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Abstract

Our laboratory has previously demonstrated that viral administration of glial cell line-derived
neurotrophic factor (AdGDNF), one week prior to a controlled cortical impact (CCI) over the
forelimb sensorimotor cortex of the rat (FL-SMC) is neuroprotective, but does not significantly
enhance recovery of sensorimotor function. One possible explanation for this discrepancy is that
although protected, neurons may not have been functional due to enduring metabolic deficiencies.
Additionally, metabolic events following TBI may interfere with expression of therapeutic
proteins administered to the injured brain via gene therapy. The current study focused on
enhancing the metabolic function of the brain by increasing cerebral blood flow (CBF) with L-
arginine in conjunction with administration of AAGDNF immediately following CCI. An
adenoviral vector harboring human GDNF was injected unilaterally into FL-SMC of the rat
immediately following a unilateral CCI over the FL-SMC. Within 30 min of the CClI and
AdGDNF injections, some animals were injected with L-arginine (i.v.). Tests of forelimb function
and asymmetry were administered for 4 weeks post-injury. Animals were sacrificed and contusion
size and GDNF protein expression measured. This study demonstrated that rats treated with
AJGDNF and L-arginine post-CClI had a significantly smaller contusion than injured rats who did
not receive any treatment, or injured rats treated with either AAGDNF or L-arginine alone.
Nevertheless, no amelioration of behavioral deficits was seen. These findings suggest that
AdGDNF alone following a CCI was not therapeutic and although combining it with L-arginine
decreased contusion size, it did not enhance behavioral recovery.
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1. INTRODUCTION

Traumatic brain injury (TBI) is a complex neurological event that results in the disruption of
numerous cellular and physiological processes. In addition to activation of cell death
through necrosis and apoptosis, TBI also affects brain metabolism, ionic fluxes, growth
factors, neurotransmitter levels, and inflammation (for a review see (Margulies and Hicks,
2009)). The diversity of cellular sequelae and the lack of a neuroprotective drug for TBI
point to the need for studies that examine combination therapies in rodent models of TBI.
Studies have begun to explore combining cell-based, pharmacological, and rehabilitative
therapies in animal models of TBI (Atif et al., 2009; Chen et al., 2008; Griesbach et al.,
2008; Mahmood et al., 2008; Xiong et al., 2009). The majority of these studies demonstrate
a positive synergistic effect of the combined therapies on both cellular and behavioral
outcomes. In the current study, the therapeutic potential of combining neurotrophic factor
gene therapy with enhancement of brain metabolism post-injury is examined in the
controlled cortical impact (CCI) rodent model of TBI.

Previous work in our laboratory has demonstrated that injection of an adenoviral vector
expressing glial cell line-derived neurotrophic factor (AdGDNF) one week prior to a CCl in
the adult male rat is neuroprotective, decreasing cortical volume and cell loss by 50%
(Minnich et al., 2010). GDNF is a member of the transforming growth factor- superfamily,
and has been shown to protect dopaminergic, motor, hippocampal, and sensorimotor
neurons (Giehl et al., 1998; Li et al., 1995; Lin et al., 1993). Choi-Lundberg et al (1997)
were the first to demonstrate the clinical potential of adenoviral-delivered GDNF in a rodent
model of Parkinson’s disease. Since then, virally-mediated delivery of GDNF has been
shown to be a potent neuroprotective factor in animal models of Parkinson’s disease (Bohn,
2000; Connor et al., 1999; Grondin, 2003; Kirik, 2004; Kozlowski et al., 2000), spinal cord
injury (Tai, 2003), and stroke (Wang, 2002). In addition to providing neuroprotection,
AdGDNF also enhanced behavioral function in these animal models. When AdGDNF was
injected prior to CCI it too provided neuroprotection but it did not result in a significant
amelioration of behavioral deficits (Minnich et al., 2010). One possible explanation for this
discrepancy may have been due to GDNF protein expression not being maintained during
the duration of the study, possibly due to metabolic deficiencies in the traumatically injured
brain. Virally-mediated expression of trophic factors relies on a cell’s ability to produce
protein. Following CCI, protein synthesis is compromised (Lee, 1999), potentially
decreasing virally-mediated protein expression. A number of factors play a role in TBI-
induced decrease in protein synthesis, one of which is a decrease in cerebral blood flow. It
has been well documented that a profound decrease in cerebral blood flow (CBF) occurs
immediately after a TBI (for review see (Golding et al., 1999)). Specifically, following a
CCI, CBF is decreased focally in the area of the contusion (Bryan et al., 1995; Cherian et al.,
1994) and can still be depressed out to one year post-CClI around the contusion cavity
(Kochanek et al., 2002). This reduction in CBF may compromise substrate delivery
producing a metabolic crisis resulting in decreased protein synthesis and eventually cell
death (Hovda, 1996; Lee, 1999). Cerebral blood flow also plays a role in the distribution of
viral particles in the parenchyma. Rats with decreased cerebral blood flow showed a
significant decrease in the distribution of viral particles within the brain (Hadaczek et al.,
2006). Given the role of CBF in both neurodegeneration following TBI and in the delivery
of viral vectors, the current study chose to combine AdGDNF (previously used in the CCI
model in our laboratory) with a drug long known to enhance CBF, l-arginine (I-arg). The
timing of the administration of both AAGDNF and L-arg was within the first hour post-
injury. This is different from the previous study that injected AAGDNF one week prior to
CCI (Minnich et al., 2010). This change was made so that the administration of both of these
agents would be examined in a more clinically relevant time frame.
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The amino acid I-arg has been shown to significantly increase CBF following CCI in a dose-
dependent way (Cherian et al., 2003; Cherian and Robertson, 2003). In addition to
increasing blood flow, I-arg has been shown to significantly decrease contusion volume
(Cherian et al., 2003) but its effects on behavioral function have not been examined. This
study will focus on enhancing the metabolic function of the brain with I-arg in conjunction
with administration of ADGDNF, post contusion, in the CCI rat model of TBI. Together, the
expression of a trophic factor in combination with enhanced brain metabolism may result in
a smaller contusion and improved behavioral recovery.

2. RESULTS

2.1 Contusion Size

There were no significant differences in the volume of remaining cortex between Sham and
Sham+AdGDNF+L-arg groups (p=0.40) and between control CCI groups (i.e. CCI Only,
CCI+AdGFP, CCl+Vehicle; p=0.10) as predicted by previous studies (Minnich et al., 2010);
therefore, to simplify the presentation of the data, the Sham groups and CCI Control groups
were pooled and labeled “Sham” and “CCI”, respectively. Administering both AAGDNF and
L-arginine post injury significantly decreased the size of the contusion by approximately
32-44% (See Figure 1). One-way ANOVA indicated a significant difference in volume of
remaining cortex between groups (F(4,43)=31.26; p< 0.0001; Figure 1). Post-hoc analysis
further revealed that rats treated with the combination of AJGDNF and L-arginine post-CCl
had significantly smaller contusions (i.e. a larger volume of remaining cortex) than rats that
received no treatment post-CCI (32% smaller), rats treated with L-arginine only post-CClI
(44% smaller), or rats treated with AAGDNF only post-CCI (44% smaller; all comparisons =
p<0.05). Interestingly, administering AAGDNF alone post-CClI did not have a therapeutic
effect. We did not expect that the dose of I-arginine would affect contusion size significantly
due to previous findings (Cherian et al., 2003).

2.2 Foot Fault Test

The Foot Fault Test was performed to examine deficits in forelimb motor coordination
following an injury to the FL-SMC and to examine behavioral recovery over time. A one-
way repeated-measure ANOVA of Sham groups indicated that L-arginine and AJGDNF had
no effect on motor coordination in uninjured rats (p=0.76). Therefore, the groups Sham and
Sham+AdGDNF+L-arginine were pooled and labeled “Sham”. A one-factor repeated-
measure ANOVA of CCI Only, CCl+Vehicle and CCI+AdGFP+Vehicle groups indicated
that AAGFP or vehicle had no affect on motor coordination in injured rats (p=0.72).
Therefore, the groups CCI Only, CCI+Vehicle and CCI+AdGFP+Vehicle were pooled and
labeled “CCI”. Once the groups were pooled, a one-factor repeated- measures ANOVA of
all treatment groups indicated a significant effect of Group (F(4,43)=30.792; p<0.0001); as
well as a significant effect of Days post-injury (F(7,301)=29.024; p<0.0001), and a
significant group by day interaction (F(28,301)=2.36; p<0.002). A Tukey-Kramer post-hoc
analysis of the Group effect showed a significant difference between the Sham group and all
CCI groups (p<0.05) indicating that all injured groups showed deficits in forelimb
coordination compared to uninjured rats (See Figure 2). However, there were no significant
differences between any of the injured (CCI) groups. All CCI animals had deficits that
began to recover over time, but did not reach Sham levels. Although combining AdGDNF
and L-arginine post-injury resulted in a smaller contusion, it did not affect deficits in or
recovery of motor coordination.

2.3 Limb Use

Observations of forelimb use for weight-bearing movements during exploration of a
Plexiglas cage were made in order to examine forelimb preferences and asymmetries
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following a unilateral contusion to the FL-SMC. Forelimb use is observed during rearing,
exploration of the wall and landing. Each of these behaviors is combined to obtain a “Total
Ipsilateral Forelimb Preference” score. Typically, unilateral injuries to the FL-SMC result in
the preferential use of the ipsilateral (non-impaired) limb (Kozlowski et al., 1996; Minnich
et al., 2010). Limb use preferences during exploration of the wall alone (Wall Ipsilateral
Forelimb Preference) and all behaviors combined (Total Ipsilateral Forelimb Preference)
have been shown in previous studies, to be the most sensitive to effects of contusion on limb
use as well as the most sensitive to therapeutic manipulations (Kozlowski et al., 1996;
Kozlowski et al., 2000). Therefore, these two measures were analyzed individually. As with
the Foot Fault Test, Sham and Sham+AdGDNF+L-arginine groups were pooled and labeled
“Sham?” as there were no significant affects of AAGDNF and L-arginine on limb use in
uninjured rats (Total- p=0.72, Wall- p=0.82). Also, a one-factor repeated-measures ANOVA
found AdGFP or Vehicle had no significant effect on limb use in an injured rat (Total =
p=0.19, Wall = p=0.37), therefore, the CCI Only, CCl+Vehicle, and CCI+AdGFP+Vehicle
group were pooled and labeled “CCI”.

2.3.1 Total Ipsilateral Forelimb Preference—When examining total ipsilateral
forelimb preference of all treatment groups, a one-factor repeated-measure ANOVA
indicated a significant difference between treatment groups (F(4,43)=4.648; p<0.005); as
well as a significant effect of days post-injury (F(7,301)=6.378; p<0.0001), however, no
significant group by day interaction was found. A Tukey-Kramer post-hoc analysis of the
Group effect showed injured rats treated with AAGDNF, L-arginine, or both preferred the
ipsilateral forelimb when compared to shams (p<0.05; Figure 3). However, there were no
significant differences between all of the injured rats, which indicate that AAGDNF, L-
arginine or the combination of the two did not lessen preferences for the uninjured forelimb.

2.3.2. Wall Ipsilateral Forelimb Preference—A one-factor repeated-measure ANOVA
of percent ipsilateral forelimb preference along the wall indicated a significant difference
between treatment groups (F(4,43)=8.108; p<0.0001); as well as a significant effect of Day
post-injury (F(7,301)=3.517; p<0.001), and a significant group by day interaction
(F(28,301)=1.556; p<0.04). A Tukey-Kramer post-hoc analysis of groups found injured rats
that received no treatment, injured rats treated with AJGDNF, L-arginine, or both preferred
the ipsilateral forelimb when compared to shams (p<0.05), but no significant difference
between the injured groups was found (Figure 4). All injured animals showed asymmetries
in bilateral forelimb use that began to recover over time.

2.4 Expression of Virally-Mediated Proteins — GDNF and GFP

2.4.1 GDNF Expression

2.4.1.1 Qualitative Analysis of Immunohistochemical Staining: GDNF protein expression
was measured qualitatively by observation of GDNF stained tissue using a Leica
microscope. Prior to the onset of the current study, two rats, which did not receive an injury,
were injected with AJGDNF and sacrificed seven days post injection to ensure that the
vector resulted in protein expression (Figure 5A&B). In these rats, a large number of cells
(20-24) positively expressed GDNF in the FL-SMC. Surrounding these positive cells was an
area of diffuse GDNF staining of the parenchyma, termed the “penumbra”, which is thought
to correspond to an area of secreted GDNF protein.

No rats in the current study that were sacrificed 28 days post injection showed this type of
GDNF protein expression. GDNF expression decreased in the cortex over time in both
injured and uninjured animals. In Sham+AdGDNF rats, GDNF stained cells were seen in
and around the injection site, with most sections averaging 7-9 positive GDNF cells. Only
one of the five Sham rats exhibited a penumbra. Injured rats treated with both AAGDNF and
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l-arg averaged 5-6 GDNF positive cells per section around the contusion site. Only three of
the seven rats exhibited a penumbra. Injured rats treated with only ADGDNF averaged 2-3
GDNF positive cells per section in and around the contusion. Two of the seven rats did have
a very faint penumbra; however, these penumbras were not as dark as those in the other
injected rats. Animals that received ADGDNF+l-arg were slightly more likely to exhibit a
penumbra and generally expressed a few more cells than the AAGDNF+Vehicle groups.
However, with such low GDNF protein expression in all animals, the slight qualitative
differences between these groups are most likely not significant.

2.4.1.2. Quantitative Analysis of Tissue Protein Using ELISA: Combining AAGDNF and
l-arg resulted in a much smaller contusion size in this study. To examine whether this was
due to an enhanced expression of GDNF in the first week post injury, a separate group of
rats was studied. The effects of I-arg on virally-mediated GDNF expression at one week post
injury was assessed quantitatively to ascertain whether I-arg could perhaps enhance GDNF
expression, and whether this might potentially be the mechanism by which neuroprotection
was occurring. At one week post-injection, L-arginine did not significantly increase GDNF
protein expression (GDNF+L-arg = 3.32+0.67 ng/ml vs. GDNF = 3.7£1.32 ng/ml;
(F(1,8)=5.31; p=.76)). Our previous study indicates the level of GDNF in cortical tissue in
uninjured animals seven days post-surgery is approximately 0.09-0.12 ng/ml (Minnich et
al., 2010). Therefore, although AAGDNF did enhance expression of GDNF above uninjured
levels, I-arg did not further increase GDNF protein levels. Therefore, the effects of
AdJGDNF+L-arg are not due to increased GDNF protein expression at one-week post-CCl.

2.4.2 GFP Expression—GFP protein expression was measured qualitatively using a
Leica microscope. All injured rats injected with AdGFP showed robust to moderate
expression of GFP protein in and around the contusion site (Figure 5E). Robust expression
consisted of dozens of positive cells, while moderate expression consisted of five to ten
positive GFP cells. As GFP is not an endogenous protein, it is not secreted, and therefore a
penumbra is not expected and was not observed. All rats injected with AdGFP successfully
expressed the protein.

3. Discussion

In the quest to find a new therapeutic approach for traumatic brain injury, the goal of this
study was to combine a drug which would enhance metabolism by increasing cerebral blood
flow (by means of femoral injections of L-arginine) with neurotrophic factor gene therapy
(AdGDNF) administered post-CCl and examine their effects on contusion size, behavioral
measures of forelimb function, and viral-mediated protein expression. The results of this
study demonstrated that AAGDNF combined with L-arginine post injury decreased
contusion size although it did not ameliorate behavioral deficits.

Rats treated with AJGDNF and L-arginine post-CCl had a significantly smaller contusion
than injured rats who did not receive any treatment, injured rats treated with AAGDNF
alone, or injured rats treated with L-arginine alone. Our lab has previously demonstrated that
when AdGDNF was injected prior to a CCl, significantly smaller contusions were found
when compared to control rats (Minnich et al., 2010). AGDNF has also been shown to be
neuroprotective in animal models of stroke, Parkinson’s disease, cold injury, and spinal cord
injury (Choi-Lundberg et al., 1998; Connor et al., 1999; Hermann, 2001; Kozlowski et al.,
2000; Tai, 2003; Wang, 2002) when injected before or after the induction of degeneration.
However, in the present study, injured rats treated with AAGDNF alone did not benefit from
its neuroprotective properties. Rats in this group had significantly larger contusions than
injured rats treated with AAGDNF and L-arginine, and contusions similar in size to all other
injured groups. In our previous study utilizing AAGDNF in the CCl model, AAGDNF was
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injected one week prior to the injury. In the present study, AAGDNF was injected within the
first 30 min post-CClI. Therefore, it was injected directly into traumatically injured cortex,
into the area surrounding the core of a contusion, an environment that is undergoing
numerous pathophysiological processes (Margulies and Hicks, 2009). This difference in
timing of administration may explain its lack of effect. The environment of an acutely
injured cortex may not be suitable for virally-mediated trophic factor expression. The stress
of having to undergo metabolic processes necessary to translate, secrete, and utilize the
virally-mediated GDNF protein may cause already endangered cells to be challenged past
their limit potentially resulting in cell death. Ip et al (2003) demonstrated that a secondary
cell death was caused by further stimulating metabolically challenged neurons 1 day after a
lateral fluid percussion injury. This study found that if neurons are stimulated to complete
energy dependent processes post TBI, such as secreting or utilizing a protein, the additional
energy demands will result in their death (Ip et al., 2003). This may explain why injured rats
treated with AAGDNF alone post-injury had slightly larger contusions than injured rats
without treatment. Alternatively, host immune responses targeted against adenovirus may
also play a role in diminishing vector expression along with increased cell death (Thomas et
al., 2001). Lastly, the CCI surgery requires both a craniotomy as well as the induction of the
brain injury using the impactor. It is known that a craniotomy itself can induce pathological
consequences (Cole et al., 2011) potentially exacerbating the effects of the CCI. Therefore,
further studies need to be conducted to examine the possible neuroprotective qualities of
AdGDNF alone following CCI that include (but are not limited to) injecting the vector into
subcortical locations, at different concentrations, and with Sham controls that contain
craniotomies.

In the current study, rats treated with only L-arginine post-CClI had significantly larger
contusions when compared to rats treated with both L-arginine and AJGDNF and a
contusion similar in size to all other injured groups. Previous work has demonstrated L-
arginine’s intrinsic capabilities to cross the blood brain barrier, reduce cerebral
hypoperfusion, increase cerebral blood flow, all without detrimentally increasing intracranial
pressure (Cherian et al., 2003; Cherian and Robertson, 2003; He et al., 1995). Studies have
also supported L-arginine’s ability to reduce contusion size post-CCl in the rat and mouse
model. When 300 mg/kg of L-arginine was injected i.p. or infused femorally post injury,
contusion volume was significantly reduced (Cherian et al., 2003). The present study used
L-arginine at a lower dose - 150 mg/kg. A lower dose was chosen in this study because it
was previously shown to increase CBF but not significantly reduce contusion volume when
compared to untreated rats (although this dose did decrease contusion size to some extent in
Cherian et al. 2003, it was not statistically significant due to variability). When choosing
combination pharmacological therapies, it is important to choose a dose that has previous
shown to effect your therapeutic measure to some extent, but one that does not produce a
maximal ceiling effect which could not be overcome by the combination therapy. Therefore,
it is not surprising that L-arginine alone at the 150mg/kg dose did not significantly decrease
contusion size in the present study.

Taken together, the results suggest that the effect of AAGDNF and L-arginine combined
may not necessarily be due to an additive effect of two independently neuroprotective
therapies. It was initially hypothesized that increasing CBF with L-arginine would enhance
the metabolic environment of the cortex, potentially enhancing the distribution of and
expression of virally-mediated GDNF protein. Our study demonstrates that this was not the
case. GDNF expression at one week post-injection was not affected by L-arginine.
Nevertheless, L-arginine may have prolonged GDNF expression; however, this was not
examined in the study quantitatively, although a qualitative examination of GDNF
immunohistochemistry suggests this as a possibility. Alternatively, combining ADGDNF
with I-arginine may have produced a synergistic inhibition of apoptosis. AAGDNF is known
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to exert its neuroprotective effects by reducing apoptosis in dopaminergic neurons (Clarkson
et al., 1997) and in rat models of ischemia (Kitagawa, 1999; Tsai, 2000), and cold injury
(Hermann, 2001). The mechanism by which GDNF inhibits apoptosis include the inhibition
of caspase 3 activation (Zhao et al., 2004) activation of Akt via the RET signalling pathway
(Akt increases survival promoting proteins such as Bcl-2 and Bcl-xI) (Jin et al., 2002) and
decreasing NMDA receptor activity (Nicole, 2001) all of which have been shown to be
involved in cell death following TBI (Raghupathi, 2004). L-arginine on the other hand,
affects apoptosis through nitric oxide pathways. Nitric oxide (NO) is synthesized from L-
arginine by neuronal nitric oxide synthase (NOS) enzymes (Choi et al., 2002). NO has been
shown to be both pro-and anti-apoptotic. NO in high quantities has been shown to induce
apoptosis whereas more physiological concentrations are antiapoptotic (for review see (Guix
et al., 2005)). Its antiapoptotic mechanisms range from inhibition of caspase 3, 1, & 9,
inhibition of cytochrome c release, and activation of Akt and the maintainence of Bcl-2
levels (Guix et al., 2005). Although we do not know the direct mechanisms by which the
combination of AAGDNF and I-arginine decreased contusion size following CCI, their
combined effect may be due to the fact that they both inhibit apoptosis via a variety of
different pathways. Combined, their effects may have produced a significant antiapoptotic
effect, limiting the size of the contusion formed by the CCI. Future studies, utilizing a time
course study of early time points post injury (hours to 2 days) could elucidate whether
combining AAGDNF and L-arginine can enhance the inhibition of anti-apoptotic proteins,
perhaps those that involve caspases 3, 1, 9 and Akt. Delineation of this mechanism cannot
be done in the current study due to its late post-injury time point.

While injured rats treated with AAGDNF and L-arginine had a smaller contusion, this was
not accompanied by enhancement of behavioral recovery. A previous study in this lab, in
which AdGDNF was injected prior to a CCl also demonstrated a decreased contusion size
but not a significant enhancement of overall behavioral recovery, albeit in some behaviors
(motor coordination) there was a significant enhancement of function. (Minnich et al.,
2010). Numerous studies have also found neural protection in the absence of behavioral
enhancement: following GDNF administration in the 6-OHDA lesion model of Parkinson’s
disease (Connor et al., 1999; Rosenblad, 2000), fibroblast growth factor delivery to the
Schwann cell implanted transected spinal cord (Meijs, 2004) and calbindin Dogk gene
transfer after an excitotoxic insult (Phillips, 2001). Following TBI, mice overexpressing the
anti-apoptotic protein Bcl-2 have significantly smaller contusions and increased
hippocampal survival but no changes in motor or cognitive function (Tehranian, 2006). The
lack of a correlation between behavioral recovery and cellular neuroprotection may be due
to: 1) neurons that were protected but are still in the process of neurodegeneration 2)
protected neurons that do not maintain physiological function and 3) protected neuronal cell
bodies in the absence of spared neuronal connections to subcortical targets. It is most likely
that protected neurons did not maintain physiological function and/or did not maintain
functional connections to subcortical targets. In uninjured rodents, motor skill learning was
significantly reduced when protein synthesis was repressed by an injection of the protein
synthesis inhibitor (anisomycin) into the cortex (Luft et al., 2004). All of this occurred
without the presence of cell death. Perhaps depression of protein synthesis, without cell loss,
may still be occurring in injured rats treated with AAGDNF and L-arginine, negatively
affecting motor skills in the present study. Lastly, it is possible that cells protected by
AJGDNF+L-arginine were functional but that they were no longer connected to their
subcortical targets. Following a CClI, there is not just cell loss and the formation of a
contusion cavity, but also a significant amount of axonal injury (Hall et al., 2008) which
leads to retrograde degeneration and loss of cell bodies in striatal and thalamic areas
extending also to the contralateral hemisphere (Chen et al., 2003; Hall et al., 2008). It is very
possible in the current study that although cell bodies were protected, their functional
connections to subcortical targets were not. Neuroprotection of cell bodies but not
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connections has been previously demonstrated in the 6-OHDA model (Connor et al., 1999;
Rosenblad, 2000) and in axotomized rat retinal ganglion cells (Weise, 2000). In the 6-
OHDA model, AdGDNF injected into the striatum or substantia nigra resulted in
neuroprotection, however preservation of the connections between SN & Striatum by
AdGDNF injection into the striatum resulted in enhanced behavioral function (Connor et al.,
1999). This emphasizes that when examining the therapeutic potential of an agent, cellular
and behavioral neuroprotection are both important. In future studies, examination of axonal
injury and functional connections in addition to cell loss will also be important when
considering a potential therapeutic manipulation or combination therapy.

Lastly, inadequate GDNF protein expression may have attributed to the lack of behavioral
improvement in this study. Both injured and sham rats treated with AAGDNF had decreased
expression thirty days post injection (Figure 5). In pilot studies, uninjured rats showed
robust GDNF protein expression at one week post-injection and expression at 2-3 weeks
post-injection (albeit to a much lesser extent (Minnich et al., 2010)). Using AdGDNF,
protein expression was seen in the striatum and substantia nigra of a Parkinsonian rat model
from three to seven weeks post injection (Choi-Lundberg et al., 1997; Connor et al., 1999;
Connor et al., 2001; Kozlowski et al., 2000) and in the MPTP monkey out to 2 months post-
injection (Bohn et al., 1999). This is the first study to inject AAGDNF into the cortex
following a CCl. GDNF protein expression was most likely inadequate due to the fact that it
was being injected into a metabolically challenged environment of a CCI. Others have
introduced viral vectors into the metabolically challenged environment of a stroke (Abe and
Hayashi, 1997; Abe et al., 1997; Abe, 1998; Tsai, 2000; Zhang, 2002), however they only
examined successful vector expression for hours or days post injury and not out to the time
point examined in this study. In the current study, it was the hope that L-arginine would
enhance GDNF expression out to 28 days post injury. Although GDNF protein expression
seemed slightly increased in L-arginine treated rats, there was still a significant decrease in
expression in the injured cortex over time. These findings suggest that perhaps gene therapy
should be targeted not to the cortical contusion area but perhaps to a subcortical target like
the striatum where GDNF might be picked up and retrogradely transported to the injured
cortex. This would allow the vector to work in a more stable environment, perhaps helping
to maintain cortical connectivity and eventually ameliorating behavioral deficits.

3.1 Conclusions

This is the first study to deliver AAGDNF following a CCl, to combine AJGDNF with L-
arginine as a therapeutic option for TBI, and to examine behavioral results of injured rats
treated with L-arginine. Although this study successfully decreased contusion size when
treating injured rats with both AJGDNF and L-arginine post-CCl, it did not enhance
behavioral recovery. This lack of behavioral recovery may be due to a lack of functional
neurons remaining in the protected cortex or to the lack of maintenance of functional
connections with subcortical targets. Future studies should focus on targeting subcortical
structures for gene therapy before further combination treatment strategies are attempted.

4. EXPERIMENTAL PROCEDURE

4.1 Animals and Treatment Groups

Male Fischer-344 rats (Charles River Laboratories; 225-300g) housed within the DePaul
University Animal Facility in clear plastic cages, were kept on a 12:12h light and dark cycle,
with food and water available ad-libitum. The NIH Guide for the Care and Use of
Laboratory Animals and Institutional Guidelines were strictly adhered to during all
procedures. Rats were anesthetized with Equithesin (149 mg/100g chloral hydrate, 31mg/
100g sodium pentobarbital i.p.) during all surgical procedures and during euthanasia. Rats
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were randomly assigned into treatment and control groups: CCI+AdGDNF+L-arginine
(n=7), CCI+AdGDNF+Vehicle (n=7), CClI+AdGFP+Vehicle (n=7), CCl+L-arginine (n=8),
CCI Only (n=4) CCl+Vehicle (n-=4), Sham+AdGDNF+L-arginine (n=5), Sham Only (n=6),
Sham+AdGDNF+Vehicle (n=4). The Sham+ AdGDNF+Vehicle animals (n=4) were added
later in the study and were not included in the behavioral analysis. They were only included
in the qualitative analysis of GDNF expression, as a comparison for the CCI+AdGDNF
+Vehicle group. Additionally, our pilot work (unpublished data) showed that contusion size
and behavioral deficits in injured animals were not effected by a femoral injection of saline,
therefore an n=4 was used in the CCI and CCl+Vehicle groups to reduce the number of
animals in the study, with the intention of pooling the groups once statistical analysis
confirmed no group differences.

4.2 Controlled Cortical Impact (CCl)

To inflict a cortical injury, rats were anesthetized, shaved, and placed in a Kopf stereotaxic
apparatus (Kopf, Tujunga, CA). A CCI was delivered unilaterally to the forelimb
sensorimotor cortex (FL-SMC), through a 4 mm diameter craniotomy at 0.5 mm anterior
and 4.0 mm lateral to bregma. The impact was delivered by a controlled cortical impact
device, which consisted of a small bore and double acting pneumatic piston. The 3 mm
impactor tip was placed at the end of the piston and centered over the craniotomy at an 18°
angle. The piston entered the craniotomy at a velocity of 3.0 m/s, to a depth 2.5 mm below
the cortical surface for 250 ms (Sutton et al., 1993). Following the CCI, some rats received a
vector injection while in others, the wound was sutured, and covered with topical anesthetics
and antibiotics. The rats were then placed in a warm home cage for recovery. A sham CCI
involved anesthetizing the rat, exposing the skull, and suturing the wound. The body
temperature of the rats was maintained at 37C with a heating pad during surgery and during
recovery until the rat was ambulatory.

4.3 Vector Injections

Immediately following CCI or Sham surgery, viral vectors were injected into the cortex just
medial and lateral to the injury or in corresponding areas in uninjured cortex of the Sham
group. First generation adenoviral vectors harboring either human prepro-GDNF (AdGDNF)
or green fluorescent protein (AdGFP) were used. The vectors had Ela and E3 deletions, a
Rous Sarcoma Virus promotor, and were prepared as previously described (Choi-Lundberg,
1997). Two injections of AdGDNF or AdGFP (2x107 plaque forming units (pfu) total in
two-2 ul injections using a 10 pl Hamilton syringe fitted with a 30 gauge flat needle) were
administered to the cortex medial and lateral (+0.5 A/P, —2.3 and 4.7 M/L, —1.7 D/V) to the
injury within 30 min post-CCl at a flow rate of 0.5ul/min with a Stoelting microinjector
(Stoelting, Wood Dale, IL). After the vector injection, the wound was sutured and covered
with topical analgesics and antibiotics. The rats were kept at 37C with a heating pad during
surgery and recovery until ambulatory.

4.4 L-arginine Injection

In some rats, L-arginine or vehicle was injected into the femoral vein (150 mg/kg in sterile
0.9% saline) within 30 min post-CCl and post vector injections. A dose of 150 mg/kg was
chosen due to previous studies demonstrating that this dose increased blood flow but did not
result in a significant decrease in contusion size (Cherian et al., 2003; Cherian and
Robertson, 2003; He et al., 1995). The left femoral vein was exposed by shaving the
anesthetized rat’s hindlimb and thoroughly swabbing the area with alcohol. Through a small
incision and with the aid of a dissecting microscope, L-arginine or vehicle (sterile 0.9%
saline) was injected into the left femoral vein with a 27.5 gauge needle. The hindlimb
incision was then sutured, and topical analgesics and antibiotics were applied.
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4.5 Measures of Forelimb Function

Behavioral measures of forelimb function were administered on day O (pre-injury and
injections) to achieve a baseline, then on days 2, 4, 7, 10,14, 21, and 28 post-injury.

4.5.1 Foot Fault Test—Forelimb coordination was examined using the Foot Fault Test.
Rats with a unilateral injury to the FL-SMC exhibit deficits in forelimb coordination
contralateral to the injury (Hernandez and Schallert, 1988; Minnich et al., 2010). The rat was
placed on a grid made of test tube racks covering an area of 33.02 x 25.40 x 7.62 cm and
with openings of 2.54 cm for 4 min. During that time, the number of left and right forelimb
“faults” were counted. In order to be considered a “fault” the rat’s forelimb had to fall
completely through the 2.54 cm opening. The number of steps the rat took on the grid was
also counted during this time. Percent contralateral forelimb faults score was calculated
using the following formula: [Contra faults-Ipsi faults/steps]*100.

4.5.2. Limb Use—Limb Use observations were made to examine the symmetrical use of
the forelimbs during weight bearing exploratory movements. Rats with unilateral lesions to
the FL-SMC typically develop a preference for the forelimb ipsilateral to the injury for
exploration and prefer not to use the affected, contralateral forelimb (Kozlowski et al., 1996;
Minnich et al., 2010). Limb Use was performed in a 22.86 x 37.46 x 24.13 cm Plexiglas
platform. The rat was placed in the platform and videotaped for 5 minutes. The videotape
was then observed in slow-motion and incidences of right and left forelimb use for weight-
bearing exploratory behaviors were recorded. Data was collected for the following
behaviors: rears, in which both forelimbs leave the ground and the rat is at least half way up
to a standing position (with and without touching the wall), exploring the wall in either
horizontal or vertical movements, and lands onto the floor of the platform following
exploration. Ipsilateral preference was first calculated by adding the vertical and horizontal
wall behaviors with the ipsilateral limb to obtain wall preference; while a total ipsilateral
preference was obtained by adding each individual behavior with the ipsilateral limb(rears,
rears before a wall, vertical wall, horizontal wall, lands, and total behavior). A percent
Ipsilateral forelimb preference was obtained by taking the sums and dividing by
contralateral and ipsilateral limb use (i.e. total limb use) for that behavior, and multiplying
by 100 to achieve percent ipsilateral forelimb preference ([1/1+C]*100). This percent
ipsilateral forelimb preference was calculated and analyzed for Wall behaviors and Total
behaviors separately.

Behavioral observations were completed in all groups except for the Sham+AdGDNF
+Vehicle group. This group was added later to study the differences in virally-mediated
GDNF protein expression. Previous work in our lab has demonstrated that AAGDNF does
not affect the behavior of uninjured rats on these two behavioral tests (Minnich et al., 2010).

4.6 Histology

Twenty-eight days post-injections and CCI the rats were sacrificed by cardiac perfusion with
0.9% saline followed by 4% paraformaldehyde in phosphate buffered saline (PBS). Once the
brains were post-fixed at 4°C, and cryoprotected in 30% sucrose in PBS, they were sliced
serially into 40 um coronal sections in sets of 6, spaced 240 um apart.

4.6.1. Contusion Size Analysis—Measurements of contusion size were obtained by
measuring the volume of remaining cortex in H&E stained sections (Minnich et al., 2010).
Measurements were conducted in eight sections between 2.7mm anterior to bregma until
2.7mm posterior to bregma. These sections were analyzed using NeuroLucida Software
(MicroBrightfield, Williston VT) and a Leica Microscope. For each section, a contour was
drawn around the remaining cortex of one hemisphere of the brain using a low power
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objective and an area obtained. For Shams, a random hemisphere was chosen. For injected
Shams and injured rats, the injured or injected hemisphere was chosen. The area of
remaining cortex for each section was obtained, added, and multiplied by the distance
between successive sections in the set (240um) to obtain total cortical volume mms3,

4.6.2. GDNF Immunohistochemistry—In order to detect the presence of the virally-
induced GDNF protein in the brain tissue of AAGDNF injected rats, GDNF
immunohistochemistry (polyclonal rabbit anti-human GDNF (R&D Systems, Minneapolis,
MN) 1:250 in 1% NGS, 1% BSA, and 0.5% TX-100 in PBS) was performed as previously
described (Minnich et al., 2010). Sections without primary antibody were also processed to
verify specificity of staining. Verification of GDNF protein expression was achieved
qualitatively using light microscopy.

4.6.3. GFP Expression—GFP expression was measured qualitatively by mounting one
set of sections onto slides and coverslipping with FluorSave (Calbiochem, LaJolla, CA).
GFP fluorescence was examined in these sections using a Leica fluorescent microscope with
a FITC filter.

4.7 Quantitation of Virally-mediated GDNF Protein Expression

To quantitatively examine the effects of L-arginine on the expression of virally-mediated
GDNF protein, a separate group of rats was given a CCl, AAGDNF injection and L-arginine
as above (CCI+AdGDNF+L-arginine, n=5) and compared to another group of rats given a
CCI+AdGDNF but no-L-arginine (n=5). One week post-injury the rats were sacrificed by
COy, inhalation. The cortical area around the injury was quickly dissected, weighed and
snap-frozen in liquid nitrogen. Control tissue consisting of the contralateral homotopic
cortex and cerebellum from each rat was also dissected, weighed and snap frozen. All tissue
was stored at—80C. Protein isolation and GDNF Elisa was performed as described
previously (Kozlowski et al., 2001; Minnich et al., 2010). The amount of GDNF protein (ng/
ml) of tissue was calculated.

4.8 Statistical Analysis

A one-way ANOVA and Fisher’s protected LSD post-hoc tests were performed on
contusion volume and GDNF ELISA data. A repeated measures, one-way ANOVA and
Tukey-Kramer post-hoc tests were performed on behavioral data. For contusion volume and
behavioral data, planned comparisons were first conducted to demonstrate that there were no
differences in Sham groups and no differences in the control groups which received CCI,
specifically (CCI+AdGFP, CCI Only and CCl+Vehicle). When no significant differences
were found, the groups were pooled and labeled “Sham” or “CCI” respectively. Data are
presented as mean + SEM. Virally-mediated GFP and GDNF expression was examined
qualitatively.
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Figure 1.

Combining AdGDNF and L-arginine Significantly Reduces Contusion Size. A) Coronal
section of an animal that received a CClI, but received no treatment post injury. B) Animal
received a CCl and was treated with AAGDNF and L-arginine immediately post-injury
resulting in a significantly smaller contusion. CCl=Contusion cavity; CC = Corpus
Callosum; ST=Striatum; LV= Lateral Ventricle; Scale bar (A&B) = 250um C) VVolume of
Remaining Cortex - Animals treated with AAGDNF and L-arginine post-CCl had
significantly smaller contusions (greater amount of remaining cortex) than animals in the
CClI group, which did not receive any treatment; as well as injured animals treated with
AdGDNF or L-arginine alone (*p<0.05 significantly different from sham; fsignificantly
different from CCI, CCl+L-arg, CClI+AdGDNF p<0.05)
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Foot Fault Test. All CCI groups had significantly larger deficits in motor coordination than
the Sham group (*p<0.05), yet there were no significant differences between the CCl
groups. These deficits began to recover over time but did not reach uninjured Sham levels
by day 28.
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Figure 3.

Total Ipsilateral Forelimb Preference. Injured animals treated with ADGDNF, L-arginine, or
both preferred the ipsilateral forelimb when compared to Shams (*p<0.05). There were no
significant differences between the CCI groups.
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Figure 4.

Wall Ipsilateral Forelimb Preference. Injured animals that received no treatment, treated
with AJGDNF, L-arginine, or both preferred the ipsilateral forelimb when compared to
Shams (*p<0.05). There were no significant differences between CCI groups.
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Figure 5.

GDNF expression —GDNF protein expression is robust in Sham animals one week post-
injection, producing a penumbra of staining (outlined area in A) and significant numbers of
GDNF+ Cells (B). Following injury, GDNF expression decreases significantly, with slightly
more expression seen in the animals treated with ADGDNF+L-Arginine (C) versus
AdGDNF alone (D). Following injury, GFP+ Cells are still present surrounding the
contusion cavity (E). Scale bar - A,C, D, &E = 250um; B=25 um. Arrows point to GDNF
penumbra and or GDNF+cells. LV=Lateral Ventricle; CC = Corpus Callosum;
ST=Striatum; CTX =Cortex; CCl=Contusion cavity
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