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Object. Survival rates for high-grade intramedullary spinal cord tumors (IMSCTs) are approximately 30%, and optimal
therapy has yet to be determined. Development of a satisfactory intramedullary tumor model is necessary for testing new
therapeutic paradigms that may prolong survival. The authors report the technique, functional progression, radiological
appearance, and histopathological features of a novel intramedullary model in rabbits.

Methods. Ten New Zealand white rabbits were randomized to receive an intramedullary injection of either 25 wl of VX2
carcinoma cells (500,000 cells; six rabbits) or 25 wl of medium (Dulbecco modified Eagle medium; four rabbits) into the
midthoracic spinal cord. Postoperatively the rabbits were evaluated twice daily for neurological deficits. High-resolution
magnetic resonance (MR) images were acquired preoperatively and weekly postoperatively until onset of paraparesis, at
which point the animals were killed, and the midthoracic spines were processed for histopathological examination.

The VX2-carcinoma cells grew in 100% of animals injected and resulted in a statistically significant mean onset of para-
paresis of 16.8 = 1.7 days (p = 0.0035, log-rank test), compared with animals in the control group in which neurological
deficits were absent by Day 45. Contrast-enhanced T,-weighted MR imaging best demonstrated space-occupying in-
tramedullary lesions and histopathological findings confirmed the intramedullary location of the tumor. Animals in the
control group exhibited no functional, radiographic, or pathological signs of tumor.

Conclusions. Progression to paraparesis was consistent in all the VX2-injected animals, with predictable onset of para-
paresis occurring approximately 17 days postinjection. Histopathological and radiological characteristics of the VX2
intramedullary tumor are comparable with those of aggressive primary human IMSCTs. Establishment of this novel ani-
mal tumor model will facilitate the testing of new therapeutic paradigms for the treatment of IMSCTs.
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that comprise approximately 6 to 8% of all CNS tu-

mors.* The three most common types of IMSCTs are
ependymomas, low-grade astrocytomas, and high-grade
astrocytomas.* Although most IMSCTs may be success-
fully treated with complete resection,”” high-grade and
inoperable tumors are associated with poor prognosis
and the optimal treatment has yet to be determined.®
Current treatment options for these high-grade and diffuse
IMSCTs are limited to subtotal resection with or without
adjuvant radiotherapy.*'81°2227 Despite multimodal adju-
vant therapy, patients with malignant IMSCTs die of their
disease within a relatively short period of time, usually
within 2 years of diagnosis.

Although chemotherapy has been incorporated into the
treatment of various intracranial neoplasms,'>!” its role in
IMSCTs remains undefined.* Systemic chemotherapeutic
regimens have been used in the treatment of spinal cord

INTRAMEDULLARY spinal cord tumors are rare lesions

Abbreviations used in this paper: CNS = central nervous system;
DMEM = Dulbecco modified Eagle medium; IMSC = intramedul-
lary spinal cord tumor; MR = magnetic resonance.
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astrocytomas, but their efficacy needs to be confirmed in
larger studies.!*!162 The discovery of more potent and
specific antineoplastic agents, and the development of
novel drug delivery systems for CNS malignancies in-
cluding controlled-release polymers and convection-en-
hanced delivery, among others, could be of benefit in the
treatment of IMSCTs; however, adequate testing of these
novel treatments requires a reproducible and accessible
animal model of IMSCTs for preclinical testing.

In contrast to the abundance of intracranial animal tu-
mor models,>!%42628 the literature lacks a comprehensive
animal model for IMSCTs, and development of such a
model is a prerequisite for future investigations. An ideal
animal model for this disease should be accessible; it
should have a reproducible course of paraparesis onset
with a predictable pattern of tumor infiltration and a ther-
apeutic window adequate for experimental intervention; it
must be amenable to neuroimaging monitoring; and it
must resemble the infiltrative nature of human IMSCTs.

In the present study we describe a novel intramedullary
tumor model in rabbits that were injected with VX2 carci-
noma and report the onset of paraparesis, neuroimaging-do-
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cumented changes, and histopathological characteristics of
the tumor model. To our knowledge, this is the first animal
model of IMSCTs with a predictable onset of paraparesis,
MR imaging characteristics, and histopathological data.

Materials and Methods

Experimental Design

Ten New Zealand White rabbits were randomized into two ex-
perimental groups. Animals in Group 1 (six rabbits) received a 25-
wl intramedullary injection of 2.0 X 107 cells/ml (500,000 cells) of
VX2 carcinoma in the midthoracic spinal cord. Animals in Group 2
(four rabbits) received a 25-p.l injection of DMEM at the same lev-
el. The animals were followed by clinical and neuroimaging evalu-
ations and were killed on onset of paraparesis, when spine speci-
mens were harvested for histopathological analysis.

Animal Population

Male New Zealand white rabbits (Oryctolagus cuniculus; Robin-
son Services, Mocksville, NC) weighing between 2.2 and 3.7 kg
(mean 2.9 kg) were used in this experiment. The rabbits were indi-
vidually housed in standard facilities and given free access to Bal-
timore city water and rabbit chow. The experimental protocol was
approved by the Animal Care and Use Committee of the Johns Hop-
kins University.

Tumor Cell Line

The VX2 squamous cell carcinoma (a generous gift from Dr. John
Hilton, Department of Radiology, Johns Hopkins University, Balti-
more, MD) was maintained by serial passage in carrier rabbits. To
produce the cell suspension, approximately 0.5 g of fresh tumor tis-
sue obtained from a carrier rabbit was minced and then incubated for
18 hours (5% CO, at 37°C) in 10 wl of dissociation medium consist-
ing of 50 U/ml collagenase and 0.0005% DNAse in Roswell Park
Memorial Institute media 1640 containing 10% fetal bovine serum
and 60 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid. The
tumor was further dissociated by repeated pipetting, washed twice
with Roswell Park Memorial Institute 1640/10% fetal bovine serum,
and then centrifuged and resuspended in DMEM. Viable cells, deter-
mined by Trypan blue exclusion, were counted with a hemocytome-
ter. Cells were diluted to 2.0 X 107 cells/ml in DMEM.

Surgical Technique

Animals were anesthetized with an intramuscular injection of a
mixture of ketamine 50 mg/kg (100 mg/ml; Abbot Laboratories,
Chicago, IL) and xylazine 10 mg/kg (100 mg/ml; Phoenix Pharma-
ceutical, St. Joseph, MO). The posterior thoracic region was shaved
and prepared in a sterile fashion. A midline incision approximately
4 cm long was made over the midthoracic spine, and subperiosteal
dissection of the paravertebral muscles was performed using elec-
trocautery (Fig. 1). The spinous process and bilateral lamina of one
midthoracic level (between T- 4 and T-5) were removed using ron-
geurs to expose the dura mater (Fig. 1 center). A 22-gauge Hamilton
needle (Hamilton Co., Reno, NV) was inserted to a depth of 2 mm
into the spinal cord (Fig. 1 right). As shown in Fig. 1 right, placing
the needle at this depth allows injection of the cells into the center
of the anteroposterior diameter of the spinal cord. The six rabbits in
the tumor group received a 25-pl intramedullary injection of 2 X
107 cells/ml (500,000 cells) of VX2 carcinoma, whereas the four
rabbits in the control group received a 25-pl intramedullary injec-
tion of DMEM (Table 1). To avoid a cerebrospinal fluid leak, the
muscles, fascia, and skin were closed with suture in a standard fash-
ion. After recovery, the animals were returned to their cages. Each
animal was subsequently evaluated twice a day for any neurologi-
cal deficits.

Imaging Analysis

All animals underwent high-resolution MR imaging preopera-
tively, weekly postoperatively, and immediately following onset of
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paraparesis. The MR images were acquired using a CV/i 1.5-tesla
clinical unit (GE Medical Systems, Wausheka, WI) in which an ex-
tremity coil was used. The animals were sedated with an intramus-
cular mixture of ketamine 50 mg/kg and xylazine 10 mg/kg, and an
intravenous line was placed in an ear vein for venous access. Sag-
ittal and axial T,- and T,-weighted images were initially obtained.
Gadolinium diethylentriaminepentaacidic acid dimeglumine (Mag-
nevist; Berlex Laboratories, Wayne, NJ) at a dose of 0.1 mmol/kg
was then injected intravenously, and the T,-weighted images were
acquired.

Histological Studies

The animals were killed promptly after onset of paraparesis or by
45 days if paresis had not occurred. Following administration of a 75-
mg/kg and 15-mg/kg intramuscular injection of ketamine hydrochlo-
ride and xylazine, respectively, the thorax was rapidly opened, the right
atrium was incised, and a cannula was inserted into the left vent-
ricle. Normal saline followed by 10% paraformaldehyde was pumped
through the animal’s circulation. Following death, three levels of tho-
racic spine, centered on the site of the tumor cell injection, were dis-
sected en bloc and placed in 10% paraformaldehyde. After 1 week’s
fixation, the spines were decalcified for 6 weeks and then sectioned and
stained with H & E. The presence of tumor was assessed and the pat-
tern of infiltration, the intrinsic tumor characteristics, and the effect of
tumor presence on intramedullary structure were recorded.

Statistical Analysis

Statistical analysis included comparison of data pertaining to on-
set of paraparesis in tumor and control groups (log-rank test per-
formed with JMP 5.1 [SAS Institute, Inc., Cary, NC]). The Kaplan—
Meier curves of the two groups were graphically illustrated using
Microsoft Excel 2000 (Microsoft, Redmond, WA). Probalility val-
ues less than 0.05 were considered to be statistically significant.

Results

The VX2 tumor cells grew in 100% of animals in which
the tumor cell suspension was injected and resulted in a sta-
tistically significant mean onset of paraparesis at 16.8 =
1.7 days (0.0035, log-rank test) after tumor implantation,
compared with animals in the control group in which neu-
rological deficits remained absent by Day 45 (Fig. 2). Mild
hindlimb weakness rapidly progressed to severe parapare-
sis within 12 hours, and urinary and fecal incontinence
usually accompanied this event. Of the MR imaging se-
quences, T -weighted contrast-enhanced images best dem-
onstrated space-occupying intramedullary lesions, with
acute ischemic cord changes found in all animals injected
with VX2 (Fig. 3). Histopathological analysis confirmed
the intramedullary location of the tumor and showed sheets
of neoplastic cells with extensive invasion and connection
of the spinal cord (Fig. 4). Areas of marked ischemia and
coagulative necrosis were seen within the tumor. Animals
in the control group exhibited no functional neuroimag-
ing, (Fig. 3 upper and lower), or pathological signs of
tumor (Fig. 5).

Discussion

In the present study we describe a novel animal model
of intramedullary spinal cord tumors in rabbits in which a
single intramedullary injection of VX2 carcinoma was
used. This tumor model will enable preclinical testing of
novel treatment modalities, including local chemotherapy,
radiotherapy, antiangiogenic and immunomodulatory ap-
proaches, and combination therapies.
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TABLE 1
Summary of data obtained in 10 experimental rabbits*

Case Animal Injection No. of Days to
No. Weight (kg) Content Paraparesis
1 2.8 tumor 16
2 2.8 DMEM —
3 3.7 tumor 14
4 2.6 tumor 17
5 22 DMEM —
6 2.8 tumor 25
7 2.8 DMEM —
8 29 DMEM —
9 3.0 tumor 14
10 2.9 tumor 15
* DMEM = 25-pl intramedullary injection of DMEM; tumor = 25-pul
injection of 2 X 107 cells/ml (500,000 cells) of VX2 carcinoma; — = not
applicable.

In formulating an intramedullary tumor model, an ani-
mal’s size was of particular interest because experimental
treatment protocols involving spinal drug delivery sys-
tems and imaging techniques are optimized for humans.
Therefore, animals larger than mice or rats were highly
desirable. Furthermore, the implanted tumor had to be
easily and reliably inducible and had to display classic
malignant features. One of the few experimental tumor
cells easily implantable in rabbits is VX2, a squamous cell
carcinoma syngeneic to New Zealand white rabbits.? This
tumor line has been used extensively to investigate antitu-
mor treatments in different organs including breast,?
lung,* liver,'*2! and kidney.* Tumor induction occurred in
all of these locations without an altered immune response
and with a response rate greater than 80%. The growth
rate is quite high, starting from a tumor volume of 10°
cells to a tumor size of 2 cm within 3 to 4 weeks.

Our intramedullary tumor model met these expecta-
tions, with a 100% induction rate and a tumor size of ap-
proximately 1 cmin 17 days. As shown in Table 1, an out-
lier was present in the VX2 injection group. This animal
experienced paraparesis 25 days after injection, whereas

neurological deficits developed in 14 to 17 days after in-
jection. Histopathological analysis of the spinal cord con-
firmed the presence of intramedullary tumor in this ani-
mal. The slower onset of paraparesis could be related to
several factors including biological variability of the host,
smaller concentration of cells in the aliquot, exposure of
the aliquot to changes in temperature, and occlusion of the
needle in the Hamilton syringe, among others. In our ex-
perience with animal models of intracranial gliomas in
rodents, we have observed this phenomenon frequently;
however, as it occurred in our rabbit model, only one ani-
mal in the experimental group usually exhibits this behav-
ior—strictly controlling the concentration of the injected
cells and the temperature of the aliquots, as well as verifi-
cation of the adequate permeability of the needle prior to
injection, usually decreases the likelihood of these events.

In a review of the literature we found only one previous
intramedullary tumor model. In 1984, Salcman, et al.,”
reported an intramedullary tumor model in adult mongrel
dogs in which a tumor cell suspension (10° cells, volume
0.02-0.05 ml) had been injected at two to three sites in the
thoracic spine. Paraparesis developed in six of 10 dogs, but
its onset varied between 9 and 14 days with tumors failing
to develop in two dogs. Several dogs underwent computer-
ized tomography scanning and myelography, which dem-
onstrated syringomyelia within the spinal cord.

Although this aforementioned study demonstrated a
technique for intramedullary tumors, the onset of paresis
was not reliable or consistent, and the advent of MR imag-
ing warrants a new model. Furthermore, the rabbit is more
amenable to preclinical testing than the dog, which weighed
as much as 25 kg in the aforementioned experiment. There-
fore, the rabbit intramedullary tumor model in which there
is MR imaging characterization provides an optimal frame-
work for rapid and large-scale preclinical testing of new
treatment paradigms. Because MR imaging is the diagnos-
tic study of choice for human IMSCTs, any animal model
of these tumors must include MR imaging analysis. In
the present study, MR imaging clearly demonstrated in-
tramedullary lesions with edema or infiltrative signal
characteristics comparable to certain high-grade human
IMSCTs.
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FiG. 2. Kaplan—Meier graph showing onset of paraparesis in tumor and control groups.
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FiG. 3. Upper: Contrast enhanced MR images. Sagittal T,-weighted images demonstrating intramedullary tumor in
the thoracic spinal cord (black arrows, left) and the thoracic spinal cord of a control rabbit (right). Lower: Axial T,-
weighted images revealing intramedullary tumor in the thoracic spinal cord (black arrows; left) and the thoracic spinal

cord (right).

The weaknesses of this model include the use of a squa-
mous cell carcinoma line and the sample size. Whereas
most human IMSCTs are of glial origin, VX2 has an epi-
thelial origin; however, this limitation is quite unavoidable
because VX2 is the only transplantable tumor cell line
syngeneic to the rabbit and there is a general paucity of
cell lines available for large animals. Nevertheless, VX2
shares some histological and neuroimaging features of
high-grade intramedullary tumors and has been success-
fully used to model intracranial neoplasms.> Although the
sample size for this experiment is small, a number of 10
was acceptable given the 100% induction rate observed in
the VX2-injected animals and the lack of deficits seen in
the controls. No additional animals were used to minimize
suffering. Despite its limitations, this model has important
applications including testing of novel treatment modali-
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ties such as stereotactic radiotherapy and local delivery of
chemotherapy in a controlled experimental setting.

Although other CNS tumor models have been well stu-
died, this is the first reliable and reproducible animal
IMSCT model complete with MR imaging characteriza-
tion. Clinical progression was consistent and predictable,
and the techniques and materials used are widely accessi-
ble. Histopathological and neuroimaging characteristics of
the intramedullary VX2 tumor are comparable with those
of aggressive primary human IMSCTs. The establishment
of this tumor model represents an important step in the path
toward developing new treatment paradigms that may pro-
long survival in patients with spinal cord tumors.
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FiG. 4. Photomicrographs of a cross-section at the
midthoracic level, showing intramedullary tumor with
marked ischemia and necrosis within the tumor and ex-
tensive invasion of the spinal cord.  Upper Left: The im-
age illustrates the invasive nature of the tumor with com-
promise of gray and white matter areas. Upper Right:
Further magnification showing tumor cells disrupting the
normal spinal cord architecture characterized by anaplas-
tic cells with numerous mitotic figures forming cords and
packets supported on a fine fibrovascular stroma. Low-
er: At higher magnification the cells are polygonal with
variably distinct borders, a pale eosinophilic and vacuo-
lated cytoplasm, and a round vesiculate nucleus with dis-

persed chromatin. Leptomeninges were found to be rarely compromised with all tumors remaining in the epidural space.
H & E , original magnification X4 (upper left), X 10 (upper right), and X 40 (lower).
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FIG. 5. Photomicrographs of a cross-section at the
midthoracic level of the spinal cord of a control rabbit.
Normal cytoarchitecture was observed in the spinal
cords of all the control animals. Minimal scarring was
observed at the site of injection. H & E, original magni-
fication X 4 (upper left), X 10 (upper right), and X 40
(lower).
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