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Introduction
Afflictions of the spinal cord, whether neurodegenerative, 
oncologic, or traumatic, pose unique and significant 
challenges towards the end of achieving eff ective therapeutic 
intervention. Specifi c pathologic entities, including amyotrophic 
lateral sclerosis (ALS)1,2 or spinal muscular atrophy (SMA),3 
intramedullary cord tumors,4 and spinal cord injury (SCI)5,6 
may be amenable to cell or viral-based therapeutic approaches 
tailored to address the fundamental dysfunction within the 
local neuronal microenvironment. One of the most signifi cant 
barriers towards clinical translation and assessment of these 
molecular therapeutic strategies in Phase 1 clinical trials remains 
validation of a safe, accurate therapeutics delivery approach 
to the spinal cord gray matter. To our knowledge, the closest 
related studies have examined either convection enhanced 
delivery of macromolecules to the adjacent white matter7 and 
of multiple substrates to the heterogeneous pontine region.8,9 
We have previously published preliminary data demonstrating 
our ability to deliver cellular graft s to the lumbar10 or cervical11 
ventral horn utilizing a prototype stabilized microinjection 
platform. Herein, we extend our prior experiences to a gene 
therapy delivery protocol (AAV2-GFP) characterized by a 
(t = 3 weeks) survival period. 

Methods

Surgical procedure
We have described the surgical procedure in detail.10,11 Briefl y, the 
surgical fi eld was prepared in the standard sterile fashion. A 22 cm 
midline incision was performed between the occiput and the C7 
spinous process. An avascular midline dissection of the posterior 
spinal elements was then performed followed by a cervical 
laminectomy at the C3-C4 levels. Th e dura was incised with a 
No. 15 blade scalpel and a pial opening created with microbipolar 
coagulation followed by use of a No.11 blade to assure hemostasis. 
Figure 1A demonstrates the microinjection platform fabricated 
by the Cleveland Clinic Prototype Laboratory. Th is was used 
in combination with a Narishige M0-97 hydraulic microdrive 
(East Meadow, NY), capable of submillimetric depth adjustment. 
Figure 1B demonstrates an in vivo view of the platform and 
microdrive. Th e microinjection cannula (0.015′′ OD, 0.011′′ 

ID; 27.5 Gauge) was inserted to a depth of 4 mm, withdrawn to 
a depth of 3.5 mm, and adeno-associated viral vector serotype 
2 (AAV2-GFP) delivery (4e12 vg/mL, Ceregene, Inc., San 
Diego, CA) commenced with aid of a Harvard p99 (Harvard 
Apparatus Inc., Boston, MA) programmable infusion pump. 
Table 1 introduces the study design. Briefl y, microinjection 
occurred over a range of matched volumes (10, 25, and 50 μL 
(n = 3/group)) and infusion rates (1.0, 2.5, and 5.0 μL/minute), 
respectively. A constant intraspinal residence time was present 
between groups, including 10 minutes for delivery and an 
additional 5 minutes to prevent refl ux along the cannula track. 
The dura was closed in a running watertight fashion with 
4-0 Nurulon®. A four-layer closure included deep musculature 
(0 Vicryl®), fascia (0 Vicryl®), subdermal (2-0 Vicryl®), and skin 
(3-0 Ethilon®).

Behavioral assessment
A modifi cation of the Tarlov scale, used to assess a combination 
of motor function and ambulation status in small animal studies, 
was adapted for this study. Table 2 demonstrates the modifi ed 
Tarlov scoring system. Animals were assessed preoperatively, 
followed by serial postoperative scoring at Days 3, 14, and prior 
to euthanasia at Day 21.

Histological analysis
Following euthanasia, spinal cords were excised between the C2 
and C5 levels and placed in 4% paraformaldehyde for a period of 
7 days. Th e tissue specimens were dehydrated in a 30% sucrose 
solution for 1–2 days and subsequently frozen for histological 
analysis. Injection site identifi cation was aided by placement of 
a blue 6-0 Prolene stitch in the dura overlying the microinjection 
site. A cryostat (Jung Frigocut 2800N, Leica Microsystems, Inc., 
Bannockburn, IL) was used to attain 30 μm thickness sections for 
analysis. Specimens were left  unstained for GFP visualization.

Results 

Behavioral outcomes
At preoperative baseline, each animal retained an intact modifi ed 
Tarlov score. As demonstrated in Figure 2, eight of nine swine 
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recovered to baseline status by POD3 
while one animal demonstrated continued 
improvement with return to baseline function 
by POD21. During necropsy, a resolving 
epidural hematoma was discovered. On POD 
15, one Group 2 animal was found deceased 
in its cage following a rapid, progressive 
decline. A rigid, distended abdomen was 
observed. Necropsy revealed intestinal 
volvulus. Neither the observed morbidity nor 
the mortality was attributable to cannulation 
of the spinal cord or microinjection. 

Ventral horn targeting
Ventral horn targeting and GFP transgene
expression were achieved in each micro-
injection group. Th ough quantifi cation of 
vector biodistribution was not the primary 
study endpoint, Figure 3 demonstrates 
a “dose-dependent” and “targeted” GFP 
expression between groups. Observance 
of increasing GFP expression with 
microinjection volume and rate serves as 
evidence for a lack of payload refl ux along 
the cannula track. Multilevel injection may 
further augment vector biodistribution 
along the neuraxis.

Discussion
Th e data presented above extend previous 
fi ndings from our laboratory demonstrating 
an ability to safely cannulate a specific 
intraspinal site of interest for therapeutics 
delivery. Figure 2 demonstrates a return to 
baseline function by POD3 in eight of nine 
animals, with all animals eventually achieving 
a return to neurologic baseline. Neither the 
episode of forelimb dysfunction nor the 
mortality was attributable to intraspinal 
cannulation, infusion, or viral delivery. 
Figure 3 demonstrates accurate transgene 
delivery to the ventral horn, irrespective of 
infusion volume. Ventral horn targeting, 

localized gene distribution, lack of tissue damage at 
the injection site, and a lack of association between 
behavioral outcomes and infusion parameters over a 
range of volumes and infusion rates were noted. 

Our prior studies have utilized both stabilized 
lumbar10 and cervical11 approaches to deliver cell-based 
graft s to the ventral horn, utilizing microelectrode 
recording and coordinate-based microinjection 
targeting strategies, respectively. To our knowledge, 
these eff orts represented the fi rst reported attempts to
cannulate and deliver a viral vector to a specific 
target within the spinal cord of a large animal, for 
the purpose of clinical translation. We extend the 
potential generalizability for the safety of stabilized 
microinjection to delivery of viral vectors engineered 
to achieve therapeutic eff ect.

Federici et al. � Stabilized Viral Vector Direct Injection to the Cervical Spinal Cord

Figure 1. Stabilized cervical intraspinal microinjection platform, in situ and in vivo. (A) The microinjection 
platform is demonstrated while attached rostrally to the occiput and caudally to the spinous process of C7. (B) 
The platform and microdrive are demonstrated following a C3/4 laminectomy and dural opening prior to unilateral 
microinjection into the porcine cervical spinal cord.

Swine number Injection volume (µl)

10 25 50

Injection 1 Group 1 (n = 3)

Rate (µL/minute)

2.5 Group 2 (n = 3)

5 Group 3 (n = 3)

Table 1. Microinjection group study design.

0 No voluntary movements

1 Perceptible movements at joints

2 Good movements at joints but inability to stand

3 Ability to get up and stand with assistance <1 minute

4 Ability to get up with assistance and stand unassisted <1 minute

5 Ability to get up with assistance and stand unassisted >1 minute

6 Ability to get up and stand unassisted >1 minute

7 Ability to walk <1 minute

8 Ability to walk >1 minute

9 Full recovery and normal walking

Table 2. Modifi ed Tarlov scoring system.
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Figure 2. Postmicroinjection behavioral outcomes. Top panel: A maximal 
Tarlov score was achieved in all but one animal at postoperative Day 3. The affected 
swine was in Group 1 (10 µL injection group). Middle panel: By Day 14, behavioral 
improvement was noted in this animal. Bottom panel: At euthanasia, the affected 
swine from Group 1 had recovered to preoperative baseline. On Day 15, one animal 
from Group 2 was found deceased in its cage following a rapidly deteriorating course. 
Necropsy demonstrated the presence of intestinal volvulus.

Figure 3. AAV-GFP ventral horn expression. Specimens from each group 
demonstrate GFP expression 3 weeks after injections. Accuracy of the injection and a 
dose-dependent increase in fl uorescence can be observed. (A) Group 1–10 µL, 1.0 
µL/minute; (B) Group 2–25 µL, 2.5 µL/minute; (C) Group 3–50 µL, 5.0µL/minute. 
Scale bars: 500 µm (A)–(C); 200 µm (A)–(C) inset.


