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Abstract

Caspase 3 activation has been linked to the acute neurotoxic effects of central nervous system
damage, as in traumatic brain injury or cerebral ischaemia, and also to the early events leading to
long-term neurodegeneration, as in Alzheimer’s disease. However, the precise mechanisms
activating caspase 3 in neuronal injury are unclear. RhoB is a member of the Rho GTPase family
that is dramatically induced by cerebral ischaemia or neurotrauma, both in preclinical models and
clinically. In the current study, we tested the hypothesis that RhoB might directly modulate
caspase 3 activity and apoptotic or necrotic responses in neurons. Over-expression of RhoB in the
NG108-15 neuronal cell line or in cultured corticohippocampal neurons elevated caspase 3
activity without inducing overt toxicity. Cultured corticohippocampal neurons from RhoB
knockout mice did not show any differences in sensitivity to a necrotic stimulus — acute calcium
ionophore exposure — compared with neurons from wild-type mice. However, corticohippocampal
neurons lacking RhoB exhibited a reduction in the degree of DNA fragmentation and caspase 3
activation induced by the apoptotic agent staurosporine, in parallel with increased neuronal
survival. Staurosporine induction of caspase 9 activity was also suppressed. RhoB knockout mice
showed reduced basal levels of caspase 3 activity in the adult brain. These data directly implicate
neuronal RhoB in caspase 3 activation and the initial stages of programmed cell death, and suggest
that RhoB may represent an attractive target for therapeutic intervention in conditions involving
elevated caspase 3 activity in the central nervous system.
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Introduction

Our understanding of the characteristics of neuronal cell death following acute central
nervous system (CNS) injury is expanding, but therapeutic options remain limited and in
general poorly effective. Traumatic injury to the brain or spinal cord, or ischaemic damage
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following stroke, initiates a complex sequence of events including inflammation and
excitotoxicity, leading to a combination of necrotic and apoptotic neuronal death (Crowe et
al., 1997; Keane et al., 2001; Lucas et al., 2006; Moskowitz et al., 2010). The apoptotic
component of acute CNS injury is thought to involve caspase activation, in particular the
‘executioner’ caspase 3 — a key effector of apoptosis (Springer et al., 1999; Eldadah &
Faden, 2000; Yakovlev & Faden, 2001; Taylor et al., 2008). Indeed, selective caspase 3
inhibition may improve recovery after trauma or stroke (Chen et al., 1998; Clark et al.,
2000; Zhan et al., 2001; Citron et al., 2008). There is an evolving concept that there may be
commonalities between the processes underlying neuronal death after an acute insult and the
chronic neuronal loss associated with neurodegenerative disease. Indeed, traumatic brain
injury is a known risk factor for Alzheimer’s disease (Nicoll et al., 1995; Magnoni & Brody,
2010). Strong evidence is currently emerging to link cortical and hippocampal caspase 3
activation with the early as well as the late stages of Alzheimer’s disease (Gervais et al.,
1999; D’Amelio et al., 2010), suggesting a fundamental role in the disease process. Hence
the mechanisms that mediate neuronal caspase 3 activation are currently of intense interest.

The low-molecular-weight GTPase RhoB is a possible mediator of pathological responses in
the CNS. RhoB is rapidly and dramatically induced following neurotrauma, in both
preclinical models and clinical samples (Brabeck et al., 2004; Conrad et al., 2005). A similar
dramatic induction of RhoB expression has been observed after CNS ischaemic damage
(Trapp et al., 2001; Brabeck et al., 2003; Erdo et al., 2004), where the degree of RhoB
induction is predictive of the severity of the neurodegeneration (Trapp et al., 2001). RhoB is
also one of the few genes identified in genome-wide scans for genes involved in ageing and
senescence (Lee et al., 1999; Schwarze et al., 2002), suggesting that it contributes in some as
yet unknown way to the cellular ageing process.

RhoB is a member of the Rho GTPase family of molecular switches: active, GTP-bound,
molecules interact with downstream target proteins to induce a diversity of cellular
responses, including modulation of the actin cytoskeleton and regulation of gene
ranscription (reviewed by Hall, 1998). The best-characterized Rho family members — RhoA,
Racl and cdc42 — have attracted a great deal of attention as regulators of cell morphology.
RhoB appears to be important in regulating endosomal trafficking (Gampel et al., 1999), and
is of particular importance in oncogenesis, where it has been implicated in both proliferative
and apoptotic responses in tumour cells (Prendergast, 2000, 2001a,b; DeWard et al., 2009;
Lietal., 2011).

Interestingly, RhoB gene expression in a number of cell types is greatly induced by DNA-
damaging stimuli, and the levels of RhoB produced are inversely correlated with long-term
survival (Fritz et al., 1995), suggesting that RhoB may participate at some level downstream
of the DNA-damage-signalling machinery, as a death effector or death signal modifier (Liu
et al., 2001a; Prendergast, 2001a). In contrast, a prominent role for RhoB in cell survival is
supported by evidence that RhoB depletion or inhibition leads to reduced cell survival and
increased apoptosis (Ader et al., 2002; Adini et al., 2003; Canguilhem et al., 2005;
Hutchison et al., 2009). Thus the role of RhoB in adjusting the balance between cell survival
and apoptosis appears to be complex, and may depend on the cell type. Hence induction of
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neuronal RhoB may be a key component of the neurodegenerative response to injury, or
equally, based on evidence from peripheral cells, part of a survival response.

We have previously shown that RhoB is localized at excitatory synapses (O’Kane et al.,
2003a,b), where it can be selectively activated by N-methyl-d-aspartate (NMDA) receptor
stimulation (O’Kane et al., 2003a). Indeed, hippocampal or cortical neurons lacking RhoB
show altered dendritic morphology, reduced spine density and impaired plasticity responses
to NMDA receptor stimulation (McNair et al., 2010). Here we test the hypothesis that RhoB
is a mediator of pathological as well as physiological plasticity in the CNS. To investigate
the role of RhoB in neuronal necrosis, we exposed cultured corticohippocampal neurons to
high concentrations of the calcium ionophore A23187, which induces a rapid necrotic cell
death (Gwag et al., 1999). To investigate the role of RhoB in neuronal apoptosis, we
employed staurospaurine (STS), a prototypical inducer of apoptosis, uncontaminated by
necrosis, in a wide variety of cell types including neurons (Moore et al., 2002; Taylor et al.,
2008; Leveille et al., 2010). STS induces robust apoptosis in cortical neurons in parallel with
an induction of RhoB gene expression (Focking et al., 2004).

Materials and methods

RhoB knockout mice

The production of mice with a targeted deletion of the RhoB gene (RhoB KO mice) has
been described previously (Liu et al., 2001b). Corresponding wild-type (WT) controls were
derived from littermates and maintained as a separate breeders with frequent intercrossing.
The genotype of mice was determined by polymerase chain reaction and confirmed by
Western blot analysis (Liu et al., 2001b; McNair et al., 2010). All procedures were
performed in accordance with Home Office legislation.

Neuronal culture and transfection

The constitutively active RhoB (caRhoB) vector has been described elsewhere (Mellor et
al., 1998; Conway et al., 2004; Wherlock et al., 2004): it expresses an active mutant of
RhoB fused with green fluorescent protein (GFP). The corresponding empty vector lacking
the RhoB insert, but expressing GFP, was used as a control (Conway et al, 2004).
Corticohippocampal cultures were prepared as described previously (Morris, 1995),
maintained in neurobasal medium with B27 supplement (Invitrogen, Paisley, UK), and used
at 10-12 days in vitro. Transfection was conducted using either the calcium phosphate
method or Lipofectamine 2000 (Invitrogen) as described (Clark et al., 2007; Greenwood et
al, 2007) using 300 ng DNA per well. NG108-15 neuroblastoma-glioma cells were seeded
into six-well plates in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
glutamine and penicillin/streptomycin, and 10% foetal calf serum (all from Invitrogen).
Each well of NG108-15 cells was transfected with 250 ng vector, complexed with 2 puL
Lipofectamine 2000 in 100 uL DMEM. After 6 h, cells were differentiated by switching the
medium to DMEM with low (0.5%) foetal calf serum and 0.5% dimethyl sulphoxide
(Johansson et al, 2007).

Eur J Neurosci. Author manuscript; available in PMC 2015 April 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Barberan et al. Page 4

Assessment of neuronal viability

The reduction of XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide) to assess mitochondrial activity was monitored as previously described
(McDermott et al, 2003). After the specified time period, cells were incubated with XTT (1
mg/mL) plus phenazine methosulphate (5 um) (dissolved in fresh warmed neurobasal
medium) for 3 h. An aliquot of medium was then collected and the absorbance measured in
triplicate at 450 nm.

Assessment of caspase activity

Caspase 3 activity was determined using the fluorogenic caspase 3 substrate Ac-DEVD-
AMC (Enzo Life Sciences, Exeter, UK). Cells were homogenized in cell lysis buffer (25
mm HEPES, and 5 mm MgCly, pH 7.6), and the homogenates then centrifuged at 16,0009 at
4 °C for 10 min. The cell lysate was incubated in assay buffer (25 mm HEPES and 0.5 mm
EDTA, pH 7.6) with 10 pm Ac-DEVD-AMC. Caspase activity was measured by monitoring
the accumulation of the fluorescent cleavage product 7-amino-4-methyl-coumarin (AMC)
from the synthetic substrate (excitation wavelength 350 nm; emission wavelength 460 nm).
To test the specificity of the reaction, the caspase 3 inhibitor Ac-DMQD-CHO (50 pm) was
included in replicate samples. After determination of the protein concentration, based on the
method of Bradford, activity was calculated using a standard curve for AMC (0-10 pm).
Results were expressed as pmol AMC/min per mg protein. For the assessment of caspase 8
and caspase 9 activity, similar procedures were followed, except that the substrates used
were Ac-IETD-AMC and Ac-LEHD-AMC, respectively (Enzo Life Sciences).

TUNEL staining

DNA fragmentation was assessed using the terminal deoxynucleotidyl transferase dUTP
nick end labelling (TUNEL) assay. This is based on the incorporation of brominated
nucleotides onto the free 3’OH end of DNA fragments using terminal deoxynucleotidyl
transferase enzyme (TdT) (basic in situ apoptosis detection kit, Trevigen, Gaithersburg, MD,
USA). Cells were fixed with 3.7% formaldehyde and processed according to the
manufacturer’s instructions. The streptavidin-peroxidase complex was detected with VIP
solution (Vector Laboratories, Peterborough, UK). Subsequently, cells were counterstained
with Eosin Y solution (Sigma, Poole, UK). Images were taken using Zeiss Axio Vision 2
software. The number of TUNEL-positive cells relative to counterstained cells within each
image was determined using Image J (http://rsbweb.nih.gov/ij/) (W. Rasband, NIH). To
determine nonspecific labelling, some sections were incubated with labelling reaction not
containing TdT enzyme.

Immunocytochemical analysis of primary cultured neurons

Immunocytochemistry was performed as previously described (Simpson & Morris, 2000;
McNair et al, 2010). Cultures were fixed with 3.7% formaldehyde in phosphate-buffered
saline (PBS) for 10 min and incubated in 15% normal goat serum in PBS for 1 h. After
incubation overnight with sheep anti-GFP (1 : 1000; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) or rabbit anti-active caspase 3 (1 : 200; Promega, Southampton, UK) antibodies,
cells were washed in PBS and incubated with Alexa 488 anti-sheep (1 : 1000; Santa Cruz
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Biotechnology) or Alexa 594 anti-rabbit (1 : 200; Molecular Probes, Paisley, UK) secondary
antibody; cells were rinsed, coverslipped in Vectashield (\Vector Laboratories, Peterborough,
UK) and visualized by fluorescence microscopy.

Immunoblotting

Western blot studies were performed according to our standard procedures (Simpson &
Morris, 2000; James et al, 2006; McNair et al., 2010). Proteins from corticohippocampal
cultures were extracted with RIPA buffer with protease inhibitors added. Cellular extracts
were then centrifuged at 12 000 r.p.m. for 10 min at 4 °C, supernatants were collected and
protein concentration was determined using a Bio-Rad protein assay kit (Bio-Rad, Hemel
Hempstead, UK), with concentrations normalized to the lowest-concentration sample.
Samples were heated to 70 °C in Laemmli sample buffer [2% sodium dodecyl sulphate
(SDS), 10% glycerol, 100 mm dithiothreitol, 60 mm Tris-HCI, pH 6.8, 0.01% bromophenol
blue] before separation by SDS-PAGE in a 12% polyacrylamide gel and transfer to a
polyvinylidene fluoride membrane. Blots were washed with TBST buffer (120 mm Tris-
HCI, pH 7.5, 150 mm NaCl, 0.05% Tween 20), then placed in TBST buffer supplemented
with 3% skimmed milk and blocked for 2 h at room temperature. After incubation with
rabbit polyclonal anti-Bax antibody (1 : 500; Santa Cruz Biotechnology), overnight at 4 °C
with constant agitation, and washing with TBST, membranes were incubated with
horseradish peroxidase (HRP)-conjugated anti-rabbit IgG antibody (1 : 2000; Millipore,
Oxford, UK) for 2 h. Membrane-bound secondary antibodies were detected using the ECL
Plus procedure (GE Healthcare, Amersham, UK). Blots were reprobed using HRP-
conjugated sheep anti-actin antibody (Santa Cruz Biotechnology). Integrative optical density
readings were obtained using NIH Image (W. Rasband, NIH), and differences in specific
density between WT and mutant animals were analysed for statistical significance as
described previously (Rakhit et al, 2005; James et al, 2006).

Statistical analysis

Results

Data were analysed using a general linear model analysis of variance with Tukey’s post-hoc
analysis using Minitab software. Where data deviated from a normal distribution, analysis
was instead performed by Mann-Whitney test. In all cases statistical significance was
defined as P < 0.05.

Effect of RhoB over-expression in neurons

Initially we tested the hypothesis that over-expression of RhoB would be sufficient to induce
neuronal degeneration. Cortico-hippocampal ultures from WT mice were transfected with
the GFP-tagged caRhoB vector or control vector (GFP alone). While neurons expressing the
control GFP vector had apparently normal morphology, neurons expressing caRhoB
frequently displayed neuritic hypertrophy, with patterns of dramatically increased dendritic
arborization (Fig. 1A and B). While cortico-hippocampal neurons expressing caRhoB
appeared healthy, we tested whether an inceased level of RhoB expression led to the
appearance of signs of apoptosis. Transfection of cortico-hippocampal neurons with caRhoB
did not lead to any nuclear condensation at time points up to 72 h after transfection (Fig. 1C
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and D). As expected, STS treatment increased the levels of immunoreactive (ir-) caspase 3
(Fig. 2B’, D’ and E). However, neurons expressing caRhoB also showed elevated levels of
active nuclear caspase 3 (Fig. 2A’, C’ and E), suggesting that an increase in neuronal RhoB
activity is sufficient to trigger nuclear caspase 3 activation.

To provide further verification of the causal relationship between RhoB and caspase 3
activity, we employed the NG108-15 neuronal cell line, where high transfection efficiencies
can be achieved, allowing precise biochemical assessment of the effect of elevated RhoB on
caspase 3 activity. We tested whether increased caRhoB expression would also be associated
with elevated caspase 3 activity in differentiated NG108-15 cells. Indeed, exposure to STS
dramatically enhanced the activity of caspase 3 in NG108-15 cells. Elevated expression of
RhoB alone was sufficient to increase caspase 3 activity, and further potentiated the
activation of caspase 3 by STS (Fig. 2F).

Targeted deletion of the RhoB gene does not affect necrosis

We next assessed whether neurons lacking RhoB showed altered sensitivity to an acute
necrotic stimulus. Concentrations of A23187 above 1 um induce a rapid necrosis in cultured
cortical neurons (Gwag et al., 1999). We observed a concentration-dependent reduction in
cell viability (as assessed by the reduction of XTT to assess mitochondrial activity) 2.5 h
following exposure of cortico-hippocampal neurons from WT mice to A23187. An identical
concentration-dependent effect was observed in cultures from RhoB KO mice [ECsgq for
A23187-induced reduction in neuronal viability: 18.1 £ 3.9 um (WT) vs. 15.2 £ 3.4 um
(RhoB KO)J.

Deletion of the RhoB gene enhances nuclear condensation during apoptosis

The above data indicate that elevated RhoB expression is not sufficient to induce nuclear
condensation. However, RhoB may be necessary for nuclear condensation to occur during
apoptosis. We monitored whether nuclear condensation during apoptosis is altered in
neurons lacking RhoB. In fact, corticohippocampal neurons lacking RhoB were more
sensitive to the induction of nuclear condensation after exposure to STS (Fig. 3). This was
evident at both early and late time points (Fig. 3B and C).

Deletion of the RhoB gene suppresses caspase 3 activation and DNA fragmentation during

apoptosis

TUNEL staining was used to monitor DNA fragmentation after STS treatment in cortico-
hippocampal neurons. STS treatment resulted in a dose-dependent increase in TUNEL
staining in cultures from WT mice. While a dose-dependent effect of STS was also noted in
cultures from RhoB KO mice, the degree of DNA fragmentation observed was dramatically
reduced (Fig. 4A and B). A similar reduced sensitivity to STS was observed when caspase 3
activity was monitored in cultures from WT and RhoB KO mice. Cultures lacking RhoB
showed reduced caspase 3 activation after exposure to STS (Fig. 4C), across a range of STS
concentrations.

As the substrate used — Ac-DEVD-AMC - can be cleaved by caspase 7 as well as caspase 3,
we additionally assessed whether any of the activity might be due to caspase 7 rather than
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caspase 3 using the selective caspase 3 inhibitor Ac-DMQD-CHO (Yoshimori et al., 2007).
Cleavage activity was completely inhibited by this compound (Fig. 4C, right columns),
indicating that the activity detected is solely due to caspase 3.

The elevated nuclear condensation, but reduced DNA fragmentation and caspase 3 activity,
in neurons lacking RhoB after STS exposure left open the question as to whether lack of
RhoB made neurons resistant or more sensitive to programmed cell death. However, when
the level of neuronal survival was monitored 24 h after STS treatment, neurons lacking
RhoB were found to be more resistant to the degenerative effects of STS as compared with
WT neurons (Fig. 4D). This was in contrast to the lack of effect of RhoB deletion on
neuronal survival after the necrotic stimulus — acute A23187 (Fig. 4E).

Effect of deletion of the RhoB gene on caspase 8 and caspase 9 activation and Bax
induction during apoptosis

Caspase 8 and caspase 9 are regarded as “initiator’ caspases, activated at a relatively early
stage in neurons exposed to apoptotic stimuli, which participate in the downstream
activation of caspase 3 (Cao et al., 2002; Moore €t al., 2002; Caballero-Benitez & Moran,
2003). To gain insight into the contribution of RhoB to early events in neuronal apoptosis,
we monitored the levels of caspase 8 and caspase 9 activity in neurons exposed to STS for 4
h. STS treatment induced a concentration-dependent activation of both caspase 8 and
caspase 9. While the degree of activation of caspase 8 was unaffected by the absence of
RhoB, caspase 9 activation was decreased in corticohip-pocampal neurons lacking RhoB

(Fig. 5).

Bax is a pro-apoptotic member of the Bcl-2 family of proteins that plays a role in apoptosis
in many cell types by releasing apoptogenic factors from mitochondria. Neurons undergoing
apoptosis show rapid increases in Bax expression (Martin et al., 2009; Ma & Nowak, 2011),
suggested to be mediated by Rho GTPases (Del Re et al., 2007). We therefore studied the
levels of Bax in neuronal cultures from WT and RhoB KO mice exposed to STS. As
expected, STS treatment for 2 h led to increased Bax levels in WT neurons. The basal levels
of Bax expression were higher in neurons lacking RhoB compared with WT neurons, but the
stimulated levels after STS treatment were equivalent to those after STS treatment in WT
neurons (Fig. 6).

Effect of deletion of the RhoB gene on constitutive caspase 3 activity in the brain

As caspase 3 has been linked to physiological plasticity downstream of NMDA receptor
stimulation in the CNS (Sherstnev et al., 2006; Li et al., 2010), as well as the very early
stages of Alzheimer’s disease (D’Amelio et al., 2010), we also investigated caspase 3
activity in adult brain tissue. A substantial level of caspase 3 activity was detected in both
cortex and cerebellum from the brains of WT mice. However, the basal caspase 3 activity in
both cortex and cerebellum was substantially lower in the RhoB KO mice (Fig. 7).

Discussion

Rho GTPases have primarily been studied in peripheral tissues and cell lines and are well
known for their potential role in anti-cancer therapies (Prendergast, 2000; Sebti & Hamilton,
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2000). However, there is a growing awareness that they are also important signalling
molecules in the CNS. Specifically, RhoB has been implicated in neuronal responses to
glutamate receptor signalling (O’Kane et al., 2003a,b; McNair et al., 2010), in particular via
the NMDA class of glutamate receptors. As NMDA receptor stimulation is implicated in
pathological responses as well as physiological responses to glutamate, this makes RhoB of
considerable interest as a potential mediator of CNS injury. RhoB expression is rapidly and
dramatically elevated in neurons following toxic or traumatic stimuli, so it seems likely that
these increases in RhoB levels play a major role in determining the fate of the neurons, but
there is little evidence as to whether the RhoB induction is beneficial or detrimental to
neuronal survival. We show here that the absence of RhoB does not affect cell survival
following an acute necrotic stimulus. Neurons containing RhoB and lacking RhoB were
equally sensitive to the toxic effects of Ca2* influx, following A23187 treatment.

In contrast, the data clearly implicate RhoB in either direct mediation or modulation of
apoptotic responses. STS is a prototypical inducer of apoptosis in neurons (Moore et al.,
2002; Leveille et al., 2010), which induces apoptosis in cortical neurons in parallel with an
induction of RhoB (Fdcking et al., 2004). STS induced a dose-dependent increase in
characteristic signs of apoptosis: nuclear condensation, caspase 3, 8 and 9 activation, and
DNA fragmentation. Caspase 8 and caspase 9 are regarded as ‘initiator’ caspases, activated
at a relatively early stage in apoptosis (Cao et al., 2002; Moore et al., 2002; Caballero-
Benitez & Moran, 2003). Caspase 8 is typically associated with the ‘extrinsic’ or receptor-
activated pathway of apoptosis, while caspase 9 mediates the mitochondrial apoptotic
pathway following cytochrome C release. No activation of caspase 7 was detected in
corticohippocampal neurons. This is consistent with previous reports that caspase 7
expression is very low in these cells (Li et al., 2010). Caspase 3 is a key effector caspase
thought to be central to neurodegenerative processes in the CNS.

As noted above, RhoB has been implicated in both pro-apoptotic and anti-apoptotic
processes depending on the cell type, although its role in relation to apoptosis in neurons has
not previously been investigated. We found that corticohippocampal neurons lacking RhoB
showed reduced activation of caspase 3, and suppressed DNA fragmentation (as assessed by
the TUNEL assay), during STS-induced apoptosis. This is consistent with evidence from
other cell types that RhoB can act as a death effector (Liu et al., 2001a; Prendergast, 2001a),
and with evidence that suppression of neuronal apoptosis is associated with reduced RhoB
induction (Trapp et al., 2003). The data suggest that elevated RhoB expression in neurons
facilitates apoptosis.

STS exposure activated caspase 8 and caspase 9 as well as caspase 3. We observed that STS
activation of caspase 9, but not caspase 8, was compromised by the lack of RhoB. In fact,
there is evidence that caspase 9 rather than caspase 8 is linked to caspase 3 activation in
neurons undergoing apoptosis (Hakem et al., 1998; Movsesyan et al., 2002; West et al.,
2006), and following glutamate receptor stimulation (Budd et al., 2000; Zeron et al., 2004;
Li et al., 2010). Furthermore, the abnormal CNS development observed in caspase 3-null
mice is mirrored in caspase 9-null mice, suggesting a close functional relationship (Hakem
et al., 1998), at least during development. The evidence that STS induction of caspase 9 and
caspase 3 activity, but not caspase 8 activity, is compromised in neurons lacking RhoB
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implies that RhoB may act upstream of caspase 9 in this pathway, in injured neurons and
downstream of glutamate receptor stimulation.

Our data suggest that RhoB can activate nuclear caspase 3 without leading to cell death.
Other reports support the concept that caspase 3 activation in neurons does not necessarily
induce apoptosis (Li et al., 2010). It may be that the caspase 3 activation we observe
following RhoB over-expression is lower than a threshold required for mediating the nuclear
events associated with apoptosis. Alternatively, other apoptotic mediators that are not
activated by RhoB may be necessary for full apoptosis.

We observed that neurons lacking RhoB showed a reduced sensitivity to STS-induced
caspase 3 activation and DNA fragmentation, along with an increased sensitivity to nuclear
condensation. DNA fragmentation represents one of the key late-stage phenomena taking
place in cells undergoing apoptosis, but while DNA fragmentation and nuclear condensation
are both highly characteristic of apoptosis, a separation between these two phenomena has
been noted previously (Andreau et al., 2004). In fact, there is evidence for distinct signalling
pathways being involved in these apoptotic responses: the ERK pathway has been linked to
nuclear condensation (Subramaniam et al., 2004), while caspase 3 activation has been
implicated in DNA cleavage and fragmentation via ‘DNA Fragmentation Factor’ (Liu et al.,
1997; Harada & Sugimoto, 1999; Mannherz et al., 2006). The data reported here are
consistent with this evidence, and place RhoB unequivocally upstream of caspase 3
activation in the latter pathway in neurons. The elevated sensitivity to changes in nuclear
morphology in neurons lacking RhoB may represent a compensatory response to the
reduced caspase 3 activation, but clearly this is insufficient to impair survival, as the neurons
lacking RhoB survive the STS exposure better than control neurons.

Basal levels of Bax expression were found to be elevated in neurons from RhoB KO mice.
The reasons for this are not clear, but it is conceivable that this, too, represents a
compensatory response to reduced caspase 3 activation, as Bax has been linked to caspase 3
activation under physiological conditions (Jiao & Li, 2011). However, there was no
alteration in the degree of STS induction of Bax in neurons lacking RhoB, implying that
RhoB does not lie upstream of Bax in this pathway. This may rather be a function of RhoA
in apoptosis (Del Re et al., 2007).

There is mounting evidence that other molecules in the RhoB signalling pathway are also
key mediators of apoptosis in the CNS. The guanine nucleotide exchange factor Lfc/GEF-
H1/ARHGEF?2 is an activator of RhoA and RhoB, and acts as an oncogene in many cell
types, stimulating proliferation. However, when over-expressed in cortical neurones, Lfc
induces a caspase-dependent apoptosis (Gauthier-Fisher et al., 2009). This could reflect
actions via RhoA or RhoB. While the involvement of RhoA in neuronal survival has not
been extensively investigated via genetic means, it has been linked on biochemical grounds
primarily to pro-apoptotic actions in peripheral cells. A dominant-negative RhoA mutant
(which may well suppress the function of RhoB as well as RhoA) decreases apoptosis of
cortical neurons in vivo during development (Sanno et al., 2010). Similarly, pharmacological
strategies inhibiting both RhoA and RhoB reduce caspase 3 activation and impair apoptosis
in cultured cortical neurons (Zhang et al., 2007). Hence while available information is
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ambiguous concerning the relative contribution of RhoA and RhoB to neuronal survival, the
data reported here link RhoB unequivocally to caspase 3 activation in neurons.

The precise link between RhoB and caspase 3 and 9 activation is not clear, but may involve
Rho-kinase (ROCK), as in peripheral cells ROCK can activate effector caspases (Hebert et
al., 2008). Alternatively, the apoptotic actions of RhoB may involve the mDia effector
protein (DeWard et al., 2009), while another RhoB effector, PRK1/2, is also linked to
apoptosis in peripheral cells (Takahashi et al., 1998; Prendergast, 2001a; Tomiyoshi et al.,
2004; Zeng et al., 2010). We have recently shown that RhoB is the major regulator of cofilin
phosphorylation in cortical and hippocampal neurons (McNair et al., 2010). RhoB regulates
activity in the ROCK-Lim kinase—cofilin pathway downstream of glutamate receptor
stimulation, and this pathway is involved in activity-dependent regulation of neuronal
morphology. An absence of RhoB results in reduced Lim kinase activation and reduced
activity-dependent cofilin phosphorylation (McNair et al., 2010). The neuritic hypertorophy
we observed in neurons expressing active RhoB is probably related to elevated activity in
this pathway. However, there is evidence that prolonged activation of Lim kinase
contributes to apoptosis (Tomiyoshi et al., 2004).

As RhoB has been linked to the ageing process, we were also interested in the effect of
RhoB on caspase 3 activity in the mature CNS. Basal caspase 3 activity was detected in both
cortex and cerebellum from the brains of adult WT mice. This caspase 3 activity may
conceivably relate to physiological processes, including synaptic plasticity and learning
(Sherstnev et al., 2006; Li et al., 2010). Alternatively, there is thought to be a low level of
ageing-associated apoptosis occurring in the adult brain, as other apoptotic mediators are
found in association with caspase 3 activity (Higami & Shimokawa, 2000; Pollack et al.,
2002). Interestingly, the caspase 3 activity in both cortex and cerebellum was dramatically
reduced in the RhoB KO mice. This suggests that RhoB may be a critical regulator of
caspase 3 activity, whether associated with physiological or pathological situations, in the
mature CNS.

Evidence is currently emerging to link neuronal caspase 3 activation with the early stages of
the degenerative response to traumatic CNS injury (Citron et al., 2008) and also Alzheimer’s
disease (Harada & Sugimoto, 1999; D’ Amelio et al., 2010). The fact that neurotrauma,
which is associated with RhoB induction, is a known risk factor for Alzheimer’s disease
(Magnoni & Brody, 2010) raises the possibility that the activation of caspase 3 is a key
event in predisposition to the disease. Hence it can be speculated that RhoB, shown here to
be an important regulator of CNS caspase 3 activity, may transpire to play an important role
in long-term neurodegenerative diseases such as Alzheimer’s disease.

Conclusions

Neurons lacking RhoB were found to be more resistant to the degenerative effects of STS as
compared with WT neurons. This is consistent with the reduced caspase 9 and caspase 3
activation and DNA fragmentation we observed after STS exposure in neurons from the
RhoB KO mice, but is in contrast to the elevated nuclear condensation response to STS
observed in the absence of RhoB. Increased nuclear condensation is apparently insufficient
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to lead to neuronal death. Similarly, our data suggest that over-expression of RhoB is not
sufficient to cause apoptosis. This is consistent with the results showing that RhoB does not
promote all aspects of apoptosis in neurons. These results suggest that the marked increase
in RhoB levels that occur following CNS trauma or a neurotoxic stimulus are likely to make
a substantial contribution to the neurodegenerative process. The increased RhoB expression
promotes neurite outgrowth — this may be a response that is beneficial to neuronal survival
by increasing the chances of making new synaptic contacts in an area of neuronal loss.
However, the increased RhoB expression also promotes caspase 3 activation and DNA
fragmentation, key contributors to programmed cell death. These results suggest that RhoB
may be an attractive therapeutic target for intervention in such cases.
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Glossary

AMC 7-amino-4-methyl-coumarin

CNS central nervous system

DMEM Dulbecco’s modified Eagle’s medium

GFP green fluorescent protein

HRP horseradish peroxidase

KO knockout

NMDA N-methyl-o-aspartate

PBS phosphate-buffered saline

ROCK Rho-kinase

SDS sodium dodecyl sulphate

STS staurospaurine

TdT terminal deoxynucleotidyl transferase enzyme

TUNEL terminal deoxynucleotidyl transferase dUTP nick end labelling

WT wild-type

XTT 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide
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Fig. 1.

Ef?‘ect of elevated RhoB activity on morphology of corticohippocam-pal neurons. Neurons
were transfected with vectors expressing GFP (A, C) or caRhoB-GFP (B, D). (A, B)
caRhoB induces excessive dendritic arborisation. (C, D) Nuclear morphology, as assessed
by DAPI staining (blue); note that elevated RhoB does not compromise nuclear morphology.
Scale bars = 20 Im. For interpretation of color references in figure legend, please refer to the
Web version of this article.
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Fig. 2.

Ef?‘ect of elevated RhoB activity on neuronal caspase 3 activity. (A-D) caRhoB and STS
induce caspase 3 activation. Upper images in each pair show GFP-labelled neuronal soma
(A-D), and lower images in each pair show the corresponding active caspase 3-
immunoreactivity (red) (A’-D’). Scale bar = 10 um. (E) Effect of RhoB expression and STS
on active caspase 3-immunoreactivity in corticohippocampal neurons. Results are shown as
percentage of signal in control (vehicle-treated, GFP-transfected) neurons, and are mean +
SEM, n = 8-16 per group. Effect of vector: F1 53 = 10.67, P < 0.01; effect of STS: Fy 53 =
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15.90, P < 0.001 (anova). *P < 0.05 vs. control (Veh-GFP) (Tukey’s post-hoc test); *P < 0.05
vs. Veh-RhoB. (F) Effect of elevated RhoB activity on caspase activity in response to STS
exposure in NG108-15 cells. Results are shown as mean + SEM, n = 6 per group. Effect of
vector: F1’17 =4.89, P < 0.05; effect of STS: F1’17 =610.17, P <0.001 (anova — transformed
data). #P < 0.05 vs. control (Veh-GFP) (Mann-Whitney test). For interpretation of color
references in figure legend, please refer to the Web version of this article.
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Fig. 3.
Effect of RhoB deletion on nuclear morphology in corticohippocampal neurons following

exposure to STS. (A) DAPI staining (blue) of corticohip-pocampal neurons from WT or
RhoB KO mice 24 h following exposure to 500 nm STS. Scale bar = 10 pm. Note the higher
proportion of nuclei showing condensation in the neurons lacking RhoB. (B,C) Nuclear
morphology in corticohippocampal neurons from WT or RhoB KO mice 6 h (B) or 24 h (C)
following exposure to STS. Results are shown as mean = SEM, n = 3-5 per group. (B) Two-
way anova: effect of STS concentration — F3 39 = 48.71, P < 0.001; effect of genotype — F3 39
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=39.71, P < 0.001. (C) Two-way anova: effect of STS dose — F3 39 = 254.38, P < 0.001;
effect of genotype — Fq 39 = 159.21, P < 0.001; **P < 0.01; post-hoc Tukey’s test vs.
corresponding WT group. For interpretation of color references in figure legend, please refer
to the Web version of this article.
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Fig. 4.
Altered apoptotic responses in corticohippocampal neurons lacking RhoB. (A) TUNEL

staining in primary cortico-hippocampal cultures from WT (left panels) and RhoB KO (right
panels) mice, treated for 24 h with either 100 nm (upper panels) or 500 nm (lower panels)
STS. Note the reduced numbers of TUNEL-positive nuclei in the neurons lacking RhoB.
Scale bar = 50 um. (B) TUNEL staining in primary cortical cultures from WT and RhoB KO
mice, treated for 24 h with STS at the doses shown. Results are shown as mean £ SEM, n=
5 per group. Two-way anova: effect of STS concentration — F4 49 = 74.98, P < 0.001; effect of
genotype — F1 49 = 101.10, P < 0.001; *P < 0.05, **P < 0.01; post-hoc Tukey’s test. (C)
Caspase 3 activity in primary cortico-hippocampal cultures from WT and RhoB KO mice,
treated for 6 h with STS at the concentrations shown; n = 4-6 per group. Note that the
selective caspase 3 inhibitor Ac-DMQD-CHO completely inhibits cleavage of the
fluorogenic substrate. Two-way anova: effect of STS concentration — F4 52 = 4.2, P < 0.001;
effect of genotype — F1 5, = 12.87, P < 0.001. (D) Neuronal survival, in neurons from WT or
RhoB KO mice, as assessed by mitochondrial XTT reduction to formazan, following
exposure to 10 um A23187 for 2.5 h, or 500 nm STS for 24 h. Neurons lacking RhoB show
increased survival after exposure to STS, *P < 0.05 vs. WT (t-test).
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Fig. 5.

Algtered initiator caspase responses in corticohippocampal neurons lacking RhoB. (A)
Caspase 8 activity and (B) caspase 9 activity in primary cortico-hippocampal cultures from
WT and RhoB KO mice, treated for 4 h with vehicle, or either 200 or 500 nm STS. Results
are shown as mean + SEM, n = 8 per group. Two-way anova: caspase 8 activity, effect of STS
concentration — F; 47 = 23.5, P < 0.001, effect of genotype — F5 47 = 0.51, P = 0.48; caspase
9 activity, effect of STS concentration — F, 47 = 162.9, P < 0.001, effect of genotype — Fy 47
=14.0, P <0.001. ***P < 0.001 vs. corresponding WT value, post-hoc Tukey’s test.
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Fig. 6.
Altered Bax expression in corticohippocampal neurons lacking RhoB. (A) Western blot

showing expression of Bax and actin (loading control) in extracts from cortico-hippocampal
cultures treated for 2 h with either vehicle or 500 nm STS. (B) Quantification of Bax
immunoblotting in primary cortico-hippocampal cultures from WT and RhoB KO mice,
treated for 2 h with either vehicle or 500 nm STS. Results are shown as mean + SEM, n=3
per group. Two-way anova: effect of STS concentration — F1 19 = 10.4, P = 0.015; effect of
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genotype — F1 10 = 10.0, P = 0.016; no significant interaction. *P < 0.05; **P < 0.01 vs.
corresponding WT vehicle.
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Fig. 7.
RhoB deletion modulates caspase 3 activity in adult brain. Caspase 3 activity in cortex and

cerebellum samples from WT and RhoB KO (KO) mouse brain (aged 4 months). Results are
shown as mean + SEM, n = 4-5 per group. Activity in tissue from RhoB KO mice was
significantly reduced relative to WT mice (two-way anova — factors: genotype and tissue;
caspase 3 activity: effect of genotype F1 16 = 9.93, P = 0.008; *P < 0.05 relative to
corresponding WT samples, post-hoc Tukey’s test.
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