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Here, percutaneous spinal cord injury (SCI) methods
using a balloon catheter in adult rats are described. A
balloon catheter was inserted into the epidural space
through the lumbosacral junction and then inflated between
T9-T10 for 10min under fluoroscopic guidance. Animals
were divided into three groups with respect to inflation
volume: 20 pL (n = 18), 50 uL (n = 18) and control (Fogarty
catheter inserted but not inflated; n = 10). Neurological
assessments were then made based on BBB score, magnetic
resonance imaging and histopathology. Both inflation
volumes produced complete paralysis. Gradual recovery of
motor function occurred when 20 uL. was used, but not after
50 uL was applied. In the 50 pL group, all gray and white
matter was lost from the center of the lesion. In addition,
supramaximal damage was noted, which likely prevented
spontaneous recovery. This percutaneous spinal cord
compression injury model is simple, rapid with high
reproducibility and the potential to serve as a useful tool for
investigation of pathophysiology and possible protective
treatments of SCI in vivo.

Keywords: balloon compression, laminectomy-free, magnetic
resonance imaging, percutaneous spinal cord injury, rat

Introduction

Although many studies have been conducted with the
specific goal of developing new therapeutic methods for
spinal cord injury (SCI), no substantial outcome has been

translated into an effective clinical treatment. Animal
models that accurately depict human clinical conditions
are necessary for a greater understanding of SCI
pathophysiology and the development of new therapeutic
methods [3,11,14,17,18,24].

An animal model must produce consistent SCI in a simple
and reproducible way with minimal surrounding tissue
damage, including laminectomy and soft tissue damage.
Moreover, the model should be representative of clinical
cases [3,8,11,14,27]. Rat SCI models are classified as
transection, contusion and compression models [14,24].
Transection models involve opening of the dura and cutting
the spinal cord. Such models are different from human SCI
because they are followed by a period of spinal cord
compression. Therefore, many studies use the dura-intact
compression and contusion models [1,3,19,24].

The most commonly used contusion model is the New
York University impactor model [2,3,5,14,21,26,27]. Other
contusion-compression models include the Ohio State
University impactor model [2,4,7,9] Infinite Horizons
impactor model [26], pneumatic device model [7], clip
compression model [10,21,23] and balloon compression
model [11,13,15,16,18, 22,25]. A previous study revealed
that, among weight dropping, clip compression and balloon
compression, balloon compression produced a closed
injury that most resembled clinical cases [12]. Weight drop
models do not create a persistent compression injury effect
(the Infinite horizons model has a maximum of 60 s).
However, clinical cases that involve events such as
dislocations, fracture-dislocations and burst fractures

*Corresponding author: Tel: +82-2-450-3664; Fax: +82-2-446-9876; E-mail: hykim@konkuk.ac.kr

(©) 2013 The Korean Society of Veterinary Science.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



330 Wook-Hun Chung et al.

demonstrate persistent injuries [21]. Weight drop and clip
compression require a pre-injury laminectomy that results
in open exposure of the spinal cord. Pre-injury
laminectomy involves the removal of vertebrae, which
minimizes secondary damage. Moreover, this technique
produces undesirable surrounding soft tissue damage.
Damaged soft tissue changes the regenerative environment
that is vital to spinal cord regeneration and thus prone to
undesirable effects in investigations of spinal cord
regeneration [6,11,15,18].

Many studies have described SCI models without
laminetomy by use of an embolectomy balloon catheter
[11,15,16,17,20,22]. In addition, canine SCI models free
from surgical intervention have been described [15,22],
and a rat SCI model without laminectomy that involved
laminotomy was reported. Laminotomy has also been
shown to produce damage to the vertebrae and require
surgical intervention to place a small hole in the vertebrae.
Therefore, this method has some disadvantages, which
include damage to the surrounding soft tissue and risk of
infection [27].

Most rat SCI models including transection models feature
spontaneously improved locomotor function [1,9,18,
27,28]. A balloon compression model produced variable
degrees of injury via inflation volume and time
[11,15,17,18]. One study used a 2Fr Forgaty catheter that
was inserted into the epidural space and inflated for 5 min
to a volume of 20 uL, which produced paralysis with
spontaneous recovery noted 4 weeks after the SCI [27].
Another study used a saline filled endovascular occlusion
catheter that was placed subdurally and inflated to 10~ 100
uL for 1~ 10 min. The group treated by application of 50
uL for 5 min displayed behavioral scores similar to
transection; however, complete paralysis was not evident at
4 weeks after the SCI [18]. Spontaneous locomotor
improvement in SCI models is a limitation in studies of new
SCI therapeutic methods, as chronic SCI is associated with
complete paralysis without return of locomotor function.

The rat is the most common laboratory animal used for SCI
studies owing to their low cost, ease of handling, and
sufficient size for monitoring of physiologic status
[9,11,14,27]. The purpose of this study was to establish a
minimally invasive SCI model by the percutaneous
insertion of a Forgaty catheter into the epidural space,
followed by catheter inflation to a volume for a time that
produced complete paralysis with no spontaneous recovery.

Materials and Methods

Spinal cord injury

The experimental protocol adhered to the guidelines
approved by the Institutional Animal Care and Use
Committee (IACUC) of Konkuk University, Seoul, Korea.
Forty six, male, 9-week-old, 300 ~330 g Sprague-Dawley
rats were used. The rats were divided into three groups
according to inflation volume: 20 uL (n = 18), 50 uL (n =
18), and control (n = 10; Fogarty catheter inserted but not
inflated). Anesthesia was induced with 3% isoflurane
(Forane; Choongwae, Korea) and maintained by 2.5%
isoflurane. The rats were placed in the sternal recumbency
position and the lumbosacral region was shaved prior to the
application of povidone and alcohol.

The epidural space was entered using an 18G spinal
needle (Weiss, Fixed Wing, Modified Tohy Point; BD,
USA) via the lumbosacral joint under fluoroscopic
guidance (Mobile C-RAM system; MCA-6100; Medison
Xray, Korea), after which a 2F Forgaty balloon catheter
(Edwards Lifesciences, USA) was inserted into the
epidural space through the spinal needle under
fluoroscopic guidance (Fig. 1A). The 2F Forgaty catheter
was then filled with diluted iohexol with saline (1 @ 1)
(Omnioaque; Amersham Health, Cork, Ireland) and
connected to a 50 uL Hamilton syringe (type 1705;
Hamilton Company, USA). The tip of the balloon catheter
was placed at T9 and inflated to the desired volume of 20
UL or 50 puL for 10 min using diluted iohexol with saline

Fig. 1. Details regarding the SCI procedure. (A) A spinal needle was placed between the lumbosacral junction and a balloon catheter
was inserted into the epidural space through a spinal needle. The balloon was inflated to a volume of 20 puL (B) or 50 uL (C) using

half-strength iohexol.



(1 : 1) (Figs. 1B and C). Balloon position and shape were
confirmed by fluoroscopy, after which the catheter was
rapidly deflated and removed. No antibiotics were
administered post-procedure. Manual bladder expression
was performed twice daily.

Behavioral assessment

Assessment of locomotor function was made based on the
BBB score, which ranged from 0~21 [2]. During
assessment, the gait of each rat was recorded with a video
camera. Locomotor function analysis was first performed
2 h after SCI and then every week thereafter throughout the
survival period.

Magnetic resonance imaging (MRI)

MRI was performed for two animals of each group 1 week
after SCI using a 3-T MRI system (Oxford Medinus,
Korea). MRI examinations were performed under 2%
isoflurane-induced general anesthesia, during which time
T1-weighted images (550.0/12.6 [TR/TE]; slice thickness:
1.5 mm no section gap) and T2-weighted images (4400/96
[TR/TE]; slice thickness: 1.5 mm no section gap) were
obtained in transverse views.

Histopathological analysis

Histological examinations were performed at 7 days and
28 days after SCI. Briefly, the injured lesions were
sectioned horizontally at the indicated time (days) [control
n=5(7),5 (28 days); 20 uLn=5, (5); 50 uLn=5, (5)] and
transversely [20 uL n = 3, (5); 50 uL n = 3, (5)]. The
sections had a thickness of 5 um and were collected in
series of five with a distance of 3 mm between individual
sections. Additionally, the lumbosacral point of five
animals randomly selected at 7 days after SCI were
observed. Tissue staining was accomplished using
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Fig. 2. Locomotor function after SCI graded based on modified
BBB scores. Data points represent the group mean + SEM. After 1
week, all intergroups revealed a significant difference (p < 0.05).
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hematoxylin and eosin stain, luxol fast blue/cresyl violet
and Masson's Trichrome stain. Additionally, the total size
of the lesion was determined for each horizontal section.
Image analysis was performed using Image Tool for
windows 3.00.

Statistical analyses

BBB scores of all animals in the same experimental group
in the same week were averaged, and statistical analysis
was performed using one-way ANOVA. Statistical
analysis of the lesion area (rostrocaudally 5 mm from the
epicenter of lesion) was performed using one-way
ANOVA. Tukey's post hoc test was used to identify
differences among groups.

Results

Behavioral outcomes

BBB score was measured in each rat until the end of
survival (Fig. 2). In the control group, the locomotor
function was normal after catheterization. Complete
paralysis occurred in the group having an inflated volume
of 20 uL immediately after the induced injury; however,
various levels of spontaneously improved locomotor
function were observed from the first week in most cases,
and approximately half of the animals in this group showed
anormal gait in the fourth week. For the group treated with
an inflation volume of 50 uL., complete paralysis was also
observed immediately after injury, and was maintained
with no discernable improvement until the fourth week. In

Fig. 3. MRI results at 1 week after SCI. Transverse T2-weighted
image (A) and T1-weighted images (D) of a control group rat
showing normal spinal cord parenchyma, central canal and
cerebrospinal fluid. Transverse T2-weighted images of the center
of a lesion from a rat in the 20 uL group (B) and the 50 uL group
(C) showing a completely hyperintensity signal in spinal cord
parenchyma. Transverse T1-weighted images of the center of a
lesion in a rat of the 20 uL group (E) and the 50 uL group (F)
showing a hyperintense to isointense signal in the spinal cord
parenchyma.



332  Wook-Hun Chung et al.

the 20 uL group of rats, no voluntary urination was evident
immediately after injury, but manual bladder expression
was not necessary at 1 ~2 weeks. In the 50 uL group,
voluntary urination was impossible after injury and
remained so until autopsy. Statistical analysis revealed
significant differences between the control and injured
groups (20 uL and 50 uL groups) immediately after SCI
and among the control, 20 pL and 50 uL groups one week
after SCI (Fig. 2).

MRI findings

No lesions were evident in the control group. In the 20 uL.
and 50 uL groups, a hyperintensity signal in a lesion
portion was identified in the T2-weighted transverse image
and a hyperintense-to-isointense signal was identified in
the T1-weighted transverse image. In addition, the center
of the lesions had a completely hyperintense signal (Fig.
3), while a wedge shape was observed around the margin in
the dorsal portion (Fig. 4)

Histopathological findings
No lesions were detected in the lumbosacral portion of the
rats. As expected, the control group did not show any

Fig. 4. Observations from the 50 uL group of rats. (A) Transversal
section of the margin of the lesion of the 50 uL group stained with
H&E revealing cavitation and glial scar formation of the dorsal
funiculus. Scale bar = 500 um. (B) Transverse T2-weighted
images of the margin of the lesion of the 50 UL group showing a
wedge- shaped hyperintensity signal in the dorsal part.

Fig. 5. Histopahological findings for the horizontal section in Control (A), 20 uL (B) and 50 puL (C) groups stained with H&E at 4 weeks
after SCI. In the control group there was no lesion, while the 50 uL group showed a more severe lesion than the 20 uL group.

Fig. 6. Histopahological findings at the injured epicenter in 20 uL (A ~C) and 50 uL (D ~F) groups 4 weeks after SCI. In the 20 uL.
group, the Luxol Fast blue/Cresyl violet stained section (A) revealed complete loss of gray matter, whereas the white matter remained
partially present. The Masson Trichrome stained section (B) showed blue-stained fibrosis containing collagen. (C)
Higher-magnification view of the red-outlined area. In the 50 UL group, the Luxol Fast blue/Cresyl violet stained section (D) revealed
the complete loss of gray and white matter, while the Masson Trichrome stained section (E) revealed blue-stained fibrosis containing
collagen. (F) Higher-magnification view of the red-outlined area. Scale bars = 500 wm.
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Fig. 7. Assessed area of a lesion in a 10 mm long section of
contused spinal cord. Lesion areas of the 20 uL and 50 uL groups
were measured and found to differ significantly. The difference
in the first and fourth weeks was not significant. Columns
represent the group mean = SEM. *Significant differences (p <
0.05).

lesions, while the 50 uL group showed more severe lesions
than the 20 uL group in the horizontal section (Fig. 5). The
gray matter at the center of the lesions was completely lost
in the transverse section of the 20 uL rats, whereas some of
the normal white matter remained and normal gray and
white materials were observed in the rostrocaudal region 3
mm from the lesion center. Vacuolization was observed in
the remaining white matter. The core lesion in the 50 uLL
group had no remaining normal tissue in the white and gray
matter. From the 3 mm region, a small amount of
remaining gray and white matter was observed, and a
lesion was found around the dorsal funiculus (Fig. 4). In
the damaged parts, cavitation was observed or fibrosis had
already replaced the damage. Fibrosis was identified
through Masson's Trichrome staining (Fig. 6). In
horizontal sections, lesion areas of the 20 uLL and 50 pL
groups were measured, and a significant difference was
observed between groups, although the difference between
the first and fourth weeks was not significant (Fig. 7).

Discussion

The results of this study indicate that a complete paralysis
model in rats can be produced using a balloon catheter
without any surgical intervention such as laminectomy.
Presently, the most commonly used SCI model is the
weight drop model. However, this model requires
extensive laminectomy [2,14,21]. Laminectomy is a
potentially beneficial treatment for SCI [6]; therefore, the
weight drop model is not considered to closely simulate
injury of the human spinal cord owing to the unreduced
dislocation or fracture dislocation of the vertebrae [27].
The latter study described an SCI model that did not
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involve laminectomy; however, this method requires
surgical intervention to the spine, typically by laminotomy,
which introduces the risk of infection and laminotomy-
mediated spinal cord damage [27].

The present study used only percutaneous procedures,
which pose the least risk of infection among rat SCI models
developed to date. In addition, our model is less likely to
unnecessarily damage the spinal cord and vessels, and is a
very simple procedure compared to the SCI model of
Vanicky et al. [27]. Our model can also be used to induce
injury to any spinal cord segment and make multiple
lesions without additional procedures.

MRI is the most important diagnostic method for
examining diseases of the spinal cord, and is essential to
understanding their pathophysiology. Indeed, MRI is a
non-invasive technique that provides very important
information regarding the pathophysiology in vivo.
Although MRI was used to investigate SCI in rats in one
study, only the sagital view was taken and the technique is
not actively utilized in SCI research using rats due to the
small size of the animals [18]. .

A wedge-shaped hyperintensity signal was observed on
the marginal portion of the SCI, suggesting an infarction of
the spinal cord due to obstruction of the dorsal vein.
Histopathological examination identified a lesion of the
dorsal funiculus (Fig. 4), which is considered to be
equivalent to the pencil-shaped softenings described in
previous studies [29]. This finding revealed that the use of
a balloon catheter can induce spinal cord damage near an
injury via infarction through a certain period of
compression, which differs from the weight drop model.
Thus, the balloon compression model is similar to human
SCI that results from unreduced dislocation or fracture
dislocation of the vertebrae [27]. The current invasive SCI
methods require a surgical procedure, which causes
surgical artifact in early stage MRI after SCI, hampering
the initial study. In contrast, the present SCI model does not
induce any unintentional damage to the spinal cord, and
thus enables more information regarding the SCI
pathophysiology using MRI.

The submaximal compression dose and treatment time
conditions that blunted any spontaneous improvement in
motor function were clarified in this study. It is well known
that balloon catheter inflation volume and time
significantly influence the degree of SCI [15,18,27].
However, the spontaneous improvement of motor function
has substantially restricted the understanding of SCI
treatment in previous models. In the present study, the
balloon was inflated to a volume of 20 uL or 50 uL, and
inflation was maintained for 10 min. For conditions of 20
uL and 5 min, spontaneous improvement of motor function
was reported [20,27]. A previous study of the effect of
volumes ranging from 10 ~ 50 puL for 5 min revealed that a
20 uL inflation volume did not impede the near-complete
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recovery of motor function, while a 50 uL volume
produced only a slight recovery, which is consistent with
our findings [18]. Taken together, the results of previous
studies and those of the present study affirm the capability
of an inflation volume of 50 uL for 10 min to be capable of
causing virtually non-repairable SCI.

SCI treatment and pathophysiology studies have required
different models, which has impeded comparison of the
outcomes. Many studies have used the weight drop SCI
model, which, while useful, is limited by inconsistency of
results depending on the size and shape of the impounder
as well as the modified posture and chest cavity movement
[18,27]. In contrast, the presently developed SCI model
has excellent reproducibility since the Fogarty catheter
used for balloon compression is commercially available
worldwide [27]. Overall, our model is a simple and rapid
percutaneous SCI model that does not cause unintentional
damage or infection. This model holds promising potential
for future investigations of SCI treatment and
pathophysiology.
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