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Transgene-mediated GDNF expression enhances synaptic
connectivity and GABA transmission to improve functional
outcome after spinal cord contusion
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Abstract

Glial cell line-derived trophic factor (GDNF) is a peptide with
pleiotropic survival and growth-promoting effects on neurons.
We found that intraspinal injection of a non-replicating herpes
simplex virus-based vector coding for GDNF 2 h after blunt
trauma to the thoraco-lumbar spinal cord produced sustained
improvement in motor behavioral outcomes up to 5 weeks
following injury. The improvement in behavior correlated with
an increase in synaptophysin and glutamic acid decarboxyl-
ase (GAD) in the spinal cord at the level of injury. Addition of
recombinant GDNF protein to primary spinal cord neurons
in-vitro resulted in enhanced neurite growth and a marked
increase in protein levels of GAD65 and GAD67, synapsin |

Glial-derived neurotrophic factor (GDNF) is a pleiotropic
peptide that provides trophic cues to midbrain dopaminergic
neurons and spinal motor neurons in the CNS, and sensory
and autonomic neurons in the peripheral nervous system
during development (Airaksinen and Saarma 2002). In
addition to its effects during development, GDNF has been
shown to promote the survival of neurons in the face of a
variety of cellular insults (Sauer et al. 1995; Choi-Lundberg
et al. 1997; Ramer et al. 2000; Akerud et al. 2001; Natsume
et al. 2002; Ducray et al. 2006). GDNF signals through a
receptor complex consisting of glycosyl-phospatidylinositol-
anchored co-receptor (GDNF family receptor o) and receptor
tyrosine kinase (RET) to activate phosphoinositide 3-kinase
(PI3K) and mitogen activated protein kinase pathways to
enhance cell survival, lamelopodia formation and axonal
elongation (Takahashi 2001; Airaksinen and Saarma 2002).
Through additional interactions with adhesion proteins,
neural cell adhesion molecule and integrins, GDNF promotes
plasticity and facilitiates synapse formation (Cao et al. 2008;
Paratcha and Ledda 2008).

The potential utility of GDNF to support axonal regener-
ation in the CNS has been reported in a number of studies.
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and synaptophysin. GDNF-mediated increases in GAD and
the synaptic markers were blocked by the MEK inhibitor
UO126, but not by the phosphoinositide 3-kinase inhibitor
LY294002. These results suggest that GDNF, acting through
the MEK-ERK pathway enhances axonal sprouting, synaptic
connectivity, and GABAergic neurotransmission in the spinal
cord, that result in improved behavioral outcomes after spinal
cord contusion injury.
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butyric acid, gene therapy, glial cell line-derived neurotrophic
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Extension of sensory axons after dorsal root crush and
sprouting of uninjured motor axons after unilateral
corticospinal tract transection in the hindbrain has been
reported (Ramer et al. 2000; Zhou and Shine 2003) and after
spinal cord injury (SCI), GDNF delivered as either recombi-
nant protein, as nanoconjugate, or by over-expression of
genetically modified cells or viral vectors improves behavior
outcome, neuronal survival and sprouting of fibers (Cheng
et al. 2002; Tai et al. 2003; Cao et al. 2004; Chou et al. 2005;
Wang et al. 2008; Guzen et al. 2009). However, the precise
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mechanisms through which GDNF treatment improves loco-
motor behavior after injury have not been fully established.

GDNF enhances migration and differentiation of ventral
telencephalon precursors into GABAergic neurons, and
promotes the growth of neurites from GABA neurons
derived from the basal ganglia and cerebral cortex (Pozas
and Ibanez 2005; Schaller ef al. 2005). In the current study,
we investigated the effects of GDNF on spinal cord neurons
in vitro and in a model of spinal cord contusion injury using a
herpes simplex virus (HSV)-based vector expressing GDNF
(vG). We confirmed that vector-mediated expression of
GDNF reduced tissue damage and improved locomotor
function, and found that the improvement in behavioral
outcome correlated with increased synaptophysin and glu-
tamic acid decarboxylase (GAD) expression levels. In
cultured spinal cord neurons in vitro, axonal growth and
branching promoted by GDNF paralleled the increase in
synaptic proteins, in GAD65 and GADG67 protein, and in
GABA release induced by K depolarization. Taken together
these results demonstrate that GDNF enhances GABA
neuronal plasticity and GABAergic transmission which
may contribute to reduced spasticity and improved functional
outcome in SCI.

Materials and methods

Vector construct

The non-replicating HSV-based vector vG contains the human
GDNF gene under the control of the human cytomegalovirus
immediate early promoter in the HSV UL41 locus and green
fluorescent protein (GFP) reporter gene in the UL54 locus (Natsume
et al. 2002). The control vector vC is similar to vG but substitutes
GDNF for the Escherichia coli lacZ reporter gene in the UL41 locus
(Fig. Sla).

Animal studies

Experiments were conducted on female Sprague-Dawley rats
weighing 200-225 g and carried out in accordance with approved
institutional animal care and use protocols. Rats were anesthetized
with chloral hydrate (0.1 mL/kg i.p.) and a dorsal laminectomy was
performed. The vertebral column was stabilized by clamping from
T9 to T12 vertebral bodies and 150 Kdyne blunt force trauma was
applied to the T12-T13 spinal cord using a 1.5 mm diameter probe
controlled by a computerized impactor device (Precision Systems
and Instrumentation, LLC, Lexington, KY, USA). Two hours after
injury, the spinal cord was stereotaxically injected with either vector
vG or vC; 1 pL containing 1.2 x 10* plaque forming units (pfu) of
vector were injected just above and below the lesion on both sides
of the spinal cord at a rate of 0.5 pL/min (total injected volume
4 pL). Animals with spinal cord exposure but no injury or injection
were used as control (sham). At the conclusion of the behavioral
experiments (five wks after injury), animals were perfused
transcardially with 15 mL of phosphate-buffered saline (PBS)
followed by 500 mL of 4% paraphormaldehyde in PBS. The spinal
cord was removed, post-fixed at 4°C overnight, and cryoprotected
with 30% sucrose in PBS. For protein analysis, 1 week after injury
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animals were perfused transcardially with 15 mL of PBS and spinal
cord removed and quickly frozen in dry-ice.

Behavioral studies

Gridwalk

Behavior was assessed 4 weeks after injury. The Grid walk, which
tests the animal’s coordination between the front and hind limbs,
was developed to measure the ability of the animal to precisely
control hind paw placing (Bresnahan et al. 1987; Kunkel-Bagden
et al. 1992). Our walkway consisted of a runway with regularly
spaced horizontal bars (distance between bars is 1.5 cm). Errors
consisting of misplacement of the hindpaw such that it falls through
the grid hole were counted with a maximum of 30. Animals that did
not display at least frequent stepping in the Basso—Beattie—
Bresnahan (BBB) score were unable to cross the walkway and
were assigned the maximum score.

Basso—Beattie—Bresnahan score

Hindlimb motor behavior was assessed once a week after injury for
4 weeks. Animals were trained to walk in an open area. The hind
limb movement of each animal was assessed using a 21-point scale.
A BBB score of 0 was given when no observable hind limb
movement was observed, whereas a score of 21 was given when
plantar stepping toe clearance, trunk stability, coordinated limb
movement, and an erect tail was present (Basso et al. 1995).
Behavioral analysis was performed in 22 animals: eight in each SCI
group and six in the sham group.

Primary culture

Primary spinal cord neurons from E17 rat were plated at a
concentration of 2 x 10° cells per well (12 well plate) for western
blot or 1 x 10* cells/well (24 well plate with glass cover slips) for
immunocytochemistry, coated with poly-D-lysine in Neurobasal
media containing B27, Glutamax I, Albumax II, and penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA). At 3 and 10 days
in vitro (DIV), 100 ng/mL recombinant human GDNF (R & D
Systems, Minneapolis, MN, USA) was added to the cells for
15 min, 30 min, 24 h, and 48 h, either alone or in the presence of
10 M of mitogen-activated protein/extracellular signal-regulated
kinase (MEK) inhibitor U0126 (Promega, Madison, WI, USA) or
50 uM of PI3K inhibitor LY294002 (Cell Signaling Technology,
Beverly, MA, USA) added 40 min before GDNF. Each western blot
was performed using two samples per treatment condition and each
experiment was repeated three times. Each immunocytochemical
study was repeated four times.

Histology and Immunocytochemistry

Post-traumatic cavity measurements

At 5 weeks post-injury, the animals were perfused with 4%
paraformaldehyde in PBS and the spinal cord removed, post-fixed
and cryoprotected. Twenty micrometer cryostat sections of spinal
cord were thaw-mounted onto cold Superfrost glass slides (Fisher
Scientific), heated at 37°C and stained with hematoxylin—eosin dye
following standard protocol. Five serial sections were selected every
10 sections at the epicenter of the lesion. The area of the cavity
containing tissue damage was determined from images captured
using a Nikon Eclipse E1000 microscope equipped with a Plan Apo
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2X/0.1 lens using Metamorph 7.0 software (Molecular Devices,
Palo Alto, CA, USA).

Immunohistochemistry

Control and injured spinal cords, 1 week after injury were fixed and
cryo-sectioned as above. Twenty micrometer sections were obtained
starting from 2 mm below the center of the lesion. Immunolocal-
ization of synaptophysin was performed using a polyclonal antibody
(1 : 1000; Chemicon, Temecula, CA, USA) followed by comple-
mentary secondary tagged fluorescent antibody (Alexa Fluor 488;
Invitrogen).

Neurite growth assay

Primary spinal cord neurons from E17 rat were plated at a
concentration of 1 x 10* per well (24 well plate) on poly-D-lysine-
coated cover slips in culture media as described above. At 3 and 10
DIV, 100 ng/mL recombinant human GDNF (R & D) was added to the
cells for 24 h after which the cells were fixed with formalin, blocked
for 1 hin PBS with 5% normal goat serum, 1% bovine serum albumin,
and 0.2% Triton X-100, and incubated overnight at 4°C with the
following antibodies [Neurofilament 1:500 (SMI 31, Covance);
MAP2, 1:4000 (Sigma, St Louis, MO, USA and Chemicon);
GADG65, 1 : 200 (Sigma and Chemicon); GAD67, 1 : 200 (Chem-
icon); Synapsin I, 1 : 500 (Chemicon)], followed by complimentary
secondary tagged fluorescent antibodies (Alexa Fluor 594 and Alexa
Fluor 488 (1 : 2000; Invitrogen). The cells were then washed three
times and mounted in water-based Fluoromount G (Electron
Microscopy Sciences, Fort Washington, PA, USA). Analysis of
neurite length was performed from images acquired using a Nikon
Eclipse E1000 fluorescent microscope with Plan Apo 20X/0.75 lens
using a DXM1200F digital camera (Cool Snap ES; Photometrics) and
Neurite Growth software from Metamorph Digital Imaging (Molec-
ular Devices). Each experiment was repeated 3 times.

Western blot

Homogenates were prepared from primary spinal cord neuron
cultures and rat spinal cord (0.5 cm tissue block extending caudally
from the impact center) in 1% sodium dodecyl sulfate, 50 mM
Tris—HCI buffer pH 7.0 containing glycerol and 1 : 100 dilution of
protease inhibitor and phosphatase inhibitor cocktail (Sigma). Cell
lysates were sonicated while spinal cord tissues were homogenized
in glass homogenizers and centrifuged at 10 000 g for 10 min at
4°C and the supernatants collected. The protein concentration was
estimated using a D, protein assay kit (Bio-Rad Laboratories,
Hercules, CA, USA) and spectrophotometry (AD340; Beckman
Coulter, Brea, CA, USA). Sample aliquots were dissolved in
Lemmli buffer and boiled at 95°C for 5 min; the proteins were
separated using sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (Bio-Rad Laboratories) and transferred to polyvinylid-
ene difluoride membranes, blocked and incubated with the following
primary antibodies [GAD65 1 : 1000 (Chemicon); GAD67 1 : 1000
(Chemicon); synapsin I, 1:1000 (Chemicon); synaptophysin,
1 : 1000 (Chemicon); serotonin transporter, 1 : 1000 (Chemicon);
pERK (extracellular signal-related kinase), 1 : 1000 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA); pcAMP-response element
binding protein (pCREB), 1 : 1000 (Cell Signaling); zif268, 1:200
(Santa Cruz Biotechnology); neuronal nuclei (NeuN), 1:400;
(Chemicon)]. Horseradish peroxidase-conjugated complementary
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secondary antibodies (Santa Cruz Biotechnology) were used for
amplification and visualized using SuperSignal West Dura Extended
Duration Substrate (Pierce, Rockford, IL, USA). Each membrane was
probed with anti-B-actin, 1 : 2000 (Sigma) or anti-glyceraldehyde 3-
phosphate dehydrogenase, 1 : 2000 (Chemicon) as internal control.
The intensity of each band was determined by quantitative chemilu-
minescence using image analysis software (ChemiDoc XRS System;
Bio-Rad Laboratories). The values were normalized to B-actin or
GAPDH used as internal controls. Six samples were analyzed in each
group. GDNF release into the medium was determined by ELISA
using a commercially available kit (Promega, Madison, WI, USA).

GABA determination
The amount of GABA released from spinal cord neurons (10 DIV)
was determined by GC. After 48 h exposure to GDNF (100 ng/mL)
or control, defined culture medium was replaced by artificial
cerebrospinal fluid aCSF (120 mM NaCl, 3.5 mM KCI, 2.5 mM
CaCl,, 1.3 mM MgSOy,, 1.25 mM NaH,PO,) prior to exposure to
modified aCSF containing 40 mM KCland 83.5 mM NacCl for 5 min.
Five hundred microliters of aCSF was treated with an equal
volume of a saturated solution of NaHCOj3 and 2 pL of Norvaline
(1 mg/mL, internal standard) in 0.1 N HCIl added. The mixture was
centrifuged at 14 000 g for 15 min, the supernatant transferred into
1 mL of CH,Cl, (anhydrous) containing 10 mL ethyl chloroformate
and the pH adjusted to > 12 with NaOH followed by addition of
another 10 mL of ethyl chloroformate. The pH of the aqueous layer
was brought to <2.0 with 50 pL of 18 N H,SO4 and the
hydrophobic product (dimethyl carbonyl derivative of amino acid)
extracted with 2 mL each of diethyl ether and ethyl acetate, the
combined extract subjected to second derivative (fert-butyl dimethyl
silyl) preparation by adding equal parts of toluene (anhydrous) and
N-methyl-N-tert-butyl dimethylsilyltriflouroaceteamide. GC analy-
ses were performed on a flame ionization detector gas chromatog-
raphy (Agilent, Model 6890 N, Agilent Technologies, Atlanta, GA,
USA) equipped with an auto sampler and Chemstation software. A
capillary column (Agilent Model HP-88; 30 m x 0.25 mm I. D.,
0.25 mm film thickness) was used with H, as carrier gas. A linear
calibration curve was created using Norvaline after subjecting to
mixed derivative preparation for GC analysis.

Statistical analysis

The statistical significance of the difference between groups for the
in vitro and in vivo western results was determined by one-way
ANOVA (SPSS 12.0) using Bonferonni’s correction for the multiple
post hoc analyses. Parametric statistics using the general linear
model for repeated measures were used to identify significant effects
of treatment conditions on the behavioral analysis of motor function.
The statistical significance of the difference between groups for the
neurite length measurements was determined using the Student’s
t-test. All results were expressed as mean + SEM with p < 0.05
considered significant.

Results

Characterization of the GDNF-expressing HSV-vector vG
To characterize for expression and localization of transgene
from vG, in vitro and in vivo studies were performed.
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Cultured spinal cord neurons were infected at a multiplicity
of infection of 2 for 2 h and the amount of GDNF
synthesized and released into the medium was measured by
ELISA at 24 h. Neurons transduced with vG released
substantial amounts of GDNF into the medium compared
with control vector vC (untreated and vC = undetectable and
vG = 1.32 £ 0.68 ng/mL). In adult spinal cord, injection of
vG (1.2 x 10® pfu) 2 h after injury showed extensive GFP
expression around the injection site at 7 days post-vector
delivery (Fig. S1b).

Intraspinal injection of vG improves hind limb locomotor
function after SCI

Animals injected intraspinally with the HSV-based vector
expressing GDNF 2 h after blunt force trauma to the
T12-T13 spinal cord showed a significantly higher BBB
score, beginning at 1 week after injury and persisting over
the course of 4 weeks post-injury compared with the animals
injected with control vector (Fig. 1a). A significant improve-
ment in hindlimb stepping accuracy in the grid walk test was
determined at 4 weeks in animals injected with vG compared
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Fig. 1 vG improves locomotor functioning and tissue sparing after
T12-T13 SCI compared with control vector vC. (a) BBB score mea-
sured each week for 4 weeks and (b) gridwalk measured at 4 weeks
following injury. (c) Spinal cord cavity area was significantly reduced at
the site of injury from 0.99 + 0.22 mm? in vC-treated animals to
0.54 + 0.085 mm? in vG-treated animals. Data are presented as
mean + SEM *p < 0.05, **p < 0.01, ***p < 0.005; N = 6 animals per
group; scale bar = 500 pm.
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with animals injected with vC (Fig. 1b). At the completion of
the behavior analysis, the degree of tissue injury and sparing
was determined by H&E staining of serial sections of spinal
cord. Animals treated with vG had significantly reduced
post-traumatic cavity area within the spinal cord demonstrat-
ing decreased severity of injury as compared with animals
treated with vC (vG = 0.54 £ 0.085 mm?* and vC = 0.99 +
0.22 mm?; p < 0.05) (Fig. lc).

Transgene mediated GDNF results in sprouting of
GABAergic neurons in the spinal cord

To determine whether GDNF might be enhancing synapto-
genesis in the spinal cord, we examined expression of
synaptophysin at 1 week after injury. There was a significant
increase in synaptophysin protein in the injured spinal cord
inoculated with vG compared with animals inoculated with
the vC (vC, 0.3 = 0.1; vG, 0.87 + 0.09; p < 0.005) (Fig. 2a
and b). Photomicrographs from the anterior quadrant of the
spinal cord below the lesion showed the increased synapt-
ophysin expression in the dorsal horn of spinal cord
(Fig. 2¢). To establish the neurotransmitter phenotype of
the neurons responsible for sprouting, we examined levels of
serotonin transporter and GAD proteins. Animals injected
with the GDNF-expressing vector showed increased expres-
sion of GAD65 (vC, 0.03 +0.002; vG, 0.06 + 0.003;
p <0.005) (Fig. 3a and b) and GAD67 (vC, 0.06 £+ .005;
vG, 0.14 £.004; p <0.005) (Fig. 3c and d). We did not
observe an increase in serotonin transporter protein levels in
the spinal cord between vG- and vC-treated animals (data not
shown).

GDNF promotes axonal elongation, neurite growth and
synapse formation of spinal GABAergic neurons

The effects of GDNF on the initial formation of neurite
processes were studied in primary spinal cord neurons at 3
DIV using axonal and dendritic markers. We found a
significant increase in neurite length and in the length of
the longest neurite determined by SMI31 immunoreactivity
in neurons treated with 100 ng/mL of GDNF for 24 h
compared with control (Fig. 4a and b). We did not observe
an increase in the length of the neurites immunostained with
anti-MAP2 suggesting that GDNF preferentially enhanced
early axonal elongation over dendritic arborization. Immu-
nostaining with an antibody against GAD65 confirmed that
GDNEF increased sprouting of GABAergic neurons. (Fig. 4¢c
and d). At 10 DIV, we found a significant increase in neurite
length, in the length of the longest neurite, and branch
number in cells treated with GDNF immunostained against
GADG65 and GADG67 (Table 1).

GDNF enhances GABAergic phenotype and synapse
formation through the MEK-ERK pathway

The morphological changes observed at 10 DIV correlated
with a substantial increase in GAD65 and GAD67 protein in
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Fig. 2 Delivery of vG 2 h after injury resulted in a substantial increase
in synaptophysin at 1 week compared with animals injected with the
control vector (vC; ***p < 0.005). (a) Amount of synaptophysin protein
expressed as normalized value using GAPDH as a loading control. (b)
Representative western blot. Data are presented as mean + SEM.
N = 3 animals per group. (c) Photomicrograph from the anterior horn
of the spinal cord below the center of the lesion showing the distri-
bution of synaptophysin immunoreactivity as boutons 1 week after vG
treatment compared with vC-treated animals; scale bar = 70 pm.

spinal cord neurons treated with GDNF compared with
control untreated neurons by western blot (Fig. Sa—d). In
addition, GDNF promoted synapse formation and induced
expression of synaptophysin protein (Fig. 6a and b), and
synapsin 1 (Fig. 6c and d) which was confirmed by
colocalization of synapsin I and GAD65 immunoreactivity
on GABAergic neurons (Fig. 6e).
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Fig. 3 Injection of vG 2 h after injury showed a substantial increase in
GADG65 and GADG67 protein levels at 1 week compared with animals
injected with the control vector (vC; ***p < 0.005). (@) Amount of
GADG65 protein expressed as normalized value using B-actin as a
loading control. (b) Representative western blot. (c) Amount of GAD67
determined by western blot expressed as normalized value using
B-actin as a loading control. (d) Representative western blot. Data are
presented as mean + SEM. N = 3 animals per group.
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Fig. 4 GDNF increases neurite length in spinal cord neurons in vitro.
Treatment of spinal cord neurons at 3 DIV with GDNF resulted in an
increase in the total neurite length (a, c) and in the length of the longest
neurites (b, d). These neurites were stained with SMI31 antibody
against phosphorylated neurofilament and tau epitopes, indicating
axonal processes, and with the anti GAD65 antibody, confirming the
GABAergic phenotype. There was no change in the length of neurites
measured by MAP2 immunostaining. C, control untreated and G,
GDNF (100 ng/mL) for 24 h. Data are expressed as normalized value
and presented as mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.005.
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Table 1 GDNF promotes neurite growth of GABAergic spinal cord
neurons. GDNF (100 ng/mL) added to 10 DIV neurons for 24 h re-
sulted in significant increases of total neurite growth, longest neurite
length, and branching number by GAD65 and GAD67 immuno-
reactivity

% Increase

GDNF control p
GAD65 Total neurite length 1885+ 7.0 < 0.01
Longest neurite 199.5 + 6.1 < 0.005
Branch number 186.3 + 13.7 < 0.05
GAD67 Total neurite length 1448 + 5.1 < 0.005
Longest neurite 1445 + 6.0 < 0.005
Branch number 1459 + 45 < 0.005

Data presented as the mean percentage + SEM increase with GDNF-
treatment over control. Data represent four separate experiments;
*p < 0.05, **p < 0.01, ***p < 0.005.
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Fig. 5 GDNF increases GAD65 and GADG67 in spinal cord neurons.
(a) The amount of GAD67 protein expressed as normalized value
using B-actin as a loading control (***p < 0.005). (b) Representative
western blot. (c) Amount of GAD65 protein expressed as normalized
value using B-actin as a loading control (*p < 0.05). (d) Representative
western blot. C, untreated control and G, GDNF (100 ng/mL) for 48 h.
Treatment with the MEK inhibitor U0126 (U; 10 uM) prevented the
increased expression of GAD67 (****p < 0.001) and GAD65
(*p < 0.01). Data are presented as mean + SEM.

GDNF has been shown to exert effects on primary striatal
GABAergic neurons through MEK/ERK and PI3K/AKT
pathways downstream of the GDNF receptor (Garcia-Mar-
tinez et al. 2006). In the SCI model, we found an increase in
pERK in the injured spinal cord of animals injected with the
GDNF expressing vector 2 h after blunt trauma compared
with animals injected with the control vector (Fig. 7a and b).
In vitro, inhibition of ERK activation by addition of 10 pM
of the MEK inhibitor U0126 to cells treated with GDNF for
48 h (Fig. 7c and d) blocked the increase in GAD protein
otherwise produced by exposure to GDNF (Fig. 5). Inhibi-
tion of the ERK pathway also prevented the increase of
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synaptophysin (Fig. 6a and b) and synapsin I proteins
induced by GDNF (Fig. 6¢ and d). In contrast, application
of the PI3K inhibitor LY294002 (50 uM) did not block the
increase in GAD and synaptic related proteins (Fig. S2).
GDNF treatment induced within 30 min an increase in pERK
(Fig. 7c¢ and d), phosphorylation of downstream transcrip-
tional activator CREB (Fig. 7e and f), and expression of the
downstream immediate early gene zif268 (Fig. 7g and h). All
of these effects were blocked by the MEK inhibitor U0126.

GDNF treatment results in increased release of GABA from
primary spinal cord neurons

To evaluate the functional significance of increased expres-
sion of GAD and synaptic related proteins we examined the
release of GABA from primary spinal cord neurons. Primary
cultures at 10 DIV were treated with GDNF (100 ng/mL) for
48 h. Membrane depolarization was induced with 40 uM
potassium chloride for 5 min and the amount of GABA
released into the medium was determined by HPLC. GABA
release increased from 1.37 % 0.035 nmol/ml/min/10° neu-
rons in untreated cultures to 1.49 + 0.018 nmol/ml/min/10°
neurons (p < 0.05) in cultures treated with GDNF. We
confirmed that the effects of 48 h of GDNF treatment were
not related to possible effects on neuronal survival by
western blot with an antibody against the neuronal marker
NeuN, that showed no change in GDNF-treated compared
with control cultures (Fig. S3).

Discussion

In this study, we report several findings with important
implications: (i) HSV-mediated release of GDNF in spinal
cord improves locomotor function and reduces tissue damage
after SCI; (ii) improved function correlates with evidence of
neurite sprouting and increases in synaptic marker proteins in
the spinal cord; (iii) coincident increases in spinal GAD
suggests sprouting of GABAergic interneurons; (iv) expo-
sure of primary spinal cord neurons in vitro to GDNF results
in GABAergic neurite growth, enhanced synaptic bouton
formation, and GABA release that correlates with the
increased expression of GAD and synaptic proteins mimick-
ing the results of the in vivo studies and, (v) these effects are
mediated through activation of the MEK/ERK pathway
possibly through phosphorylation of CREB and increased
expression of the immediate early gene zif' 268 (Fig. 8).
Taken together, these results suggest that HSV-mediated gene
transfer of GDNF may improve functional recovery after
spinal cord injury in part by enhancing GABAergic neuro-
transmission.

GDNF was originally purified as a neurotrophic factor for
embryonic midbrain dopamine neurons, but was later found
to be trophic for neurons with diverse neurotransmitter
phenotype. GDNF promotes neurite outgrowth and survival
of developing dopaminergic neurons of the substantia nigra
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Fig. 6 GDNF increases synaptophysin and (b)
synapsin | in primary spinal cord neurons. s .
ynaptophysin

(a) Amount of synaptophysin protein ex-
pressed as normalized value using p-actin
as a loading control (p < 0.05). (b) Repre-
sentative western blot. (¢) Amount of syn-
apsin | protein expressed as normalized
value using B-actin as a loading control
(p < 0.05). (d) Representative western blot.
C, untreated control and G, GDNF (100 ng/
mL) for 48 h. Treatment with the MEK
inhibitor U0126 (U; 10 uM) prevented the
increased expression of synaptophysin
(p < 0.05) and synapsin | (p < 0.05). Data
are presented as mean + SEM. (e) Photo-
micrograph of primary spinal cord neurons
treated with GDNF showing colocalization
of synapsin 1 (red) and GAD65 (green)
immunoreactivity; scale bar = 70 pm.

(Akerud et al. 1999) and vector-mediated release of GDNF
protects dopaminergic neurons from 6-OHDA-induced
degeneration in-vivo (Choi-Lundberg et al. 1997; Natsume
et al. 2001). GDNF administered subcutaneously to mice at
birth increases the number of axons converging at the
neuromuscular junction and increases localized arborization
in motor neurons (Keller-Peck et al. 2001). HSV-mediated
delivery of GDNF after proximal spinal nerve injury results
in an increased number of surviving motor neurons in the
ventral horn (Natsume et al. 2002) and exogenously admin-
istered GDNF can support long-term motor neuron survival
and axon regeneration after peripheral nerve injury in
newborn and adult animals (Hottinger et al. 2000).

Several studies have reported that GDNF either delivered
by gene transfer, biodegradable nanoparticles, or infusion
improves locomotor function following spinal cord injury
(Cheng et al. 2002; Tai et al. 2003; Guzen et al. 2009). In
this study, inoculation of the HSV-vector expressing GDNF
in animals that received a blunt force contusion injury to the
lower thoracic spinal cord also led to an improvement in
locomotor function over 4 weeks. At 1 week post-injury, we
observed an increase in synaptophysin as previously reported
(Chou et al. 2005) and synapsin I in the anterior horn of the

© 2010 The Authors

C

B-actin e e e —

GDNF enhances GABA after SCI | 149

© 5
* * o
2 * *
So L
©
[0}
N
T
E1¢
o
z
0
G U cC G U
(d)

S — O — —

SYNAPSIN s e e s e

B-actin = = ———

G u

C

C G u

Control

spinal cord below the level of the lesion suggesting that
vector-mediated expression of GDNF induced sprouting of
processes within the spinal cord. The fact that we observed
increases in GAD65 and GAD67 but did not observe an
increase in serotonin transporter protein suggests that the
effect of vector-mediated expression of GDNF was on spinal
cord GABAergic interneurons, rather than an effect on
descending projection fibers. These results are not unex-
pected as GDNF treatment has been reported to stimulate
neuritic outgrowth from GABAergic, cortical, ventral
mesencephalic and striatal neurons in culture (Pozas and
Ibanez 2005).

GDNF is known to activate both src-PI3K-AKT and raf-
MEK-ERK pathways. Activation of the MEK-ERK cascade
appears to be essential for axon extension and synaptic
connectivity (Soler et al. 1999; Markus et al. 2002; Hollis
et al. 2009) in agreement with our results. GDNF promoted
an early response to axonal differentiation, seen by neuro-
filament immunostaining, over dendrites in our in vitro
studies. In addition, glutamic acid decarboxylase, synapsin I
and II, and neurofilament 68 genes have known zif 268
transcriptional regulatory sites on their promoter regions
suggesting possible regulation of protein expression by
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Fig. 7 vG in vivo and recombinant GDNF in vitro activate the ERK
pathway. Animals injected with vG 2 h after injury had increased pERK
in the spinal cord compared to control vector (vC) at 1 week after
vector delivery. Western blot normalized to internal control. (a, b;
p < 0.05). Spinal cord neurons at 10 DIV treated with GDNF show
increases in pERK (c, d; p < 0.01), pCREB (e, f; p < 0.01), and zif 268
(9, h; p <0.05). All values are expressed as mean + SEM and nor-
malized to internal control. C, control untreated and G, GDNF (100 ng/
mL) for 48 h. Treatment with the MEK inhibitor U0126 (U; 10 pM)
prevented the increase in pERK (c, d; p<0.01), pCREB (e, f;
p < 0.05) and zif 268 (g, h; p < 0.05).

MEK-ERK-CREB-zif 268 pathway (Knapska and Kacz-
marek 2004).

Although our findings would suggest that HSV-mediated
expression of GDNF improves motor functional recovery
through increased expression of GAD and synaptic related
proteins resulting in enhanced release of GABA and
consequent reduction in spasticity, GDNF may also contrib-
ute to enhance synaptic function through mechanisms that
are independent of gene transcription. For example, GDNF
has been shown to promote synapse formation by inducing
ligand-dependent cell adhesion between GFRal expressing
neurons (Ledda 2007). GDNF also increases neurotransmit-
ter release through direct potentiation of N-type Ca®"channel
currents (Wang et al. 2001) and causes ERK-dependent
enhancement of voltage-gated Ca”"current density by alter-
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Fig. 8 Schematic representation of the zif 268 pathway in spinal cord
neurons. Activation of receptor tyrosine kinase by GDNF activates the
MEK/ERK pathway leading to phosphorylation of the transcription
factor CREB, which translocates to the nucleus and promotes the
expression of zif 268. Acting as a transcription factor, zif 268 regulates
the expression of late response genes, such as glutamic acid decar-
boxylase (GAD), synapsin and neurofilament 68.

ing channel gating (Fitzgerald 2000; Woodall et al. 2008). In
addition, Ca®"entry through pre-synaptic N-type Ca®'chan-
nels is important for synaptic growth (Rieckhof ez al. 2003).
These GDNF mediated effects that result in improved
synaptic connectivity and neurotransmitter release could also
influence functional recovery after SCI by further enhancing
GABAergic transmission.

In addition, increased production and release of GABA
may also influence the tissue response to injury by prevent-
ing macrophage activation, inhibiting pro-inflammatory
cytokine release by glial cells (Kuhn ef al. 2004; Lubick
et al. 2007; Seidel et al. 2007; Roach et al. 2008; Cheung
et al. 2009), or by reducing oxygen consumption and blood
flow (Caesar et al. 2008). GDNF acting either directly, or
through increased GABA release may also alter cell migra-
tion (Bolteus and Bordey 2004; Seidel et al. 2007; Su et al.
2009).

There have been previous studies demonstrating that gene
delivery through viral vectors may be applied to models of
spinal cord injury (Tai et al. 2003; Zhou and Shine 2003,
Chou et al. 2005), and the salutary effects of GDNF have
been previously reported (Cheng et al. 2002; Sharma 2007;
Oh et al. 2009). The new studies reported herein enhance our
understanding of the many effects that GDNF exerts after
spinal cord injury and suggests that the behavioral improve-
ment observed in SCI after treatment with a GDNF
expressing vector may result in part from enhanced GAB-
Aergic transmission resulting in a possible reduction in post-
traumatic spasticity, thus pointing toward a novel indication
of GDNF for spinal cord trauma.
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Supporting information

Additional Supporting information may be found in the online
version of this article:

Figure S1. (a) The non-replicating HSV vector vG contains the
human GDNF gene under the control of the human cytomegalovirus
immediate early promoter in the HSV UL41 locus and GFP gene in
the UL 54 locus. (b) GFP expression following injection of vC 2 h
after injury to the T12-T13 spinal cord.

Figure S2. Treatment of spinal cord neurons in culture with the
PI3K inhibitor LY294002 (L; 50 uM) did not change the level of
expression of synapsin I, synaptophysin, GAD67, or GADG65 protein
after treatment with GDNF (G; 100 ng/mL) for 24 h. B-actin was
used as loading control.

Figure S3. Treatment of spinal cord neurons in culture with
GDNF (G; 100 ng/mL) for 48 h did not change the amount of NeuN
compared with untreated control (C).

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such materials are
peer-reviewed and may be re-organized for online delivery, but are
not copy-edited or typeset. Technical support issues arising from
supporting information (other than missing files) should be
addressed to the authors.
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