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Specific Aims
Advancements in both neuroscience and engineering have provided neurosurgery with new paradigms for
the restoration of neural function. In particular, the dual emergence of accurate stereotaxis and deep brain
stimulation (DBS) have generated a revolution in the application of targeted neuromodulation. DBS allows for
focused reversible inhibition of neural function, while advanced generation computers have made precise
targeting and safe implantation through stereotaxis possible. Targeted neuromodulation is currently applied to a
variety of movement disorders (1), but has shown the potential to provide novel treatments for epilepsy, eating
disorders, obsessive compulsive disease, and pain (Appendix C). Nonetheless, because DBS depends on the
focused delivery of electric current, it is incapable of pharmacological specificity and requires electronic neural
prostheses that carry a significant complication rate.
Viral gene therapy has several advantages over DBS for the treatment of central nervous system (CNS)
diseases. Rather than delivering electric current, viral vectors can alter synaptic function with molecular
specificity. For example, delivery of the preproenkephalin gene to sensory neurons inhibits pain (2). Further,
the genes for dopamine producing enzymes can correct models of Parkinson’s disease (3). Viral vectors can
also be constructed to deliver transgenes capable of promoting neuronal survival. For example, viral-mediated
induction of glial derived neurotrophic factor and nerve growth factor are protective in models of Parkinson’s
(4) and Alzheimer’s disease, respectively (5).
In addition to molecular specificity, vectors may be delivery to specific neuronal populations. Our recent
data suggest that peripheral nervous system (PNS) injection of the adenoviral and adeno-associated viral
vectors (rAAV) results in segmental delivery of recombinant genes to spinal cord sensory and motor neurons
(6-8). Further, vector tropism can be modified to alter cell type tropism, creating the potential for system
specific neuronal gene delivery (9). The experiments outlined in this proposal attempt to develop a vector
capable of both neural tropism and neuromodulation. To test these concepts, we propose to develop a
recombinant adeno-associated virus (rAAV) capable of synaptic inhibition and motor neuron tropism.
We have chosen the spinal reflex arc as a simple mammalian functional system amenable to
neuromodulation. In addition, the functional disorder, spasticity, provides a target for the study of applied
neuromodulation. The simplicity of the spinal reflex arc provides the potential for a better understanding of the
mechanisms underlying gene-based neuromodulation. We hypothesize that an rAAV vector capable of specific
motor neuron inhibition will have therapeutic efficacy in animal models of spasticity. In addition to providing
a novel approach to spasticity, data from these studies will permit the rational design of rAAV vector(s) for
application to motor neuron disease (ALS) and stereotactic neuromodulation. There are three aims:
1. CONSTRUCT NOVEL VECTORS CAPABLE OF FOCUSED SYNAPTIC INHIBITION.
The light chain of TeTx has been shown to selectively block neural transmission via intracellular protease
activity. Truncation of the wildtype toxin prevents this transgene from producing an active neurotoxin.
a. Produce first generation adenovirus (Ad.RSVTeTxLC) containing an expression cassette of the 1.9 Kb
TeTx LC under the control of the rous sarcoma virus (RSV) promoter by Cre-Lox in vitro recombination.
b. Assay for TeTx activity in neuronal (SH-SY5Y cells) and nonneuronal cell lines (3T3 cells) infected
with Ad.RSVTeTxLC using a rapid fluorescence based assay.
c. Evaluate hindlimb motor function of rats following lumbar spinal cord and sciatic nerve
Ad.RSVTeTxLC injection for proof of principle and evaluate the potential for pulmonary or hepatic
toxicity.
d. Construct an rAAV vector for the delivery of TeTxLC (rAAVRSVTeTxLC).
2. DEVELOP STRATEGIES FOR TARGETED MOTOR NEURON DELIVERY OF rAAV
ANTISPASTICITY TRANSGENES.
Enhanced neural uptake of rAAV-2 can be achieved through manipulation of the cap gene protein VP1.
a. Construct mutants of the rAAV cap gene in pIM29-45 by inserting candidate peptides at aa34 of the
VP1 protein.
b. Evaluate the capacity of these strategies to enhance rAAV gene delivery to spinal cord motor neurons
using in vitro and in vivo assays.
3. EVALUATE THE EFFICACY OF CANDIDATE TRANSGENES AND MOTOR NEURON
TROPISM IN ANIMAL MODELS OF SPASTICITY.
Severity of spasticity will be evaluated in animals that have undergone spinal cord injection of viral vectors
carrying antispasticity transgenes; Glutamate decarboxylase (GAD) and TeTxLC.
a. Evaluate the effect of sciatic nerve injections of rAAVGAD and rAAVTeTxLC on the spastic mouse
model of spasticity using behavioral and anatomical assays.
b. Evaluate the effect of sciatic nerve injections of rAAVGAD and rAAVTeTxLC on spinal cord contusion
induced spasticity in Sprague-Dawley rats using behavioral and electrophysiological assays.
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c. Construct and assay the activity of targeted rAAV for the delivery of antispasticity genes.
Background and Significance

Background for Gene Transfer to the Nervous System
Several vector systems have been used for gene transfer in vivo including adenovirus, herpes simplex
virus (HSV), rAAV and lentiviruses. The existence of standard techniques for gene insertion and deletion (10)
allows for viral attenuation preventing vector replication, as well as the addition of potentially therapeutic
genes. Vectors constructed with adenovirus (11), HSV (12, 13), AAV (14), and lentivirus (15) can effectively
transduce neurons, suggesting these vectors may be applied to the treatment of neurological disorders.
Adenovirus
To date, most work in the nervous system has been performed with adenoviruses. Davidson and
coworkers utilized an adenoviral vector carrying the hypoxanthine-guanine phosphoribosyltransferase
(HGPRT) gene to correct enzyme deficits in a mouse model of Lesch-Nyhan syndrome (16). Adenoviral
vectors have been used to deliver neurotrophic factors to motor neurons. Using an axotomy model for
progressive motor neuron loss, two groups successfully attenuated cell loss with BDNF, CNTF, and GDNF. In
each case the growth factors were delivered to the injured motor neurons via retrograde transport following an
intramuscular injection of the appropriate adenoviral vector (17, 18).
We have reported adenoviral gene transfer to motor neurons via direct injection into the spinal cord (6,
19) or via retrograde transport (20, 21). One limitation of adenoviral vectors in our own work (6, 19-21) and
that of others (14, 16) is the three week time course of expression. The termination of adenoviral gene
expression may depend on cytolytic or noncytolytic mechanisms. Cytolytic termination of gene expression
could result from direct viral toxicity (22) or the action of immune mediators (23). The immune response to
viral vectors is biphasic with an early response to the viral capsid proteins. This phase of the reaction involves
activation of microglia, CD4+ T cells, and macrophages (24). In a later phase of the inflammatory response,
CD8+ T cells respond to viral proteins presented to MHC class I molecules in transduced neural cells (26).
Remote delivery is likely to limit the early phase of the inflammatory response in the CNS by eliminating viral
capsid proteins from this region. However, leaky expression of viral proteins, even from replication-defective
vectors, could still trigger a late phase CD8+ response resulting in neural cell death. Nonetheless, our
laboratory has documented motor neuron survival following in vivo gene transfer in the remote delivery
paradigm (27). This finding suggests that a noncytolytic mechanism is responsible for the termination of gene
expression. Because immunosuppression prolongs gene expression, we suspect that inflammatory cytokines
terminate gene expression at the level of promoter regulation.
The recent work of Lowenstein and colleagues suggests that the early stage of immune response to CNS
injection of first generation adenoviral vectors is limited in duration and functionally insignificant. The later
stage of inflammatory response within the nervous system only occurs when the immune system has been
sensitized to adenoviral gene products through expression in non-CNS environments. Thus, prolonged
expression of first generation adenoviral transgenes is possible if vector administration can be confined to the
CNS. Advanced generation adenoviral “gutted” vectors do not appear susceptible to this peripheral
sensitization dependent shutdown. This finding suggests that leaky expression of viral genes is responsible for
the termination of CNS expression in first generation vectors (Lowenstein, personal communication). The
difficulty in achieving prolonged CNS expression with first generation has motivated us to develop advanced
generation vector strategies for motor neuron gene delivery.
Adeno-associated Virus (AAV)
Unlike lenti and herpes based vector systems, AAV is a parvovirus that has not been linked to any
human pathological processes (28). The AAV capsid has no envelope and is 20-25 nm in diameter. It contains
a 4680 base single stranded DNA genome (29). The viral genome integrates into host cell chromosomes. The
AAV genome has been detected as a single integrated copy in two experiments (30, 31). Nonetheless, multiple
copy integration has been demonstrated and some authors suggest that the genome can exist in host cells
without integration (32). The integrated AAV remains in a latent state until the host cell is infected with either
an adenoviral or herpes helper virus. The presence of genes from the helper virus allows wildtype AAV to
enter a lytic cycle (33).
rAAV vectors contain only 4% of the wild-type genome. The remaining DNA consists of the inverted
terminal repeat sequences (ITRs) at the 5’ and 3’ ends (34). The native DNA encodes seven genes in 2 open
reading frames, including 3 cap structural proteins, and 4 rep proteins. In order to create rAAV, one must
transfect cells with an AAV packaging plasmid containing rep and cap in the absence of ITRs and an AAV
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vector plasmid containing the expression cassette cloned between ITRs. The remaining genes necessary to
trigger a lytic cycle can either be provided by a helper virus or an adenoviral helper plasmid. The latter
contains the VA, E2A, and E4 genes under the control of their adenoviral promoters (35).
rAAV can infect a broad range of cells in multiple species including human, non-human primate,
canine, murine, and avian cells. It can transduce both dividing and non-dividing cells. This latter characteristic
lends rAAV to application in the CNS. rAAV can selectively transduce neurons (36) with gene expression in
the spinal cord present up to one year following direct injection of type 2 rAAV(37). Duration of gene
expression can vary depending on the promoter utilized and the specific neuroanatomic location of delivery.
Klein noted an early loss of expression in the hippocampus of rats injected with a CMV driven rAAV transgene
(38). Mandel and colleagues showed that fusion of the CMV promoter with the human beta-globin promoter
prevented early shutdown of gene expression, allowing expression beyond one year (39). The neuron specific
enolase (NSE) promoter provides a means of targeting gene expression to neurons with gene expression
observed 19 months after injection (38). With the NSE promoter, neuronal gene expression is present in
different types of neurons including GABAergic, cholinergic, and dopaminergic cells (38). In parallel,
application of the myelin basic protein promoter enhances gene expression in the white matter above the levels
seen with CMV, NSE, or GFAP promoters (14).
Of the 6 serotypes of AAV, the application of AAV2 to the nervous system has been studied in the
greatest depth. AAV2 appears to be taken up selectively by neurons (our preliminary and proposed
experiments utilize AAV2, see Preliminary Data Figs. 11-15, 18). In non-neuronal in vitro systems, AAV2’s
uptake depends on binding to heparin sulfate proteoglycans (40). Our own data (see Preliminary Data) and that
of others suggest that CNS injection of AAV2 has no deleterious effects on tissue. Chamberlin and colleagues
were unable to detect microglial infiltrates or gliosis in transgene expressing tissue (41). In a series of
behavioral experiments, amphetamine caused similar locomotor effects and stereotyped behaviors in rats
following AAV versus control substantia nigra injections (14).
The absence of destructive effects on tissue has laid the groundwork for the therapeutic use of AAV in
the nervous system (3). For example, 2 approaches are currently being used for the treatment of Parkinson’s
disease. The first approach involves rAAV-mediated delivery of critical enzymes in the dopamine synthetic
pathway including tyrosine hydroxylase, GTP cyclohydrase, and aromatic amino acid decarboxylase while the
second approach involves the delivery of neurotrophic growth factors aimed at preventing nigral degeneration
(3). rAAV has also been applied to other models of CNS injury. Mandel (42) demonstrated that the delivery of
NGF and BDNF with rAAV2 injected into the basal forebrain prevents the loss of cholinergic neurons induced
by fornix lesions. Similarly, the delivery of BDNF to the spinal cord using rAAV protects rubrospinal neurons
from atrophying following spinal cord injury (43). Alternatively, the rAAV-mediated delivery of antisense
sequence has the capacity to reduce expression of genes and alter neural functional properties. Xiao reports that
the expression of antisense sequence of the alpha 1 subunit of the GABA receptor in the inferior colliculus
reduces GABA ligand binding and increases seizure activity (44).

AAV Configured for Selective Motor Neuron Uptake
Recently several investigators have made progress in understanding the mechanism underlying the
native tropism of the 6 AAV serotypes. The capsid of AAV derives from 3 cap genes that encode structural
proteins VP1, VP2, and VP3. The C-terminal regions of these proteins end in a beta barrel conformation and
constitute the protein coat of the virus. The loop structures and N terminus of the virus plays a role in the
interaction of the capsid with the internal viral DNA and the external environment (45). VP1 and VP2 make up
5% of the capsid while VP3 makes up the remaining 90% (46).
The current application proposes experiments aimed at studying manipulation of the rAAV coat in order
to enhance the vector’s CNS tropism. There are 6 sites capable of accepting foreign epitopes or ligands that
might alter viral tropism without affecting DNA packaging or infectivity (9). These sites include the N
terminus of VP1 near aa34, the N terminus of VP2 near aa138, the loop I region (aa266), the loop IV region
(aa447 or 591), or the loop V region (aa664). The tissue tropism of AAV can be targeted by attaching peptides
at these sites. Wu and colleagues inserted the serpin ligand at the N terminus of VP1 and VP2. Lung epithelia,
which express the serpin receptor, were infected by the targeted virus containing the serpin ligand. Infectivity
increased 62 fold over cells infected with wild-type AAV (9). In parallel, Bartlett and colleagues utilized a
bispecific antibody recognizing both the megakaryocyte-specific cell surface receptor integrin and the AAV
capsid to increase the ability of AAV to infect CD34 megakaryocytes (47). Girod cloned the L14 ligand known
to bind to several integrins into the six loops of the cap proteins. Three of these mutants expressed L14 on their
surface and one was noted to infect AAV resistant cells (48). Thus, the groundwork has been laid for targeted
AAV delivery.
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Two strategies exist to target rAAV gene delivery to motor neurons,. The first attempts to link
neurotropic proteins to VP capsid protein external residues. The second is to create a series of chimeric
viruses expressing small neurotropic peptides on the viral capsid. The first strategy has the disadvantage of
requiring the production of chimeric antibodies (Ab) to the surface of rAAV and an extra step in the production
of rAAV for application. Nonetheless, this strategy allows for the use of relatively large ligands without
concern for the kinetics of DNA packaging. Similar chimeric monoclonal Abs have been created for the
targeting of adenoviral vectors (49). In this strategy, monoclonal Fab fragments are covalently linked to a
ligand for which there is a known receptor. Rogers and colleagues have exploited this approach to target
adenoviral vectors carrying oncolytic transgenes to tumors expressing receptors for the growth factors (50, 51).
Two candidate proteins exist for the production of chimeric monoclonal Abs. The first is the rabies G
protein, which is 505 amino acids (AA) in length and is 50 kDa in size. The rabies virus is an enveloped,
nonsegmented, RNA rhabdovirus. The virus penetrates the nervous system through uptake into PNS terminals
and retrograde axonal transport (52). Initial viral replication occurs in primary sensory and motor neurons. The
rabies virus expresses one protein on its lipid envelope that is thought to mediate viral tropism via specific
binding to cell surface receptors. This protein is known as the G glycoprotein. G glycoprotein is approximately
500 amino acids (aa) integral transmembrane protein (53). The external domain contains two immunodominant
conformational sites: site II and site III (54, 55). Site III is necessary for membrane penetration and neuronal
specificity. This site spans aa 330-338. Lysine 330 and Arginine 333 of G glycoprotein are basic residues that
play an important role in binding to the acidic p75-NTR protein (56). Homology between G glycoprotein and
α-bungarotoxin and d-tubocurarine suggest that the nicotinic acetylcholine receptor also plays a role in rabies
uptake (57). NCAM may be another cell surface receptor that bind the G glycoprotein (53). Our strategy to
develop a G glycoprotein-containing AAV vector is discussed in the Methods section of this proposal.
The second protein fragment that has documented motor neuron tropism is the C-fragment of BoNT
which is a 41 kDa fragment of the 900 kDa holotoxin (58). The sequences of the holotoxins for the genes of the
various BoNT serotypes are well documented. The C-fragment of BoNT varies throughout the 7 serotypes of
botulinum with 35% sequence homology between some types (59). The major receptor for these molecules are
surface gangliosides, GT1b and GQ1b, and show selective binding to motor neurons in spinal cord explant
cultures(60).
The construction of rAAV viruses that express small neurotropic peptides on their capsid surface may
be superior to the first strategy as it eliminates the step of producing chimeric monoclonal Abs. Since the
production of rAAV requires separate transfection of viral packaging cell lines with a helper plasmid (pXX2 or
pIM29-45) and a shuttle plasmid carrying the expression cassette, production of mutant pIM29-45 with
insertion of small neurotropic peptides would allow for flexibility in packaging various neurotherapeutic
transgenes. Muzycka and colleagues have shown that peptides ranging from 5-10 AA in length can be inserted
into the cap gene to create mutant pIM29-45 that remain capable of packaging viral DNA and maintain
infectivity (9).
We have identified several candidate short peptides with inherent neurotropism. The first peptide group
are snake venom neurotoxins. Toxins from the family Elapidae (cobras, kraits, mambas) and Hydrophidae (sea
snakes) bind the acetylcholine receptors (AchR) with high affinity. These toxins have a high degree of
sequence homology with the rabies G protein. Short toxins ranging from 60 to 62 aa in length are the focus of
our investigation (57). A second group of neurotropic peptides have been identified in the toxins of scorpions
and sea snails. These toxins bind to neuronal ion channels including the voltage gated Na+ channel and K+
channel. They are both approximately 30 aa in length (61, 62).
Short peptide neurotransmitters represent a third group of potentially neurotropic peptides. These
neurotransmitters exist throughout the nervous system and are distributed in a system specific fashion (63).
Thus, rAAV expressing short neurotransmitter peptides may be capable of utilizing the synaptic machinery for
peptide neurotransmission to bind target neurons. Calcitonin Gene Related Peptide (CGRP) is present in up to
90% of spinal LMNs (64). CGRP is 37 aa in length. Lastly, the neurotropism of coronavirus responsible for a
variety of encephalitic conditions is thought to derive from a decapeptide sequence expressed between two
coiled-coil sequences on the surface of the coronavirus (65). These latter candidate peptides could be utilized
in the event that toxin based approaches alter DNA packaging or fail to provide adequate motor neuron uptake.
Construction of the targeted rAAV vector and other vectors is supported by the University of Michigan
Gene Therapy Center Vector Core. Success in vector construction with the Gene Therapy Center is well
documented by our publications (6, 7, 66) and Preliminary Data.

Spasticity Overview
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Lance (67) describes spasticity as a motor disorder characterized by a velocity-dependent increase in
muscle tone (tonic stretch reflexes). Minor spasticity can cause pain and disability, while severe spasticity can
result in musculoskeletal deformity. The broad impact of spasticity derives from its association with multiple
disease processes. Spasticity occurs most frequently in cerebral palsy, multiple sclerosis, stroke, spinal cord
injury, and head trauma (68).
Studies conducted by Sherrington on decerebrate cats created a framework for understanding the
neurophysiology underlying spasticity in the late 19th century that allowed for the development of surgical and
pharmacologic treatments of the syndrome (69). Sherrington demonstrated that the loss of upper motor neuron
input to spinal and brainstem reflexes resulted in a state of disinhibition.
Because of its simplicity both the neuroanatomy and physiology of the spinal reflex arc are well
understood. This understanding has defined possible sites for the pathophysiology of spasticity. The reflex
control of motor function depends on multiple sensory inputs, multiple synaptic mechanisms, and multiple
motor outputs. Regulation of muscle tone depends on input from muscle spindle organs that detect change in
muscle length and Golgi tendon organs that detect muscle tension (70, 71). The primary sensory neurons
transducing these signals reside in the dorsal root ganglion (DRG) and project to lower motor neurons (LMNs)
through mono- and polysynaptic connections. Polysynaptic connections involving inhibitory spinal
interneurons allow for the creation of reciprocal inhibition, wherein antagonistic muscle groups are prevented
from simultaneous contraction. Thus, spindle associated sensory fibers simultaneously stimulate motor neurons
capable of initiating a reflex contraction that resists the muscle stretch, and inhibit the motor neurons of muscles
that might prevent that contraction. In contrast, golgi associated fibers project entirely to motor neurons
through inhibitory interneurons resulting in an inhibition of contraction in the muscle under tension (72).
Importantly, inhibitory interneurons may act through either presynaptic or postsynaptic inhibition.
Two forms of motor neurons receive golgi and spindle input; α and γ cells. α-motorneurons project to
extrafusal muscle and control the neuromuscular connection to the majority of striated muscle. γ-motorneurons
innervate intrafusal muscle fibers within the muscle spindle and control the organ’s sensitivity by adjusting the
tension and hence sensitivity of the fibers within the spindle (73).
Thus, there are a limited number of sites within the reflex arc where spasticity might occur. First,
spindle associate afferents may lose either presynaptic inhibition or reciprocal inhibition. Alternatively, golgi
associated inhibitory activity may be reduced. Alterations in spinal interneuron activity may also result in
spasticity. For example, loss of activity in the Renshaw interneurons thought to mediate reciprocal inhibition
can trigger spasticity. Finally, increased motor output in either α or γ neurons can trigger spasticity (74). While
increased γ motor output has historically been thought to be responsible for spasticity, evidence exists to
support a multifactorial mechanism (75).
The balance of these mechanisms determines the resting tone of muscle, as well as its response to
passive and active movement. Supraspinal input from upper motor neurons (UMNs) controls this important
balance. It is likely that the corticospinal tract cooperates with both the reticulospinal and vestibulospinal tracts
to govern muscle tone. The corticospinal tract stimulates both α-motorneurons as well as inhibitory
interneurons. The dorsolateral reticulospinal tract is, itself, largely inhibitory. Thus, damage to the dorsal
spinal cord damaging both corticospinal and dorsolateral reticulospinal pathways profoundly shifts the balance
of motor tone by eliminating inhibition (76,73, 77).
Finally, spasticity is not the result of an immediate alteration in the balance of supraspinal control of
spinal reflex arcs (77). The development of spasticity is often preceded by a phase of spinal shock during
which muscles are areflexic and lack tone. The clinical presentation of spasticity may occur weeks after the
insult that triggered it (78). Various mechanisms may contribute to the timing of onset of spasticity. Dietz (78)
postulates that spinal shock may involve a reversible reduction in activity of the α or γ motorneurons during the
period that immediately follows loss of supraspinal input. Thus, the delayed onset of spasticity may reflect the
gradual resolution of spinal shock. In contrast, evidence exists for the gradual development of GABA receptor
supersensitivity following loss of supraspinal input suggesting a progressive loss of inhibition (79).

Treatment of Spasticity
The pain, functional deficits, and secondary musculoskeletal deformities caused by spasticity are all
indications for treatment. Chronic pain can result from flexor spasms in the affected limbs. Patients with
preserved limb function may experience improved ambulation and arm function with alleviation of spasticity.
In nonambulatory patients, profound spasticity can create difficulties with nursing care including difficulty with
patient hygiene as well as bed to chair and bed to bed transfers. Finally, chronic spasticity may result in an
exacerbation in decubitus ulcers and tendon contractures.
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The simplicity of the spinal reflex arc has allowed for the development of multiple therapies, though
each of these carries inherent disadvantages. Current therapies of spasticity include pharmacological and
surgical interventions, physiotherapy, and implantable drug delivery systems. Drugs targeting the GABA
system, baclofen and diazepam, constitute the majority of pharmacological therapy for spasticity. The second
class of antispasticity agents are adrenergic including Tizanidine and clonidine. The application of both
adrenergic and GABAergic antispasticity drugs is limited by general CNS depression, and may be complicated
by liver toxicity.
Botulinum toxin (type-A) represents an alternative approach to the treatment of spasticity. Clostridial
neurotoxins (CNTs) are zinc proteases that act by disabling the intracellular machinery for synaptic vesicle
binding necessary for the release of neurotransmitters. The toxins are translated as a single 150 kDa
polypeptide chain that is cleaved into a light and heavy chain linked by a disulfide bond. The heavy chain is
responsible for neurospecificity and membrane translocation. Botulinum toxin (BoNT) is highly specific for
cholinergic LMNs, while tetanus toxin (TeTx) is specific for inhibitory spinal interneurons. The light chain is
responsible for catalytic cleavage of a protein component of the SNARE complex responsible for synaptic
vesicle docking in the axon terminal. Currently, BoNT-A is approved by the FDA for use in the treatment of
strabismus, blepharospasm, and hemifacial spasm. Nonetheless, the toxin is being used off-label for multiple
conditions including spasticity. The use of BoNT is limited by the need for repeated dosing due to the
transience of the toxin’s effect. Cholinergic synaptic function recovers when the protein toxin has been
metabolized and new SNARE complexes are synthesized. The formation of antibodies to the BoNT can limit
the use of repeated injections. Diffusion of BoNT to neighboring muscles may result in weakness in muscles
not targeted. In the case of strabismus, this effect may result in transient ptosis (80).
Surgical treatment of spasticity has focused on ablation of various components of the spinal reflex arc
and may be conducted on the spinal cord itself or the peripheral nervous system. These procedures either
interrupt the afferent side of the spinal reflex arc, as in the case of selective dorsal rhizotomy, or damage the
peripheral nerve, as in the case of radiofrequency rhizotomy. While these procedures provide treatment options
for patients with refractory spasticity, they all rely on destruction of neural structures in order to be successful
(68). The implantation of intrathecal pumps for the delivery of baclofen provides an alternative to ablative
procedures. Since FDA approval in 1992, 11,000 baclofen pumps have been implanted (Medtronic personal
communication). The application of pumps has been limited by the high (33%) incidence of hardware related
complications, anatomical limitation to the lumbar spinal cord, and high maintenance (68). Thus, all current
therapies of spasticity bear significant limitations.

Why Attempt Gene Therapy of Spasticity?
For the purposes of the current proposal, spasticity provides a model system in which to develop
strategies for neuronal targeting of gene based synaptic inhibition. The relative functional simplicity of the
spinal reflex arc provides an excellent mammalian model for interrogating the mechanisms of gene based
neuromodulation. However, gene therapy possesses inherent advantages for clinical application to spasticity.
While a variety of pharmacological and surgical approaches to spasticity exist, each carries associated
complications and side effects. Adeno-associated viral gene therapy has the potential to create a long-lasting
motor neuron-specific attenuation in spasticity without ablating neural structures. All of the currently existing
pharmacological treatments for spasticity with the exception of BoNT-A lack anatomic specificity, and are
therefore limited by CNS depression. Surgical approaches with the exception of intrathecal pumps are ablative.
These approaches carry the risk of weakness and sensory loss and are inherently irreversible. Current
neurosurgical interventions with reversible effects carry the inherent disadvantages of implantable devices
enumerated above. BoNT has provided a strategy for the treatment of spasticity that is motorneuron specific
and nonablative. However, the need for repeated administration of an immunogenic protein has limited its
utility.
Viral gene transfer into the spinal cord represents an alternative approach with the ability to manipulate
the machinery of neural transmission in selected target cell types without altering anatomy or damaging neural
tissue. Furthermore, inducible promoters create the potential for controlled production of transgenes. As
discussed above, intraparenchymal injections of adenovirus, herpes, rAAV, and lentiviral vectors result in gene
product expression in both neurons and glia (6, 40, 81-83). The limited time course of transgene expression by
early generation adenoviral and herpes vectors as well as the inflammatory response to viral expression restricts
application of these vectors to human disease (6, 84). Nonetheless, the inflammatory response to CNS viral
gene delivery may be eliminated by preventing antigen presentation outside the nervous system (27, 85). In
addition, application of advanced generation vector systems including lentivirus, rAAV, and gutted adenovirus
have the potential to substantially prolong gene expression in the nervous system without inducing
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inflammatory damage (86, 87). Also, importantly the combination of advanced generation vector systems with
controllable promoter systems creates the potential for long term regulated gene delivery in the CNS. Kafri et
al (88) have demonstrated high efficiency control of gfp expression in the brains of immunocompetent rats
using the Tet-induceable system.
Remote injection of viral vectors into the PNS or adjacent tissue for selective transport into the CNS
represents a minimally invasive alternative to direct spinal cord injection (7, 66). This approach affords many
advantages: cell selectivity, decreased inflammation, absence of direct injections into an already compromised
CNS and easy accessibility. In addition, motor neuron specificity and axonal uptake can be enhanced by
targeting the vector capsid. As discussed, a variety of targeting strategies exist including covalently modifying
a vector capsid (49), altering the capsular genes of a vector (48), and pseudotyping membrane encapsulated
vectors (83). Both remote delivery and motor neuron vector targeting are relatively unexplored and the focus of
the current application.

Animal Models of Spasticity
The study of human spasticity benefits from an array of animal models for spasticity. The majority of
animal experiments on the physiology of spasticity have focused on traumatic models of decerebration and
spinal cord injury. However, both inflammatory and genetic models of spasticity exist. The optimal
application of antispasticity gene therapy to multiple sclerosis, cerebral palsy, spinal cord injury, and brain
injury patients may require variations in vector and transgene selection. Models vary in preparatory difficulty,
as well as appropriate assays for spasticity. Genetic models can be easily bred or purchased, while traumatic
models must be surgically induced. However, the latter model provides the advantage of behavioral and
electrophysiologic analysis of spasticity in a larger animal preparation.
Several feline and rodent models of traumatic spasticity have been explored. Traumatic spasticity
models differ in the level at which the lesion is made, the type of lesion made, and the species in which the
model is applied. The majority of traumatic spasticity models have been conducted in cats. In these animals,
decerebration can be performed via a stereotactic disconnection of descending tracts with a precollicular
incision that separates the midbrain from the diencephalon (89). Alternatively, lesions can be made in the
cervical, thoracic (90), and lumbar (91) spinal cord. Spinal cord injuries for the purpose of studying spasticity
have largely been incomplete. Injuries can be induced by microsurgical sectioning of selected quadrants of the
spinal cord (92), or can be induced by graded weight drop contusion models (93). In some cases, spinal cord
ischemia induced either by aortic cross clamp (94) or intraaortic balloon inflation (95) has been used to induce
spasticity. None of the animal models of spasticity are absolutely precise in the degree of spasticity generated.
However, traumatic models do allow for a grading in the severity of spasticity. The degree of injury induced by
a weight drop model can be reliably adjusted by changing the force transduced into the spinal cord (93).
Likewise, microsurgical resection of spinal cord tracts can be graded. However, the consistency of injury
severity in these models will vary significantly with the skill of the surgeon inducing the lesion. In particular,
damage to cord vascular structures can result in exaggerated effects of tractotomy models. Urinary retention
represents a significant disadvantage of chronic spinal cord injury models (96). These animals require manual
bladder evacuation two to three times per day. Attempts to eliminate urinary retention have been made by
targeting lesions to the sacrocaudal region of the spinal cord, but this model limits the study of spasticity to tail
motor function (97).
Spasticity can be modeled in animals that carry mutations of inhibitory amino acid receptors. The
spastic mouse mutations result in behavioral abnormalities resembling sublethal poisoning with the glycine
antagonist, strychnine. Insertion of a LINE-1 element into the gene for the β subunit, Glrb creates the spastic
phenotype (98). The insertion causes aberrant splicing in the β receptor unit (99). The Glrbspa, spastic
homozygotes show spastic symptoms which can occur spontaneously but can be induced reliably by handling at
approximately 14 days of life. The spasms consist of rapid tremor, stiffness of posture, and difficulty in
righting (100). No anatomical pathology occurs in either muscle or central nervous system of spastic mice,
except that herniated intervertebral discs and cysts of the leptomeninges have been noted (101). The spastic
symptoms can be reduced with intraperitoneal injection of an inhibitor of GABA transaminase (102). These
animals express less than 20% the normal density of glycine receptors (103). A genetic model of spasticity
exists in Han-Wistar rats, although the exact nature of this mutation is unknown. Expression of RNA isolated
from the cerebellum of these spastic rats creates abnormally high glutamate sensitivity in a Xenopus oocyte
assay, suggesting that these animals may suffer from enhanced glutamate sensitivity (104).
Finally, spasticity can be modeled with both toxic and inflammatory insults. The spasticity that results
in multiple sclerosis can be modeled with chronic relapsing experimental allergic encephalitis (CREAE) in the
mouse (105) or in the rat (106). Antispasticity effects of pharmacological agents have been studied in the
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Biozzi ABH (antibody high) mouse model (107). In this model, sensitization with spinal cord homogenate in
adjuvant results in a chronic relapsing pattern of disease. Finally, spastic myelopathy has been induced in
rabbits using intraperitoneal and intracisternal injection of a neurotoxic plasticizer, N-butyl benzenesulfonamide
(108).
We propose to screen our antispasticity vectors in the spastic mouse model because of its convenience.
We will study the mechanism vector action in the traumatic thoracic spinal cord model, which provides graded
levels of injury in a rat model amenable to easy behavioral and physiologic analysis.

Assays for Spasticity
Spasticity can be quantified through anatomical, behavioral, and electrophysiologic assays. Behavioral
examination depends on a blinded examiner grading a single response or group of responses. Some
investigators have utilized the regularity of spastic extension in response to abdominal stimulation on repeated
trials (109). Other investigators have used composite scales in which individual observations of multiple
parameters including deep tendon reflexes, righting reflex, myoclonus, urinary retention, clonus, and limb
hypertonia are summated (108). Alternatively, the degree of spasticity can be scored at hip, knee, and ankle on
a 0-5 scale (110).
Ossowska and colleagues describe force transducer measurements of rat ankle dorsiflexion and plantar
flexion. These measurements show increased muscle tone in response to haloperidol treatment (111) and
advanced age (112). Similarly, the mean force required to flex hindlimbs on repeated trials can be measured as
an assay of spasticity in order to test the effects of antispasticity pharmacological agents (107). Elevations of
the “Dynamic Force Amplitude” measured as resistance of the ankle to dorsiflexion during movement are
sustained up to 66 weeks following lower thoracic spinal cord injuries (92).
A limited number of histological and anatomical measurements may reflect chronic spasticity.
Cosgrove and Graham (113) have reported consistent shortening of the gastrocnemius length and lengthening of
Achilles tendon lengths in spastic mice when compared to phenotypically normal litter mates. These changes in
length provide an assay for the contractures experienced by children with cerebral palsy and can be prevented
with BoNT-A injection. Ziv et al (114) reported reduced numbers of sarcomeres and a reduced rate of muscle
growth in spastic mice.
EMG measures of spasticity have utilized chronically indwelling hindlimb electrodes in the soleus and
gastrocnemius muscles. Peak EMG amplitudes measured from these electrodes during foot dorsiflexion
(Dynamic Amplitude) are demonstrated to increase by 40% following thoracic spinal cord injury (92).
Alternatively, monosynaptic reflexes (MSR) can be quantified in flexor and extensor muscles by recordings
from peripheral nerves following stimulation of dorsal roots. These roots are divided distally to the stimulating
electrode in order to prevent antidromic action potentials from passing into the peripheral nerve. In hemisected
animals, spasticity is reflected by an increased ratio of the MSR on the injured side to the MSR on the intact
side in comparison to control animals. Likewise, the mean MSR in both flexor and extensor nerves is elevated
in injured animals as compared to control animals (91).
Summary
In summary, this proposal seeks to develop strategies for motor neuron specific gene delivery and
strategies for targeted neuromodulation through localized inhibition of synaptic function. We have selected
spasticity as a clinical model because improved treatment of this disorder will depend on targeted,
nondestructive, controllable neuromodulation. In addition, the simplicity of the spinal reflex arc will facilitate a
better understanding of targeted gene based neuromodulation.
Our team of investigators is in a unique position to accomplish this goal. The award applicant, Dr.
Boulis, has accepted a faculty position in the Department of Neurosurgery at the Cleveland Clinic Foundation.
This department has made restorative neurosurgery and neuromodulation a clinical priority (see Appendix).
The development of targeted synaptic inhibition will be applicable to stereotactic neuromodulation in the
treatment of Parkinson’s disease, epilepsy, eating disorders, and pain.
In parallel to his appointment at the Cleveland Clinic, Dr. Boulis will maintain his affiliation with the
newly established Program for Understanding Neurological Diseases (PFUND) funded through industrial and
philanthropic support. The PFUND is pursuing a parallel line of research into targeted motor neuron gene
delivery for application to motor neuron disease (ALS). In addition to Dr. Boulis, the senior members of
PFUND including a senior ALS neurologist/neuroscientist, and 2 research scientists expert in the analysis of
mouse tissues and in vitro neuronal assay systems will focus their efforts on this proposal. As outlined in our
publications (in the Appendix (6, 7, 66) and in the Preliminary Data) the required viral vectors and the surgical
and anatomical expertise to complete the experiments in this proposal are present in our group. Importantly,
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construction of the viral vectors will be funded in part by the PFUND. To facilitate multi-investigator use of
our data, our results will be posted on our web site, www.pfund.umich.edu quarterly. We encourage the
reviewers to go to our web site if time permits. In parallel with the proposed study, an endowment to the
PFUND is supporting AAV viral vector development of therapeutic proteins (IGF-I, BDNF, GDNF). This
parallel approach of characterizing gene delivery to motor neurons for the dual targets of neurodegenerative
and functional disease will shorten the time necessary to develop human therapies and augment Dr. Boulis’
resources.

c.

Preliminary Data
Dr. Boulis has conducted extensive studies of the delivery of genes to the spinal cord, vector design, and
gene based neuromodulation laying the foundation for the current proposal.
Direct Viral Gene Injections into Spinal Cord
Preliminary experiments demonstrated our ability to successfully transfer adenoviral vectors directly
into the normal adult rat spinal cord (6, 7, 66). The adenoviral vector for delivery of the gene for βgalactosidase (Ad5RSVLacZ) was directly injected into adult Sprague Dawley rat thoracic spinal cord. LacZ
expression is present in both white and gray matter over an approximate 1.2 cm length amounting to almost
20% of the total cord. The time course of LacZ gene expression (β-galactosidase staining) over 21 d reveals
peak expression at 7 d post injection (Fig. 1). Histological examination of these spinal cords revealed gene
expression in neural, glial, and endothelial cells with significant inflammatory response (Fig. 2).

Fig. 1. 3 mm Sections of Rat Spinal Cord
Stained Following Direct Intraparenchymal
Ad5RSVLacZ Injection. Spinal cord
adenoviral gene expression peaks 7 d
following Ad5RSVLacZ intraparenchymal
injection.

Fig. 2. Microhistology Following Direct
Intraparenchymal Ad5RSVLacZ Injection. A.
Glial cell staining. B. Endothelial staining. C. Sensory
neuron staining. D. Intermediolateral nucleus
staining. E. Dural staining. F. No ependymal
staining

Remote Viral Gene Delivery After Sciatic Nerve Injection
Targeted delivery of viral gene products to the spinal cord using remote injection may prolong gene
expression and decrease the inflammatory response. To test this hypothesis, sciatic nerves were injected with
Ad5RSVLacZ and analyzed for β-galactosidase staining. Sciatic nerve injection resulted in viral gene
expression
Fig. 3. Remote Injection Model Delivery System. The
sciatic nerve of animals are injected with virus. The virus
is transported to the spinal cord. A) The sciatic nerve
injection site. B) Dorsal root ganglia. C) Dorsal horn of
the spinal cord. D) Ventral horn of the spinal cord.

in spinal cord neurons (Fig. 4A). β-galactosidase staining in the sciatic nerve injection site existed
predominantly in perineurium, but not within the nerve’s axons (Fig. 4B). Staining was seen in both the
sensory neurons of the dorsal root ganglia as well as the sensory neurons of the dorsal horn. However, staining
in the lumbar spinal cord was seen predominantly in ventral horn cells with the morphologic characteristics of
motor neurons (Fig. 4C and D). The ipsilateral motor neurons are likely to project directly into the sciatic nerve
(Fig. 4D). However, staining was unexpectedly detected in the motor neurons of the contralateral side, which
are unlikely to project into the sciatic injection site (Fig. 4C). Both surgical division of the nerve and
intraneural colchicine injections blocks all spinal cord uptake suggesting that gene expression is due to
retrograde transport of Ad5RSVLacZ to the spinal cord. To clarify the significance of bilateral gene expression
in the ventral horn after unilateral injection, the sciatic nerve was co-injected with the retrograde tracer, Fluoro_______________________________________________________________________________________________________ _
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Gold. Comparison of the number of neurons staining was discreetly confined to the ipsilateral ventral horn
while β-galactosidase gene expression was seen in all quadrants. The largest quantity of β-galactosidase
positive neurons was noted in the ipsilateral ventral horn (Fig. 5A). Because Fluoro-Gold labels only first order
neurons projecting directly into the sciatic nerve (Fig. 5B), the finding of β-galactosidase expression in all
quadrants suggests that the viral transgene is delivered to second order neurons.

Fig. 4. Expression of β-galactosidase 7 d Following
Sciatic Nerve Injection of Ad.RSVntLacZ. A.
Composite of the lumbar spinal cord showing neuronal
gene expression bilaterally. B. Perineurial βgalactosidase in the sciatic nerve injection site. C.
Contralateral neuronal viral gene expression in the
ventral horn. D. Ipsilateral neuronal gene expression.

Fig. 5. Spinal Cord Viral Gene Expression has a
Distinct Pattern of Distribution in Comparison with
that of Fluoro-Gold. A. Fluoro-Gold is detected only
in the ipsilateral ventral horn, while β-galactosidase
expression following Ad.RSVntLacZ injection into the
sciatic nerve occurs in all four quadrants. B. FluoroGold signal detected in the ipsilateral ventral horn.

Remote Viral Gene Delivery: Injection Survey, Time Course and Dose Response
Preliminary experiments surveyed the uptake and retrograde transport of vectors after injection into
subcutaneous tissue, muscle and nerve. β-galactosidase gene expression in spinal cord following injection of 2
λ
Ad5RSVLacZ into crushed or uncrushed sciatic nerve was compared with gene expression following injection
of 50 λ into either the anterior tibialis muscle or the subcutaneous space of the footpad (Fig. 6). ANOVA
revealed a significant group effect (p < 0.05). Subanalysis revealed significantly higher gene delivery by
crushed or uncrushed sciatic nerve injection than either subcutaneous or intramuscular injections.
Fig. 6. Gene Delivery Following Sciatic Nerve, Muscle or
Footpad Injection. 1.8 x 107 pfu Ad5RSVLacZ injected into
the sciatic nerve results in more spinal cord gene expression
than 4.5 x 108 pfu injected into either muscle or the footpad
(ANOVA: p < 0.05, subanalysis reveals nerve to exceed
muscle and footpad).

Furthermore, this increased effect in nerve is achieved with only 4% of the volume and viral titer
required
for subcutaneous or muscle injections. Subanalysis did not reveal a difference between injection into crushed
and uncrushed sciatic nerves.
Next, the time course of remote gene expression was characterized after sciatic nerve injection. All
animals underwent right sciatic nerve injection with 1.8 x 107 pfu Ad5RSVLacZ. Spinal cords were harvested
at 30 min, 3 d, 6 d, 12 d, or 18 d following viral injection (Fig. 7). ANOVA revealed a significant effect of
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interval between injection and harvest (p < 0.005). The analysis revealed a significant increase in gene
expression between 30 min and 6 d, as well as a significant reduction in gene expression between 6 d and 12
and 18 d.
Viral titer significantly affects the number of cells stained via remote gene delivery. The number of
neurons staining increased between the doses 1.8 x 106 pfu and 1.8 x 107 pfu (p < 0.03). However, this effect

Fig. 8. Viral
Alters
Delivery.
Increased
gene gene
Fig. 8.Titer
Viral
TiterGene
Alters
Gene Delivery.
Increased
Fig. 7. Time Course of Spinal Cord Gene Expression
6 pfu and
1.8
expression
can
be
detected
between
1.8
x
10
6
expression can be detected between 1.8 x 10 pfu xand 1.8 x
Following Sciatic Nerve Viral Injection. Gene expression
107 pfu, 10
but7 pfu,
not at
higher
(ANOVA:
p < 0.05,p < 0.05,
but
not atdoses
higher
doses (ANOVA:
can be detected as early as 30 min following injection,subanalysis
but
reveals
an
increase
between
1.8
x 1061.8
pfux and
subanalysis reveals an7increase between
106 pfu and
7
7 pfu).
pfu,
but
not
1.8
x
10
pfu
and
4.5
x
10
1.8 x 101.8
peaks at 6 d. (ANOVA: p < 0.005, subanalysis reveals
7
7
x 10 pfu, but not 1.8 x 10 pfu and 4.5 x 107 pfu).
significant differences between 30 min and 6 d, and between
6 d and 12 or 18 d)

appeared to plateau at higher doses with no further increase in neuronal staining observed at titers of 4.5 x 107
pfu (Fig. 8).
Immunosuppression Augments Viral Gene Expression
Immunosuppression can augment viral gene expression. Rats implanted with sustained release 7.5 mg
dexamethasone tablets for 3 weeks had significantly more neuronal staining in both lumbar spinal cord and
dorsal root ganglion neurons following sciatic nerve injection. The number of cells staining for β-galactosidase
was significantly greater 12 d following injection suggesting that gene expression is prolonged by
dexamethasone administration (p < 0.0001). Importantly, the number of lumbar motor neurons staining in
immunosuppressed animals is greater than the number of motor neurons staining at the peak dose and peak time
point (6 d) in untreated animals. Amplification has also been observed following treatment with cyclosporine.
Fig. 9. Dexamethasone Increases
Spinal Cord Viral Gene Expression.
Remote (sciatic nerve) gene delivery in
rats is augmented by treatment with
subcutaneous administration of
sustained release dexamethasone.

To determine whether the reduction in number of β-galactosidase staining cells over time results from
the death of neurons expressing β-galactosidase, DNA fragmentation was assayed in nonimmunosuppressed
animals as an indication of cell death. An ANOVA comparing virus and saline treated animals shows no
significant
Fig. 10. A. Sciatic Nerve Injection
with Ad5RSVLacZ vs. Saline
induces niether DNA fragmentation
nor reduced neuronal density.
TUNEL (p = 0.989, n = 40). Neuronal
Density (p = 0.913, n = 40).
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difference in the number of cells with fragmented DNA (p = 0.989, n = 40) (Fig. 10A). The cell death detected
by TUNEL staining in both groups occurred universally in non-neuronal cells with no detection of motor
neuron cell death. In addition to an absence of DNA fragmentation, microscopic histological analysis revealed
no evidence for the cellular swelling associated with necrotic cell death. TUNEL staining was present in all
positive control spinal cord tissue treated with DNase prior to the assay.
Motor neuron densities in the ventral horn of the spinal cords from virus and saline treated animals were
also calculated by dividing the number of cresyl violet stained neurons (Fig. 10B) in the spinal cord ventral
horn by the area of this region. An ANOVA comparing motor neuron densities in control and infected animals
at all time points revealed no significant group effect (p = .913, n = 40) (Fig. 9), indicating that virus infection
does not reduce motor neuron density.

AAV Provides Prolonged Gene Expression
AAV induces a reduced host immune response compared to adenovirus. To compare adenoviral with
AAV viral remote delivery, either Ad5RSVLacZ or AAV vectors with the Rous sarcoma virus (RSV) promoter
and the reporter genes for lacZ (AAVRSVLacZ) or GFP (green fluorescent protein, AAVEGFP) were injected
into the sciatic nerve.
Five ul of AAVRSVLacZ (viral titer 1.4 x 107 particles/ml) and Ad5RSVLacZ (viral titer 1.4 x 107
pfu/ml) were microinjected into the right sciatic nerve of adult rats (n = 5 for each group). After 21 d, animals
were sacrificed and the tissue was stained for β-galactosidase expression. While remote delivery of
Ad5RSVLacZ stained a limited number of neurons after 21 d (Fig. 11A), abundant neuronal staining was
present after AAVRSVLacZ injection (Fig. 11B, C). Positively stained lumbar neurons in both groups were
quantified. Sciatic nerve AAV injections resulted in significantly higher viral expression than the adenoviral
control group (p < 0.05, n = 10) (Fig. 12). Similarly, animals injected with AAVGFP had abundant GFP
expression in the neurons of the dorsal root ganglia and in lumbar spinal cord motor neurons after 21 d which
was absent in controls (Figs. 13, 14). Collectively, these data suggest that remote intraneural AAV injection
represents a potential method to prolong gene expression in the spinal cord.
Fig. 11. 21Day Ad vs.
AAV A) Remote
AdRSVLacZ (106 pt)
B&C) Remote
AAVRSVLacZ (106 pt).
Fig. 13. A) Sciatic
nerve injected with
AAVEGFP B) Sciatic
nerve injected with
AAVRSVLacZ C) GFP
expressing lumbar
neurons following
Remote injection with
AAVEGFP D) No GFP
expressing neurons
following remote
injection with
AAVRSVLacZ

Fig. 12. Remote
Injection of
AAVRSVlacZ (1.4 x
104 pt /ul) and
AdRSVlacZ (104
pfu/ul) (p < 0.024).

Fig. 14. A) GFP
expressed in motor
neurons of the
spinal cord
remotely injected
with AAVEGFP
(40 x). B) GFP
expression in the
DRG of animals
injected with
AAVEGFP (40 x).

Remote Delivery to High Cervical Spinal Cord and Brainstem Motor Neurons
One of the chief limitations of current treatments of spasticity is the difficulty with treatment of the
upper extremities. We have perfected the surgical techniques necessary to deliver viral vectors via direct nerve
injection into the laryngeal nerve and high brachial plexus. To expose the recurrent laryngeal nerve, a
horizontal incision is made on the ventral surface of the rat neck, between the angle of the mandible and the
sternal notch. The incision is carried through skin and platysma. Skin and platysmal flaps are elevated
superiorly and inferiorly. The fascia encompassing the submandibular salivary glands is divided in the midline.
The strap muscles are divided in the midline to expose the larynx and trachea. The recurrent laryngeal nerves
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may be visualized on the lateral aspects of the trachea bilaterally, within the tracheoesophageal groove. The left
recurrent laryngeal nerve is dissected superiorly and inferiorly. (Fig. 15). For exposure of the mouse brachial
plexus, a longitudinal incision is made through the skin just ventral to the axilla. Superficial fat and fascia are
pulled inferiorly to expose the lateral edge of the pectoralis major muscle. The lateral edge of the pectoral
muscle is gently elevated to reveal the brachial plexus. The brachial plexus is dissected superomedially and
inferolaterally (Fig. 16).
We have successfully injected the
mouse brachial plexus with rAAVEGFP (5
λ of 1.4 x 107 particles /ml, n = 5).
After 21 d, animals were sacrificed and the
Fig. 15
Fig. 16
brachial plexus, cervical cord and brainstem
were processed for GFP expression. There
is abundant GFP fluorescence in neurons
from both the high cervical cord.
and brainstem. These data suggest that remote intraneural AAV injection represents a potential method to
deliver therapeutic proteins into the high cervical cord and brainstem.

Stereotactic Neuromodulation with rAAVGAD
Chemical, mechanical, and electrolytic lesions of the lateral hypothalamus as well as single unit
recordings implicate the lateral hypothalamus in the control of eating (115). GABA and GAD are localized to
the hypothalamic regions implicated in the control of feeding (116). Further, GABA antagonists injected into
the lateral nucleus of the hypothalamus (LH) cause increased food intake suggesting that GABA may play a
role in the inhibition of feeding (117). Further, rAAV vectors capable of producing GAD, the enzyme
responsible for GABA synthesis, has been developed (118). We therefore undertook to examine the feeding
behavior of Wistar rats following LH stereotactic delivery of rAAVGAD. Fig. 17 demonstrates the distribution
of GFP in the LH following injection of 500 nl of rAAVGFP (104 pt/λ). Fig 18 depicts the change in food
consumption in rats following injection with either saline, rAAVGFP, or rAAVGAD at the same titer.
Augmentation of AAVGAD in the LH, causes a reduction in food intake, while saline and control vector
injected animals show the expected increase in food consumption (119).
Fig 17
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Fig. 19

Fig. 18. Change in food consumption
depicted in daily grams. Hypo-thalamic
GAD expression reduces food intake.

In Vitro Motor Neuron Growth
In order to develop neurotropic mutants of rAAV, an in vitro assay for motor neuron viral gene
transduction is necessary. Our laboratory has successfully demonstrated survival of motor neurons in culture.
Spinal cords are harvested from E15 animals and dissociated under sterile conditions. These cells are cultured
in L-15 supplemented with albumin, catalase, SOD, transferrin, galactose, progesterone, putrescine, selenium,
estradiol, hydrocortisone and antibiotics. Robust motor neuron survival is confirmed with islet-1
immunohistochemical staining up to 14 days after culturing (Fig. 19). Further, we have successfully
transduced these cells in culture with adenoviral vectors. This system provides an in vitro assay system for
screening uptake and expression of viral transgenes delivered with targeted vector systems.
Spinal Cord Injury Model
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Based on design parameters received from Jean R Wrathall at Georgetown University, we constructed a
weight drop spinal cord contusion apparatus in the University of Michigan Machine Shop (Fig. 20). This
design was used in preliminary experiments to confirm consistent results with those presented by Gale et al
(93). These animals demonstrate almost complete recovery of locomotor function at 2.5 cm but persistent
deficits at a 5 cm weight drop. Persistent spasticity is noted in both groups.

Fig. 19: Dissociated
E15 spinal cord in
vitro. Islet-1 stain
labeling demonstrates
motor neuron
enrichment (70%).

Fig. 20 Spinal cord
impounder apparatus
for delivery of
reproducible graded
spinal cord injuries

Vector Design
In collaboration with the laboratory of Michael Imperiale and
Fig. 21: Bioactive IGF-I
the Vector Core at the University of Michigan, we have constructed a
produced by Ad.RSVIGF-Iloxp
series of adenoviral and rAAV vectors. Initial first generation
adenoviral vectors were constructed by cloning cDNA for the growth
factor IGF-I (obtained from the laboratory of Peter Rotwein; pBKIGF1) into the shuttle vector system pAdRSV4loxp (obtained from the
laboratory of Gary Nabel) between the RSV promoter and SV40 poly
adenylation sequence. This shuttle system contains the first 16 m.u. of
the serotype 5 adenoviral genome (Ad5) with a deletion of the E1a and
E1b sequence. The RSV promoter, a polycloning site, and the SV40
polyA sequence are inserted into this deletion. This shuttle system,
pAdRSVIGF-Iloxp, contains the loxp sequence cloned at the 9.2 m.u.
site. Separately, cSub360loxp (a cosmid containing the loxp sequence
followed by the 9.2 to 100 m.u. of Ad5 containing a deletion of the E3
gene: obtained from GaryNabel) was linearized by restriction digest. Finally, an in vitro recombination of
pAdRSVIGF-1loxp and cSub360loxp was performed using the Cre recombinase to yield AdRSVIGF-Iloxp.
Conditioned media from 293 cells infected with AdRSVIGF-Iloxp was screened in a IGF-I receptor tyrosine
phosphorylation assay demonstrating the production of active IGF-I (Fig. 21).
Subsequent to the production of AdRSVIGF-Iloxp, we have constructed the recombinant adenoassociated viruses AAV-CMV-IGF-I, AAV-CMV-GFP, and AAV-CMV-IGF-I-IRES-GFP. The rat IGF-IA
cDNA was excised from the plasmid pBK-IGF-I and cloned into the AAV transfer plasmid pSUB201 (gift of
R.J. Samulski, Gene Therapy Center Vector Core, University of North Carolina). The final AAV vector
plasmid contained a CMV promoter, the rat IGF-IA cDNA, simian virus 40 (SV40) polyadenylation sequence,
and flanking inverted terminal repeat sequences (ITRs). A corresponding AAV vector plasmid was constructed
using the cDNA for the green fluorescent protein (GFP). Recombinant AAV-IGF-I and AAV-GFP viral
particles were produced by cotransfecting the respective AAV vector plasmid with the helper plasmid pXX2
into 293 cells. The plasmid pXX2 contains the rep and cap genes from the AAV serotype 2 genome. The 293
cells were infected with wildtype adenovirus 5 at a multiplicity of infection of 2. Two days post-adenovirus
infection, the cells were harvested and freeze/thawed. Recombinant AAV particles were separated from
adenoviral particles using cesium chloride density centrifugation. The AAV band was collected, dialyzed
against DMEM, and heated at 56 degrees Celsius for 30 minutes to inactivate any trace amounts of wildype
adenovirus. An additional recombinant AAV vector, AAV-CMV-IGF-I-IRES-GFP, was prepared from the
AAV vector plasmid pTRUF5 (gift of Nicholas Muzyczka, University of Florida) that was subsequently
designed to contain the CMV promoter, rat IGF-IA cDNA, an internal ribosome entry site (IRES) sequence, the
GFP sequence, and an SV40 polyadenylation signal, all collectively flanked by ITRs. The IRES-GFP sequence
was originally contained within the plasmid MSCV2.2 (Erle Robertson, University of Michigan).
Summary
These preliminary data establish our ability to evaluate all aspects of direct and remote viral vector
delivery to both rats and mice. Our group is unique in our capacity to fully characterize remote and direct
viral delivery to spinal cord and brainstem. Further, we have demonstrated the ability to produce adenoviral
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vectors capable of producing bioactive neurotherapeutic transgenes. We have developed a dissociated motor
neuron culture system necessary for the in vitro examination of motor neuron targeting. Finally, we have
demonstrated that rAAVGAD can be used to affect gene based neuromodulation.

c.

Research Design and Methods: EXPERIMENTAL APPROACH

1.

CONSTRUCT NOVEL ANTISPASTICITY VECTORS TO DELIVER THE LIGHT CHAIN
(LC) OF TETANUS TOXIN (TeTx).
The light chain of TeTx has been shown to selectively block neural transmission via intracellular
protease activity. The absence of the associated heavy chain prevents this transgene from producing an active
neurotoxin.
a.

Produce first generation adenovirus (Ad.RSVTeTxLC) containing an expression cassette of the
1.9 kb TeTx LC under the control of the rous sarcoma virus (RSV) promoter by Cre-Lox in vitro
recombination.

Rationale: In aim #1, we attempt first to create an adenoviral vector expressing the TeTxLC, demonstrate its
ability to create bioactive TeTxLC in vitro, and its ability to inhibit motor neuron function in vivo. If the first
stages of this aim are successful, we will construct a shuttle plasmid for the creation of rAAVRSVTeTxLC.
The toxicity of the TeTxLC gene expression will be evaluated at each stage of development.
As discussed in the Background and Significance section of this application, TeTx holotoxin contains a
heavy and light chain. The heavy chain is necessary for neuronal specificity, cellular binding, and membrane
translocation of the catalytic light chain. Poulain et al (120) and others have demonstrated that TeTxLC is not
toxic when applied to the extracellular surface of neurons. When injected into the cytoplasm of neurons, the
light chain is capable of inducing a highly efficient blockade of neural transmission that lasts until new SNARE
proteins can be synthesized. The light chain is not toxic to the metabolism of neurons or other cell types. The
use of a viral vector to induce the intracellular synthesis of TeTxLC should be capable of abolishing synaptic
transmission in all neurons infected by the virus for the duration of gene expression even at low levels of gene
expression.
Experimental Design: Plasmid DNA containing the gene encoding for TeTx will be extracted from C. tetani
strain Y-IV-3 (WS 15). PCR primers for the ends of the sequence for TeTxLC (residues 1-457 of the
holotoxin) as well as a carboxy terminal truncated L chain (TeTxLCct: residues 1-427), and an amino terminal
truncated L chain (TeTxLCnt: residues 30-457) will be synthesized. The carboxy terminal truncated L chain is
reported to have increased activity while the amino truncated L chain should have significantly attenuated
activity (121).
TeTxLC:
5’end: 5’-AGCGGATCCCCAGGAATGCCAATAACCATAAATAATTTTAGATATAGTGATCCTGT-3’
3’end: 5’-TGCGAATTCTTATGCAGTTCTATTATATAAATTTTCTCTTATATTTGTTGGTGG-3’
TeTxLCct
5’end: same as TeTxLC
3’end: 5’-AGCGAATTCTTAATCAACATTTCTAAAAGCATTTGTATTTACCCTCATATTTTG-3’
TeTxLCnt
5’end: 5’-CGGCACTATCCAAATACGATCTGTTATTTTGAAGGCCTTATAATAGCTATC-3’
3’end: same as TeTxLC

These, PCR primers will be designed to include appropriate polylinker sequence for subsequent cloning
efforts with the resulting fragments. TeTxLC, TeTxLCct, and TeTxLCnt will each be cloned into
pAdRSV4loxp to create individual shuttle vectors for each fragment. pAdRSV4loxP contains the first mapping
unit (m.u.) of the wildtype Ad5 genome followed by the RSV promoter, a multicloning site, and the SV40
polyadenylation sequence, and lastly the loxP sequence. By cloning the LC fragments into the multicloning
site, three shuttle vectors pAdRSVTeTxLC, pAdRSVTeTxLCct, and pAdRSVTeTxLCnt are created. In each
case, the LC expression cassette, containing the promoter, 1371 bp LC sequence or 1281 bp truncated LC
sequence, and the polyadenylation sequence, replaces the E1a and E1b region of the Ad5 genome.
The cosmid cSub360loxP contains the loxP sequence followed by the 9.2-100 m.u. of the Ad5 genome
with a deletion of the E3 region. Because the cosmid does not contain the inverted terminal repeat (ITR) or
packaging sequence it cannot be replicated or packaged by itself, eliminating the possibility of contamination of
the recombinant virus with wildtype sub360 virus. The loxP and viral sequence are removed with a Cla I
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digest. Separate in vitro recombinations will be conducted between the individual LC shuttle vectors and the
linearized viral sequence from the cSub360 using Cre recombinase (Fig. 22).
To produce recombinant adenovirus, 5 µg. of Cre treated DNA is transfected into 60 mm dishes of 293
cells. These cells express the E1 region deleted from the recombinant viruses. When cytopathic effect is noted

Fig. 22: In Vitro Cre-LoxP
Recombination. The 3' end of adenovirus
sub360 is excised from the cosmid cSub360
and recombined in vitro with the 5' end of
Ad5 containing the novel antispasticity
expression cassette. Cre recombinase
recognizes the loxP sequence in vitro.

in the 293 cells (7-9 days), a crude lysate is made from the cells. This lysate is then used to infect a 100mm
dish of 293 cells. Crude lysates of the recombinant viruses AdRSVTeTxLC, AdRSVTeTxLCct, and
AdRSVTeTxLCnt will be doubly plaque purified. PCR will be used to confirm insertion of the fragments in the
virus. These vectors will be amplified and purified using the University of Michigan Vector Core facility. The
plasmid DNA necessary for construction of adenoviral vectors has been obtained from the University of
Michigan Vector Core and the laboratory of Gary Nabel. The sequence for TeNTLC will be obtained by PCR
using published primer sequences (121).
Anticipated Results: We anticipate the production of three first generation adenoviral vectors for the delivery
of two potentially active TeTxLC fragments and one inactive TeTxLC. Given our previous success at
constructing first generation adenoviral vectors using the Cre-Lox in vitro recombination system (See
Preliminary data: Fig. 20), we do not foresee any difficulty with vector construction. Appropriate precaution
will be taken in the handling of the clostridium used for PCR isolation of the TeTx fragments.
One conceivable concern about the production of AdTeTxLC is the potential for inadvertent human
inoculation of respiratory epithelium. Appropriate respiratory isolation procedures will be utilized in the
handling of these vectors. As discussed, tetanus light chain is not inherently dangerous because it lacks the
heavy chain necessary for neuronal delivery. However, because the virus is designed to deliver the LC to cells,
the virus is expected to be capable of inhibiting synaptic function. Nonetheless, CNS delivery of adenoviral
genes has never been documented following transduction of respiratory epithelium. The blood brain barrier
prevents significant penetration of the nervous system following intravenous delivery (122) even following
intracarotid infusion of 5x1011 pt.s of Ad.RSVlacZ.
The substrate for the TeTxLC Zn protease is the vessicle associated membrane protein (VAMP) of the
synaptic vessicle binding complex (SNARE). The family of VAMP proteins are located in a variety of
nonneuronal tissues including the endocrine system, liver, and kidney (123). The VAMP proteins play a role in
exocytosis in these tissues. Thus, the inadvertent gene delivery of TeTxLC to tissues other than the nervous
system would carry the potential risk of a disruption in secretory function in the location inoculated.
Intravenous delivery delivers virus predominantly to the liver. Thus, high titer intravenous inoculation would
pose a risk to liver function. In addition, pulmonary inoculation would carry the risk of temporary reduction in
the production of pulmonary secretions For this reason, live virus will be evaluated for toxicity in rats prior to
proceeding with functional assays (see aim 1c).
b.

Assay for TeTxLC activity in neuronal (SH-SY5Y cells) and nonneuronal cell lines (3T3 cells)
infected with Ad.RSVTeTxLCs using a rapid fluorescence based assay.
Rationale: We plan to assay both neuronal and nonneuronal cell lines for TeTxLC activity in order to
determine if the TeTxLC vectors and control vectors induce the production of bioactive light chain catalytic
activity. Aim 1b is designed to compare the activity of TeTxLC, TeTxLCct, and TeTxLCnt present in
concentrated conditioned media as well as the cellular fraction. Aim 1b will also test for cellular toxicity of the
vectors in neuronal and nonneuronal cell lines.
Experimental Design: 3T3 fibroblasts and SHSY5Y neurablastoma cells will be cultured to 70% confluence in
DMEM with 10% fetal calf serum (FCS) in P60 at 37 degrees in a humidified atmosphere with 10% CO2(124).
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Cells will be obtained from the laboratory of Eva Feldman MD., PhD. Dishes will be exposed to 5 m.o.i. of
virus for 30 min then incubated for 48 hrs. Media is harvested and concentrated with centriprep 30 centrifugal
concentration filters (Amicon). Cells are scraped from the culture dish and exposed to a lysis buffer. Protein is
harvested and the concentration is determined and normalized.
Using the assay described by Soleilhac et al (125) protein from the cellular fraction and conditioned
media is assayed for TeTxLC proteolytic activity. Briefly, the assay depends on synthesizing a 50-mer
synaptobrevin peptide (S39-88) with a fluorescent phenylalanine residue substituted for the tyrosine at the end
of the peptide. This peptide will be synthesized at the University of Michigan Peptide Core facility. Protein
from the cellular and conditioned media fractions will be suspended in 20 mM Hepes at pH 7.4. The protein
will be brought to a concentration of 500 ng per 80 . 20 of the synthetic peptide will then be added to the
LC solutions or a control solution containing no active protein. The reaction will be kept at 37 degrees for 30
min in the dark, then stopped with 0.9 ml of 72% MeOH with 0.1% TFA. The 1 ml. mixture is then loaded on
a Sep-Pak Vac C18 cartridge (Waters) containing 500mg of C18 reverse phase. These cartridges are preequilibrated with 10 ml. of 65% MeOH with 0.1% TFA. This same solution was used to elute 3 ml after the
first 1 ml. is taken off. The relative fluorescence at 343 nm and 377 nm is measured for the eluant on a
spectrophotometer. The concentration of S77-88, one of two metabolites created by TeTxLC activity, is
estimated by the amount of fluorescence in the separated fraction.
In order to estimate the effect of the LC vectors on cell survival, 60 mm dishes of 3T3 cells and
SHSY5Y cells will be exposed to the individual vectors; AdRSVTeTxLC, AdRSVTeTxLCct,
AdRSVTeTxLCnt, AdRSVlacZ at an m.o.i. of 5 or an equal volume of vehicle. Cell survival will be
determined by photographing the dishes at 24 hrs, 72 hrs, and 1 week.
Anticipated Results and Potential Problems: We anticipate that AdTeTxLC and AdTeTxLCct will generate
intracellular TeTxLC activity but not AdTeTxLCnt. We expect AdTeTxLC to infect 3T3 cells at approximately
the same rate as SHSY5Y cells since first generation adenovirus are capable of infecting both fibroblasts and
neurons. We anticipate that cell survival will not be affected by viral infection at 5 m.o.i. In the event that no
TeTxLC activity is detected, monoclonal antibodies to TeTxLC will be used to perform western blot analysis
on the various fractions to determine whether the viral transgene is being expressed and is not bioactive or is
not being adequately expressed. Given that the TeTxLC and TeTxLCct have previously been cloned and
expressed
and shown to be bioactive (121), we do not expect either expression or bioactivity to present a problem.

c.

Evaluate hindlimb motor function of rats following lumbar spinal cord and sciatic nerve
Ad.RSVTeTxLC injection for proof of principle and evaluate the potential for pulmonary or
hepatic toxicity.
Rationale: This aim attempts to demonstrate that in vivo delivery of the TeTxLC gene is capable of reversibly
inhibiting LMN function. While first generation adenovirus is unlikely to prove useful in the treatment of
spasticity due to its limited duration of expression, proinflammatory features, and the resistance of the nervous
system to adenoviral reinjection (66). Our work has previously demonstrated spread of first generation
adenoviral gene expression up to 6 mm from the injection site lasting up to 3 weeks following injection (6).
This aim will also attempt to demonstrate that TeTxLC expression in the lumbar spinal cord does not induce
respiratory depression. Separately, the effect of intravenous and endotracheal administration of AdRSVTeTxLc
on liver and pulmonary function will be evaluated.
Experimental Design: Sprague-Dawley rats (n=5) will undergo injection of 4 of either TeTxLC or
TeTxLCct, depending on which virus showed greater activity in the in vitro assay. Two control groups (n=5
per group) will undergo injection with AdRSVlacZ or AdRSVTeTxLCnt. Two viral titers, 108 and 106 pfu, will
be evaluated for each group.
Anesthesia and Monitoring: Sprague-Dawley rats (350g) will be induced under either pentobarbital or
isofluorane anesthesia. Mice (30g) will be anesthetized with isofluorane anesthesia only. Isofluorane
anesthesia is induced by placing animals in a chamber that is connected to the isofluorane ventilation system.
Rats undergo endotracheal intubation once asleep, and receive an isofluorane/oxygen mixture for the remainder
of the procedure (for dosing see below). During all procedures a rectal temperature probe is used to maintain
body temperature at 37.5 degrees Celsius. Ventilated is maintained with a Harvard Rat Ventilator. Rats are
intubated with angiocatheters under direct visualization using an operating microscope.
Direct Spinal Cord Injection: Using sterile technique, the paraspinous muscles of the L3 region are elevated
from the lamina and spinous processes. A hemilaminectomy is performed using cuticle scissors at the
midthoracic level. A micromanipulator is then used to insert a glass capillary tube beveled to 50 microns in
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diameter into the spinal cord at the midline. 4 λ of viral solution is delivered using a nanoject oocyte injector
apparatus. Paraspinous muscle is sutured and the skin is stapled.
Incline Plane Assay: Rats are placed head down on an adjustable inclined plane that is covered with a rubber
mat (126). The incline is increased from 0 degrees until the rat cannot maintain its position for greater than 5
sec. This incline decreases with increased severity of sensorimotor dysfunction.
Animals will be assayed for hindlimb motor function using an incline plane assay described above. The
AdRSVlacZ group will be sacrificed on day 7. Spinal cords will be processed and the area of βGalactosidase
staining will be quantified to determine the volume of cord transduced.
Quantification of Gene Expression Within Spinal Cord: In order to quantify and compare remote delivery of
vectors to the spinal cord, spinal cord neurons expressing GFP are quantified. Animals are sacrificed 21 days
after viral injection. Following intracardiac perfusion with buffered 4% paraformaldehyde, the lumbar spinal
cord, sciatic nerve, and lumbar dorsal root ganglia (DRGs), high cervical cord, and brainstem are removed and
tissue is postfixed in 2% paraformaldehyde at 0°C for 4 h and blocked. For β-galactosidase, tissue is rinsed 3
times in lacZ rinse (2 mM MgCl2, 0.1 mg/ml Na deoxycholate, 1/5000x Triton-X in PBS), then 3 times in PBS
at 0°C for 5 min each and incubated in X-gal stain (Invitrogen kit, Carlsbad, CA) for 12 h at 37°C. Tissue is
rinsed 3 times in PBS at 0°C for 5 min each and immersed in 2% paraformaldehyde at 4°C for 4 h and in PBS
with 20% sucrose at 4°C until negatively buoyant. Tissue is then frozen in optimal cutting temperature gel
(OCT, Sakura Finetek Inc, Torrance, CA) and cryosectioned. 35 µ sections of spinal cord are taken from each
block of stained tissue. Tissue sections will be digitally photographed and the area of tissue staining with βgalactosidase will be quantified with NIH image software.
The remaining groups will be followed with serial incline plane measurements for 2 months to assess
deterioration and recovery of hindlimb function. At 2 months, the AdRSVTeTxLC and AdRSVTeTxLCnt
groups will be sacrificed and the spinal cords will be removed. Cresyl violet staining will be done in order to
calculate the mean motor neuron density of the lumbar spinal cord to evaluate whether motor neuron death has
occurred in the experimental group. A control group (n=5) of sham operated animals will also be sacrificed at 2
months to serve as a control group for the purpose of lumbar motor neuron density.
Separate groups of animals will undergo spinal cord, subcutaneous and endotracheal injection with 4
of 108 pfu’s of the AdRSVTeTxLC or AdRSVlacZ. Animals will be observed for respiratory dysfunction
and tail vein blood will be tested every 3 days to liver enzymes to establish whether liver or lung toxicity is
induced in experimental animals as a result of extra-CNS VAMP degradation.
Anticipated Results: We expect that animals treated with AdTeTxLC will develop the gradual onset of
hindlimb flaccid weakness that will be longer lasting and more significant in the higher titer group. Animals
that receive either AdRSVlacZ or AdRSVTeTxLCnt are not expected to show signs of motor dysfunction. We
do not anticipate respiratory compromise in any group. Nonetheless, animals will be examined twice daily to
ensure that no urinary retention is caused by viral gene expression and that no signs of dyspnea are noted.
Animals showing signs of respiratory difficulty will be euthanized. Motor neuron density measurements are
anticipated to show some reduced cell numbers in all viral treated groups in comparison to the sham operation
group, given the inflammatory response that we have previously observed in the spinal cords of animals directly
injected with first generation adenoviral vectors (6). These experiments will serve as proof of principle that
neuromuscular function can be inhibited in a viral titer dependent fashion without motor neuron toxicity.
Given the lack of targeting in the direct injection paradigm of first generation adenoviral systems, the
specificity of AdRSVTeTxLC’s action will be limited. It is anticipated that all spinal neurons infected will
undergo a temporary synaptic blockade. While we anticipate flaccid weakness and numbness to be the result of
this nonspecific blockade, it is possible that the animals will develop pain or dysregulation of motor function.
All behavioral observations in this case will be valuable. However, animals will be euthanized for any sign of
persistent discomfort.
Given the widespread distribution of VAMP in secretory tissues of the body, the potential for
nonspecific toxicity exists. We do not anticipate significant alteration of liver function with any route of
administration since the LC transgene is unlikely to be delivered to a sufficient percentage of hepatic cells
without a direct portal vein injection. The activity of TeTxLC in alveolar tissue has not previously been tested.
Different isoforms of VAMP have varied sensitivity to TeTxLC, and therefore the effect of endotracheal
administration of AdRSVTeTxLC is unknown (127). We suspect, however, that this form of administration
will create severe atelectasis as a result of reduced surfactant production. This finding will help to guide the
appropriate safety procedures necessary for viral handling.

d.

Construct a rAAV vector for the delivery of TeTxLC (rAAVRSVTeTxLC).
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Rationale: If the TeTxLC transgene proves capable of transiently inhibiting synaptic function in the rat
hindlimbs, we will proceed to construct a rAAVCMVTeTxLC. This vector will be constructed for use in Aim
3, in order to test the efficacy of this novel approach to eliminating spasticity.
The production of rAAV depends on the cotransfection of packaging cells with a plasmid vector
containing the ITRs of AAV flanking an expression cassette (pTRUF-5TeTxLC), and a separate vector
containing the rep and cap genes of AAV (pXX2). Production of parvovirus requires the presence of genes
from a helper virus. These can be supplied through coinfection of packaging cells with wild type adenovirus
(Ad5), or by means of a helper plasmid containing the adenoviral genes required (pXX6).
Experimental Design: We will use the pTRUF-5 plasmid for the creation of rAAV. In order to make adequate
room in the pTRUF-5 plasmid, the neo resistance sequence is removed by restriction digest. A separate
restriction digestion is performed with Not I to remove the GFP sequence. The sequence of TeTxLC selected in
aim 1b and tested in Aim 1c, will be cloned into pTRUF-5 between the Not I sites. Restriction mapping will be
conducted to ensure the proper orientation of the transgene.
For harvesting virus, triple transfection will be conducted on 20 150 mm plates of 293 cells at 70-80%
confluence. To make virus cells must be exposed to the proviral sequence, pXX2 carrying the rep and cap
genes with no ITRs, and the pXX6 containing the adenoviral genes necessary for rAAV production. 25 µg. of
plasmid DNA for pTRUF-5TeTxLC, pXX2, and pXX6 will be EtOH precipitated and resuspended individually
in 18 ml of sterile water with 2 ml of 2.5 M CaCl2. This solution is added to pH 7.05 0.05 M HEPES, 0.28 M
NaCl, and 1.5 mM Na2HPO4 and 20 min later the mixture is observed for precipitation. 2 ml of each precipitate
are added to each plate of cells. Cells are fed with Iscoves’ modified eagles medium with 10% FBS and no
antibiotics. The viral band will be isolated from the crude lysate by CsCl gradient ultracentrifugation and
dialyzed into PBS with sucrose as a cryoprotectant. Viral titer will be estimated with slot blots.
Plasmids used for the construction of rAAV vectors have been supplied by the Jude Samulski, Ph.D. at
the Center for Gene Therapy at the University of North Carolina (pXX2 and pSub20), and Nicholas Muzyczka
of the Department of Molecular Genetics and Microbiology at the University of Florida Gainesville (pTRUF-5,
pIM29-45, and pXX6).
Anticipated Results: We anticipate being able to clone the TeTxLC fragment into the pTRUF-5 plasmid
without difficulty. Use of the helper-virus free system for rAAV production makes purification easier.
However, to date, our ability to use helper-free systems for rAAV production successfully has been sporadic.
In the event that we are unable to generate significant titers, we will revert to a wild type Ad5 helper system for
rAAV production. This process requires both CsCl gradient purification as well as heat inactivation to avoid
wild type Ad5 contamination.

2.

DEVELOP STRATEGIES FOR TARGETED MOTOR NEURON DELIVERY OF rAAV
ANTISPASTICITY TRANSGENES.
Enhanced neural uptake of rAAV-2 can be achieved through manipulation of the cap gene protein VP1.
a.
Construct mutants of the rAAV cap gene in pIM29-45 by inserting candidate peptides at aa34 of
the VP1 protein.
Rationale: Successful application of viral vectors to the problem of neuromodulation will depend on effective
targeting strategies. The prevention of nonspecific effects depends on gene expression being confined to the
systems under treatment and not bystander cells. By enhancing the neurotropism of rAAV vectors lower titers
can be used in the remote injection paradigm hence reducing the potential for locally nonspecific effects.
Targeting of this kind may be of particular importance if the TeTxLC vectors are found to have toxic effects in
pulmonary tissue. Further, enhanced neurotropism may be essential for the delivery of genes to the
compromised nervous system. In these instances, the normal mechanisms for axonal uptake and retrograde
transport may be diminished. As such, targeted motor neuron delivery of rAAV may find application to Motor
Neuron Disease as well as spasticity. The broader concepts may find application to engineered neurotropism
for other CNS systems.
As discussed in the Background and Significance Section, there are two potential approaches to the
construction of neurotropic rAAV. The first involves strategies for covalently binding neurotropic proteins to
the surface of the rAAV capsid. This approach has the potential to permit the utilization of larger proteins like
the rabies g protein or the Hc fragment of BoNT-A. This strategy requires the cumbersome extra step of
capsid-tropic protein conjugation. We have therefore elected to pursue the second approach of constructing
mutant rAAV capsids through the manipulation of the cap gene in pXX2/pIM29-45 plasmid. Construction of
specifically neurotrophic pIM29-45 mutants will allow for the packaging of a range of rAAV2 shuttle vectors in
viral coats with neuronal targeting. Because of the potential that longer insertions into the cap gene will alter
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DNA packaging, we have chosen 60 AA short snake venom neurotoxin as well as the decapeptide of the
neurotropic coronavirus to begin our investigation of engineered neurotropism.
Experimental Design: PCR primers are designed that contain codons for the 60 AA sequence of short snake
venom neurotoxin (SSVN) or the decapeptide of coronavirus as well as a restriction site. This sequence is
flanked by 20 bp on each side that are homologous to the parental plasmid pIM29-45. The resulting PCR
fragments are digested with DpnI in order to eliminate parental plasmid DNA. These fragments are then cloned
back into pIM29-45 for use in the production of rAAV. pIM29-45 functions like pXX2 to deliver the rep and
cap genes for the packaging of vector DNA.
pIM29-45 containing the SSVN or decapeptide, are then used to created rAAV2 with pAAVGFP and helper
plasmid pXX6 or wildtype Ad5 (as described in Aim 1d). The resulting rAAV2 is purified by CsCl gradient
and heat inactivation. The resulting rAAVGFPdec or rAAVGFPssnt will be assayed for comparative infectivity
in vitro, using 3T3 fibroblast and SHSY5Y cells.
Anticipated Results and Potential Problems: Aim 2a may not result in the production of viable rAAV.
Previous attempts to alter the cap gene and hence create chimeric VP1 containing targeting surface proteins
have used extremely short peptides ranging from 7-10 AAs. It is not clear whether larger proteins like SSNTs
can be expressed as a part of VP1 without eliminating infectivity and DNA packaging. For this reason, we have
included the decapeptide of coronavirus, which matches the length of insertions used in published experiments.
However, this peptide may convey neurotropism without motor neuron specificity.
If mutation of the cap gene fails to produce a neurotropic rAAV packaging plasmid as tested in Aim 2b,
we will defer to the alternative strategy of conjugated capsid proteins utilizing larger neurotropic proteins. This
alternative approach is described below.
Conjugated rAAV capsid Targeting: The N-hydroxysuccinimide (NHS) derivative of phenylboronic acid (PBA)
is conjugated to the Fab fragment of a monoclonal Ab which recognizes the surface moiety of the VP1 rAAV
capsid protein (monoclonal core, Lerner Institute, Cleveland Clinic Foundation). In order to carry out this
reaction, PBA NHS is dissolved in dimethylformamide (DMF) and added to Fab in PBS. The RV G protein
and BoNT-Hc in 0.1 M NaHCO3 are alkylated at cysteine residues with iodoacetimido
dihydroxymethylbenzoate (DHBHA). PBA conjugated Fab readily binds to the DHBHA alkylation of the
neurotropic proteins RV G and BoNT-Hc at room temperature. Targeted rAAV will be constructed in two
steps. First, PBA anti-rAAV2 Fab will be bound to rAAV2GFP or rAAV2TeTxLC. Next, DHBHA RV G or
DHBHA BoNT-Hc will be conjugated to PBA-Fab-rAAV2. The method proposed has been documented
previously for the conjugation of Ad5 vectors to the FGF2 protein (49).

b.

Evaluate the capacity of these strategies to enhance rAAV gene delivery to spinal cord motor
neurons using in vitro and in vivo assays.
Rationale: Aim 2b attempts to determine whether the rAAV vectors produced in Aim 2a have an enhanced
neural tropism for spinal motor neurons using in vitro and in vivo assays.
Experimental Design: Spinal cords are harvested from E15 animals and dissociated under sterile conditions.
These cells are cultured in L-15 supplemented with albumin, catalase, SOD, transferrin, galactose,
progesterone, putrescine, selenium, estradiol, hydrocortisone and antibiotics. Targeted rAAV will be exposed to
dissociated embryonic spinal cord in culture. The levels of transgene expression in motor neurons elicited by
targeted and untargeted vectors will be compared.
Groups of Sprague-Dawley rats will undergo sciatic nerve injection with either targeted rAAV2, and
control rAAV2 containing expression cassettes for the GFP transgene. Control vector was obtained as a gift of
Dr. Matthew During and Paola Leone of the Department of Neurosurgery, CNS Gene Therapy Center, Thomas
Jefferson University. Amount of neurons transduced and the distribution of neurons transduced will be
compared between systems using the histological method described in Aim 1 for examining spinal cord gene
expression. Rather than quantifying the area of staining, as in direct spinal cord injection experiments, the
number of neurons expressing GFP will be tabulated. For GFP quantification, tissue is visualized with
fluorescence microscopy and fluorescent cells are counted. AntiGFP immunohistochemistry will be used to
confirm the existence and distribution of viral transgenes in spinal cord. In remote delivery preparations,
failure to detect transgene expression at the site of injection implies inadequate tissue injection or staining.
Spinal cords from animals without injection site staining are therefore excluded.
Data Analysis: The mean number of spinal cord or brainstem cells staining in at least 10 selected sections are
recorded for each animal and mean cell staining is then compared between groups using a single factor analysis
of variance (ANOVA) for each experiment.
Anticipated Results and Potential Problems: We anticipate that rAAV2GFPdec will be capable of packaging
DNA and maintaining infectivity. We predict that this vector will have enhanced transgene delivery to motor
_______________________________________________________________________________________________________ _
PHS 398 (Rev. 5/95)
(Form Page 8) Page 52

Principal Investigator/Program Director (Last, first, middle): Boulis, Nicholas M.
neurons in culture and in vivo through remote delivery. Whether the targeted cap strategy will tolerate longer
peptides like the SSNT is unknown. We suspect that if the vector is capable of packaging DNA, SSNT will
convey a substantially higher neurotropism than the corona decapeptide. On the other hand, We hypothesize
that conjugated vectors will deliver transgenes to motor neurons with substantially higher avidity in vitro.
Nonetheless, because these vectors bear large potentially immunogenic antigens, they may not be tolerated in
vivo due to proinflammatory responses. Animals will be monitored for such responses.

3.

EVALUATE THE EFFICACY OF CANDIDATE TRANSGENES FOR INHIBITION OF
SPASTICITY.
Severity of spasticity will be evaluated in animals that have undergone spinal cord injection of viral vectors
carrying antispasticity transgenes; Glutamate decarboxylase (GAD) and TeTxLC.
A.
Evaluate the effect of spinal cord injections of rAAVGAD and rAAVTeTxLC on the spastic
mouse model of spasticity using behavioral and anatomical assays.
Rationale: The spastic mouse demonstrates the development of spastic tone and muscle/tendon contractures as
the result of a mutation in the glycine receptor, which reduces the general inhibitory tone in the animal’s
nervous system. The application of BoNT-A to these animals has been documented to reduce contractures that
develop in these animals secondary to spasticity throughout development. This model provides an
approximation of human cerebral palsy. Two candidate vectors rAAVGAD and rAAVTeTxLC alter spinal
cord tone by amplifying the production of GABA and reducing neuromuscular transmission respectively.
Experimental Design: Spastic phenotype mice will be selected from litters and paired with two non spastic
litter mates on day 20 of life. Animals will be injected in the left sciatic nerve with 2 λ of the maximal titer of
rAAVGAD, rAAVTeTxLC, or rAAVTeTxLCnt (n=20 per group). rAAVcagGAD (gift of During and Leone)
contains the glutamate decarboxylase gene under the control of the CAG promoter. Animals will be evaluated
for spasticity using a modified Ashworth Scale in the right and left leg by a blinded scorer as well as incline
plane measurements on a weekly basis. Animals will be sacrificed on day 65 of life to undergo gastrocnemius
to tibial ratio measurement.
Spastic Mice: B6C3Fe-a/a-Glrbspa/+ breeding pairs are purchased and bred. Litters are examined beginning at
14 days for homozygous spastic phenotype animals. The spasms consist of rapid tremor, stiffness of posture,
and difficulty in righting when placed on the back. Litter mates can be selected as experimental controls.
Anesthesia: Mice are placed headfirst into a 30 cc syringe fitted into a 60 cc syringe attached to the open circuit
gas anesthesia system. Isofluorane is administered as described in Aim #1.
Viral Injection: Virus will be injected in phosphate buffered saline (PBS) with 20% sucrose used as a
cryoprotectant. Nerves are injected with an oocyte microinjector (Drummond: nanoject, Broomall, PA). A
glass micropipette puller (Narishige: PP-83, Tokyo, Japan) is used to create tapered tips on micropipettes which
are then beveled to a 100 µ diameter tip under microscopic visualization. Glass micropipettes are placed on the
oocyte injector which is advanced through the perineurium along the axis of the nerve with the use of a
micromanipulator (Narishige: N-152, Tokyo, Japan), while gentle counter traction is applied to the nerve. 0.5 λ
is delivered in a series of ten 50 nl boluses, injected at four separate puncture sites for a total of 2 λ.
Blinded Examination for Spasticity: Using the modified Ashworth scale described by Bohannon and
Smith (110), an individual blinded to the treatment category will score the degree of spasticity at the hip,
knee, and ankle on a 0-5 scale as follows for the right and left limb score:
0=No increase in tone during flexion and extension 3=Increased tone throughout motion, easy movement
1=Catch and release or minimal resistance
4=Considerably increased tone, difficult movement
2=Catch with minimal resistance
5= Rigidity on flexion or extension
Gastrocnemius to Tibial Length Ratio: The degree of gastrocnemius contractures can be estimated in the
spastic mouse model by measuring the length of the gastrocnemius and tibia and tabulating the ratios of these
values for both hindlimbs.
Anticipated Results and Potential Problems: We anticipate that both rAAVGAD and rAAVTeTxLC sciatic
therapy will result in reduced spasticity and contractures. We expect that rAAVTeTxLC will provide more
robust effects than rAAVGAD. Further, it is likely that the injected limb will show disproportionate
improvement in spasticity in comparison with the right limb. It is possible that rAAVTeTxLC may leave these
animals with less spasticity and improvement in contractures but with more weakness. This should be apparent
on incline plane assessment.
b.

Evaluate the effect of sciatic nerve injections of rAAVGAD and rAAVTeTxLC on spinal cord
contusion induced spasticity in Sprague-Dawley rats using behavioral and electrophysiological
assays.
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Rationale: Human spinal cord injury is rarely the result of focused lesions or transection. More commonly
spinal cord injury results from cord crush or contusion. This trauma is one of the leading causes of spasticity.
A range of spinal cord contusion severities can be induced with a weight drop model. The study of a larger
rodent model allows for more sensitive assays of spasticity to be applied including electrophysiology and the
measurement of dynamic limb resistance. Such assays will allow for better resolution of the dose response
characteristics of antispasticity vector administration. The development of such therapies will depend on
defining titers of virus that can reduce spasticity without exacerbating weakness.
Experimental Design: The therapeutic vector that performs better in the spastic mouse model will be selected
for a more in depth characterization of dose-response characteristics. Groups of rats will undergo simultaneous
left sciatic nerve vector administration and thoracic spinal cord injury. Animals in each treatment group,
rAAVGAD or rAAVTeTxLC, and rAAVTeTxLCnt (n=15/group) will undergo a 5 cm weight drop injury and
injection of 3 separate titers of virus 104, 106, 108 pt./µl. Dynamic force amplitude (DFA) and incline plane (as
described in Aim 2a) assays will be measured biweekly for four weeks following injury. At the end of four
weeks, animals will undergo measurement of bilateral monosynaptic reflex potentials (MSR) from the sciatic
nerves. The ratio of MSR and dynamic force amplitudes in treated to untreated limbs will be calculated. These
ratios will be compared between groups as well as the raw values of MSR and DFA.
Spinal Cord Injury: Based on the NYU weight-drop device (93) a spinal cord impounder was designed to
deliver reproducible contusions to the spinal cord. The midthoracic spinal cord is exposed as described above.
During the operation, the spinal cord impounder is positioned over the cord at the laminectomy defect. The
spine is immobilized with modified Alice clamps fixed to the spinous processes rostral and caudal to the
laminectomy. A 10 gram weight is dropped a standard distance along a track and strikes a teflon impounder tip
that contuses the cord. The force transduced into the spinal cord can be measured with a tension transducer to
insure consistent injury. Closure is performed as described above. Spinal cord injury results in partial or
complete paralysis.
Dynamic Force Amplitude: A modification of the dynamic force amplitude apparatus described by Taylor et al
(92) will be constructed in the machine shop of the Cleveland Clinic Lerner Research Institute. In brief, this
apparatus utilizes an electric motor that rotates a wheel. This wheel is attached via a rod to a second wheel.
This construction results in oscillation of the wheel similar to the principle that converts piston movement to
rotary motion in locomotive wheels. The second wheel is connected to a fulcrum that is in turn attached to
“boots.” The final result is rhythmic dorsiflexion of the rat’s feet at the ankle. Tension transducers are placed
under the footpads to detect the resistance to dorsiflexion. The mean resistance to flexion over a series of trials
can be calculated. In addition, the rate of dorsiflexion can be altered to look at the resistance/rate ratio.
Monosynaptic Reflex: Sprague-Dawley rats are intubated and induced under isofluorane anesthesia and animals
are paralyzed with gallamine. The sciatic nerve is exposed bilaterally, severed and placed into a suction
electrode for measurement of a nerve action potential. Lumbosacral laminectomy is performed and bilateral
stimulating electrodes are placed on L3 dorsal roots which are severed distal to the stimulating electrode to
prevent antidromic sensory stimulation from corrupting the sciatic nerve recording. Dorsal roots are stimulated
with 50 µs pulses at 1 Hz. Sciatic recordings are amplified and averaged on a Nicolet 1170 Signal Averager
over 10 trials. Scores are generated for both hindlimbs.
Anticipated Results and Potential Problems: We anticipate that the antispasticity vector but not
rAAVTeTxLCnt will reduce DFA. We expect these results to last throughout the duration of the experiment,
given that rAAV gene expression should not diminish over a single month. Further, we predict that
antispasticity effects will be observed in the treated limb more than the contralateral side, but we do expect to
see a degree of improvement in the contralateral limb, since some gene expression has been seen in the
contralateral motor neurons. One potential problem is the possibility that the planned dose response curve will
either miss peaks in the curve given the wide distribution of concentrations or will not utilize low enough doses.
If the animals show worsened performance on the incline plane test at all dose levels, additional groups will be
run at lower doses in an attempt to define the a dose that optimizes antispasticity effects without undermining
the overall spinal cord function.

c.
Construct and assay the activity of targeted rAAV for the delivery of antispasticity genes.
Rationale: Aim 3c attempts to synthesize the data on motor neuron targeting, antispasticity transgenes, and
activity in animal models in order to demonstrate an increased effect of an antispasticity transgene using vector
targeting. As previously stated, targeted capsids may allow for more potent and specific effects.
Experimental Design: rAAV2dec-antispasticity or rAAV2sstn-antispasticity will be constructed using the
mutant pIM29-45 packaging helper plasmid found to perform better in Aim 3b. These two targeted
antispasticity vectors will be compared to untargeted rAAV2-antispasticity (rAAVTeTxLC constructed in Aim
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1 or rAAVGAD obtained from During and Leone). Three groups (n=5) of Sprague-Dawley rats will undergo
sciatic nerve vector injection followed by 5 cm weight drop spinal cord injury. Incline plane performance,
DFA, and MSA will be measured over a two month period.
Anticipated Results and Potential Problems: We predict that conjugated vectors will have the most dramatic
motorneuron specific transgene delivery, because these vectors will not only have a high binding affinity for
motorneurons, but will also be unlikely to bind surrounding tissue because their wildtype coat proteins will be
hidden by the large neurotropic proteins. Targeted cap antispasticity vectors should likewise have a high
affinity for remote uptake, but may not lose the ability to bind non-neural elements. The main potential
problem remains the ability of targeted antispasticity vectors to cause synaptic inhibition at levels beyond the
segmental area targeted. Once again, care will be taken to monitor the general spinal cord function of these
animals including their respiratory function.

Broader Significance: The development of strategies for targeted gene delivery to motor neurons will be
equally applicable to the attempt to develop gene therapy strategies for the treatment of Motor Neuron
Disease. These therapies will be developed in collaboration with PFUND at the University of Michigan.
In addition, local synaptic inhibition is currently being applied through the technology of deep brain
stimulation to the treatment of movement disorders, epilepsy, eating disorders, and potentially
psychiatric disease (see Appendix C) . Antispasticity vectors engineered to induce focused synaptic
inhibition will provide biological strategies for stereotactic functional neurosurgery.
e.

Human Subjects
None

f.

Vertebrate Animals

1.

Sprague-Dawley rats (Charles River) are anesthetized with sodium pentobarbital (65 mg/kg) and Spastic
Mice (Jackson Labs, Maine) are anesthetized with inhalant isofluorane. For sciatic nerve injections, the
lateral portion of the right thigh is shaved and sterilized with povidone-iodine. A 0.3 cm incision is
made posterior to the right femur and the sciatic nerve is exposed and freed from surrounding tissue.
All dissections are performed under a dissecting microscope (Stereozoom 6; Leica, Buffalo, NY). For
some protocols, the brachial plexus or the laryngeal nerve are exposed after a 0.3 cm incision posterior
to the neck or at the neck, respectively. Sciatic, brachial plexus and laryngeal nerve injections require a
small amount of countertraction, accomplished by applying a loosely tied 3-0 silk suture around the
nerve. The suture tails are cut and the remaining tie left in place following surgery for direct
visualization of the injection site during tissue preparation. The amount of countertraction and
retraction is carefully controlled to prevent nerve damage. 3-0 silk sutures are used to approximate the
muscles and the skin is closed with a skin stapler (Reflex TL; Richard Allen, Richland, MI).
To conduct direct spinal cord injections, using sterile technique, the paraspinous muscles of the L3
region are elevated from the lamina and spinous processes. A hemilaminectomy is performed using
cuticle scissors at the midthoracic level. A micromanipulator is then used to insert a glass capillary tube
beveled to 10 microns in diameter into the spinal cord at the midline. 4 lamda of viral solution is
delivered using a nanoject oocyte injector apparatus. Par aspinous muscle is closed using a 3-0 vicryl
suture and the skin is stapled. All staples will be removed 7-10 days after the procedure.
To induce traumatic spasticity, spinal cord injury is induced with weight drop contusion model. Based
on the NYU weight-drop device (93) a spinal cord impounder was designed to deliver reproducible
contusions to the spinal cord. The midthoracic spinal cord is exposed as described above. During the
operation, the spinal cord impounder is positioned over the cord at the laminectomy defect. The spine is
immobilized with modified Alice clamps fixed to the spinous processes rostral and caudal to the
laminectomy. A 10 gram weight is dropped a standard distance along a track and strikes a teflon
impounder tip that contuses the cord. The force transduced into the spinal cord can be measured with a
tension transducer to insure consistent injury. Closure is performed as described above. Spinal cord
injury results in partial or complete paralysis. Such animals receive bladder massage three times a day
until reflexive bladder control returns.
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Animals are carefully monitored postoperatively for mutilation, urinary retention, and wound infection.

2.

The mice will be housed in the Unit for Laboratory Animal Medicine (ULAM) of the Cleveland Clinic
Foundation which is AALAC approved. ULAM provides a well-trained staff that is overseen by a
Cleveland Clinic Foundation Veterinarian.

3.

The use of sodium pentobarbital (65 mg/kg) or inhalant isofluorane anesthetizes the rodents during the
surgery. The use of these anesthetics is consistent with the guidelines of the Panel on Euthanasia of the
American Veterinary Medical Association and with NINDS guidelines.

g.
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Consortium/Contractual Arrangements
None

i.

Consultants
Thyagarajan Subramanian MD holds a Staff level appointment in the Department of Neurology at the
Cleveland Clinic Foundation. He holds an RO1 (NS42402) focused on the application of retinal stem
cells and viral gene therapy to movement disorders. Dr. Subramanian will collaborate with Dr. Boulis
in the development of gene therapy strategies for neuromodulation and neural restoration. In addition,
Dr. Subramanian will assist Dr. Boulis in the development of strategies for the neural targeting of
vectors. His basic science and clinical interests parallel those of Dr. Boulis making him an ideal
collaborator.
Erwin Montgomery MD directs the Parkinson's Research Program at CCF. His basic science research
utilizes primate models and electrophysiology to understand the complexity of the neural systems that
regulate motor function. His clinical research focuses on early diagnosis and surgical treatment of
Parkinson's disease. Dr. Montgomery will assist Dr. Boulis in the development of behavioral and
electrophysiological assays of spasticity.
Michael Imperiale PhD is a Professor of Microbiology and Immunology and co-director of the Center
for Gene Therapy at the University of Michigan. His laboratory investigates basic mechanisms of
adenoviral pathogenesis including viral DNA packaging. He has assisted Dr. Boulis in the development
of both adenoviral and rAAV vectors for IGF-I, GFP, and alkaline phosphatase (AP). Dr. Imperiale and
the University of Michigan Center for Gene Therapy will continue to assist in the area of vector
development and targeting.
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Eva L Feldman MD. PhD is a Professor of Neurology at the University of Michigan. Her laboratory is
focused on the application of neural growth factors to degenerative neurological diseases including
diabetic neuropathy and motor neuron disease (ALS). She is the director of the Program For
Understanding Neurologic Disease (PFUND). While a member of the faculty at the Cleveland Clinic,
Dr. Boulis will maintain his position in the PFUND. Dr. Feldman will provide assistance with in vitro
assays of vector activity including both SHSY5Y and primary motor neuron cultures.
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