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Abstract

This is a compact visual description of a combination of surgical technique and device for the delivery of (gene and cell) therapies into the spinal
cord. While the technique is demonstrated in the animal, the procedure is FDA-approved and currently being used for stem cell transplantation
into the spinal cords of patients with ALS. While the FDA has recognized proof-of-principle data on therapeutic efficacy in highly characterized
rodent models, the use of large animals is considered critical for validating the combination of a surgical procedure, a device, and the safety of

a final therapy for human use. The size, anatomy, and general vulnerability of the spine and spinal cord of the swine are recognized to better
model the human. Moreover, the surgical process of exposing and manipulating the spinal cord as well as closing the wound in the pig is virtually
indistinguishable from the human. We believe that the healthy pig model represents a critical first step in the study of procedural safety.

Video Link

The video component of this article can be found at http://www.jove.com/video/4371/

Protocol

1. Animal Use

Procedures demonstrated herein have been approved by the Emory University Institutional Animal Care and Use Committee (IACUC). Female
Gottingen minipigs weighing approximately 15-20 kg are used.

2. Anesthesia

Animals are fasted approximately 12 hr prior to surgery. Animal sedation and anesthesia induction consist of a cocktail of intramuscular Ketamine
(35 mg/kg), Acepromazine (1.1 mg/kg), and Atropine (0.04 mg/kg). Animals are then intubated and maintained on oxygen and 1-3% isoflurane
general anesthesia. At this point, the back and head of each animal is shaved. Depth of anesthesia is monitored by the veterinary staff. Absence
of interdigital, corneal and palpebral reflexes, as well as heart and respiratory rate, pulse oximetry, direct/indirect blood pressure, end-tidal
carbon-dioxide measurements, and muscle tone/response to noxious stimuli are used to monitor depth of anesthesia.

3. Positioning

Animals are taken to the operating room and placed into a prone position on a frame custom designed to mimic patients positioning on a
Jackson spinal surgical table. The frame utilizes adjustable slings that are placed under the chest and pelvis of the animal, allowing the abdomen
to hang free and, therefore, minimizing pressure on the abdomen and chest and consequent epidural venous bleeding (Figure 1). The frame
also provides external immobilization of the spine for the procedure '
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Additionally, animals are placed on a heated re-circulating pad to maintain body temperature and a marginal ear vein catheterized for fluid
administration and any necessary drug delivery during surgery. Finally, the surgical field is prepped with alcohol and Chlorhexadine or Betadine
solution and surgical drapes are placed on the surgical field.

4. Laminectomy

An approximately 10-15 cm skin incision is performed and the paraspinal musculature is dissected off the spine bilaterally. Next, a dorsal multi-
level laminectomy is performed. The lamina and spinous processes of three vertebrae overlying C3-C5 or L2-L4 segments are removed using
rongeurs and a surgical drill.

5. Placement of the Spinal Derrick

We call Spinal Derrick the device designed for the delivery of (gene and cell) therapies into the spinal cord %5 Detailed discussion on the design
and evolution of this device can be found on Riley et al., 2011. 4

To secure the device to the patient, percutaneous posts are placed through 1cm skin incisions above and below the primary incision and
mounted to the lamina above and below the primary incision.

Next, two integrated retractors are attached to the four percutaneous posts above and below the incision site to expose the area of the spine that
has undergone laminectomy.

6. Dural Opening

With the aid of a Woodson dental tool and an 11 blade, a 2.5 cm incision is made through the dura, exposing the spinal cord. The dura is
reflected away from the pial layer using 4-0 Nurolon suture and secured to the deep paraspinal musculature.

Surgical patties are placed in the rostral and caudal extremes of the opening. These provide a partial barrier to cerebrospinal fluid flow and also
provide a safe target for the surgeons to place suckers without damaging the cord. In humans, under surgical microscope magnification, the pial
surface is dissected at this point. Due to technical limitations, this procedure is not required or feasible in animals.

7. Spinal Cord Injections and Lateral Displacement of the Spinal Derrick for Additional
Injections

Immediately prior to injections, a bolus of Methylprednisolone (125 mg, IV) is given to prevent spinal cord swelling.

At this point, the platform rail system is attached and the side rails are adjusted to fit the appropriate length. The gondola is top-loaded onto the

2 bars and the Z drive is mounted on the universal joint. Next, the loaded cannula is placed onto the microdrive. Using the universal joint on the
microinjection platform, the coronal and sagittal angles are adjusted to ensure a trajectory orthogonal to the surface of the spinal Injections follow
the placement of the cannula. The needle is positioned accordingly medial to the dorsal root entry zone (DREZ). The DREZ is identified under
3.5X surgical loupe magnification and penetrated on an orthogonal trajectory to the cord surface at a point <1 mm medially.

In humans, a pre-operative MRI provides a baseline assessment of spinal cord dimensions for operative planning. Moreover, the thickness of the
spinal cord is measured to determine the target depth of the ventral horn.

The suspension is infused at a depth of 4 mm from pial contact. A flange made of ultem plastic serves as a stopper on the pia surface to prevent
the needle from advancing deeper than desired. Once the needle tip is positioned at the target, the rigid metal outer sleeve is pulled up, leaving
the flexible tubing exposed. Once the injection is completed, the needle is left in place for an additional 1 min to prevent cell reflux up the cannula
injection tract.

Care is taken to avoid surface vasculature by slightly adjusting the microdrive either laterality or rostro-caudally. Some bleeding from penetration
sites may occur. When such bleeding is encountered, micro patties are placed over the bleeding puncture site and suction is applied to them to

wick blood out of the cannula penetration site and prevent buildup in the cord. This reliably allows for the blood to coagulate. Cautery is avoided
as is direct pressure.

Following needle removal, the stereotaxic apparatus is relocated to the next target site along the rostro-caudal axis, separated by 2 or 4 mm or
as necessary to avoid visible blood vessels on the dorsal surface of spinal cord. This process is repeated as many times as proposed in a given
study.

8. Floating Cannula

A custom infusion cannula of narrow diameter is used for the injections. The cannula consists of a 30-gauge beveled needle of fixed length
connected to a 30-gauge flexible silastic tubing of variable length. The distal end is fitted with a Hamilton luer lock that is attached to a
microinjector pump. The proximal silastic tubing is ensheathed within a 24-gauge rigid outer cannula that seats on the proximal end of the
injection needle flange. This flange both seats the outer cannula and serves as a depth stop for the injection needle. For each injection, the
appropriate volume of a therapeutic suspension is infused by a using a pre-calibrated MINJ-PD microINJECTOR pump (Tritech Research, Inc.,
Los Angeles, CA) at a rate of 5 pl per minute.
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9. Closure

Once all injections have been made, the spinal derrick is gently removed and the incisions are closed in four layers. The dura is closed using a
4.0 Nurolon stitch, in a watertight fashion. 0 Vicryl suture is used for the deep muscular layer. Fascia is then closed with 0 Vicryl suture also in a
watertight fashion. The dermal layer is finally closed with 2.0 Vicryl, with a running stitch. Skin closure is completed using a 3-0 Nylon suture.

10. Recovery and Pain Management

Animals are extubated and monitored for 2 hr following anesthesia recovery. Next, animals are transferred to individual cages and monitored at
least once daily for food consumption, defecation, and micturition.

For pain management, a transdermal Fentanyl patch (75 mcg) is stapled on the back of the animals for three days of post-operative analgesia.
Additionally, Buprenorphine (0.05 mg/kg, BID, IM) can also be given for up to three days post-operatively.

11. Results and Representative Outcomes

Clinical and behavior observations are performed before surgery and then recorded on Days 1 through 7 and weekly until endpoint according

to the study design. Behavioral data is collected to assess neurological morbidity as previously described 6, Sensory function is assessed by
presence or absence of a withdrawal response to mechanical stimulus to the toes of front and hind limbs. Motor function follows the Tarlov score
(Table 1): 0 - Paralysis, no movement; 1- Perceptible tonus in the hind limbs, slight movement; 2 - Movement in the hind limbs, but unable to sit
or stand; 3 - Ability to stand and walk but ataxic and for short periods; 4 - Complete recovery, normal motor function.

Safety of the procedure is determined by the ability of an animal to return to pre-operative baseline. Transient neurological deficits should mostly
resolve between post-operative days 1 and 7, with some variations depending on animals' breeds and procedure (number of injections, among

other parameters). Permanent morbidity is defined by lasting neurological deficits which do not resolve by the time animals reach IACUC default
endpoint (Figure 2).

Representative Results

Tarlov Score

0 Paralysis, no movement

1 Perceptible tonus in the hind limbs, slight movement

2 Movement in the hind limbs, but unable to sit or stand

3 Ability to stand and walk but ataxic and for short periods
4 Complete recovery, normal motor function

Table 1. Tarlov Score. Neurological morbidity and recovery is assessed by scoring the animal's motor function.

Figure 1. Table Positioning for Procedure. Animals are placed into a prone position on a frame custom designed to mimic patients positioning
on a Jackson spinal surgical table. The frame utilizes adjustable slings that are placed under the chest and pelvis of the animal, allowing the
abdomen to hang free and, therefore, minimizing pressure on the abdomen and chest and consequent epidural venous bleeding. The frame also
provides external immobilization of the spine for the procedure.
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Representative Outcomes

Pre-operative Baseline Post-operative Morbidity
Tarlov Score 4 Tarlov Score 2

Post-operative Morbidity Post-operative Full Recovery
Tarlov Score 3 Tarlov Score 4

Figure 2. Motor Function Assessment and Representative Outcomes. Animals undergo a general neurological examination before surgery
and on a regular basis following complete recovery from the procedure. Gait and motor function are assessed according to the Tarlov score. This
scale provides objective criteria evaluating the animals' ability to ambulate as a surrogate measure of motor function. Safety of the procedure

is determined by the ability of an animal to return to pre-operative baseline. Transient neurological deficits should mostly resolve between post-
operative days 1 and 7, with some variations depending on animals' breeds and procedure (number of injections, among other parameters).
Permanent morbidity is defined by lasting neurological deficits which do not resolve by the time animals reach IACUC default endpoint.

Supplemental

In case of cell therapies, prior to laminectomy and under anesthesia, a jugular vein 10F chronic catheter (Access Technologies, CCPS072106A)
is placed for intravenous administration of immunosuppressants for the duration of the study. The neck of the animal is prepped and draped. The
internal jugular vein is exposed surgically and cannulated with the catheter, which is secured with a 3-0 silk tie. The proximal end of the internal
jugular is then ligated with a 3-0 silk tie. Next, the catheter is tunneled out of the neck skin dorsally and secured with 3-0 nylon stitches. Finally,
the wound is irrigated and closed with a running 3-0 nylon stitch. Such procedure is not required in humans.

Despite approval to proceed with the described technique in humans 7'9, critical questions remain to be answered in order for spinal cord
therapies to succeed. A rigorous understanding of spinal cord tolerance to intraparenchymal injection is required to enable the planning

and execution of trials developing therapies for demyelinating, degenerative, and traumatic spinal cord disease. Currently, there is no clear
understanding of the number of injections that the large mammalian spinal cord can tolerate without transient and permanent morbidity.
Similarly, spacing of injections is likely to affect morbidity. Moreover, macroscopic (e.g., ventilation-related or inadvertent patient movement)

and microscopic (i.e., oscillation with both ventilation and cardiac pulse) spinal cord movements pose risks to the spinal cord during injection.

An understanding of the threshold for morbidity in a large animal model will aid dosing calculations for all spinal cord therapy programs. Our
translational spinal cord transplantation laboratory is available to help preclinical development programs of all teams currently designing trials for
spinal cord application.
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Dr. Boulis is the inventor of devices to enable safe and accurate injection of the human spinal cord. Neuralstem, Inc. has purchased an exclusive
license to this technology. Dr. Boulis received an invento's share of this fee, and has the rights to royalty payments for distribution of this
technology. Other authors have nothing to disclose.

Acknowledgements

We thank the Emory University Division of Animal Resources staff for veterinary care. Funding sources include: ALS Association, Department of
Defense, and Neuralstem, Inc.

References

1. Usvald, D, et al. Analysis of dosing regimen and reproducibility of intraspinal grafting of human spinal stem cells in immunosuppressed
minipigs. Cell Transplant. 19, 1103-1122 (2010).

2. Riley, J., et al. Targeted spinal cord therapeutics delivery: stabilized platform and microelectrode recording guidance validation. Stereotact.
Funct. Neurosurg. 86, 67-74 (2008).

3. Federici, T., Riley, J., Park, J., Bain, M., & Boulis, N. Preclinical safety validation of a stabilized viral vector direct injection approach to the
cervical spinal cord. Clin. Transl. Sci. 2, 165-167 (2009).

4. Riley, J.P., Raore, B., Taub, J.S., Federici, T., & Boulis, N.M. Platform and Cannula Design Improvements for Spinal Cord Therapeutics
Delivery. Neurosurgery. 69 (2 Suppl. Operative), 147-54 (2011).

5. Riley, J., et al. Cervical spinal cord therapeutics delivery: preclinical safety validation of a stabilized microinjection platform. Neurosurgery. 65,
754-761, discussion 761-752 (2009).

6. Raore, B., et al. Cervical multilevel intraspinal stem cell therapy: assessment of surgical risks in Gottingen minipigs. Spine. 36, E164-171
(2011).

7. Boulis, N.M., et al. Translational stem cell therapy for amyotrophic lateral sclerosis. Nat. Rev. Neurol., doi:10.1038/nrneurol.2011.191 (2011).

8. Riley, J., et al. Intraspinal Stem Cell Transplantation in ALS: A Phase | Safety Trial, Technical Note & Interim Safety Outcomes. Neurosurgery.
71 (2), 405-16 (2012).

9. Boulis, N.M., et al. Lumbar intraspinal injection of neural stem cells in patients with ALS: results of a Phase | trial in 12 patients. Stem Cells.
30 (6), 1144-51 (2012).

Copyright © 2012 Journal of Visualized Experiments December 2012 | 70 | e4371 | Page 5 of 5


http://www.jove.com
http://www.jove.com
http://www.jove.com

