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Abstract
Defects in mitochondrial fission and cyclin dependent kinase 5 (CDK5) activation are early events that precede neuronal loss
following NMDA-induced neuronal death. Here, we report that the cytoplasmic CDK5 tightly regulates mitochondrial
morphology defects associated with NMDA-induced neuronal injury via regulation of the mitochondrial fission protein,
dynamin-related protein 1 (DRP1). We show that DRP1 is a direct target of CDK5. CDK5-mediated phosphorylation of DRP1 at a
conserved Serine residue, S585, is elevated at themitochondria and is associated with increasedmitochondrial fission. Ectopic
expression of a cytoplasmic CDK5 ormutant DRP1-S585D results in increasedmitochondrial fragmentation in primary neurons.
Conversely, expression of a dominant negative form of cytoplasmic CDK5 or mutant DRP1-S585A results in elongated
mitochondria. In addition, pharmacological inhibition of CDK5 by Roscovitine inhibits DRP1 phosphorylation and
mitochondrial fission associated with NMDA-induced neuronal loss. Importantly, conditional deletion of CDK5 significantly
attenuates DRP1 phosphorylation at S585 and rescues mitochondrial fission defects in neurons exposed to NMDA. Our studies
delineate an important mechanism by which CDK5 regulates mitochondrial morphology defects associated with neuronal
injury.

Introduction
Overactivation of NMDA receptors is a major cause of cell death
following acute neuronal injury including stroke, trauma and
neurodegenerative diseases (1–3). We have previously estab-
lished that defects in mitochondrial morphology including
excessive mitochondrial fission, cessation of mitochondrial
fusion and cristae dilation precede neuronal loss upon NMDA-
induced injury (4). However, the mechanism that leads to mito-
chondrial defects associated with NMDA-induced neuronal loss
remains to be investigated.

Dynamin related protein 1 (DRP1), a cytoplasmic protein be-
longing to the family of large GTPases, is a key regulator of mito-
chondrial fission (5). DRP1 is recruited from the cytosol to the
mitochondria at the site of scission to induce mitochondrial fis-
sion (6). DRP1 recruitment is tightly regulated by post-transla-
tional modifications. For example, DRP1 is sumoylated by small
ubiquitin like modifier (SUMO) protein (7). Upon its sumoylation,
DRP1 becomes stably associated with the mitochondrial mem-
branes (8,9). Importantly, multiple kinases have been identified
to regulate DRP1 phosphorylation at various sites (10–16) that
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impact mitochondrial integrity and cell fate in different cell
systems.

Regulation of DRP1 activity is a critical event in the nervous
system. In post-mitotic neurons, DRP1 is phosphorylated by the
Ca++/Calmodulin-dependent protein kinase Iα (CamKIα) (13).
CamKIα-mediated DRP1 phosphorylation induces mitochondrial
fragmentation in response to calcium influx associated with
neuronal activity. Expression of a dominant negative DRP1
(DRP1-K38A) in primary neurons reduces the content of dendritic
mitochondria and results in the loss of synapses and dendritic
spines (17). While DRP1 activity is required during synaptogen-
esis to regulate neuronal development and synaptic strength, ex-
cessive DRP1-mediated mitochondrial fission is linked to
neuronal death (18). DRP1 downregulation confers neuroprotec-
tion against nitric oxide-induced neuronal loss (18). How DRP1
regulates mitochondrial morphology during neuronal injury is
unclear.

In recent years, an intimate relationship between DRP1 and
cyclin dependent kinases has been documented (14–16). During
mitosis, DRP1 is phosphorylated by cyclin dependent kinase 1
(CDK1) at a conserved Serine residue (Serine585 rat/Serine 616
human) (14), which is suggested to contribute to mitochondrial
segregation in cycling cells. In contrast, phosphorylation of
DRP1 at the same Serine site in a CDK5 dependent manner has
been suggested to regulate mitochondrial elongation during
neuronal maturation (15). However, whether CDK5 directly phos-
phorylates DRP1 and the functional consequences on mitochon-
drial length is controversial (15,16). Cyclin dependent kinase 5
(CDK5) plays an important role in the regulation of CNS develop-
ment and synaptic plasticity under steady state and during neur-
onal death in response to stress (19–24). In addition, CDK5 is
reported to regulate mitochondrial morphology associated with
neuronal death or during neuronal development (25,26). This
raises questions of how CDK5 impacts mitochondrial morph-
ology associatedwith NMDA-induced neuronal loss andwhether
there is a physical and functional interaction between DRP1 and
CDK5 in this context.

In the present study, we have identified that DRP1 is a direct
target of CDK5. CDK5-mediated phosphorylation of DRP1 at Ser-
ine 585 is elevated at the mitochondria and drivesmitochondrial
fission associated with NMDA-induced neuronal loss. Our stud-
ies identify a novel mechanism by which CDK5 contributes to
NMDA-induced neuronal death by targeting the mitochondrial
fission machinery.

Results
DRP1 is directly phosphorylated by CDK5 at a conserved
Serine residue critical for regulation of mitochondrial
length in neurons

We first examinedwhether DRP1 is a direct target of CDK5. In vitro
kinase assays were performed using bacterially-derived recom-
binant His-DRP1 protein andCDK5/GST-p25 or CDK5/GST-p35 ac-
tive complexes in the presence of radiolabeled ATP (γ-32 P) ATP
(Fig. 1A and B). Analyses of the in vitro kinase reactions revealed
that both p35/CDK5 andp25/CDK5 directly phosphorylateDRP1 in
vitro (Fig. 1A andB). In these reactions, p25/p35 is also phosphory-
lated by CDK5.We next determinedwhether the identified cyclin
dependent kinase (CDK) site at Serine 585 in DRP1 (DRP1-S585) is
a direct target of CDK5 in vitro. The recombinant wild type rat
DRP1 (DRP1-WT) and a mutant DRP1 in which Serine-585 was
mutated to Alanine (DRP1-S585A) were incubated in the presence
of CDK5/GST-p35 or CDK5/GST-p25 complexes in the presence of

radiolabeled ATP (γ-32 P) ATP (Fig. 1C and D). We found that while
the active CDK5 complex phosphorylated DRP1-WT, no phosphor-
ylation signal was detected in the presence of the DRP1-S585A
mutant, suggesting that S585 is a direct CDK5 phosphorylation
site.We performed parallel in vitro kinase assays using recombin-
ant rat DRP1-WT in the presence or absence of CDK5 active com-
plex and cold ATP. The in vitro kinase reactions were analyzed by
immunoblotting using a specific phospho-DRP1 antibody which
detects DRP1 phosphorylation at S585. A phosphorylated band
corresponding to phosphorylation at S585was detected in assays
with active CDK5 complex while no band was detected in the
absence of CDK5. These data established that S585 in DRP1 is a
direct CDK5 target in vitro (Fig. 1C–E).

Next, we determined whether DRP1 phosphorylation at S585
regulates mitochondrial morphology in primary neurons.We ex-
pressed three AAV constructs of DRP1: DRP1-WT, DRP1-S585A
(phosphorylation incompetent mutant) or DRP1-S585D (phos-
phomimic mutant) in primary granule neurons and examined
mitochondrial length in each group using the mitochondrial
marker Tom20 as described (27). Since mitochondria in primary
neurons exhibit variable length, mitochondrial length was
binned into different length categories of <0.5, 0.5–1.0, 1.0–2.0,
2.0–3.0 and >3.0 µm. Analyses of mitochondrial length showed
that neurons expressing the S585A mutant construct exhibited
an increase in mitochondria length relative to neurons expres-
sing DRP1-WT (Fig. 2A and B). In contrast, neurons expressing
the S585D active mutant exhibited an increase in mitochondrial
fragmentation compared to neurons expressing DRP1-WT
(Fig. 2A and B).Western blot analyses of primary granule neurons
infected with either of DRP1-WT, DRP1-S585A or DRP1-S585D
confirmed expression and demonstrated that neither of DRP1
constructs had an effect on CDK5 expression levels (Fig. 2C).
These data support a model in which DRP1 phosphorylation at
S585 increases mitochondrial fragmentation in post-mitotic pri-
mary neurons.

CDK5 regulates mitochondrial morphology in cerebellar
granule neurons

To examine the physiological relevance of CDK5-mediated DRP1
phosphorylation, we first studied mitochondrial length in neu-
rons expressing either a wild type (wt) cytoplasmic CDK5
[CDK5-NES (nuclear exclusion factor)], a dominant negative mu-
tant form of cytoplasmic CDK5 (DnCDK5-NES), or a GFP control
(Fig. 3A–C). Use of CDK5-NES and DnCDK5-NES allowed us to
more specifically examine role of cytoplasmic CDK5 on cytoplas-
mic DRP1. Importantly, these constructs allowed us to better ex-
clude the CDK5 impact on cell death or cell cycle at the nuclear
level (28,29). Mitochondrial lengthwasmeasured in primary neu-
rons expressing wtCDK5-NES, DnCDK5-NES and control GFP
as described above. Representative images are shown in
Figure 3A. Our analyses revealed that mitochondrial length was
significantly shifted from elongated to a more fragmented
phenotype in primary neurons expressing cytoplasmic CDK5.
33.34 ± 5.9% of mitochondria exhibited a length of less than
0.5 µm (fragmented) in CDK5-expressing neurons compared
with control GFP-expressing neurons at 13.95 ± 1.15% (P < 0.001,
n = 3, Fig. 3B). In contrast, in neurons expressing the DnCDK5-
NES, 26.97 ± 1.7% of mitochondria maintained a length of greater
than 3 µm (elongated) compared with control GFP-expressing
neurons at 8.9 ± 0.97% (Fig. 3A and B). Expression of our Cdk5 con-
structs were confirmed as shown in Figure 3C. Together these
studies demonstrate that CDK5 induces mitochondrial fragmen-
tation in post-mitotic cerebellar granule neurons.
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CDK5 results in increased DRP1 phosphorylation at the
mitochondria

An early step in DRP1-mediatedmitochondrial fission is DRP1 re-
cruitment to themitochondria and its assembly at the site of div-
ision (5). Accordingly, we examined whether CDK5 increases
DRP1 phosphorylation at the mitochondria. We performed sub-
cellular fractionation on primary neurons infected with adeno-
virus vectors carrying a wt-CDK5-NES or GFP control constructs.
Mitochondrial and cytoplasmic fractions were analyzed using a
pan DRP1 and phospho-DRP1 antibodies (Fig. 4A) and the relative
density of either phospho-DRP1 or total DRP1 protein levels was
quantified in each fraction (Fig. 4B). We found a significant
increase of phospho-DRP1 protein in the mitochondria in wt-
CDK5-NES group compared to control.

CDK5 regulates mitochondrial fission associated with
NMDA-induced neuronal death

Given that CDK5 regulates DRP1 phosphorylation, we examined
whether CDK5 regulates earlymitochondrialmorphology defects
associated with NMDA-induced neuronal injury. Primary neu-
rons were treated with Roscovitine, a pharmacological inhibitor
of CDK5, or DMSO as control and exposed to NMDA. Following
8 h of NMDA treatment, neurons were fixed and mitochondrial
lengths were analyzed as described previously. In the absence
of Roscovitine, NMDA treatment induced an increase in

mitochondrial fragmentation and the percentage of mitochon-
dria exhibiting a length of less than 0.5 µm increased from
5.3 ± 1.4% in the control untreated neurons to 10.1 ± 2.5% in the
NMDA-treated neurons (Fig. 5A and C). In contrast, neuronal cul-
tures pre-treated with Roscovitine exhibited significantly less
fragmentation upon addition of NMDA. 4.4 ± 1.4% of mitochon-
dria exhibited a length of less than 0.5 µm in NMDA-treated neu-
rons in the presence of Roscovitine, which is comparable to that
of control untreated neurons at 3.2 ± 1.0% (Fig. 5A and C). These
results indicate that pharmacological inhibition of CDK5 rescues
mitochondrial fission associated with NMDA-induced neuronal
loss (P < 0.05).

To confirm our pharmacological results, we utilized a genetic
model to examine whether germline deletion of CDK5 impacts
mitochondrial morphological defects associated with NMDA-in-
duced neuronal loss. Primary granule neurons obtained from the
conditional Cdk5 knockout mice (Cdk5loxP/loxP) were cultured and
Cdk5 was deleted by infection of cultures with the CRE adeno-
virus (Ad-CRE). Neuronal cultures obtained from Cdk5loxP/loxP

mice were treated with a GFP adenovirus as a control. Mitochon-
drial morphology was evaluated by immunohistochemistry as
described above. In control GFP-expressing neurons, 5.0 ± 0.7%
and 11.5 ± 2.9% of mitochondria were fragmented with a length
of less than 0.5 µm in the absence and presence of NMDA,
respectively (Fig. 5B and D). In contrast, CRE expressing neurons
in which Cdk5 was excised (Cdk5−/−) exhibited a significant
reduction in percentage of fragmented mitochondria whereby

Figure 1. DRP1 is a direct substrate of CDK5. (A and B) Recombinant His-tagged wild type rat DRP1 (WT-DRP1) was incubated with radiolabeled ATP (γ-32 P-ATP) in kinase

assay buffer (30°C, 30 min) in the absence and presence of either of CDK5/GST-p25 active complex (A) or CDK5/GST-p35 and CDK5/GST-p25 active complexes (B). Histone

H1was used as a positive control. DRP1 alonewas used as negative control. (C andD) In vitro kinase assayswere performed on recombinantHis-taggedWT-DRP1 and aHis-

taggedmutantDRP1 inwhich Ser585wasmutated to alanine (DRP1-S585A). The kinase assayswere carried out as described in (A). (E) In vitro kinase assayswere performed

onwild type DRP1 with cold ATP in the absence and presence of CDK5/p35 complex and the kinase reactions were analyzed by immunoblotting using a specific antibody

that recognizes DRP1 phosphorylation at Ser 585. Total DRP1 was also probed as control.
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1.4 ± 0.6% and 4.4 ± 0.7% of mitochondria with a length of less
than 0.5 µm were detected in the absence and presence of
NMDA treatment, respectively (Fig. 5B and D). Together, our

data confirm that either pharmacological inhibition of CDK5 or
genetic deletion of Cdk5 rescues the mitochondrial fragmenta-
tion associated with NMDA-induced neuronal loss.

Figure 2. DRP1 phosphorylation at Ser585 regulates mitochondrial morphology in cerebellar granule neurons. (A) Cerebellar granule neurons (CGNs) were infected with

adeno-associated viruses for GFP-expressingwild type DRP1 (GFP-WT-DRP1), GFP-expressing DRP1mutants [GFP-DRP1 (S585A) and GFP-DRP1 (S585D)] or a GFP control for

6 days. GFP was fused to DRP1 constructs at the N terminal on the same promoter. Neurons were fixed and stained with TOM-20 antibody to assess mitochondrial

morphology. Nuclei were stained with Hoechst. Representative images of mitochondrial morphology under different treatment conditions are shown. (B)
Mitochondrial length was measured and binned into different categories of <0.5, 1.0–2.0, 2.0–3.0 and >3 µm. Quantification of mitochondrial length are shown as

percentages of total mitochondria. *P < 0.05; **P < 0.01; Mag bar, 10 µm. (C) Protein lysates of CGN infected with GFP, GFP-DRP-WT, S585A or S585E were analyzed by

western blot analyses using DRP1 and CDK5 antibodies as indicated . Beta-ACTIN was used as loading control.
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CDK5 drives NMDA-induced mitochondrial defects by
targeting DRP1

Given that CDK5 tightly regulates mitochondrial fragmentation
following NMDA-induced neuronal death and that DRP1 is a direct
target of CDK5 in vitro, we examinedwhether CDK5 regulates DRP1
phosphorylation followingNMDAexposure. Primaryneuronswere
first cultured and treated with NMDA in the absence and presence
of Roscovitine. Protein lysates were analyzed by immunoblotting
using phosphorylated-DRP1 (S585) and pan DRP1 antibodies. The
ratio of phosphorylated DRP1 to total DRP1 was quantified
(Fig. 6A and B). We found that phospho-DRP1 was upregulated
and peaked 1 h following NMDA treatment in primary neurons
in the absenceofRoscovitine (Fig. 6AandB). Notably, the induction
of phospho-DRP1 at S585 was blocked by the CDK5 inhibitor Ros-
covitine. We then examined DRP1 phosphorylation levels in

NMDA-treated primary neurons in the presence of CDK5
(Cdk5loxP/loxP cultures infected with GFP control adenoviruses) or
in Cdk5 knockout cultures (Cdk5loxP/loxP infected with CRE recom-
binase). The induction of phospho-DRP1 was blocked in the Cdk5
knockout cultures 1 h following NMDA treatment compared with
control Cdk5loxP/loxP cultures (Fig. 6C and D). These data indicate
that DRP1 phosphorylation at S585 is specifically mediated by
CDK5 in primary neurons exposed to NMDA. Taken together our
results reveal a mechanism whereby phosphorylation of DRP1 at
S585 by CDK5 regulates NMDA-induced mitochondrial fission.

Discussion
In the present study, we describe a novel mechanism by which
CDK5 mediates enhanced mitochondrial fission associated with

Figure 3. Cytoplasmic CDK5 regulates mitochondrial morphology in cerebellar granule neurons. (A) Cerebellar granule neurons were infected with adenoviruses carrying

expression cassettes for either of GFP-tagged cytoplasmic CDK5 (CDK5), a dominant negative cytoplasmic CDK5 (DN-CDK5), or a GFP control at the time of plating.

Following 48 h in culture, neurons were fixed and mitochondrial morphology was assessed as described in Figure 2. Representative images of mitochondrial

morphology in each group are shown. (B) Mitochondrial length was quantified and graphed. **P < 0.01; ***P < 0.001, Mag bar, 5 µm. (C) Protein lysates of CGN infected

with GFP, CDK5-NES or Dn-CDK5-NES were analyzed by western blot analysis using antibodies to DRP1 and CDK5. Beta-ACTIN was used as loading control.
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excitotoxic neuronal injury by targeting the mitochondrial fis-
sion protein DRP1. CDK5 promotes mitochondrial fission follow-
ing NMDA-induced neuronal injury through phosphorylation of
DRP1 at Serine 585. Pharmacological inhibition of CDK5 by Ros-
covitine or genetic deletion of CDK5 rescues the mitochondrial
morphological defects associated with excitotoxic injury and at-
tenuates the DRP1 phosphorylation at Serine 585. We thereby es-
tablish that CDK5-mediated DRP1 phosphorylation on Serine 585
drives the mitochondrial morphological defects associated with
excitotoxic neuronal cell death.

CDK5 plays an essential role in the regulation of neuronal
death (30,31). Interestingly, while RNAi knockdown of Cdk5 was
shown to rescue apoptosis-associated mitochondrial fission
(25), the underlyingmolecularmechanism remained unclear. Ex-
citotoxic neuronal injury is a distinct mode of cell death. Unlike
classic apoptosis, excitotoxicity does not require BAX/BAK-
mediated signaling (3). We previously showed that loss of mito-
chondrial integrity is an early event that precedes neuronal loss
following NMDA-induced excitotoxicity, however the molecular
mechanism leading to enhanced mitochondrial fragmentation
in NMDA-treated neurons remained unclear.

In the present study, we show that CDK5 induces mitochon-
drial morphology defects associated with NMDA-induced excito-
toxicity by directly targeting and phosphorylating Serine 585 on
DRP1. Interestingly, CDK1was shown to regulate DRP1 phosphor-
ylation at the same site to enhance mitochondrial fission in
mitotic cells (14). These two studies support that DRP1 phosphor-
ylation on Serine 585 results in enhanced mitochondrial fission.
This contrasts a recent study showing that in maturing neurons,
CDK5-mediated phosphorylation of DRP1 at S585 inhibits mito-
chondrial fission (15). How the phosphorylation of the same
site within DRP1 could yield opposing results in a different cellu-
lar context remains an interesting area for future research. How-
ever, it appears that while DRP1 phosphorylation at Serine 585 in
mitotic cells and post-mitotic neurons results in enhancedmito-
chondrial fission, other post-translational modifications to DRP1
may produce a different outcome in maturing neurons. This hy-
pothesis is supported by the findings that in maturing neurons
direct phosphorylation of Drp1 by CDK5 on Serine 585 was not
documented (15). In our study, we establish that DRP1 is a direct
substrate of CDK5 and CDK5-mediated phosphorylation of DRP1
at Serine 585 rat/Serine 616 human results in its recruitment and
subsequent mitochondrial fission associated with neuronal in-
jury. Our findings also demonstrate that in post-mitotic neurons
CDK5 phenocopies the CDK1-induced phenotype observed inmi-
totic cells.

The fact that DRP1 phosphorylation results in different
physiological outcomes depending on the cell context is not sur-
prising. The Serine 637 (human) and Serine 656 (rat) residue of
DRP1 is phosphorylated by protein kinase A (PKA) (11,12). The
PKA-mediated phosphorylation of DRP1 at Serine 637(human)/
Serine 656(rat) resulted in an elongated mitochondrial pheno-
type. In further support of this study, calcineurin mediated de-
phosphorylation of DRP1 at Serine 637 (human)/Serine 656 (rat)
was shown to induce its translocation from the cytoplasm to
the mitochondria resulting in mitochondrial fission (10,12). In
contrast, phosphorylation of DRP1-isoform-3 at Serine 600
(consensus site of Ser 637 at DRP1 isoform-1) by Ca2+/calmodulin-
dependent protein kinase Iα (CamKIα) resulted in DRP1 trans-
location to the mitochondria and enhanced mitochondrial
fission in neurons (13). Therefore, although the physiological
context relevant to thesemultiple phosphorylation sites requires
further study, our results together with the studies performed in
non-neuronal cells clearly support an important link between
DRP1 phosphorylation at Serine585 andmitochondrial fission as-
sociated with neuronal death. Our studies further suggest an im-
portant link between CDK5 and DRP1 function in regulation of
excitotoxic injury.

Finally, our observation that either of p35- or p25- containing
CDK5 complexes can directly phosphorylateDRP1, raises the pos-
sibility that CDK5 may control both steady state mitochondrial
fission and excessive mitochondria fission associated with cell
death. p35 is most often associated with physiological CDK5
function (24). However, p25 is generated through calpain-
mediated cleavage of p35 following neuronal injury (32). Our find-
ings suggest a model whereby the CDK5/p35 complex regulates
physiological mitochondrial fission required for synaptogenesis
in post-mitotic neurons, and the CDK5/p25 complex regulates
excessive mitochondrial fission associated with neuronal
death. This model may explain how CDK5 performs its dual
role during synaptogenesis and cell death via regulation of mito-
chondrial morphology and function. In further support of these
results, we recently showed that inhibition of calpain, the prote-
ase responsible for p35 cleavage into p25, rescues mitochondrial
fragmentation associated with NMDA-induced neuronal death

Figure 4. CDK5 induces DRP1 recruitment from the cytosol to the mitochondria.

(A) Cerebellar granule neurons were infected with adenoviruses carrying

expression cassettes for either of GFP control or cytoplasmic CDK5 at 1 DIV. The

protein lysates were collected at 3 DIV and were subjected to cell fractionation.

Cytoplasmic and mitochondrial fractions were analyzed by immunoblotting

using indicated antibodies. Complex V and GAPDH were used as control for

mitochondrial and cytoplasmic fractions, respectively. (B) Quantification of the

relative densitometric values of DRP1 and phospho-DRP1 is shown for neurons

expressing GFP control or CDK5-NES. **P < 0.01.
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(4). Our study provides a potential explanation on how calpasta-
tin can rescue excessive mitochondrial fission by inhibiting
cleavage of p35 (4). In summary, our results show that DRP1 is a
direct target of CDK5 and CDK5-mediated phosphorylation of
DRP1 at Serine585 tightly regulates mitochondrial morphology
during neuronal injury.

Materials and Methods
Animals

CD1 animals were purchased from Charles Rivers. The floxed
Cdk5 (Cdk5loxP/loxP) mice have been described (33,34). The Cdk5
(Cdk5−/−) conditional knockout cell cultures were generated by
adding CRE adenoviruses to primary cerebellar granule neurons
obtained from Cdk5loxP/loxP mice as described below. GFP

adenovirus were added to parallel cultures and used as control.
Experiments involving animals conformed to the guidelines set
forth by the Canadian Council for the Use and Care of Animals
in Research (CCAC) and the Canadian Institutes for Health
Research (CIHR) with approval from the University of Ottawa
Animal Care Committee.

Primary cerebellar granule neurons cultures and virus
constructions

Cerebellar granule neurons (CGNs) were cultured from either CD1
mice or Cdk5loxP/loxP mice at postnatal day 7 as described (35).
Recombinant adenoviral vectors carrying CDK5 or DnCDK5 ex-
pression cassettes were prepared using AdEasy system, as de-
scribed (36). Primary cerebellar granule neurons were infected
with adenoviral vectors at 5 days in vitro (DIV) for two days with

Figure 5. Pharmacological inhibition of CDK5 or genetic deletion of CDK5 rescues mitochondrial fragmentation in NMDA-induced neuronal injury. (A) Cerebellar granule
neurons were treated with 10 µ Roscovitine or DMSO control at 7 DIV for 3 h prior to exposure to NMDA (100 µ NMDA/10 µ Glycine). Following 8 h of treatment with

NMDA,mitochondrialmorphologywas assessed using an antibody to Tom-20. Representative images ofmitochondrialmorphology under different treatment conditions

are shown. (B). The cultured Cdk5−/− CGNs were obtained from Cdk5loxP/loxP cultures by addition of CRE adenoviruses at 5 DIV for 48 h. GFP adenoviruses were added to

parallel cultures and used as control (referred to as Cdk5loxP/loxP). The neurons were treated with NMDA at 7 DIV as described in (A). Mitochondrial morphology was

assessed using an antibody to Tom-20. Representative images of mitochondrial morphology under different treatment conditions are shown. (C and D) Mitochondrial

length was measured and binned into different length categories and quantified as percentage. *P < 0.05; Mag bar, 10 µm.
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a ranging multiplicity of infection (MOI; 25–150). MOI of 100 was
selected as optimum titer based on the efficiency of infection
and minimum toxicity. To measure toxicity, the number of in-
fected dead cells was compared to the total number of infected

cells in the field. Recombinant adeno-associated virus (AAV) vec-
tors were constructed by subcloning cDNA sequences of GFP-
DRP1-WT, GFP-DRP1-585A and GFP-DRP1–585D mutants in the
AM/CBA-pl-WPRE-bGH plasmid and the viruses were generated

Figure 6. CDK5 regulates DRP1 phosphorylation at S585 in NMDA-treated primary neurons. (A) Cerebellar granule neurons were treated with 10 µ Roscovitine or DMSO

control at 7 DIV for 3 h followed by treatment with 100 µNMDA/10 µ Glycine for 0, 0.5, 1, 2 or 3 h. Protein lysates were analyzed by immunoblotting using antibodies to

phospho-DRP1 and pan-DRP1. Actin was used as loading control. (B) Quantification of the ratio of densitometric values of phospho-DRP1 to DRP1 in (A) is shown. *P < 0.05.

(C) Cerebellar granule neuronswere cultured fromconditional Cdk5 knockoutmice. Adenoviruses for CRE (Cdk5−/−) or GFP control (Cdk5loxP/loxP) were added to the cultures

at 5DIV for 48 h. Neuronswere treatedwith 100 µNMDA/10 μGlycine for 0 and 1 h at 7 DIV. Protein lysateswere subjected to immunoblotting analyses using antibodies

to DRP1 and phospho-DRP1. Actin was used as loading control. (D) Quantification of the ratio of densitometric values of phospho-DRP1 to DRP1 is shown. *P < 0.05.
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as described (37). The DRP1 constructs were fusedwith GFP at the
N terminal on the same promoter. Primary cerebellar granule
neurons cultures were infected with AAV vectors at the second
day of plating for 6 days.

NMDA treatment

NMDA treatments were performed as described (4). Primary cere-
bellar granule neuronswere treatedwith 100 μNMDAand 10 μ

Glycine at 7 DIV (1 h, 100 μ), after which they were switched to
conditioned media from parallel cultures.

Immunoblotting

Western blottingwas performed as previously described (19). The
following antibodies were used as indicated on the blots: DRP1
(BD bioscience, Cat: 611112), P-DRP1 (S616, Cell Signaling, Cat:
3455S), CDK5 (Millipore, Cat: 05-364) and Actin (Sigma, Cat:
A5316).

Immunofluorescence

Immunofluorescence was performed as previously described
(27,38). At each time point, neurons were fixed for 30 min with
ice cold 4% paraformaldehyde in 1X phosphate-buffered saline
(1XPBS) and then rinsed twice with 1XPBS. Cells were permeabi-
lizedwith 300 µl of ice-cold 0.4%Triton-X in 1XPBS for 10 min and
stained with the primary antibodies to either Tom20 (Santa Cruz:
sc-17764), or cytochrome C (BD Biosciences, Cat: 556432) in 10%
normal goat Serum-0.4% Triton X/PBS for 1 h. Following three
washes (5 min each) with ice-cold 1XPBS, cells were incubated
with the secondary antibodies in 10% normal goat Serum-0.4%
Triton X/PBS for 1 h. The cells werewashed for 5 min and stained
with Hoechst for 5 min. Following Hoechst staining, neurons
werewashedwith 1X PBS for 3 × 5 min andmounted. Representa-
tive samples were photographed using a Zeiss 510 meta confocal
microscope or a Zeiss Axiovert 100 (Oberkochen, Germany) fluor-
escence microscope equipped with a QiCam Digital camera
(QImaging Corporation, Burnaby, Canada) and Northern Eclipse
software (Empix Imaging Inc., Mississauga, ON, Canada).

Mitochondrial length measurement

Neurons were fixed and stained with an antibody against cyto-
chrome c or Tom20 as described above. For each replicate, more
than 1000 mitochondria were counted from 5 to 8 different ran-
dom fields. Whole cell images were acquired by exciting at
488 nm with the GFP filter (Chroma Technology Corp., Rocking-
ham, VT, USA). Mitochondrial length was measured by tracing
themitochondria using Northern Eclipse software. Asmitochon-
drial length varied remarkably even in control neurons, mito-
chondria were classified into different categories with a length
ranging from less than 0.5 µm, 0.5 to 1 µm, 1 to 2 µm, 2–3 µm,
and greater than 3 µm for comparative purposes.

Analysis of DRP1 recruitment

Primary cerebellar granule neurons were infected with GFP or
CDK5 adenoviral vectors at 1 DIV for 2 days. Neurons were har-
vested at 3 DIV and Mitochondria were isolated using subcellular
fractionation as described previously (39). Mitochondria and
cytoplasmic fractions were run on SDS–PAGE gel side by side
and the membranes were blotted for DRP1 and Phospho-DRP1
antibodies. The efficiency of mitochondrial isolation were
marked using mitochondrial complex V (Abcam; Cat: ab14748)

and GAPDH (Millipore, Cat: MAB374). The relative densitometric
values of DRP1 and phospho-DRP1 were measured in each frac-
tion analyzed by Image J.

In vitro kinase assay

Recombinant His-tagged wild type or mutant DRP1 were ex-
pressed and purified bymetal chelating resin and further purified
by ion exchange chromatography using Q-fast flow (Pharmacia,
Uppsala, Sweden). All GST-CDK5, GST-p35 and GST-p25 fusion
proteins were expressed in E. coli and affinity purified using
Glutathione Sepharose 4B (GE healthcare, Cat 17-0756-01) as per
manufacturer’s instruction. The in vitro kinase reactionwith Cdk5
was analyzed as described previously (19,21,40).

Quantification and statistical analysis

The data represent the mean and standard deviation from three
independent experiments (n = 3). Statistical analyses were per-
formed using unpaired two-tailed Student’s t-test. All histograms
were presented as mean ± SEM. A P-value <0.05 was considered
significant and was indicated on the graphs by an asterisk. A P-
values of <0.01 was marked by two asterisks and a P-value of
<0.001 was marked with three asterisk.
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