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Summary

The acquisition of cell type-specific morphologies is
a central feature of neuronal differentiation and has
important consequences for nervous system function.
To begin to identify the underlying molecular mecha-
nisms, we have explored the role of Rho-related
GTPases in the dendritic development of cortical neu-
rons. Expression of dominant negative mutants of Rac
or Cdc42, the Rho-inhibitory molecule C3 transfer-
ase, or the GTPase-activating protein RhoGAP p190
causes a marked reduction in the number of primary
dendrites in nonpyramidal (multipolar) neurons and in
the number of basal dendrites in neurons with pyrami-
dal morphologies. Conversely, the expression of con-
stitutively active mutants of Rho, Rac, or Cdc42 leads
to an increase in the number of primary and basal
dendrites. In cortical cultures, as in vivo, dendritic re-
modeling leads to an apparent transformation from
pyramidal to nonpyramidal morphologies over time.
Strikingly, this shiftin favor of nonpyramidal morpholo-
gies is also inhibited by the expression of dominant
negative mutants of Cdc42 and Rac and by RhoGAP
p190. These observations indicate that Rho, Rac, and
Cdc42 play a central role in dendritic development
and suggest that differential activation of Rho-related
GTPases may contribute to the generation of morpho-
logical diversity in the developing cortex.

Introduction

The diversity of cell types in the developing cerebral
cortex is most strikingly apparent in terms of the den-
dritic morphology of neurons. Whereas layers 2, 3, 5,
and 6 are dominated by pyramidal neurons, the neurons
of layer 4 are predominantly nonpyramidal (reviewed by
Gilbert, 1983). The pyramidal and nonpyramidal neurons
can be further classified morphologically based on the
extent of the apical dendrite or the number and branch-
ing pattern of the primary dendrites. This morphological
diversity has several important functional consequences.
For example, the particular branching pattern of a den-
dritic tree can influence the electrophysiological inte-
grative properties of a neuron (Rall, 1964). In addition,
the dendritic morphology determines the afferent popu-
lations with which aneuron may interact. Whereas many
of the deep layer pyramidal neurons can receive afferent
innervation from all of the superficial cortical layers by
virtue of an apical dendrite that extends to layer 1, the
innervation of nonpyramidal neurons is restricted owing

*To whom correspondence should be addressed.

to the limited extent of their dendritic arbors (Gilbert,
1983).

Studies over the past several years have indicated
that the development of dendritic morphology is a highly
dynamic process that is characterized by a great deal
of growth and remodeling (Wise et al., 1979; Harris and
Woolsey, 1981; Greenough and Chang, 1988; Ramoa et
al., 1988; Dalva et al., 1994; McAllister et al., 1995). One
major form of dendritic remodeling in the cortex appears
to involve the withdrawal of the apical dendrite from a
subset of pyramidal neurons. Koester and O’Leary
(1992) examined the issue of dendritic remodeling in the
development of layer 5 neurons, which contain subpop-
ulations that either project to the tectum and spinal cord
or to the contralateral hemisphere. Whereas the subcor-
tically projecting neurons are characterized by an apical
dendrite that terminates in layer 1, the callosally pro-
jecting neurons have a shorter apical dendrite that termi-
nates in layer 4 (Hubener and Bolz, 1988; Hallman et al.,
1988; Hubener et al., 1990). By examining the dendritic
morphology of these two cell populations during devel-
opment, Koester and O’Leary found that both popula-
tions start out with an apical dendrite that extends to
layer 1. However, the apical dendrites of the callosally
projecting neurons withdraw between postnatal day 4
(P4) and P7, until the apical process extends only to
layer 4. They also reported that layer 6 neurons undergo
a similar withdrawal of the apical dendrite. Dendritic
remodeling involving withdrawal of an apical process
seems not to be restricted to the pyramidal layers of
the cortex. Peinado and Katz (1990, Soc. Neurosci., ab-
stract) reported that between P2 and P7, 90% of the
layer 4 neurons have an apical dendrite that reaches
layer 1. Beyond P10, <30% of the neurons extend such
an apical process, suggesting that a majority of neurons
that start out with pyramidal morphologies undergo a
morphological transformation.

Although these observations indicate that developing
cortical neurons undergo extensive dendritic remodel-
ing, the underlying regulatory mechanisms have not yet
been identified. It is likely that the molecules involved
would have the ability to influence the actin cytoskele-
ton, since dendritic growth and remodeling involve ma-
jor cytoskeletal reorganization. Recent work fromanum-
ber of laboratories indicates that the Rho family of small
GTP-binding proteins are centrally involved in cytoskel-
etal reorganization in nonneural cells (reviewed by Hall,
1994; Chant and Stowers, 1995; Mackay et al., 1995).
Notably, Hall and colleagues have used microinjection
experiments to demonstrate that the Rho-related pro-
teins RhoA, Rac-1, and Cdc42 function coordinately to
regulate cytoskeletal reorganization associated with cell
motility (Ridley and Hall, 1992; Ridley et al., 1992; Nobes
and Hall, 1995). Since cell motility and growth cone
movements share several cellular characteristics (Bray
and Chapman, 1985), and since growth cones are be-
lieved to regulate the growth of axonal and dendritic
processes, we decided to investigate the role of Rho-
related GTPases in regulating dendritic growth and re-
modeling in developing cortical neurons. Our observa-
tions indicate that Rho (RhoA), Rac (Rac-1), and Cdc42
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Figure 1. Northern Blot Analysis of the Expression of Rho, Rac, and
Cdc42 during Cortical Development

15 pg of total cellular RNA isolated from rat neocortex at the ages
indicated was separated on an agarose/formaldehyde gel, trans-
ferred onto nylon membranes, and hybridized with *2P-labeled cDNA
probes to the indicated GTPases or GAPDH.

play a central role in the specification of dendritic mor-
phologies.

Results

To determine if Rho-related GTPases are expressed in
the cortex during periods of neuronal growth and differ-
entiation, we examined the expression of Rho, Rac, and
Cdc42 in the neocortex by Northern blot analysis. As
indicated in Figure 1, all three of the GTPases were
expressed at all ages between embryonic day 16 (E16)
and postnatal day 7 (P7) This observation suggests that
these GTPases are likely to function in the cortex
throughout development and are present in the cortex
during periods of axonal and dendritic growth.

Our first goal was to determine whether the dendritic
development of cortical cells in culture allowed morpho-
logically distinct cell types to be identified. To reveal
the morphology of individual cortical neurons, cultures
were transfected with a B-galactosidase expression
vector using a modified calcium phosphate transfection
procedure. One to five days posttransfection, the ex-
pression of the B-galactosidase protein was detected
using an antibody to B-galactosidase. As shown in Fig-
ure 2, the B-galactosidase protein product diffuses
throughout the cell and allows the details of the cellular
morphology to be visualized. These cultures have <1%
glial cells, and accordingly >99% of the transfected
cells had typical neuronal morphologies. Importantly,

these initial transfections revealed that morphologically
distinct cell types could be clearly distinguished in cul-
ture. Many of the cells had a pyramidal cell body, a
gradually tapering major “apical” dendrite that termi-
nated in a branched tuft, and a number of basal den-
drites typical of pyramidal neurons (Figure 2C). At the
same time, there were transfected neurons that were
multipolar and had several equivalent primary branches.
In this study, we refer to these neurons as nonpyramidal
(Figure 2D). The observation that neuronal morphologies
in vitro are remarkably similar to that seen in vivo sug-
gests that the major cellular and molecular mechanisms
involved in the specification of neuronal morphology
continue to function effectively in these cultures. Be-
cause of their distinctive morphological characteristics,
axonal and dendritic processes could also be clearly
distinguished in the transfected cells. The accuracy of
identifying processes as axonal or dendritic based on
morphology was also confirmed by double immunofluo-
rescence with anti-B-galactosidase and anti-Tau (an ax-
onal protein) or anti-MAP2 (a dendritic protein; data not
shown).

Since we were interested in transfecting multiple ex-
pression plasmids in most of the experiments, we per-
formed a series of transfections with pairs of mammalian
expression plasmids (B-galactosidase together with
chloramphenicol acetyl transferase [CAT], E1A, or au5-
tagged dominant negative forms of Rho-related GTPases)
to determine cotransfection efficiency. At a molar ratio
of 1:2 or greater (RSV-B-galactosidase:second plasmid),
>95% of the B-galactosidase-positive neurons were
also CAT-, E1A-, or au5-positive, indicating a very high
degree of cotransfection efficiency. Examples of neu-
rons cotransfected with RSV-B-galactosidase and RSV-
CAT are shown in Figures 2A and 2B (see also Figure 4).

To characterize the development of cortical neurons
in culture, cells were transfected with B-galactosidase
at 2 days invitro (2 DIV), and sister plates were fixed at 3,
5,and 7 DIV before being processed for 3-galactosidase
immunocytochemistry. As shown in Figure 3A, there is
a small decrease in the total number of cells in culture
over time. To determine whether the transfection proce-
dure might itself induce a significant amount of cell
death, the number of B-galactosidase-positive cells
were also scored over the same period. Our analysis
indicates that the reduction in the number of B-galacto-
sidase-positive neurons is virtually identical to the re-
duction of total cell number, suggesting that the trans-
fection does notinduce additional cell death (Figure 3B).
This was also apparent by visual inspection of the trans-
fected cultures, since in general the transfected neurons
had robust dendritic growth.

In the next series of experiments, we examined the
effects of inhibiting the function of Rho-related GTPases
on dendritic development. As shown in Figures 3C and
3E, there is a gradual increase in the number of primary
dendrites in nonpyramidal neurons and in the number
of basal dendrites in pyramidal neurons over time in
culture. To directly evaluate the role of Rho, Rac, and
Cdc42 in this process, we transfected the cultures with
dominant negative (asparagine to threonine replace-
ment at the position analogous to codon 17 of Ras)



Rho, Rac, Cdc42, and Dendritic Development
627

Figure 2. Examples of Cortical Neurons in
Culture Transfected with Reporter Expres-
sion Plasmids

(A and B) Cortical neurons were cotrans-
fected with expression plasmids encoding
chloramphenicol acetyl transferase (CAT)
and B-galactosidase at 1 day in vitro (1 DIV),
fixed at 3 DIV, and processed for double im-
munofluorescence using rabbit anti-CAT and
mouse anti-B-galactosidase antibodies. The
anti-CAT antibody was detected using a
Texas red-conjugated secondary (A) and the
anti-B-galactosidase antibody was detected
using a fluorescene-conjugated secondary
(B). Comparison of fields (A) and (B) indicate
that the transfected neurons express both the
transfected CAT and B-galactosidase genes.
(C and D) Morphologically distinct cell types
can be identified in culture. Cortical neurons
were transfected with a B-galactosidase ex-
pression plasmid and visualized using anti-
B-galactosidase.

(C) Example of a neuron with pyramidal morphology, characterized by a pyramidal cell body, one major primary dendrite that gradually tapers

away from the cell body, and several minor basal dendrites.

(D) Example of a nonpyramidal neuron, characterized by several primary dendrites that emerge from the cell body and no apparent polarity

in the orientation of the dendrites.

forms of these molecules (Coso etal., 1995). These dom-
inant negative (DN) mutants have been shown to specifi-
cally inhibit the activation of downstream kinases by the
corresponding GTPases and do not affect the function
of other Ras superfamily members (Coso et al., 1995;
Minden et al., 1995). The morphology of the transfected
cells was revealed by cotransfecting the cells with
B-galactosidase and immunostaing the cultures with a
B-galactosidase antibody. As shown in Figures 3D and
3F, the expression of dominant negative mutants of Rac
and Cdc42 led to a marked decrease in the number of
primary dendrites in nonpyramidal neurons and in the
number of basal dendrites in neurons with pyramidal
morphologies, indicating that the functions of Rac and
Cdc42 are required for the elaboration of dendritic pro-
cesses. Dominant negative Rac had the most marked
effects in both cell populations and led to a 40%-60%
decrease in the number of primary dendrites (Figures
3D and 3F).

To determine whether the distinct effects of the vari-
ous dominant negatives on dendritic development were
related to differences in levels of expression of the
transfected constructs, au5 epitope-tagged forms of
dominant negative Rho, Rac, and Cdc42 were trans-
fected into cortical neurons together with B-galactosi-
dase. As shown in Figure 4, immunofluorescence using
anti-B-galactosidase and anti-au5 indicated that the lev-
els of expression of the three constructs were indistin-
guishable, suggesting that the distinct effects of domi-
nant negative Rho, Rac, and Cdc42 are not related to
differences in expression. As would be expected from
a short six amino acid tag, the morphological effects of
aub-tagged constructs were indistinguishable from the
untagged forms (data not shown).

The dominant negative mutants of Rho-related GTPases
are believed to act by competing with the endogenous
proteins for exchange factor. To further confirm the
involvement of these GTPases in the regulation of den-
dritic development, we used overexpression of the cata-
lytic domain of RhoGAP p190 and expression of C3

transferase as alternate methods of inhibiting the func-
tion of Rho-related GTPases. RnoGAP p190 is a GTPase-
activating protein that inhibits the function of all three
members of the Rho family, but not members of the
Ras, Rab, or Ral families of GTPases (Settleman et al.,
1992; Ridley et al., 1993; Coso et al., 1995). C3 trans-
ferase has been widely used as an inhibitor of Rho and
does not affect the function of Rac and Cdc42. As
shown in Figure 5, expression of both RhoGAP p190
and C3 transferase led to a marked decrease in the
number of primary and basal dendrites. Importantly, a
myristoylated form of RhoGAP p190 was much more
effective in inhibiting dendritic elaboration than the un-
modified form, suggesting that the relevant target of
RhoGAP p190 is most likely associated with the mem-
brane. The inhibitory effects of C3 suggest the involve-
ment of Rho in the process of dendritic elaboration.
The failure of dominant negative Rho to inhibit dendritic
growth to the same extent as C3 transferase may indicate
that the dominant negative is not as completely inhibi-
tory as C3, a possibility that has been noted previously
(Qiu et al., 1995).

The above experiments suggest that the normal elab-
oration of primary and basal dendrites requires the func-
tion of Rho-related GTPases. We were therefore inter-
ested in determining whether the activation of these
GTPases was sufficient to induce elaboration of den-
dritic processes. For these experiments, cultures were
transfected with constitutively active mutants of Rho,
Rac, and Cdc42 (glutamine substituted for leucine [QL
mutants] at the position analogous to codon 61 of Ras;
Coso et al., 1995) together with B-galactosidase, and
the consequences were examined 2 days posttransfec-
tion. As shown in Figure 6, expression of individual con-
stitutively active mutants led to an increase in the num-
ber of primary dendrites in nonpyramidal neurons. These
observations indicate that the activation of Rho-related
GTPases is sufficient to induce dendritic elaboration
and suggest that the initiation and growth of dendritic
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Figure 3. Development of Cortical Neurons in Culture and the Effects of Perturbing the Activity of Rho-Related GTPases on the Elaboration
of Dendrites

(A and B) Change in the total number of neurons and the total number of transfected neurons as a function of time in vitro. Cells were
transfected with a B-galactosidase expression plasmid at 2 DIV and fixed at 3, 5, or 7 DIV for analysis.

(A) Total number of neurons per field of view (FOV = 25,000 um?).

(B) Total number of transfected neurons per FOV (FOV = 1 mm?).

(C and E) Change in the number of primary dendrites in neurons with nonpyramidal morphologies (C) and the number of basal dendrites in
neurons with pyramidal morphologies (E) over time in vitro.

(D and F) Effect of expressing dominant negative mutants of Rho, Rac, and Cdc42 on the number of primary dendrites in neurons with
nonpyramidal morphologies (D) and the number of basal dendrites in neurons with pyramidal morphologies (F). For (C) and (E), cells were

transfected at 2 DIV and scored at 3, 5, and 7 DIV. For (D) and (F), cells were transfected at 2 DIV and scored at 5 DIV.

processes may normally be regulated by the activation
of specific Rho-related GTPases.

It has been reported previously that axonal growth in
Drosophila neurons and cerebellar Purkinje cells can
be regulated by Rac (Luo et al, 1994, 1996). We were
therefore interested in determining whether inhibition of
Rho-related GTPases affects the growth of all neuritic
processes in cortical neurons. This issue was investi-
gated by examining the effects of transfecting dominant
negative mutants of Rho-related GTPases or RhoGAP
p190 on the growth of axons and the apical dendrite.
Unfortunately, it was very difficult to reconstruct individ-
ual axons, which, although clearly identifiable, grew to
great distances, frequently intersected other axons, and
often had several branches. To get a quantitative sense
of axonal growth in these cultures, we instead defined an
axonal growth index which serves as a rough measure
of total axonal growth per neuron (see Experimental
Procedures). As shown in Figure 7, transfection of domi-
nant negative mutants of each of the Rho-related

GTPases but not the parent vector led to a >50% de-
crease in the axonal growth index, indicating that this
family of proteins is critically involved in axonal growth
in cortical neurons. In contrast, the length of the apical
dendrite of pyramidal neurons was not at all affected
by the expression of either the dominant negative mu-
tants or RhoGAP p190 (Figure 7B). These observations
indicate that whereas the growth of the axon is acutely
sensitive to the inhibition of Rho-related GTPases, the
growth of the apical dendrite is quite resistant to such
perturbations.

Given the striking effects the perturbation of the Rho-
related signaling pathways had on dendritic develop-
ment, we were interested in evaluating the role of Rho-
related GTPases in the specification of morphologically
distinct cell types. Since the elaboration of primary den-
drites in the cortex is associated with a transition from a
pyramidal to a nonpyramidal morphology, we examined
whether such a transition might also take place in vitro.
As shown in Figure 8A, many of the transfected neurons
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Figure 4. Relative Levels of Expression of Dominant Negative Mutants of Rho, Rac, and Cdc42 in Transfected Cortical Neurons

Cortical cultures were cotransfected with expression plasmids encoding B-galactosidase together with au5-tagged dominant negative Rho
([A] and [B]), dominant negative Rac ([C] and [D]), or dominant negative Cdc42 ([E] and [F]) at 2 DIV, fixed at 3 DIV, and processed for
immunofluorescence. Expression of transfected plasmids was detected using polyclonal anti-B-galactosidase ([A], [C], and [E]) and monoclonal

anti-au5 ([B], [D], and [F]).

have fairly simple dendritic morphologies at 3 DIV and
are often characterized by one major dendrite that re-
sembles the apical dendrite of a pyramidal neuron. By
5 DIV, however, the dendritic morphologies are much
more complex, and the majority of neurons have nonpy-
ramidal morphologies (Figure 8B). To determine if there
was a systematic change in cell morphology in vitro, we
transfected cortical cultures with B-galactosidase at 2
DIV and scored the transfected neurons at 3, 5, and 7
DIV in terms of their overall morphology. As shown in

Figures 9A and 9B, there was a marked decrease in the
fraction of neurons that had pyramidal morphologies
during the first week in culture. There was a correspond-
ing increase in the number of neurons with nonpyramidal
morphologies during the same period. This change in
distribution is much more dramatic than the relatively
small change in the number of transfected neurons over
time (Figure 3), indicating that it cannot be accounted
for by a differential survival effect. Instead, it appears
that a majority of neurons that initially have a pyramidal

Figure 5. Effects of Expressing RhoGAP
p190 and C3 Transferase on Dendritic Devel-

opment
L Cells were transfected with the indicated

- constructs at 2 DIV and scored at 4 DIV.
(Aand C) Number of primary dendrites in neu-
rons with nonpyramidal morphologies.

(B and D) Number of basal dendrites in neu-
rons with pyramidal morphologies.
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Figure 6. Effects of Expressing Constitutively Active Mutants of Rho-Related GTPases on Dendritic Development

Cells were transfected with indicated constructs at 2 DIV and scored at 4 DIV.
(A) Number of primary dendrites in neurons with nonpyramidal morphologies.

(B) Number of basal dendrites in neurons with pyramidal morphologies.

morphology undergo extensive dendritic remodeling to
acquire nonpyramidal morphologies.

To determine whether this remodeling might involve
the function of Rho-related GTPases, we examined the
morphological consequences of inhibiting this family of
proteins. At 1 day posttransfection, ~45% of the trans-
fected neurons have pyramidal morphologies (Figure
9A). In neurons transfected with the parent vector, at 5
days posttransfection, ~15% of the cells have pyramidal
morphologies, consistent with their undergoing a re-
modeling from pyramidal to nonpyramidal morphologies
(Figure 9C). In contrast, transfection of dominant nega-
tive mutants of Cdc42 and, to a lesser extent, Rac led
to a significant increase in the fraction of neurons that
maintained their pyramidal morphologies (Figures 8C
and 9C). In DN-Cdc42 transfected cultures, >35% of
the transfected cells had pyramidal morphologies at 5
days posttransfection (Figure 9C), indicating that in the
absence of Cdc42 function most of the neurons fail to
undergo a morphological remodeling. Surprisingly, the
expression of C3 transferase, which did have a marked
effect on the elaboration of dendrites (Figure 5), did
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not affect the fraction of cells that acquired pyramidal
morphologies (data not shown), suggesting that this
morphological remodeling may not require Rho function.
As an alternate way to examine the requirement of Rho-
related GTPases in the acquisition of nonpyramidal mor-
phologies, neurons were transfected with RhoGAP
p190. As in the case of dominant negative Cdc42 and
Rac, the expression of Rho-GAP p190 led to a marked
increase in the fraction of neurons that maintained pyra-
midal morphologies (Figure 9C). Since these perturba-
tions did not lead to a change in the total number of
transfected cells, these observations suggest that the
activity of Cdc42, and perhaps Rac, is required for the
remodeling of cortical neurons from pyramidal to nonpy-
ramidal morphologies. Expression of constitutively ac-
tive mutants of Rho-related GTPases, however, did not
lead to a significant change in the distribution of pyrami-
dal and nonpyramidal neurons, suggesting that the
transformation of neuronal morphology must involve
other biochemical events in addition the activation of
individual Rho-related GTPases (Figure 9D).

Previous studies have indicated that there is a correla-
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Figure 7. Effect of Inhibiting Rho-Related GTPases on Axonal and Dendritic Growth

(A and B) Effects of expressing dominant negative mutants of Rho-related GTPases and RhoGAP p190 on the Axonal Growth Index (see
Experimental Procedures) (A) and the length of the apical dendrite in neurons with pyramidal morphologies (each unit coresponds to 25 pm)
(B). Cells were transfected with the indicated constructs at 2 DIV and scored at 5 DIV.
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Figure 8. Effects of Inhibiting Cdc42 on Neuronal Morphology

(A) Example of neurons transfected with the parent vector at 2 DIV and visualized at 3 DIV. Many of these cells have one major dendritic
process, which terminates in an apical tuft and resembles the apical process of a developing pyramidal neuron.

(B) Example of neurons transfected with the parent vector at 2 DIV and visualized at 5 DIV that are predominantly nonpyramidal in morphology
and are characterized by muliple primary dendrites.

(C) Example of neurons transfected with DN-Cdc42 at 2 DIV and visualized at 5 DIV. Many of these neurons have pyramidal morphologies
and have reduced basal or primary dendrites.

tion between neurotransmitter phenotype and neuronal the distribution of GABA-positive (i.e., inhibitory) neu-
morphology in the adult cortex. Whereas pyramidal neu- rons in the transfected population by double immunoflu-
rons tend to be excitatory, nonpyramidal neurons can orescent labeling of GABA and B-galactosidase. Ap-
be either excitatory or inhibitory. Since the inhibition of proximately 10% of the neurons in these cultures were
Cdc42 and Rac causes a shift in favor of pyramidal GABA-positive at 5 DIV. Transfection of dominant nega-
morphologies, we wondered whether this was accom- tive mutants of Rho-related GTPases had no apparent
panied by a change in the neurotransmitters expressed effect onthe distribution of GABA-positive neurons (data
by the cells. This possibility was evaluated by examining not shown). This result suggests that at least at early
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Figure 9. Effects of Perturbing the Activity of Rho-Related GTPases on the Distribution of Neurons with Pyramidal and Nonpyramidal Mor-
phologies

(A) Percentage of cells with pyramidal morphologies at various times in vitro.

(B) Percentage of cells with nonpyramidal morphologies at various times in vitro.

(C) Effects of expressing dominant negative mutants of Rho-related GTPases or RhnoGAP p190 on the percentage of neurons with pyramidal
morphologies in the transfected cell population. Cultures were transfected at 2 DIV and scored at 7 DIV.

(D) Effects of expressing constitutively active mutants of Rho-related GTPases on the percentage of neurons with pyramidal morphologies
in the transfected cell population. Cultures were transfected at 2 DIV and scored at 4 DIV.
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developmental stages Rho-related GTPases do not reg-
ulate neurotransmitter phenotypes and that the acquisi-
tion of a cell type-specific morphology and expression
of a neurotransmitter phenotype can be independently
regulated.

Discussion

The focus of this study has been an analysis of the role
of Rho-related GTPases in regulating dendritic develop-
ment. We find that expression of dominant negative
mutants of Rac and Cdc42, the Rho-inhibitory molecule
C3 transferase, or RhoGAP p190 in cultured cortical
neurons markedly reduces the number of primary den-
drites in nonpyramidal neurons and the number of basal
dendrites in neurons with pyramidal morphologies. Con-
versely, expression of constitutively active forms of Rho,
Rac, or Cdc42 leads to the elaboration of dendritic pro-
cesses. Our findings suggest that the Rho-related
GTPases play a central role in dendritic development,
and add to the growing body of evidence that supports
arole for Rho, Rac, and Cdc42 in regulating cytoskeletal
rearrangements.

Recent studies on the extracellular control of dendritic
development indicate that the elaboration of primary
dendrites in cortical neurons can be regulated by neuro-
trophins (McAllister et al., 1995, 1997). Since neurotro-
phins signal through receptor tyrosine kinases, and
since Rho-related GTPases have been implicated in re-
ceptor tyrosine kinase signaling (reviewed by Hunter,
1997), it is tempting to speculate that the phenotypic
consequences of neurotrophins with regard to dendritic
development may be mediated via the activation of Rho,
Rac, or Cdc42. We have begun to explore this possibility
by asking whether neurotrophins can regulate the den-
dritic development of cultured cortical neurons and
whether this involves the action of Rho-related GTPases.
Our preliminary findings suggest that BDNF, NT-3, and
NT-4 can affect dendritic development in this system
(R. Threadgill and A. Ghosh, unpublished data). Interest-
ingly it appears that dominant negative mutants of Rho,
Rac, and Cdc42 do not equivalently affect dendritic
growth induced by the various neurotrophins. Although
we are in the initial stages of this series of experiments,
these results are of interest in light of recent reports
that suggest that different neurotrophins may promote
the growth of distinct subsets of cortical neurons
(McAllister et al., 1995, 1997) and raise the intriguing
possibility that the specificity of the cellular response
to a particular neurotrophin might be conferred by the
differential activation of Rho-related GTPases.

The development of cortical neurons in vivo is charac-
terized by dendritic growth and branching as well as
extensive remodeling. One of the more striking aspects
of this remodeling is the loss of the apical process from
a subset of pyramidal neurons, which leads the cells to
acquire nonpyramidal morphologies during develop-
ment (Peinado and Katz, 1990, Soc. Neurosci., abstract).
We find that cortical neurons in cultures are capable of
the same kind of dendritic growth and remodeling; not
only is there an increase in the number of dendrites,
there is a population shift from pyramidal to nonpyrami-
dal morphologies over time in culture. Regarding this

observation, two points ought to be noted. First, we
classify neurons as pyramidal based on the cell body
shape and the presence of one thick dendritic process,
which gradually tapers from the cell body and ends in
an apical tuft. These cells look like pyramidal neurons
in vivo, but it isimpossible to say with certainty whether
the pyramidal neurons in vitro and vivo are exactly the
same population. One must therefore consider the term
“pyramidal” an operational definition in the context of
this study, and we have avoided calling neurons with
pyramidal morphologies in vitro “pyramidal neurons,”
since this term denotes a specific class of neurons in
vivo. Second, it should be noted that we do not have
any direct evidence that the transformation from pyrami-
dal to nonpyramidal morphologies we observe involves
the withdrawal of an apical dendrite. It is, in principle,
possible that neurons that start out with pyramidal mor-
phologies acquire nonpyramidal forms by thickening
and extending their basal dendrites, without major re-
modeling of the apical dendrite. It is unlikely, however,
that all of the observed nonpyramidal neurons come
about this way, since this scenario would predict that
virtually all nonpyramidal neurons should have at least
one dendrite the length of a typical apical dendrite. This
is clearly not the case, since many of the nonpyramidal
neurons in culture have relatively short dendrites. A de-
finitive resolution of the cellular basis of the observed
dendritic remodeling will require real-time imaging of
individual transfected neurons, a goal we are actively
pursuing.

One of the more striking results of our perturbation
experimentsis the finding that the shift in favor of nonpy-
ramidal morphologies can be regulated by Cdc42 and
Rac. Whereas a simple interpretation might hold that
the activation of Cdc42 or Rac could induce this trans-
formation by causing the withdrawal of the apical pro-
cess and the elaboration of primary dendrites, such an
inference is unlikely to be correct. First, we find no effect
of expressing constitutively active mutants of Rho-
related proteins on the distribution of neurons with pyra-
midal and nonpyramidal morphologies, although they
are quite effective in promoting the elaboration of pri-
mary and basal dendrites. We have also not seen any
effect of expressing individual constitutively active mu-
tants on the length of the apical dendrite (R. Threadgill
and A. Ghosh, unpublished data). Thus, the mechanism
by which Cdc42 and Rac contribute to the transforma-
tion in favor of nonpyramidal morphologies is likely to
be more complicated than the mechanism involved in
the initiation of dendritic processes and will require fur-
ther investigation. It will also be important to explore
the role of Cdc42 and Rac in dendritic remodeling in
slice cultures and in vivo, where distinct cell types can
be definitively identified.

Although our results suggest that the activation of
Cdc42 and Rac is involved in a remodeling from pyrami-
dal to nonpyramidal morphologies, the extracellular sig-
nals that may specifically activate these molecules to
initiate the remodeling in cortical neurons have not yet
been identified. Since the remodeling of pyramidal neu-
rons in vivo is layer specific, one possibility is that layer-
specific afferents may provide the extracellular cue. For
example, the remodeling of layer 4 neurons may be
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triggered by thalamic or cortical afferents that terminate
in layer 4. Since our cultures do not include thalamic
neurons, and since dendritic remodeling in cortical
slices can take place in the absence of cocultured thala-
mus (Bolz etal., 1990), a cortex-derived signal is perhaps
more likely to be involved in triggering the remodeling.
It should also be noted that we cannot rule out the
alternate possibility that all cortical neurons undergo a
Cdc42- or Rac-mediated remodeling from pyramidal to
nonpyramidal morphologies as a default, but local cues
in layers 2, 3, 5, and 6 inhibit these molecules and
thereby prevent the remodeling. Although these are im-
portant issues that remain to be addressed, they do not
detract from the central observation that Rho-related
GTPases play an important role in the specification of
dendritic morphologies.

Finally, it is worth considering the role of Rho-related
GTPasesin the larger context of neuronal differentiation.
Recent evidence suggests that neuronal differentiation
in the cortex is regulated, at least in part, by the action
of neurotrophins, which signal via the activation of re-
ceptor tyrosine kinases (Ghosh and Greenberg, 1995;
McAllister et al., 1995, 1997). Based on observations in
other systems, it is likely that the effects of neurotro-
phins involve the activation of the Ras signaling path-
way. Whereas perturbation of Ras affects differentiation
quite globally (Hagag et al., 1986; Szeberenyi et al.,
1990), we find that inhibition of Rho-related GTPases
affects morphological differentiation without affecting
other aspects of differentiation, such as cell cycle arrest
or the expression of neuronal proteins such as Tau or
MAP2 (A. Ghosh, unpublished data). Recent reports that
the cerebellar expression of activated Rac in transgenic
mice affects spine formation and axonal growth in Pur-
kinje cells (Luo et al., 1996) and that DRacl expression
affects axonal growth in Drosophila (Luo et al., 1994)
indicate that Rho-related proteins can influence various
aspects of morphological development. Given that Rho-
related GTPases are known to act downstream of Ras
in certain cells (reviewed by Hunter, 1997), it is reason-
able to propose that neuronal differentiation may involve
the sequential action of GTPases of the Ras superfamily.
Whereas Ras may function as a master switch to regu-
late the transition of an undifferentiated precursor cell to
apostmitotic neuron, the action of Rho-related GTPases
may be specifically involved in defining the morphologi-
cal phenotype of the neuron. If that is indeed the case,
it will be of great interest to explore the possibility that
the differential expression or activation of Rho-related
GTPases may underlie the generation of morphological
diversity in the developing brain.

Experimental Procedures

Northern Blots

Total cellular RNA was isolated from neocortex at the indicated
ages using the guanidinium thiocyanate method (Chomczynski and
Sacchi, 1987). RNA (15 pg) from each sample was loaded onto a
1.4% agarose/formaldehyde gel, transferred to nylon membranes,
and hybridized with *2P-labeled cDNA probes to RhoA, Rac-1, or
Cdc42. Equivalence of relative RNA levels in the various lanes was
confirmed by hybridizing the same blots with a probe to GAPDH.

Primary Cell Cultures
E18/19 cortical cells from Long-Evans rats were cultured as pre-
viously described (Ghosh and Greenberg, 1995), with the following

minor modifications. The cortex was dissected in ice-cold HBSS
(6.5 g/l glucose), digested in 10 U/ml Papain in dissociation media
(2 X 20 min), and dissociated in culture media. The dissociated
neurons were plated on polylysine laminin-coated 24 well plates at
3 X 10° cells per well in glutamine-free Basal Media Eagle (Sigma)
supplemented with glutamine (to 1 mM), N, (to 1%; Gibco), and fetal
bovine serum (5%).

Transfections

Cells were transfected by a modified calcium phosphate transfec-
tion procedure, developed in collaboration with M. E. Greenberg
and H. Dudek (Harvard Medical School). Briefly, the culture media
was removed and replaced with Dulbecco’s Modified Eagle Medium
(DMEM) 1 hr prior to transfection. The calcium phosphate/DNA pre-
cipitate was formed in HEPES buffered saline (pH 7.07) for 15-20
min, at which time the formation of the precipitate was observed
as an increase in light scattering. The precipitate (30 pl) was added
dropwise to the cells in 500 pl of DMEM. Following a 20-30 min
transfection, during which a fine sandy precipitate covered the cells,
the cultures were washed in DMEM and returned to the original
culture media. The efficiency was typically between 1% and 5%,
and there was no apparent toxicity to the cells. The product of
transfected gene could be detected immunocytochemically as early
as 12 hr posttransfection. In the cotransfection experiments, each
well was transfected with 1 pg of RSV-B-galactosidase along with
3 n.g of the vector (control) or an expression plasmid for the relevant
Rho-related GTPase. In all cases, the DNA was prepared by cesium
chloride double-banded maxi-preps. The various plamids used to
perturb the function of Rho-related GTPases have been previously
described (Coso et al., 1995).

Immunocytochemistry and Immunofluorescence

Cultures were fixed with 4% paraformaldehyde in phosphate buf-
fered saline (PBS; 37°C) for 15 min, washed twice for 5 min with
PBS (room temperature), blocked for 2 hr with 3% bovine serum
albumin (BSA) and 0.3% Triton X-100 in PBS (room temperature),
and incubated in the primary antibody (diluted in the blocking solu-
tion) overnight at 4°C. The secondary antibody incubation was per-
formed using reagents from Calbiochem (fluorescence) and Vector
Labs (peroxidase-based detections). The following antibodies were
used: rabbit anti-CAT (5'-3'; 1:500 for immunofluorescence), mouse
anti-au5 (Babco; 1:300 for immunofluorescence), rabbit anti-3-
galactosidase (5'-3'; 1:1000 forimmunofluorescence, 1:5000for per-
oxidase), and mouse anti-B-galactosidase (Promega; 1:1000 for im-
munofluorescence, 1:5000 for peroxidase).

Analysis

In each experiment, transfections were carried out in duplicate wells,
and each set of transfections was repeated in multiple experiments.
For quantitative analysis of dendritic morphology, between 10 and
15 randomly selected fields and at least 100 transfected cells were
scored per transfection condition. Pyramidal neurons were defined
as cells that had a pyramidal cell body with one major dendrite that
gradually tapered off from the cell body and terminated in a
branched tuft (typical of apical dendrites in vivo), with an overall
morphology typical of cortical pyramidal neurons (e.g., Koester and
O’Leary, 1992). The axonal growth index (AGI) used in the analysis
of axonal growth was calculated as follows. Each field of transfected
neurons was framed by a 10 X 10 (200 wm X 200 wm) ocular grid
(100 squares). For each field, the number of squares on the grid
that included an axonal process was counted and divided by the
number of cell bodies in the field of view to yield the AGI. (For
example, if 60 of the 100 squares had an axon running through it,
and if there were 5 cell bodies in the 10 X 10 grid area, then the
AGI would equal 12). At least 10 fields scored in this way were
used to calculate means and standard errors in the AGI for each
transfection condition. This measure is roughly proportional to the
total axonal length per neuron. Statistical analysis was performed
using the Staview program from Abacus Concepts. Data are shown
as mean = SEM. Statistically significant differences between control
and experimental conditions (Student’s t test, p < 0.05) are indicated
by asterisks in the bar graphs.



Neuron
634

Acknowledgments

We thank J. Silvio Gulkind for generously providing us with expres-
sion plasmids for various Rho-related GTPases and RhoGAP p190;
A. Hall and R. Treisman for providing us with the expression plasmid
for C3 transferase; G. Redgrave, T. Moeller, and J. Gaare for help
in the initial stages of this project; M. Greenberg, S. McConnell, D.
Linden, A. Kolodkin, and D. Ginty for comments on the manuscript;
and L. Ghosh for assistance in the preparation of the manuscript.
This work was supported by the Cancer Research Fund of the
Damon Runyon-Walter Winchell Foundation, Scholar Award DRS-
02 (A. G.).

Received March 24, 1997; revised August 20, 1997.

References

Bolz, J., Novak, N., Gotz, M., and Bonhoeffer, T. (1990). Formation
of target-specific neuronal projections in organotypic slice cultures
from rat visual cortex. Nature 346, 359-362.

Bray, D., and Chapman, K. (1985). Analysis of microspike move-
ments of the neuronal growth cone. J. Neurosci. 5, 3204-3213.
Chant, J., and Stowers, L. (1995). GTPase cascades choreograph-
ing cellular behavior: movement, morphogenesis, and more. Cell
81, 1-4.

Chomczynski, P., and Sacchi, N. (1987). Single step method of RNA
isolation by acid guanidinium thyocyanate-phenol-chloroform ex-
traction. Anal. Biochem. 162, 156-159.

Coso, O.A., Chiariello, M., Yu, J.C., Teramoto, H., Crespo, P., Xu,
N., Miki, T., and Gutkind, J.S. (1995). Small GTP-binding proteins
Racl and Cdc42 regulate the activity of the INK/SAPK signaling
pathway. Cell 81, 1137-1146.

Dalva, M.B., Ghosh, A., and Shatz, C.J. (1994). Independent control
of dendritic and axonal form in the developing lateral geniculate
nucleus. J. Neurosci. 14, 3588-3602.

Ghosh, A., and Greenberg, M.E. (1995). Distinct roles for bFGF and
NT-3 in the regulation of cortical neurogenesis. Neuron 15, 89-103.
Gilbert, C.D. (1983). Microcircuitry of the visual cortex. Annu. Rev.
Neurosci. 6, 217-247.

Greenough, W.T., and Chang, F.-L. (1988). Dendritic pattern forma-
tion involves both oriented regression and oriented growth in the
barrels of mouse somatosensory cortex. Dev. Brain Res. 43,
148-152.

Hagag, N., Halegoua, S., and Viola, M. (1986). Inhibition of growth
factor-induced differentiation of PC12 cells by microinjection of anti-
body to ras p21. Nature 319, 680-682.

Hall, A. (1994). Small GTP-binding proteins and the regulation of the
actin cytoskeleton. Annu. Rev. Cell Biol. 10, 31-54.

Hallman, L.E., Schofield, B.R., and Lin, C.-S. (1988). Dendritic mor-
phology and axon collaterals of corticotectal, corticopontine, and
callosal neurons in layer V of primary visual cortex of the hooded
rat. J. Comp. Neurol. 272, 149-160.

Harris, R.M., and Woolsey, T.A. (1981). Dendritic plasticity on mouse
barrel cortex following postnatal vibrissa follicle damage. J. Comp.
Neurol. 196, 357-376.

Hubener, M., and Bolz, J. (1988). Morphology of identified projection
neurons in layer 5 of rat visual cortex. Neurosci. Lett. 94, 76-81.
Hubener, M., Schwartz, C., and Bolz, J. (1990). Morphological types
of projection neurons in layer 5 of cat visual cortex. J. Comp. Neurol.
301, 655-674.

Hunter, T. (1997). Oncoprotein networks. Cell 88, 333-346.
Koester, S.E., and O’Leary, D.D.M. (1992). Functional classes of
cortical projection neurons develop dendritic distinctions by class-
specific sculpting of an early common pattern. J. Neurosci. 12, 1382-
1393.

Luo, L., Liao, Y.J.,Jan, L.Y.,and Jan, N.J. (1994). Distinct morphoge-
netic functions of similar small GTPases: Drosophila Dracl is in-
volved in axonal outgrowth and myoblast fusion. Genes Dev. 8,
1787-1802.

Luo, L., Hensch, T.K., Ackerman, L., Barbel, S., Jan, L.Y., and Jan,
Y.N. (1996). Differential effects of the Rac GTPase on Purkinje cell
axons and dendritic trunks and spines. Nature 379, 837-840.
Mackay, D.J.G., Nobes, C.D., and Hall, A. (1995). Rho’s progress: a
potential role during neuritogenesis for the Rho family of GTPases.
Trends Neurosci. 18, 496-501.

McAllister, A.K., Lo, D.C., and Katz, L.C. (1995). Neurotrophins regu-
late dendritic growth in developing visual cortex. Neuron 15,
791-803.

McAllister, A.K., Katz, L.C., and Lo, D.C. (1997). Opposing roles for
endogenous BDNF and NT-3 in developing visual cortex. Neuron
15, 767-778.

Minden, A, Lin, A, Claret, F.X., Abo, A., and Karin, M. (1995). Selec-
tive activation of the JNK signaling cascade and c-Jun transcrip-
tional activity by the small GTPases Rac and Cdc42Hs. Cell 81,
1147-1157.

Nobes, C.D., and Hall, A. (1995). Rho, Rac, and Cdc42 GTPases
regualte the assembly of multimolecular focal complexes associated
with actin stress fibers, lamellipodia, and filopodia. Cell 81, 53-62.
Qiu,R.G., Chen, J., McCormick, F., Symons, M. (1995). A role for Rho
in Ras transformation. Proc. Natl. Acad. Sci. USA 92, 11781-11785.
Rall, W. (1964). Theoretical significance of dendritic trees for neu-
ronal input-output relations. R.F. Reiss, ed. (Stanford: Stanford Uni-
versity Press).

Ramoa, A.S., Campbell, G., and Shatz, C.J. (1988). Dendritic growth
and remodeling of cat retinal ganglion cells during fetal and postna-
tal development. J. Neurosci. 8, 4239-4261.

Ridley, A., and Hall, A. (1992). The small GTP-binding protein Rho
regulates the assembly of focal adhesions and actin stress fibers
in response to growth factors. Cell 70, 389-399.

Ridley, A.J., Patterson, H.F., Johnston, C.L., Diekmann, D., and Hall,
A.(1992). The small GTP-binding protein Rac regulates growth factor
induced membrane ruffling. Cell 70, 401-410.

Ridley, A.J., Self, A.J., Kasmi, F., Paterson, H.F., Hall, A., Marshall,
C.J., and Ellis, C. (1993). rho family GTPase activating proteins p190,
ber, and rhoGAP show distinct specificities in vitro and in vivo.
EMBO J. 7, 5150-5160.

Settleman, J., Narasimhan, V., Foster, L.C., and Weinberg, R.A.
(1992). Molecular cloning of a cDNA encoding the GAP-associated
protein p190: implications for the signaling pathway from ras to the
nucleus. Cell 69, 539-549.

Szeberenyi, J., Cai, H., and Cooper, G.M. (1990). Effect of adominant
inhibitory Ha-ras mutation on neuronal differentiation of PC12 cells.
Mol. Cell. Biol. 10, 5324-5332.

Wise, S.P., Fleshman, J.W., and Jones, E.G. (1979). Maturation of
pyramidal cell form in relation to developing afferent and efferent
connections of rat somatic sensory cortex. Neuroscience 4, 1275-
1297.



