
Rho mediates calcium-dependent activation of p38a
and subsequent excitotoxic cell death
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Excitotoxic neuronal death contributes to many neurological disorders, and involves calcium influx and stress-activated protein

kinases (SAPKs) such as p38a. There is indirect evidence that the small Rho-family GTPases Rac and cdc42 are involved in

neuronal death subsequent to the withdrawal of nerve growth factor (NGF), whereas Rho is involved in the inhibition of neurite

regeneration and the release of the amyloidogenic Ab42 peptide. Here we show that Rho is activated in rat neurons by conditions

that elevate intracellular calcium and in the mouse cerebral cortex during ischemia. Rho is required for the rapid glutamate-

induced activation of p38a and ensuing neuronal death. The ability of RhoA to activate p38a was not expected, and it was

specific to primary neuronal cultures. The expression of active RhoA alone not only activated p38a but also induced neuronal

death that was sensitive to the anti-apoptotic protein Bcl-2, showing that RhoA was sufficient to induce the excitotoxic pathway.

Therefore, Rho is an essential component of the excitotoxic cell death pathway.

Glutamate-induced excitotoxicity is a form of neuronal death that
affects various brain regions following ischemia or in other neuro-
degenerative conditions1. Although it is clear that calcium influx is a
key event, this has not been a useful basis for therapeutic intervention.
The mechanisms by which calcium activates the downstream effectors,
SAPKs2–4, have remained obscure. These kinases have also been
implicated in physiological functions5–7, and so they might also be
unsuitable as drug targets. This emphasizes the importance of identify-
ing the pathway that mediates calcium-evoked SAPK activation, as this
pathway might provide a rich source of targets for therapeutic inter-
vention. The Rho family of GTPases includes cdc42, Rac and Rho,
which are vital for the organization of the actin cytoskeleton. Cdc42
and Rac are also activators of the c-jun N-terminal kinase (JNK) and
p38 SAPKs. The overexpression of dominant-negative forms of cdc42
and Rac is reported to protect neurons against the withdrawal of
trophic support, indicating that Rac/cdc42-associated proteins might
contribute to neuronal death resulting from such withdrawal8. By
contrast, the experiments with bacterial toxin inhibitors of the Rho
family show that neuronal survival requires activity of cdc42 and Rac
but not Rho9. Rho is known to selectively activate p38g but not p38a in
cell lines10. Dynamic rearrangements of actin mediate growth cone
behavior and regulate dendritic spine morphology and overall process
outgrowth, and disruption of Rho GTPase signaling is thought to
contribute to mental disorders as a result of interrupting these
processes11. Rho has been implicated in the inhibition of neurite
regeneration12,13 and the release of the amyloidogenic Ab42 peptide14.
Rho is regulated by calcium in the brain of Xenopus15, but the

relationship between Rho activity or function and the neuronal
response to toxic levels of calcium has not previously been explored.
Here, we provide evidence that Rho GTPase is an essential component
that links glutamate-induced calcium elevation to p38a activation and
subsequent p38a-dependent excitotoxic neuronal death4.

RESULTS

Glutamate, the main excitatory neurotransmitter of the brain, is
responsible for neuronal cell death in ischemia, and might also
contribute to other neurodegenerative conditions. The treatment of
cerebellar granule neurons with glutamate induces apoptosis, with
many of the morphological and biochemical features of excitotoxic
neuronal death in the brain, through a pathway that requires p38a
(ref. 4). Glutamate activated p38 with a characteristic rapid timecourse
(Fig. 1a,b). Studies using Xenopus have shown that calcium regulates
Rho both in oocyte wounds and in the brain15,16. As glutamate-induced
activation of p38a in primary cultured neurons depends on extra-
cellular calcium and the calcium-permeable N-methyl-D-aspartate
(NMDA) receptor channel4, we investigated whether Rho contributes
to this response. Under physiological conditions, the C3 exoenzyme
specifically ADP-ribosylates RhoA, B and C without affecting related
G proteins, and thereby specifically prevents Rho from interacting with
its effectors17,18. As the C3 exoenzyme is expressed from a plasmid and
its neuronal transfection efficiency is low, we used an epitope-tagged
p38 co-transfection assay, which we previously validated in this
system4, to evaluate the effects of C3 on glutamate-evoked activation
of p38 in the C3-transfected subpopulation of neurons. Transfection of
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neurons with C3 toxin prevented glutamate-evoked activation of co-
transfected p38a (Fig. 1c,d). One simple explanation for this could be
that Rho regulates the glutamate-evoked calcium response. However,
C3 had no effect on the glutamate-evoked changes in free [Ca2+]
(Supplementary Fig. 1 online), indicating that it is the calcium-
mediated activation of p38a that requires Rho.

This indicates that either glutamate activates p38a as a result of Rho
activation, or that glutamate-induced activation of p38a depends on
pre-existing Rho activity. Rho activity can be measured by pull-down
assay with recombinant rhotekin-RBD (Rho-binding domain of Raf)
immobilized on beads. This sequence selectively sequesters activated,
GTP-bound Rho in cell lysates19. Using this assay, we detected a
significant increase in Rho activity after stimulation with glutamate
for 3 min (Fig. 2a,b). This time point preceded the peak of glutamate-

evoked p38 activity (Fig. 1a,b). The related G-protein Rac has been
implicated in some forms of neuronal apoptosis8 and can regulate both
SAPKs and Rho20. However, using a pull-down assay with a recombi-
nant fusion protein containing the Cdc42/Rac interactive binding
(CRIB) domain of p21-activated kinase (PAK)21, we did not detect
any Rac activation at 3 min or at later times (Fig. 2a,b and Supple-
mentary Fig. 2 online). Together with the ability of C3 to inhibit the
activation of p38a, these data are consistent with the idea that
glutamate activates p38a as a result of Rho activation.

Glutamate was used here as a model for excitotoxicity, which
contributes to neurological conditions such as cerebral ischemia. We
sought to address whether our findings in cell culture were relevant to
excitotoxicity in brain disease. It is thought that p38 is important in
cerebral ischemia, but whether Rho is involved has not been consid-
ered. We found that the standard rhotekin pull-down method, which is
useful for large cell cultures (Fig. 2a), is not sufficiently sensitive to be
used to analyze samples from ischemic mouse brains because the
material is limited. Therefore, we applied the Rho activity staining
method15. This method is based on the same principle as the pull-down
method (that only active Rho binds rhotekin-RBD). Using this
method, we found increased binding only in the ischemic hemisphere.
As a control, binding of PAK-CRIB, which detects active Rac, was low
and did not increase (Fig. 2c,d). Similarly, we found no differences
between ipsilateral and contralateral rhotekin binding in mid-brain
regions (Fig. 2c). This indicates that an excitotoxic stimulus leads to the
activation of Rho both in purified neuronal culture and in an animal
model of cerebral ischemia.

Our conclusion that Rho activates p38a is surprising, as many
reports have failed to detect Rho-mediated activation of p38a.
Although our data indicate that Rho might be necessary for
glutamate-evoked p38a activation, this does not mean that activation
of Rho is sufficient to activate p38a. Furthermore, the previously
published experiments were carried out on cell lines. Therefore, we
investigated whether active Rho was sufficient to activate p38a and also
whether Rho-mediated p38a activation is a specific property of
primary cultured neurons. We first transfected brain-derived neuro2A
cells with p38a and either empty vector or the constitutively active Rho
mutant RhoA-Q63L (GTPase negative). The presence of active Rho
failed to increase p38a activation in these cells (Fig. 3a); rather, p38a
was inhibited. Subsequently, we transfected primary cultured cerebellar
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Figure 1 Glutamate-evoked activation of p38a SAPK is inhibited by the

Rho inhibitor C3-exoenzyme. (a) Cerebellar granule neurons were stimulated

with glutamate for the times indicated, and activation of p38 was assessed

by immunoblotting with phospho-p38 antibody (upper panel), and equal
loading checked with pan-p38 antibody (lower panel). (b) Mean ± s.e.m.

of replicates as in a (n ¼ 3). (c) Neurons were co-transfected with pEBG-p38

(encoding GST-p38) and either empty vector (pCMV) or C3 exoenzyme

(C3 exo) as shown, stimulated with glutamate (Glu) or left unstimulated

(Ctl) and phospho-p38 and total GST-p38 bound to glutathione beads was

detected as in a. (d) Mean ± s.e.m. (n ¼ 3) of replicates as in c. Activation of

p38 by glutamate was significantly different in the presence of C3 from in its

absence by paired t-test (P o 0.005).

a b

c d

Ctl Glu

Ctl Glu

Pull-down

Lysate

Pull-down

Lysate

Contralateral
cortex

Contralateral
caudate putamen

Ipsilateral
caudate putamen

Ipsilateral
cortex

GST-
Rhotekin

Rhotekin
RBD

GST–
PAK-CRIB

PAK-
CRIB

GST

RhoA-GTP

RhoA
500

400

300

200

100

0
Ctl

G
T

P
as

e 
bo

un
d

(%
 o

f c
on

tr
ol

)
F

lu
or

es
ce

nc
e 

ab
ov

e 
G

S
T

ba
ck

gr
ou

nd
 (

ar
b.

 u
ni

ts
)

Glu

Total RhoA

Rac1-GTP

Rac1

Cont

300

200

100

0

–100

–200

Ipsi

*

Total Rac1

α-RhoA

α-Rac1

i.

ii.

iv.

iii.

i iiiii iv

Figure 2 Excitotoxic stress activates Rho in cerebellar granule neuron

cultures and in mouse brain. (a) Neurons were left unstimulated (Ctl) or

stimulated with glutamate for 3 min (Glu). Activated GTP-bound Rho and

Rac were sequestered from cell lysates with immobilized recombinant

rhotekin-RBD and PAK-CRIB, respectively, and detected by immunoblotting

with RhoA and Rac1 antibodies (Pull-down). Equal presence of RhoA and

Rac1 in lysates was determined by immunoblotting cell lysates with the same

antibodies (Lysate). (b) Mean ± s.e.m. of replicates as in a. n ¼ 3 and 5 for

Rho and Rac, respectively. The signal for RhoA but not Rac1 was significantly

different between control and glutamate by paired t-test, P o 0.01. (c) Rho
is activated in ischemic (ipsilateral) cortex of adult mouse 30 min after

middle cerebral artery occlusion. Fixed brain sections from ipsilateral and

contralateral cortex, and caudate putamen as control brain region, were

stained with GST-rhotekinRBD, GST-CRIB or GST alone for active Rho, active

Rac/cdc42 and background signal, respectively. Staining was visualized by

fluorescent tyramide-based amplification. The scheme shows the locations of

the brain regions from which the images were obtained. (d) Mean ± s.e.m.

of replicates as in c (contralateral, cont and ipsilateral, ipsi; n ¼ 4).

* denotes significant difference between ipsilateral and contralateral cortex

by paired t-test (P o 0.01).
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granule neurons with p38a and either empty vector or RhoA-Q63L.
In these cells, RhoA-Q63L produced strong activation of p38a
(Fig. 3b,c). These results indicate that active Rho is sufficient to
activate p38a, but only in the primary cultured neurons. This is
consistent with our previous observation that even in neuroblastoma
and other neuron-like cell lines, the SAPK pathways show distinctly
non-neuronal behavior5.

Activation of p38a is required for gluta-
mate-induced apoptosis of cerebellar granule
neurons4. Therefore, we speculated that Rho
might also be required for this excitotoxicity.
To test this possibility, we transfected cells
with empty vector or C3 toxin together with
GFP transfection marker, and we treated the
cultures with glutamate. Pyknosis is an early
indicator of glutamate-induced death in cer-
ebellar granule neurons, preceding loss of
membrane integrity by several hours4. We
therefore assessed apoptosis by pyknosis of
GFP-positive neurons4. This showed that C3
could prevent the excitotoxic cell death
(Fig. 4a,b). We found similar results using a
dominant-negative form of Rho, RhoA-T19N
(Fig. 4c). By contrast, the equivalent domi-
nant-negative form of Rac, Rac1-T17N, which
protects NGF-deprived rat sympathetic neu-
rons8, had no effect on glutamate-evoked
pyknosis (Fig. 4d).

Together with the lack of Rac activation
(Fig. 2 and Supplementary Fig. 2), these
results indicate that Rac is not involved in
the glutamate-evoked response described
here. Instead, they indicate that Rho is
necessary for glutamate-evoked pyknosis,
although they have no bearing on whether
Rho activation is sufficient for pyknosis.
Active Rho is sufficient to activate p38a
(Fig. 2) and overexpression of constitutively
active MKK6, a p38-specific activator, is suffi-
cient to induce Bcl-2-sensitive pyknosis (Sup-
plementary Fig. 3 online). Therefore, we
transfected active Rho or empty vector
together with a transfection marker into

either cerebellar granule neurons or, as a negative control, neuroblas-
toma cells that did not exhibit Rho-induced activation of p38 (Fig. 4e).
Active Rho induced pyknosis only in the primary cultured neurons,
and co-expression of Bcl-2 prevented this response, as it does for
glutamate-induced death in this system4.

Our evidence that Rho helps to cause excitotoxic death derives from
a cerebellar granule neuron model of p38-dependent excitotoxicity.
There is evidence that p38 also contributes to excitotoxicity in cerebral
ischemia, and the neurons of the cerebellum are also sensitive to
excitotoxicity in vivo. We investigated directly whether Rho also
contributes to excitotoxic signaling in other neurons that are sensitive
to excitotoxicity. NMDA induces excitotoxic cell death of cultured
cortical and hippocampal neurons. We therefore transfected cultures of
cortical and hippocampal neurons with a viability marker with or
without an expression plasmid for C3-exoenzyme. NMDA treatment
resulted in a substantial loss of transfected neurons, and this was
partially prevented by co-expression of C3 exoenzyme (Fig. 5a,b). The
possible contribution of Rho to NMDA-evoked p38 activation
in cortical neurons was evaluated as in Figure 1. C3 reduced
NMDA-evoked phospho-p38 responses when compared to cultures
transfected with empty vector (Fig. 5c,d). C3 expression did not
reduce NMDA-evoked calcium responses in either type of neuron
(Supplementary Fig. 1 and data not shown), consistent with
Rho being an intermediate between excitotoxic calcium elevation and
p38, as in the cerebellar neurons (Fig. 1).
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Although we used a pull-down assay to show that neuronal Rho was
rapidly activated by glutamate, this is a very insensitive assay and is not
suitable for mechanistic investigation of the requirements of the Rho
activation in primary cultures, where the material is limited. Therefore
we applied the fluorescence-resonance energy transfer (FRET) probe of
Rho activation, Raichu-RBD22, to the primary neuronal cultures. This
probe consists of Venus (a brighter version of yellow fluorescent protein
(YFP)) and cyan fluorescent protein (CFP) moieties separated by
rhotekin-RBD (Fig. 6a). Rhotekin-RBD specifically interacts with
activated forms of RhoA, RhoC and to a lesser extent RhoB23 but
not with related proteins24. Activation of Rho therefore leads to binding
to rhotekin-RBD, increased separation of the fluorophores and con-
sequent loss of FRET (Fig. 6a). We transfected cells with this probe and
monitored the emission of CFP and Venus fluorescence. Activation of
Rho led to a loss in FRET, seen as an increase in the CFP/YFP emission
ratio (FRET ratio). Before glutamate was added, thresholded and

background-corrected ratiometric images showed that the neurons
tend to exhibit higher FRET ratios at the periphery of the cell and in
some but not all processes. Addition of glutamate induced a rapid rise
in the FRET ratio in more central regions of the cell body (Fig. 6b).

The presence of the NMDA channel blocker MK-801 substantially
reduced the glutamate-evoked FRET response (Fig. 6c). Co-
transfection of C3, which ADP-ribosylates Rho and prevents it from
interacting with effectors25, also substantially reduced the glutamate-
evoked signal (Fig. 6c). These data indicated that the glutamate-evoked
FRET response was dependent on NMDA receptor activity, and also
on Rho activity (that is, the response represented genuine Rho activa-
tion and, like the glutamate-evoked activation of p38a and subsequent
cell death4, required NMDA receptors). The time-course of Rho
activation was rapid and consistent with Rho being upstream of the
p38 response (Fig. 1b).

To investigate the relationship between activation of Rho and
pyknosis, we evaluated the concentration dependence of glutamate-
evoked [Ca2+] elevation, Rho activation, p38 activation and pyknosis.
We detected [Ca2+] elevation at 5 mM glutamate, reaching a maximum
at 15–50 mM (Fig. 7a,b). This concentration range was sufficient to
activate Rho (Fig. 7c,d). Activation of p38 and induction of pyknosis
were detectable at 5 mM but highest at 50 mM (Fig. 7e,f). We extended
the pyknosis assay to higher concentrations of glutamate and found
that 50 mM evoked the maximal response. Together, these results
indicate that activation of Rho contributed to pyknosis evoked by
higher concentrations of glutamate, and are consistent with inhibition
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Figure 5 Involvement of Rho in excitotoxic signaling and cell death in

hippocampal and cortical neurons. (a) Hippocampal neurons were transfected

with empty vector or C3 expression plasmid as indicated, and exposed to

NMDA or left untreated. After 24 h, cell viability was assessed by the number

of remaining transfected cells per microscope field normalized to the cell

numbers without NMDA treatment. Means ± s.e.m. are shown (n ¼ 4

coverslips per condition). (b) The experiment in a was repeated in cortical

neuron cultures. Means ± s.e.m. are shown (n ¼ 4). (c) Cortical neuron
cultures were transfected with p38 expression plasmid and stimulated with

NMDA for 10 min as indicated. p38 was purified from cell lysates and p38

activation measured as in Figure 1c,d. (d) Replicates of experiments as in c

carried out in cortical cultures. Means ± s.e.m. are shown (n ¼ 3).

NATURE NEUROSCIENCE VOLUME 10 [ NUMBER 4 [ APRIL 2007 439

ART ICLES
©

20
07

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

en
eu

ro
sc

ie
nc

e



of Rho by C3 conferring only partial protection against glutamate-
evoked pyknosis (Fig. 4).

The neurotoxicity of NMDA receptor activity is believed to result
mainly from the calcium permeability of the channel. Furthermore,
glutamate-evoked activation of p38 depends on extracellular calcium4.
Therefore, we used Raichu-RBD to investigate whether elevation of free
intracellular calcium is sufficient to activate Rho. Depolarization of the
plasma membrane of cerebellar granule neurons by addition of 30 mM
KCl to the extracellular medium induced a characteristic calcium
response26 and an increase in the FRET ratio (Fig. 8a, +KCl +Ca
trace). Addition of KCl in the absence of extracellular calcium also

induced a small increase in the FRET ratio,
possibly due to the minor osmotic stress
(Fig. 8a, KCl –Ca). However, most of the
KCl response depended on the presence of
calcium. As with glutamate, if Rho activated
neuronal p38 then other treatments that acti-
vate Rho would also be expected to activate
p38. Exposure of neurons to 30 mM KCl
also activated p38 with a timecourse similar
to activation by glutamate (Fig. 8b,c), and
KCl-evoked activation of the p38 reporter was
blocked by co-transfection of C3 toxin (Fig.
8d,e). We also tested the effect of KCl on
pyknosis. There was no significant increase
in pyknosis after treatment with KCl (1.7% ±
0.3% in control, 2.5% ± 0.5% after 30 mM
KCl; n ¼ 3), consistent with the ability of KCl
to activate trophic pathways in neurons.

To investigate how elevated calcium acti-
vates Rho, we considered Rho guanine
nucleotide exchange factor (RhoGEF) and
Rho GTPase-activating protein (RhoGAP)
activities. Recombinant Rho was loaded with
isotopically labeled [3H]-GDP or [g-32P]-
GTP, and incubated with control or gluta-
mate-treated lysates in a crude lysates assay27.
However, we found no glutamate-evoked
change in total RhoGEF or RhoGAP activities
(data not shown). Although many RhoGEFs
exist, p115RhoGEF is particularly important

for the regulation of Rho. Ga13 activates Rho through p115RhoGEF28,
so we validated the inhibitory effect of the regulator of G-protein
signaling (RGS) domain of p115RhoGEF by showing that it strongly
inhibited the constitutively active Ga13-evoked C3-sensitive
SRE-reporter response (Supplementary Fig. 4 online). The same
p115RGS construct had no effect on glutamate-evoked pyknosis or
glutamate-induced Rho activity, as measured by the FRET assay
(Supplementary Fig. 4). There are also many RhoGAPs. One of
them, p250RhoGAP, dissociates from NMDA receptors upon
calcium-dependent activation of calcium/calmodulin-dependent
kinase type 2 (CaMKII)29 and is therefore also a prominent candidate
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for glutamate-evoked activation of Rho. However, a dominant negative
CaMKIId mutant had no effect on the Rho FRET response (Supple-
mentary Fig. 4), and pharmacological inhibition of CaMKII did not
reduce glutamate-evoked pyknosis (data not shown). Thus we can
exclude p115RhoGEF and CaMKII-dependent events such as the
calcium-evoked translocation of p250RhoGAP as candidate mediators
of the glutamate-evoked Rho pathway.

Rho acts through downstream effectors, around 20 of which have
been described18; additional effectors are still being uncovered30. Loop
6 of RhoA confers specificity for some Rho effectors31. As a result, Rho-
to-Rac point mutations (D87V/D90A) in active RhoA Q63L lead to the
loss of the ability of Rho to bind to the effectors Rho-kinase (Rock) and
protein kinase N (PKN)31. Using the assay from Fig. 4e, we found that
neuronal pyknosis induced by Q63L-activated RhoA was brought
down to control levels when we included the Rho-to-Rac mutations
(Supplementary Fig. 5 online). This indicates that RhoA-induced
pyknosis involves effectors for which loop 6 determines binding. The
synthetic compound Y-27632 inhibits the kinase activity of several Rho
effectors, in particular the loop 6-dependent effectors RockI and
RockII32. Although Y-27632 is taken up by cerebellar granule
neurons33, it had no effect on glutamate-induced pyknosis even at
a concentration of 100 mM (Supplementary Fig. 5). The kinase
activities of RockI and II are therefore dispensable for glutamate-
induced neuronal death.

DISCUSSION

Excitotoxicity—the death of neurons induced by over-stimulation of
glutamate receptors—contributes to neurological deficits in many
brain regions after ischemia, traumatic brain injury and in other
neurodegenerative conditions1. Most forms of excitotoxic cell death
require NMDA receptors and calcium influx, but these features have
not proven to be suitable drug targets. More recent evidence indicates
that stress-activated protein kinases (SAPKs) are also involved2–4. In
spite of their potential as novel drug targets for diseases that involve
excitotoxicity, the mechanisms by which calcium overload activates
these kinases remain obscure. Furthermore, these kinases have also
been implicated in physiological functions5–7. SAPKs might therefore
also be unsuitable drug targets, emphasizing the importance of
identifying intermediates between calcium overload and SAPK activa-
tion. We have shown that Rho GTPase is required in the pathway that
links calcium influx with the stimulation of the neuronal SAPK p38a,
and for subsequent cell death.

Rho-family GTPases are best known as regulators of the actin
cytoskeleton, but two members, cdc42 and Rac, are also potent
activators of SAPKs. There is indirect evidence that these proteins are
involved in cell death induced by withdrawal of NGF8. The role of Rho
in the regulation of SAPKs is more complex. Rho can regulate JNK in a
cell-type dependent manner34. It also appears that Rho can activate the
g-isoform of p38, but investigations of p38a indicate that this isoform
is not regulated by Rho. However, our data support our proposal that
Rho mediates glutamate-induced p38a activation; glutamate activates
p38a (Fig. 1c,d) and no activated p38 species with a molecular weight
consistent with the g-isoform35 was detected (Fig. 1a).

Most studies in neurons have focused on the potential roles of Rho
proteins in growth cone and dendritic morphology and dynamics.
There is considerable evidence that Rho, Rac and cdc42 have roles in
these events, and disruption of Rho GTPase signaling is thought to
contribute to mental disorders as a result of this function being
disrupted11. It has been proposed that Rho mediates the remodeling
of dendrites by glutamate. However, activation of Rho by glutamate in
mammalian systems has been inferred from downstream responses

rather than measured directly36. In this study, recently developed FRET
reporters permitted us to show that glutamate activates Rho in
mammalian neurons with a rapid timecourse, consistent with our
proposal that it mediates the rapid activation of p38a by glutamate.

Few studies have addressed the potential contributions of the Rho
family to neurodegeneration. Toxin-based inhibition of Rac in unchal-
lenged neurons leads to apoptosis, whereas inhibition of Rho with C3
toxin does not reduce viability9. This is consistent with our finding that
neurons had basal Rac activity and C3 toxin did not reduce viability (in
fact we could not detect basal Rho activity). But the earlier report did
not exclude a pro-death role for Rho, which we have revealed in this
study. Furthermore, we found that glutamate selectively activated Rho
but not Rac, and that mutation of Rho-specific amino acids in loop 6 of
Rho to the corresponding amino acids from Rac prevented Rho-evoked
pyknosis, consistent with the consequential loss of binding to Rho
effectors31. Thus, Rho and Rac are clearly distinct in their regulation
and contributions to cell death. It is likely that inhibition of Rho will
effect the actin cytoskeleton, in turn indirectly and gradually affecting
NMDA receptor localization. This might influence neuronal responses
to glutamate. However, we found no inhibition of the overall NMDA
receptor-evoked [Ca2+] response in neurons in which Rho was inhib-
ited. Besides, regulation of the actin cytoskeleton has been reported to
selectively affect synaptic glutamate receptor function without influen-
cing responses to bath application of glutamate37 as used here. There-
fore, the neuroprotection conferred by C3 is probably not secondary to
general structural rearrangements. Furthermore, the Rho activators
glutamate and KCl both activated Rho and led to activation of p38
within minutes, and it is this rapid activation that was inhibited by C3
toxin. This indicates that the contribution of Rho activation to
glutamate-evoked activation of p38 is rapid, rather than being a gradual
response that could be expected from receptor relocalization driven by
cytoskeletal rearrangements.

As depolarization with KCl also activated Rho, and Rho could induce
pyknosis, it might appear surprising that KCl did not induce pyknosis.
Similarly, KCl and glutamate both increased calcium influx, but only
glutamate was neurotoxic. It is well known that increases in calcium
evoked by NMDA receptors are more toxic than those evoked by KCl,
although the explanation for this has remained elusive for decades. Our
data show that the two stimuli can activate Rho similarly, but KCl
produces substantially lower activation of p38 and does not evoke
apoptosis. In the latter respect, the KCl response is similar to the
response to 1 mM glutamate (Fig. 7). KCl provides trophic support to
cerebellar granule neurons, which involves activation of Akt. By
contrast, glutamate treatment leads to inhibition of Akt in these
neurons38. Akt can antagonize SAPK (JNK/p38) pathways through
inhibitory phosphorylation of both mitogen-activated protein kinase
kinase kinases (MAP3Ks) and MAP2Ks, and can also inhibit Bcl-2-
sensitive death pathways. As we are considering a p38-dependent, Bcl-2
sensitive cell death mechanism, it seems likely that the differential
actions of KCl and NMDA on Akt activity could explain the survival-
promoting effect of KCl, as has been previously proposed38.

We investigated the contribution of Rho to a model of glutamate-
induced neuronal death that we have characterized in detail4. Excito-
toxicity can affect various brain regions and contribute to different
neurodegenerative conditions. The morphological and biochemical
features of degenerating neurons indicate that multiple mechanisms
might underlie this form of cell death even within a single brain region
under a single stress, such as in ischemic cerebral cortex39,40. More
effective neuroprotection will result from an understanding of different
forms of neuronal cell death, which requires the use of multiple model
systems. Glutamate-induced death in the cerebellar granule neuron
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model depends on NMDA receptors and shares properties4,41 with
other examples of excitotoxic death, such as in cultured cortical
neurons and in ischemic brain. These properties include lumpy
chromatin condensation39,40,42, caspase independence39,41, insensitivity
to inhibitors of transcription and translation43–45, sensitivity to inhibi-
tion of p38 (ref. 46), involvement of NO or neuronal nitric oxide
synthase (nNOS)47,48, and sensitivity to inhibition of poly(ADP-ribose)
polymerase (PARP)41. This system might therefore be useful for
modeling forms of excitotoxic cell death that share these properties.
In addition, we have shown that Rho is activated in the cortex after
cerebral ischemia, and that inhibition of Rho reduces NMDA-evoked
activation of p38a and loss of viability in cultures of cortical and
hippocampal neurons. Our results therefore showed an unexpected
requirement for Rho GTPase in the pathway that links calcium influx
with stimulation of the neuronal SAPK p38a and apoptosis (Supple-
mentary Fig. 6 online). Rho might therefore contribute to some forms
of excitotoxic cell death. Inhibition of Rho inhibition has proven to be
beneficial in models of axonal regeneration12 and regulation of the
release of the amyloidogenic Ab42 peptide from neuroblastoma cells14.
In the light of the present data, Rho inhibition might also help to
increase survival subsequent to excitotoxic challenge.

METHODS
Cell culture and cell stimulation. We prepared and maintained primary

cultures of cerebellar granule neurons as described5. We prepared cortical

neurons as described7 and we cultured hippocampal neurons similarly. We used

neurons after 7–9 days in vitro. For glutamate treatment, we rinsed cultures

twice in Mg-free Locke’s buffer (154 mM NaCl, 5.6 mM KCl, 3.6 mM NaHCO3,

1.3 mM CaCl2, 5.6 mM D-glucose, 5 mM HEPES buffer, pH 7.4) and placed

them in Locke’s buffer with glutamate (50 mM or as shown) for 30 min, or as

shown. We routinely included 10 mM glycine with glutamate as it is an essential

co-agonist for the NMDA receptor. Subsequently we rinsed cells once in Locke’s

buffer with 1 mM MgCl2 and replaced the conditioned medium for the time

indicated. For NMDA treatment, we removed a portion of growth medium

from cortical and hippocampal neuron cultures. We added NMDA to this

medium and replaced it onto the cultures. Viability was assessed 24 h after

NMDA addition. For KCl treatment, we rinsed cultures twice in Locke’s buffer

and placed them in the same buffer with 1 mM MgCl2 and 30 mM KCl.

For each stimulus, we assessed pyknosis by continuing the stimulation for

30 min, rinsing cultures once with corresponding wash buffer as above, and

returning to conditioned medium for 3 h. To assess p38 activation, we

stimulated cultures for 5 min or as shown in the figures, and then lysed them

in laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 1% SDS (w/v), 5%

2-mercaptoethanol, 10% glycerol (v/v) and 0.001% bromophenol blue (w/v))

for immunoblotting analysis.

FRET-based imaging of Rho activation and [Ca2+] elevation. We cultured

neurons on 10-mm square glass coverslips and co-transfected them after

6–7 days in vitro with FRET reporter (Raichu-RBD22, YC2.12 or YC3.6049)

and empty vector or pEF-C3 exoenzyme as indicated. The next day, we washed

the coverslips once in Locke’s buffer with 1 mM MgCl2 and twice more in

Locke’s buffer (without MgCl2 for glutamate experiments, or with 1 mM

MgCl2 for KCl experiments), and placed them in 1 ml Locke’s buffer (without

or with MgCl2 for glutamate and KCl experiments, respectively) in a chamber

on an IX70 Olympus microscope. We illuminated the cells with a mercury

lamp, neutral density filter and 440 nm/21 nm excitation filter. We acquired

CFP and YFP emission image pairs (2 s integration time per channel, 10 s

between image pairs) through a 455-nm dichroic mirror and filter wheel with

480 nm/30 nm and 530 nm/26 nm filters (CVI Laser) mounted parfocally in

front of a cooled Apogee KX85 CCD (Apogee Instruments Inc.). The acquired

CFP emission images represent CFP signals quenched by FRET if any, and are

referred to hereafter as CC images. The acquired Venus-YFP emission images

represent raw FRET signals, and are referred to hereafter as CY images. The

ratio of background-corrected CC and CY signals is referred to as CC/CY;

this is the 2-filter FRET signal that is shown in the figures. We added

glutamate and glycine (final concentrations of 50 mM or as indicated and

10 mM, respectively) or KCl (30 mM final concentration) where indicated.

In experiments using the NMDA receptor antagonist MK-801, we added

it 30 min before starting the experiment as well as throughout the imaging

procedure. We calculated 2-filter FRET (CC/CY ratio) timecourses from

acquired image series with image analysis software developed by the authors50,

modified to permit the processing of these image datasets as described

above. We normalized background-corrected fluorescence ratio timecourses

to the average pre-stimulation CC/CY ratio values for each cell, calculated

averages of cells within each field, and presented data as mean ± s.e.m. or

range of independent experiments as indicated. The number of cells used in

all figures is shown in Supplementary Table 1 online. We used the Student’s

two-tailed t-test for statistical analysis.

Staining and quantification of active Rho/Rac in brain slices. See ref. 15. We

prepared cryotome coronal sections (20 mm) from snap-frozen brain. We fixed

sections with 4% paraformaldehyde/PBS for 15 min, rinsed with 0.2% Tween/

PBS, quenched with 1.5% hydrogen peroxide in PBS for 30 min, blocked with

10% FBS in PBS for 1 h, incubated overnight at +4 1C in block solution with

GST-Rhotekin-RBD (0.5 mg ml–1), or GST-PAK-CRIB (0.5 mg ml–1), or GST

(0.5 mg ml–1), or block solution alone. We then re-fixed incubated sections in

2% PFH in PBS for 10 min and incubated in rabbit anti-GST antibody (0.5 mg

ml–1, cat. no. PC53, Oncogene) in blocking solution for 12 h at +4 1C. We

rinsed sections with PBS and incubated in biotinylated anti-rabbit secondary

antibody (1:800, Sigma) for 60 min. We visualized the biotin with tyramide-

FITC using the TSA-Plus Fluorescence Palette System Kit (PerkinElmer Life

Sciences) according to the manufacturer’s instructions and acquired images as

described above. We calculated average image intensities with MicroCCD

software (Diffraction Ltd.), taking the signal with GST as background and

subtracting this from other images. The background-corrected signal intensity

of the ipsilateral side was normalized to the background-corrected signal

intensity of the contralateral side for both Rhotekin-RBD and PAK-CRIB,

and mean ± s.e.m. values were calculated from averaged data obtained from

four brains. All animal work was approved by the Animal Care and Use

Committee of the University of Kuopio and performed according to the

guidelines of the National Institutes of Health for animal care. Full

experimental details of the methods used are available in the Supplementary

Methods online.

Note: Supplementary information is available on the Nature Neuroscience website.
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