boundary after Y-27632 treatment. Asterisks indicate boundary interfaces. (D) Cell with a neurite
avoiding crossing onto the CSPG through sidestepping. (E) Cell with a neurite crossing onto CSPG from laminin. Cells and boundary stained as
in Fig. 1. (F) Treatment with Y-27632 for 6 h promotes substantial neurite outgrowth in the presence of 5% serum and slightly affects the negative
guidance response. Results are for three independent experiments (n � 8 for control; n � 14 for Y-27632-treated cells).
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FIG. 4. C3 toxin promotes outgrowth of neurites that display a negative guidance response. (A) Phase-contrast image and (B) phalloidin
staining of cells in 5% serum after BioPorter delivery of C3 toxin, showing neurite outgrowth. (C) Morphology of neurites induced by C3 toxin
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RESULTS

Response of N1E-115 neuroblastoma cells to negative guid-
ance signals. We previously observed that N1E-115 neuroblas-
toma cells directed their neurites towards a source of ACh,
supplied as a gradient, only when first plated on laminin, but
not on culture dishes alone (20). This suggests that these cells
not only respond to soluble guidance clues but also to the
nature of the substrate.

To determine how neurite behavior was affected by favorable
and nonfavorable substrates, cells were seeded onto coverslips
with discrete coatings of laminin and poly-D-lysine (PDL) and
allowed to attach. The cells were then serum starved to cause
differentiation. Cells close to the boundary between the two
substrates were viewed with an inverted microscope fitted with
a CO2-controlled humidified chamber and a heated stage.
Phase analysis showed that cells accumulated in a strip of
approximately 300 �m on the laminin side of the boundary.
Neurites in this strip tended to be shorter, suggesting that
growth may have terminated before the neurites reached full
length, as serum-starved N1E-115 cells generally possess neu-
rites in excess of two cell body lengths (Fig. 1A). In cells with
neurites and growth cones at the boundary, the filopodia on
the growth cone were observed occasionally to make contact
with the other substrate. Phase analysis of cells with neurites in
this strip showed them to have specific morphologies, which
may well reflect the avoidance response to PDL. Neurites close
to the boundary were often shorter than neurites further away,
suggesting a premature termination (Fig. 1A). In other cases,
filopodia often appeared to sense the boundary region, and on
occasions the growth cone splayed out with numerous projec-
tions before the whole neurite grew and turned away from the
boundary (Fig. 1B, arrow).

The assay relies on the ability of cells to produce outgrowth
while undergoing guidance decision making over a time course
of around 18 h. Therefore, to study the morphology of the cells
at the boundary in more detail and in greater numbers, cells
were fixed and stained with phalloidin to visualize F-actin and
an anti-laminin antibody was used to detect the laminin and
delineate the boundary. Neurites within a 40-�m strip along
the laminin side of the boundary were analyzed; this would
include neurites that had been able to sense the boundary and
retracted. The fixed and stained cells at the boundary were
compared with phase images of the live cells to determine their
corresponding morphologies. Based on this comparison, their
morphologies were then categorized. Neurites were scored
when greater than one cell body length as they generally
stained positively for neurofilament; most serum-starved neu-
rites were greater than two cell body lengths away from the
boundary (Fig. 1A).

The categories were as follows. (i) Stop—the neurite had

stopped at or very close to the boundary (Fig. 1C). (ii) Turn—
the neurite showed a marked deviation in direction, suggesting
that it had initiated a turn as seen in the phase analysis (Fig.
1D) or the neurite had splayed to form numerous projections
or a zigzag shape along the boundary, possibly sidestepping
before turning (Fig. 1E). (iii) Cross—the neurite had crossed
from one substrate to the other (Fig. 1F).

The first two categories are indicative of cells that may be
responding to the (repulsive) signals from the other substrate
and thus avoid crossing. The third category is indicative of cells
not responsive to the signals from the substrate for various
reasons or of cells where the present and newly encountered
substrates evoke similar responses.

The first two categories were aggregated and scored as neu-
rites avoiding crossing and compared with those that crossed
the boundary (Fig. 1I). A large majority (83%) of cells plated
on the laminin substrate avoided crossing onto the PDL.

To determine whether the cells were responsive to signaling
differences between different substrates at a boundary or mere-
ly to an interface, experiments were repeated using “false”
boundaries or two identical substrates. Cells encountering ei-
ther a “false” boundary or a boundary between the same sub-
strate should be subjected to identical signals and therefore be
expected not to show any avoidance behavior. False bound-
aries were created by using a fine marker to mark a circle on
the coverslips. To demonstrate that laminin was not causing a
ridge when used to cover another substrate, coverslips were
coated with laminin and a central drop of laminin mixed with
TRITC dye to visualize the boundary was then applied. Cells
were seeded and serum starved and analyzed as before (Fig.
1G and H). At a laminin–laminin-TRITC boundary, cells
showed very little avoidance behavior, with the majority cross-
ing (Fig. 1I). Cells crossing or on the boundary remained in
sharp focus, indicating that the laminin did not cause a signif-
icant ridge (Fig. 1G and H). N1E-115 cells thus have the ability
to respond to signals from differing substrates, and this results
in the cells growing in a directed manner away from a less
favorable substrate.

To ascertain if the N1E-115 cells would respond to signals
from more physiologically relevant substrates, especially those
associated with damaged areas of the nervous system, the guid-
ance assay was repeated using a boundary between laminin (as
the permissive substrate) and CPSG or tenascin (as the repul-
sive substrate). Cells showed a marked repulsion response
when encountering CSPG, with 
97% of neurites avoiding
crossing onto CSPG. Only 2% crossed, as compared with about
17% crossing from laminin onto PDL. Clearly, CPSG elicited
a greater repulsive response from N1E-115 cells than PDL,
with the vast majority of the cells showing avoidance. As with

or control (serum starvation and BioPorter-delivered IgG). Results are for three independent experiments (n � 6 for control and n � 8 for C3
toxin-treated cells). The categories of neurite morphology are as defined in the legend to Fig. 3. (D) Neurite of C3 toxin-treated cell is able to avoid
crossing from laminin onto the CSPG. The arrowhead points to the termini at branched neurite, with a rounded “club-like” appearance, suggestive
of neurite withdrawal and collapse. (E) As for panel D but with the neurite of C3 toxin-treated cell turning at a laminin/CSPG interface
(arrowhead). (F) Avoidance of CSPG by neurites is retained in C3 toxin-treated cells. Results are for three independent experiments (n � 10 for
control, n � 19 for C3 toxin-treated cells). (G and H) C3 toxin-treated cells with neurites turning at laminin/tenascin boundary (arrowheads). (I)
Avoidance of tenascin by neurites is retained in C3 toxin-treated cells compared with the control (serum starvation and BioPorter-delivered IgG).
Results are for three independent experiments (n � 8 for control; n � 13 for C3 toxin-treated cells).
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CPSG, a large majority of cells (92%) avoided crossing onto a
tenascin substrate (Fig. 1I).

RhoA N19 and neurite guidance. RhoA activation has been
implicated in the regulation of negative guidance signals, in-
volving ephrin A5-induced collapse of retinal growth cones
(50). We then investigated the role of RhoA-mediated signal-
ing in the negative guidance response using the dominant neg-FIG. 5. Rac1 activation is affected by RhoA N19 and is involved in

neurite outgrowth on CSPG. (A) NIE-115 cells grown in 5% FCS on
plastic, laminin, or CSPG were transfected with HA-RhoA N19. The
relative content of Rac-GTP was analyzed using PAK-CRIB pull-down
assays and Rac antibodies. In all cases, RhoA N19 decreased Rac-GTP
content. The upper gel contains the GST/CRIB fragment; the lower
gel is an immunoblot of Rac. The results shown are typical of four
independent assays. (B) Effect of Rac1 N17 on cell morphology. NIE-
115 cells grown in 5% FCS either on laminin or CSPG were trans-
fected with HA/Rac1 N17. Cells were stained with phalloidin (red) or
anti-HA (green). Expression of Rac1 N17 promotes neurite outgrowth

FIG. 6. Effects of membrane-targeted PAK on the negative guid-
ance response. Neurite outgrowth in cells transfected with �PAK-
CAAX (A and B) or �PAK-CAAX KD (C and D). Stained with
phalloidin (A and C) or anti-HA (B and D). Neurites of cells trans-
fected with �PAK-CAAX (E) or with �PAK-CAAX KD (F) crossing
a laminin/CSPG boundary. HA-tagged cells are shown. (G) Neurites of
cells transfected with either PAK construct have an increased ability to
cross from laminin onto CSPG. Results are for three independent
experiments (n � 6 for controls, n � 8 for �PAK-CAAX-transfected
cells, and n � 14 for �PAK-CAAX KD-transfected cells).

in cells grown on CSPG (see cell in bottom right panel). (C) Analysis
of morphology of cells grown on laminin or CSPG. Note occurrence of
predominantly flattened cells. (D) Analysis of effect of Rac1 N17 on
cell morphology. Note enhanced neurite outgrowth on cells grown on
CSPG but not on laminin. Error bars represent standard errors of the
means. **, P 	 0.01; ***, P 	 0.001.
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ative RhoA N19 mutant. Neurite outgrowth was promoted in
cells transiently transfected with RhoA N19; the neurites were
long, straight, and predominantly unbranched (Fig. 2A and B).
Cells plated on coverslips containing either a laminin/CSPG or
a laminin/tenascin boundary were then transiently transfected
with RhoA N19 and allowed to express for 18 h. The cells were
fixed and stained for phalloidin and HA antibody to detect the
transfected cells; the laminin boundary was detected with lami-
nin antibody (Fig. 2C).

Whereas the vast majority (98%) of the serum-starved
mock-transfected control cells contained neurites that did not
cross from the laminin onto CSPG, only about half of cells
transfected with RhoA N19 avoided crossing (Fig. 2E). RhoA
N19-transfected cells also showed a marked decrease in their
avoidance behavior towards tenascin, with less than half (43%)
avoiding crossing (Fig. 2D and F).

ROK inhibition and neurite guidance. We next investigated
whether this guidance response involved the Rho kinase ROK,
which causes neurite collapse (14, 18). ROK activity is inhib-
ited by the kinase inhibitor Y-27632 (18, 25), which is able to
prevent lysophosphatidic acid-induced collapse of neurites or
to induce neurite outgrowth in NIE-115 cells in the presence of
serum (14). Serum-starved cells contained flattened neurites
and areas of lamellipodial spreading. Treatment of cells with
Y-27632 (10 �M in 5% FCS) resulted in outgrowth of neurites
that were more branched, with more filopodia on the neurite
shaft, and less flattened compared with serum-starved controls
(Fig. 3A to C).

The effect of Y-27632 on the guidance of N1E-115 cells
at a laminin/CSPG boundary was then examined. Cells were
plated onto a laminin/CSPG boundary as described above.
Y-27632 in 5% serum was added, and cells incubated for 6 h
before fixing and staining. The results are shown in Fig. 3D,
E, and F. In the case of serum-starved cells, 95% of the
neurites were able to avoid crossing onto CSPG. Treatment
with Y-27632 resulted in only a slight decrease in the num-
ber of neurites that avoided crossing onto CSPG (86%).
Since the ROK inhibitor Y-27632 caused only a minor disrup-
tion in guidance when compared with RhoA N19, this may in-
dicate that other Rho effectors or another pathway is involved.

Rho inhibition by C3 toxin and neurite guidance. To further
understand the role of Rho signaling, we next used the Clos-
tridium botulinum toxin C3, which specifically inhibits the ac-
tion of Rho by ADP-ribosylation (41). C3 toxin in vivo is a
more potent blocker of Rho function than RhoA N19 (45).
Because C3 toxin is not cell permeable, the BioPorter system
was used to provide its effective delivery into N1E-115 cells.
After plating of the cells, 5 �g of C3 toxin and the BioPorter
reagent were added. Six hours later, the cells were fixed and
stained to determine the number of cells with neurites more
than one cell body length and the type of outgrowth produced
(Fig. 4A to C). The effect on the cells was very similar to that
previously seen on C3 toxin injection (20). The morphology
produced was that of multiple branched neurites, and the cell
body was more contracted compared with serum-starved con-
trol cells.

There was no difference in the response to a laminin/CSPG
boundary between the control serum-starved and C3 toxin-
treated cells (Fig. 4D, E, and F). Nor was the ability of cells to
guide at a laminin/tenascin boundary affected by the treatment

with C3 toxin (Fig. 4G, H, and I). These results with the C3
toxin indicate that inhibition of Rho leads to outgrowth of
neurites that are able to avoid crossing on to repulsive sub-
strates like CSPG and tenascin.

Rac, PAK, and neurite guidance. The exact role of RhoA
N19 is uncertain; it may well affect activation of GTPases other
than Rho. A Rac1-mediated collapse pathway has been impli-
cated in other repulsive signaling, e.g., that involving Sema3A
(16, 21, 49). Because its dominant negative N17 mutant blocks
the neurite outgrowth (20, 40) essential for our assay, Rac1
involvement in guidance could not be investigated directly.
Nevertheless, we were able to show that Rac1 activation was
affected by RhoA N19. In cells plated either on plastic,
laminin, or CSPG, transfection with RhoA N19 resulted in
decreased levels of Rac1-GTP within the cell (Fig. 5A). This
suggested that the enhancement by RhoA N19 of neurite
crossing onto CSPG (Fig. 2) could have occurred through its
inhibition of Rac1 pathways. We then examined whether Rac1
N17 itself could promote neurite outgrowth of NIE-115 cells
grown on CSPG. Many of the cells (�50%) plated on laminin
or CSPG in 5% serum were flattened, with the rest equally
distributed between those that were contracted, elongated,
or showing neurite outgrowth (Fig. 5B and C). Under these
conditions, a Rac- rather than Rho-type morphology predom-
inated. Serum contains lysophosphatidic acid, which has been
shown recently to activate both Rho and Rac pathways sequen-
tially, with activation of the latter leading to inhibition of the
former (48). On expressing Rac1 N17, the cells plated on
laminin (Fig. 5B and D) had an altered morphological distri-
bution, with most (�60%) now being contracted (Rho-type
morphology) rather than flattened (12%). Expression of Rac1
N17 by cells plated on CSPG also resulted in an altered mor-
phological distribution, but with many now showing neurite
outgrowth (�45%) rather than being flattened (15%). Thus,
with cells plated on CSPG but not on laminin, Rac1 inhibition
promoted neurite outgrowth (see example in Fig. 5B, lower
right panel).

Since Rac1 N17 is inimical to neurite outgrowth on laminin,
we examined the role of its downstream effector PAK on the
negative guidance response. Transfection with �PAK does
not lead to neurite outgrowth; PAK is probably subject to
stringent intracellular regulation since autoactivated PAK
(mutated in the p21-binding domain) evokes massive morpho-
logical changes in cells (26). The latter observation precluded
the use of non-p21-binding mutants of PAK. However, the
�PAK sequence modified to include the membrane-targeting
sequence CAAX (26) promotes neurite outgrowth in PC12
cells (6). We then examined the effects of �PAK-CAAX as
well as its kinase-dead derivative, �PAK-CAAXK298 (�PAK-
CAAX KD). Cells transfected with �PAK-CAAX typically
possess long neurites that are occasionally branched and ter-
minate with a small growth cone (Fig. 6A and B). Cells trans-
fected with �PAK-CAAX KD possess spindly neurites with
numerous filopodia along their length, and they have a tapered
appearance (Fig. 6C and D). Cells were then plated onto a
laminin/CSPG boundary, transiently transfected with �PAK-
CAAX or �PAK-CAAX KD, and allowed to express for 18 h.
The transfected cells were detected with an anti-HA antibody;
the laminin boundary was detected as before, and the results
are shown in Fig. 6E, F, and G.
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FIG. 7. Endogenous isoforms of PAK locate to distinctive regions of N1E-115 cells and are associated with F-actin structures. Serum-starved
N1E-115 cells were stained with antibodies to (A) �PAK, (B) �PAK, or (C) �PAK (panel 1, green) and costained with phalloidin (panel 2, red).
Panel 3 shows areas of colocalization (yellow) between the different PAK isoforms and F-actin. �PAK is localized mainly in central clusters and
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Cells transfected with �PAK-CAAX or its kinase-dead de-
rivative displayed a marked change in their avoidance behav-
ior. Whereas in control cells, only 2% of neurites crossed onto
the CSPG from laminin, in �PAK-CAAX- and �PAK-CAAX
KD-transfected cells the corresponding numbers were 17%
and 56%, respectively. A series of similar experiments with
cells transfected with other Cdc42-binding effectors such as
N-WASP and IRS-58 (2, 12) showed that they elicited no in-
crease in the numbers crossing (data not shown). These results
indicate that membrane-targeted PAK can overcome the neg-
ative guidance response, with the kinase-dead form being more
effective.

PAK isoforms in neurite outgrowth and actin structures.
We then investigated which of the PAK isoforms might be
involved in the negative guidance response. Expression of all
three endogenous PAK isoforms in N1E-115 cells was con-
firmed by immunoblotting using isoform-specific antibodies.
The antibodies for �PAK, �PAK, and � PAK separately pre-
dominantly recognized 68-kDa, 65-kDa, and 62-kDa proteins,
respectively, in cell extracts (Fig. 7E). These molecular masses
correspond to those of the different PAK isoforms. We also
examined the localization of endogenous PAK isoforms and
their relationship to F-actin structures. Cells were plated onto
laminin-coated coverslips and serum starved to induce out-
growth. Each PAK isoform showed a preferential distribution
at distinct sites where they colocalized with F-actin. �PAK was
found predominantly in the center of cells in small clusters and
along the neurite shaft but not associated with filopodia or
lamellipodia (Fig. 7A). �PAK was found mainly in areas with
lamellipodia and membrane ruffling; the staining in filopo-
dium-like structures was more diffuse and not as enriched as in
the ruffling areas (Fig. 7B). �PAK was found mainly in areas of
filopodium activity and some stabilized filopodia and not in
areas of membrane ruffling (Fig. 7C).

The �PAK-containing clusters in cells growing in 10% FCS
were associated with vinculin, a focal complex marker (Fig.
7D). Differentiation and neurite outgrowth through serum
withdrawal resulted in a substantial decrease in these clusters
(Fig. 7D). The �PAK-containing clusters thus resemble RhoA-
type focal adhesion complexes that are associated with stress
fibers in fibroblasts.

Effects of PAK peptides on neurite outgrowth and morphol-
ogy. We then used isoform-specific PAK peptides to investigate
their effects on the outgrowth of neurites and the negative guid-
ance response. The PAK peptides selected were small sequences
spanning the divergent N terminus of each isoform. They each
contained a polyproline-rich segment essential for binding to Nck
(53) and a small flanking region: �PAK, SNNGLDIQDKPPAP
PMRNTS (�P2 peptide); �PAK, SDSLDNEEKPPAPPLRM
NSNN (�P2 peptide); �PAK, SDNGELEDKPPAPVRMSSTI
(�P2 peptide).

The individual peptides were delivered, using BioPorter with
marker IgG, to cells plated onto laminin-coated coverslips that
were then incubated at 37°C for 6 h before staining with phal-
loidin, all under serum-free conditions. Serum-starved control
cells were treated with BioPorter containing IgG. Staining for
the codelivered IgG marker identified the relevant cells. None
of the PAK peptides blocked the neurite outgrowth caused by
serum starvation, with the �P2 peptide slightly increasing the
number of cells with neurites (Fig. 8A). The morphology of the
neurites of peptide-containing cells was also compared with
that of control cells (Fig. 8B and C). �P2 peptide had no dis-
cernible effect. �P2 peptide induced production of more filo-
podia on the neurite shaft and on the growth cone, giving rise
to a “hairy” appearance to the cells; more branched neurites
were also seen. �P2 peptide-containing cells had neurites that
were smoother or more flattened and with typically five or less
filopodia per cell.

Effect of N-terminal PAK peptides on the guidance re-
sponse. The peptides were then delivered to cells plated on
coverslips containing a laminin/CSPG boundary under serum-
free conditions. After 6 h to induce neurite outgrowth, the cells
were fixed and stained. The neurites of the cells containing the
PAK peptides all stained positively for F-actin and for neuro-
filament. The morphology and response of these cells are
shown in Fig. 9A to D. The response is quantified in Fig. 9E,
where neurites that showed avoidance behavior were subcat-
egorized as those showing “stop” or “turn” responses.

The neurites from cells containing the �P2 peptide showed
a substantial change in their ability to respond to a laminin/
CSPG boundary, with two-thirds now crossing onto the CSPG.
The increase in numbers of neurites that crossed appeared
largely to be derived from those that normally would have
avoided crossing by turning away from the boundary. The
presence of the �P2 peptide did not affect the numbers cross-
ing, while that of the �P2 peptide elicited very much less of an
effect than the �P2 peptide.

As the �P2 peptide appeared to affect the crossing ability of
neurites that would normally have turned away from the re-
pulsive substrate, we reexamined the effects of those agents
most effective in disrupting guidance, this time subdividing
those neurites previously within the avoidance category into
the stop and turn categories. Figure 10 is a time-lapse analysis
showing neurites stopping at a laminin-CSPG boundary (Fig.
10A) or crossing a laminin-laminin boundary (Fig. 10B) within
a 2.5-h period. In this illustration of the stop category, neurite
outgrowth has been accelerated by serum withdrawal com-
bined with Y-27632 treatment to facilitate the analysis of neu-
rite dynamics.

In our reexamination of the avoidance category, we noted
that cells that were not or were little affected in their negative
guidance response by the presence of inhibitors (C3 toxin and

along neurite shafts and absent from filopodia (arrowheads, A). �PAK occurs in lamellipodium/membrane ruffles (arrowheads, B) and �PAK
mainly in filopodia (arrowheads, C). (D) Cells grown in 10% FCS were costained with antibodies to �PAK (upper panel 1, green) or vinculin
(upper panel 2, red). Upper panel 3 shows colocalization (blue) of �PAK and vinculin in clusters resembling focal adhesions (two indicated by
arrowhead). In the serum-starved cell (lower panels), clusters are smaller and centrally located; they appear in areas of flattening but not those
enriched in filopodia or lamellipodia (arrowheads). (E) �-, �-, and �PAK expression in N1E-115 cells. Cellular proteins separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis were subjected to Western blot analysis using antibodies to �PAK (62 kDa), �PAK (65 kDa),
and �PAK (68 kDa).
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FIG. 8. Effects of N-terminal PAK peptides on neurite outgrowth and morphology in serum-starved cells. (A) �P2, �P2, and �P2 peptides were
delivered by BioPorter with marker IgG into serum-starved cells. Control cells received BioPorter-delivered IgG marker only. IgG-containing cells
were stained with phalloidin. The results are for three independent experiments (n � 6 for the control and peptide-containing cells). (B)
Morphology of neurites of serum-starved cells containing PAK peptides. (C) Analysis of neurite morphology of serum-starved cells containing PAK
peptides. The results are for three independent experiments (n � 6 for all conditions). The categories of neurite morphology are as defined in the
legend to Fig. 3.
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Y-27532, respectively) showed similar numbers of neurites
within either the stop or turn category (Fig. 11A, B, and C). In
cells containing RhoA N19, the neurites crossing appeared to
be derived from those within both the stop and turn categories.
As with cells containing the �P2 peptide, in cells containing
�PAK-CAAX or �PAK-CAAX KD the increased numbers
of neurites crossing appeared to be mainly derived from those
normally within the turn category (Fig. 11H and G). Thus, the
PAK derivatives may act principally to disrupt the turning
response of neurites, allowing them to cross onto the repulsive
substrate.

DISCUSSION

As with the soluble factor ACh, NIE-115 cells will respond
to substrates in a directed manner. The permissive substrate
laminin stimulates the Rac1 signaling pathways of N1E-115
cells through integrin receptors (20, 47, 40), with neurite out-
growth being blocked by antibody to �1 integrin (40). When

grown on laminin, N1E-115 cells showed a marked avoidance
of the repulsive substrates CSPG and tenascin. At the laminin/
CSPG or laminin/tenascin boundary, neurites were observed to
stop or turn on time-lapse analysis. The majority avoided the
boundary through turning. This type of behavior is similar to
that reported for chick and rat DRG when contact with either
CSPG or tenascin did not promote collapse but initiated a
turning behavior where filopodia were seen to extend onto the
CSPG while the growth cone turned. The latter responses were
also inferred from fixed and stained cells (43, 51). CSPGs
present in glial scars are thought to cause a biochemical bar-
rier to nerve regeneration (29). The CSPGs brevican and
versican purified from bovine CNS myelin preparations have
been shown to inhibit neurite outgrowth from neonatal cere-
bral granule cells and DRG neurons (34). Tenascin is also
associated with glial scarring (22, 24, 28) and contains domains
that are capable of repelling cerebellar granule neurons (30).

The effects of C3 toxin indicate that inhibition of Rho path-
ways will promote outgrowth of neurites that are also capable
of avoiding repulsive substrates. C3 toxin acts by ribosylating
RhoA at asparagine-41 and the equivalent residue of the other
Rho proteins, preventing the activation of RhoA, -B, and -C
(32). While RhoA N19 will promote outgrowth of neurites,
many of these neurites do not display the avoidance response.
RhoA N19 exists as the constitutively GDP-bound form which
binds to a guanine nucleotide exchange factor (GEF) but is
unable to exchange the GDP for GTP, effectively preventing
endogenous RhoA from being activated. Since the effect of C3
indicates that RhoA inhibition did not disrupt guidance, this
suggests that RhoA N19 not only prevents activation of
RhoA (leading to neurite outgrowth) but possibly that of other
GTPase(s) involved in the guidance response. Indeed we have
found RhoA N19 to interfere with Rac activation in NIE-115
cells (Fig. 5). Some GEFs can activate different members of
the Rho GTPase family; e.g., Trio has two GEF domains, one
able to activate RhoA and the other Rac1 (3). It is possible that
RhoA N19 may bind such GEFs as Trio, not only preventing
activation of RhoA but also perhaps that of Rac1, which is
normally required for the guidance response. Both Trio and
Rac1 participate in guidance of photoreceptor axons in Dro-
sophila eyes. Mutations involving Trio, Rac1, or PAK disrupt
the normal pathfinding of these cells towards the lamina and
medulla. For correct guidance of photoreceptor axons, Trio is
required to activate Rac1, and in response to a separate signal,
PAK is recruited to membrane receptors by binding to the Nck
homologue DOCK and is then activated by Rac1 (33).

Sung et al. (44) have also suggested that another pathway
apart from that involving RhoA and ROK might be concerned
with regeneration since both Y-27632 and C3 toxin were inef-
fective in promoting recovery after spinal cord injury in rats.
C3 toxin was found to be toxic, and Y-27632 delayed the
recovery of injured rats. The application of fasudil (HA 1077),
a less specific protein kinase inhibitor, significantly increased
recovery. On the other hand, Fouriner et al., (11) reported that
the application of Y-27632 increased recovery in rats that had
had corticospinal tract lesions. However, they were unable to
rule out the involvement of the kinase PRK2, which is also a
target of Y-27632 but is less affected. That C3 toxin did not
increase recovery was attributed to differences in delivery of C3
toxin and Y-27632.

FIG. 9. Effect of N-terminal PAK peptides on the ability of neu-
rites to guide at a laminin/CSPG boundary. Examples are given of (A)
control cell-neurite stopped at boundary (arrow), (B) �P2 peptide-
containing cell-neurite stopped at boundary (arrow), (C) �P2 peptide-
containing cell, neurite turning (arrow), and (D) �P2 peptide-contain-
ing cell, neurite crossing (arrow). The PAK peptides were delivered by
BioPorter with marker IgG to serum-starved cells. Control cells re-
ceived BioPorter-delivered IgG marker only. IgG-containing cells were
stained with phalloidin. Laminin/CSPG boundary was detected as in
Fig. 1. (E) Analysis of guidance behavior of neurites of serum-starved
cells containing PAK peptides. Neurites are categorized as showing
Stop, Turn, or Cross behavior. Results are for three independent
experiments (n � 9 for control, n � 7 for cells containing �P2 or �P2
peptides, and n � 6 for cells containing �P2 peptide).
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FIG. 10. Time-lapse analysis of neurites stopping at the CSPG boundary. Outgrowing cell neurites stopping and retracting at a laminin-CSPG
boundary (A) or freely crossing a laminin-laminin boundary, followed by crossing of the cell body itself (B). Neurite outgrowth was induced by serum
starvation and treatment with 10 �M Y-27632. Details are given in Materials and Methods. The cells were subjected to time-lapse imaging at 45-s intervals
for 2.5 h, with the first images taken 30 min after serum starvation/treatment. The phase-contrast images of cells were superimposed on fluorescent images
of (A) CSPG-laminin or (B) laminin-laminin substrates, with TRITC included in the upper (A) or lower (B) substrates, using confocal microscopy.
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FIG. 11. Analysis of the neurite guidance behavior of cells subjected to different treatments at a laminin/tenascin (A and D) or laminin/CSPG
(B, C, and E to H) boundary. Agents that have a marked effect on guidance do so mainly through disrupting the turn response. (A) C3
toxin-containing cells, (B) C3 toxin-containing cells, (C) Y-27632-treated cells, (D) RhoA N19-transfected cells, (E) RhoA N19-transfected cells,
(F) PAK-CAAX-transfected cells, (G) PAK-CAAX KD-transfected cells, (H) �P2 peptide-containing cells. The results were derived by subdi-
viding neurites previously shown within the avoidance category into stop or turn categories. The cross categories are as previously determined.
Error bars represent standard errors of the means. *, P 	 0.05; **, P 	 0.01; ***, P 	 0.001 (Mann-Whitney U test).
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Concerning repulsive guidance behavior, Monnier et al. (31)
reported that the inhibitory effect of CSPG on outgrowth in
RGC could be blocked with Y-27632 or C3 toxin, implicat-
ing a RhoA/ROK signaling pathway. These workers used a
stripe assay with alternating stripes of laminin and CSPG
mixed with laminin, in which extending axons grew along the
laminin stripes and avoided contact with mixed CSPG- and
laminin-containing stripes. RGC previously treated with either
Y-27632 or C3 toxin showed no preference between the stripes
and extended their axons in a more disorganized growing pat-
tern crossing over various stripes. The disparity between these
and our findings may lie in differences in the assay and cell type
used. The boundary used by Monnier et al. (31) was laminin
mixed with CSPG against laminin, while we used the boundary
between laminin coated over CSPG against CSPG. Further, no
extrinsic factor was required for RGC outgrowth.

Studies on negative guidance signaling in mammals have
implicated Rac1. Rac1 is required for the collapse of neurites
evoked by Sema3A (16, 21); dominant negative Rac1 N17 but
not C3 toxin blocks the collapse (16). Since Rac1 inhibition (by
Rac1 N17) blocks neurite outgrowth in NIE-115 cells induced
by serum starvation (20, 40), Rac1 involvement in guidance
signaling could not be investigated directly in our study. In-
stead, the downstream Rac effector �PAK was used. Because
�PAK does not promote the outgrowth of neurites required
for the substrate boundary assay, we used the membrane-tar-
geted �PAK-CAAX, which promotes neurite outgrowth in
PC12 cells (6), as well as in NIE-115 cells. The membrane-
targeted form of �PAK caused a significant disruption in neu-
rite guidance at the laminin/CSPG boundary, with increased
numbers crossing. Kinase-inactive �PAK-CAAX KD was even
more effective in this disruption. Using peptides corresponding
to N-terminal amino acid residues 2 to 21 of the PAK isoforms,
we found that only the �P2 peptide was able to simulate the
disrupting action of membrane-targeted �PAK-CAAX. The
�P2 peptide, like the other peptides, did not affect the numbers
of neurites whose outgrowth was induced by serum starvation.
Time-lapse analysis of cells after delivery of the �P2 peptide
showed them to be deficient in producing filopodia, with some
filopodium-like structures turning out to be retraction fibers
that were left behind after the collapse of lamellipodia (data
not shown). Moreover, the neurites were more flattened than
controls and also exhibited a reduction in the number of filo-
podia. Given the sensory nature of filopodia, it is possible that
their relative lack allows more of the filopodium-deficient neu-
rites to extend into the hitherto repulsive substrate. Another
plausible reason why the �P2 peptide but not the others sub-
stantially disrupts guidance may lie in the location of �- but not
�- or �PAK in filopodia.

A synthetic PAK peptide, 9-23, will prevent the second SH3
domain of Nck from binding to PAK (53). It is possible that the
�P2 peptide interferes with PAK activities at peripheral filo-
podia by sequestering Nck, whose membrane-bound DOCK
homologue has been shown to participate in Drosophila pho-
toreceptor axon axonal guidance (13, 33). The membrane-
targeted �PAK-CAAX and �PAK-CAAX KD may disrupt
guidance through a similar sequestration of endogenous Nck
located at the membrane. Nck binding to PAK is down-regu-
lated through PAK kinase autophosphorylation of serine (53);
a prolonged binding (sequestration) of Nck may explain why

the kinase-kinase-dead PAK is a more effective disrupter. Fur-
ther experiments with other PAK forms, including those inca-
pable of binding Nck, may show how PAK operates here.
Regardless of how the PAK derivatives work and which iso-
form is involved, our results strongly imply that PAK plays a
part in the negative guidance response.

In conclusion, we show that NIE-115 neuroblastoma cells
can mimic neurons in their negative guidance response and
provide a facile model for studying this response. While inhi-
bition of RhoA pathways will promote outgrowth of neurites,
most of these will not cross onto unfavorable substrates. The
repulsive response involves another pathway, where PAK ap-
pears to be crucially involved. To enhance regeneration and
repair requiring outgrowth of neurites over normally repulsive
substrates like CSPG and tenascin expressed at pathological
sites/scars, mere inhibition of RhoA pathways will not be suf-
ficient. Modulating the activities of PAK may provide yet an-
other (additional) therapeutic avenue for partial restoration of
function or combating further degeneration.
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