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1. Introduction
Paraplegia from spinal cord ischemia is a devastating complication of thoracoabdominal aortic
aneurysm repair (Schepens et al., 2009; Svensson et al., 1993). Compared with conventional
open surgery repair, endovascular stent-graft surgery is a relatively safe procedure that
decreases postoperative mortality. However, it does not eliminate the occurrence of ischemic
spinal cord injury (Stone et al., 2006). Protective techniques including epidural cooling, distal
aortic perfusion, and cerebrospinal fluid drainage have been applied in patients to decrease the
incidence and severity of injury (Cambria et al., 2000; Coselli et al., 2002; Safi et al., 1997;
Safi et al., 2003; Tiesenhausen et al., 2000; Tschop et al., 2008), but better understanding of
both mechanisms of injury and preclinical evaluation of interventions should serve to further
reduce morbidity associated with this disorder.

Genomic expression is important in the response of spinal cord to ischemic injury. Mouse
spinal cord injury models allow study of overexpression or targeted deletion of specific proteins
and their role in the evolution of spinal cord injury. At the same time, post-ischemic responses
persist for weeks to months after ischemia and use of a model allowing long-term recovery to
allow definition of the full course of disease offers potentially greater clinical relevance.

Currently, two mouse models of spinal cord ischemia have been reported. Lang-Lazdunski et
al. (Lang-Lazdunski et al., 2000) developed a model of combined aortic, left subclavian and
internal mammary artery cross-clamping for 9 or 11 min. Motor functional deficits of the hind
limbs and histological damage of spinal cord were assessed within 1–2 days after injury. While
also employed by others (Casey et al., 2005; Stone et al., 2009a; Stone et al., 2009b), there are
no reports of survival studies beyond 48 hours. Gaviria et al. (Gaviria et al., 2002) developed
a photochemical occlusion model in C57Bl/6Jmice and irradiated the dorsal surface of the T9
vertebral laminae mice with a 560-nm wavelength-light after intravenous injection of Rose
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Bengal. Post-ischemic MRI changes were observed at 24 hours (Gaviria et al., 2006). Again,
long-term recovery has not been reported.

The current study investigated a modification of aortic cross-clamping in mice to develop a
clinically relevant and simplified model of spinal cord ischemia for use in long-term survival
studies.

2. Materials and methods
The Duke Institutional Animal Care and Use Committee approved this study. Male C57Bl/6J
mice (8–10 weeks of age, 20–25 grams, Jackson Laboratories, Bar Harbor, ME) were used in
all investigations.

2.1. Ischemic model
Mice were fasted over night with free access to water. On the day of surgery, mice were
anesthetized with 5% isoflurane and the trachea was orally intubated with a 20 gauge
intravenous catheter (Insyte-W, Becton Dickinson, Sandy, UT). Both lungs were mechanically
ventilated with a tidal volume of 0.7 ml and a rate of 105 breaths per minute in 40% O2 balanced
with N2. Inspired isoflurane was decreased to 1.8% during surgical preparation and ischemia.
Rectal temperature was maintained at 37.0 ± 0.5°C by automatic surface heating and cooling.
Mice were placed in the right lateral decubitus position. The surface of the left chest was
prepared and covered with the surgical drapes. A 1.0 cm skin incision was made along the
8th rib and the serratus muscle was cut to expose the 8th and 9th ribs. The lower lobe of left
lung was clearly visible through thin chest wall and inflating/deflating with the ventilator
rhythm. The inferior edge of the left lung was considered as a landmark to access the thoracic
cavity to prevent potential lung injury. The superficial layer of the intercostal muscle was
cauterized (High Temperature Loop Cautery, Bovie Medical Co., St. Petersburg, FL) allowing
gentle insertion of the tip of a closed surgical scissor into the thoracic cavity and slowly
widening the intercostal space by opening the scissor. Two small wire retractors were applied
to the edges of the opened chest wall and pulled toward both rostral and caudal directions. The
thoracic aorta was immediately visible in the surgical field. Neighboring structures including
the azygos vein, esophagus, diaphragm, and both lungs, could be seen when the retractors were
positioned (Figure 1).

Mice were randomly assigned to sham (0 min, n=5), 8 min (n=5), 10 min (n=5) or 12 min (n=7)
ischemia groups. A small human use aneurysm clip was placed on the aorta at the level of T8.
The toe skin color of the hind legs immediately turned pale while the front legs remained well
perfused. The clip was removed at the end of the defined ischemia interval. The wound was
first closed by suturing the serratus muscle. The tidal volume was transiently increased to expel
air from the thorax before completely closing the serratus. The skin was closed with interrupted
suture and antibiotic ointment was applied to the wound. Isoflurane was discontinued. Mice
were continuously ventilated until spontaneous respiration resumed. The trachea was extubated
upon recovery of the righting reflex (typically within 5 min after isoflurane discontinuation).
Animals randomized to the sham group underwent all procedures with the exception of aortic
occlusion.

2.2. Spinal cord blood flow measurement
Spinal cord surface blood flow change was monitored in 5 additional mice using a laser Doppler
probe. Mice were anesthetized and intubated. Both lungs were mechanically ventilated. A
laminectomy was performed at the level of L1 to expose the spinal cord. A sheath, used to fix
the laser Doppler probe in position, was placed on the vertebra and glued to the surrounding
muscles. Then mice were placed in the lateral position and prepared for aortic cross-clamping
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as described above. The laser Doppler probe was inserted into the sheath before aortic cross-
clamping with the probe surface opposing the dura. An aneurysm clip was placed on the
thoracic aorta for 10 min. Laser Doppler flow velocity was recorded every min for 5 min prior
to ischemia, during ischemia and for 5 min post-ischemia. The severity of blood flow reduction
was calculated as (mean LDF reading during ischemia or post-ischemia/mean LDF reading
prior to ischemia) × 100%.

2.3. Neurological evaluation
Open field BBB score—At 1 hour, and 1, 3, 5, and 7 days post-injury, the mice were placed
on a 50×50 cm surface and the movement of both hind limbs was observed for 5 min. A BBB
locomotor score (range 1–21, normal = 21) (Basso et al., 1996) was assigned for each hind
limb by an observer blinded to group assignment. The score of each of the two hind limbs was
averaged and used for data analysis.

Rotarod performance—At 1 hour, and 1, 3, 5, and 7 days post-injury, the mice were placed
on an accelerated rotating rod (4 to 40 rpm, ENV-577M, Med Associates INC, Georgia,
Vermont). The latency to fall from the rod was automatically recorded by the action of the
mouse dropping from the rotating rod. Three trials were performed at each session and the best
performance (i.e., longest latency to fall from the rod) from the three trials was selected for
analysis. The mouse was allowed to rest for 15 min between trials.

2.4. Histological evaluation
At 7 days post-injury, the mice were anesthetized with isoflurane. The trachea was intubated
and the lungs were mechanically ventilated. In situ transcardiac intra-aortic perfusion was
performed with 30 ml of saline followed by 30 ml of 10% formalin (pH 7.4). The mice were
stored in the refrigerator overnight after which the lumbar segment of spinal cord was harvested
and paraffin embedded. Serial coronal sections (5 μm thick) were collected and stained with
hematoxylin and eosin. An observer blinded to group assignment, using light microscopy,
counted neurons with normal histologic features in the ventral horn. The number of surviving
neurons from both horns was averaged for further analysis.

2.5. Evaluation of post-ischemia long-term survival
After left lateral thoracotomy, 10 mice were randomly assigned to 10 min of aortic cross-
clamping or sham surgery (n = 5 per group). Open field BBB score and rotarod performance
were evaluated at 1 h, and 1, 3, 5, 7, 14, and 28 days after surgery as described above.

2.5. Statistical Analysis
The number of surviving neurons, BBB scores and rotarod latencies are presented as mean ±
SEM. Rotarod latencies and BBB scores were compared with repeated measures ANOVA with
days post-injury as the repeated measure. One-way ANOVA was used to compare the number
of surviving neurons. Post hoc testing, when indicated by a significant F ratio, was performed
using Fisher’s protected least squares difference test. A p value <0.05 was considered to be
statistically significant.

3. Results
A total of 37 mice were entered into this study (27 with ischemia and 10 shams). In the
experiment defining the ischemic duration, all mice in the ischemic groups had some degree
of hind limb weakness at 1 hour post-ischemia. Four of 7 mice subjected to 12 min of ischemia
died on 2–7 days post-injury. The remaining survived for the full 7-day observation interval.
All sham mice survived. In the experiment evaluating long-term survival, one mouse in the
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ischemia group died at 10 days while the remaining 4 mice survived the full 28 day observation
interval

Spinal cord blood flow velocity was measured in 5 mice by laser Doppler. Thoracic aortic
cross-clamping caused blood flow velocity on the dorsal surface of the lumbar spinal cord to
decrease to 9.3 ± 0.4 % of pre-ischemia values. Spinal cord blood flow velocity recovered to
58 ± 10% of pre-ischemia values at 5 min post-ischemia (Figure 2).

A main effect was present for locomotor BBB score (p <0.01). Scores in sham mice were
normal and not affected by the thoracotomy (Figure 3). In the 8 min ischemia group, the BBB
score declined to 15 at 1 hour post-injury and then recovered to almost normal by 24 hours.
The mean score decreased to 18 at 3 days post-injury, and then recovered slowly, but this
decrease was not statistically significant. There was no difference from the sham group at 7
days post-ischemia (p = 0.6). In the mice exposed to 10 or 12 min of ischemia, a more severe
decline in BBB scores and a slower recovery were observed. BBB scores in both groups were
worse when compared to either 8 min ischemia or sham surgery at 7 days post-ischemia (P
<0.01). Twelve min ischemia in surviving mice resulted in a persistent locomotor function
deficit that was significantly different from the 10 min ischemia group (p = 0.045).

Rotarod performance was assessed by comparing latencies to fall from the rotating rod (Figure
4). All mice subjected to aortic cross-clamping had shorter latencies to fall, compared to the
sham group (p = 0.025, 8 min vs. 0 min; p < 0.01, 10 min or 12 min vs. 0 min). Mice in the 8
min ischemia group had a similar pattern of functional deficit, as defined by BBB score, and
recovered faster than those subjected to 10 or 12 min of ischemia (p < 0.01). There was no
significant performance difference between the 10 min group and those mice surviving 12 min
ischemia.

The severity of histological damage was associated with aortic cross-clamping duration (Figure
5). Sham mice had no necrotic or eosinophic neurons in the gray matter of the lumbar spinal
cord. In mice subjected to aortic cross-clamping there were numerous neutrophils and
mononuclear phagocytes in the ischemic gray matter. Some areas in the ventral horn were
occupied by these inflammatory cells, especially in mice subjected to 10 or 12 min of ischemia
(Figure 6). Eight min of ischemia produced less histological damage and the number of
surviving neurons in the ventral horn was not significantly different from sham mice (p = 0.6).
However, 10 and 12 min of ischemia resulted in severe neuronal loss in the ventral horns
compared to either sham or 8 min ischemia (p <0.01). Mice subjected to 12 min ischemia had
more severe histological damage than those exposed to 10 min ischemia (p = 0.045).

In the long-term survival experiment, 80% of the injured mice survived for the full 28-day
observation interval. All mice in sham group survived and had no functional deficits. A
significant difference was found in both open filed BBB score and rotarod performance (p
<0.01) (Figure 7a and 7b) at 28 days. Ten min thoracic aorta clamping resulted in severe
functional deficit at 1 h and the injured mice had a 50–60% functional recovery at 28 days
post-ischemia.

4. Discussion
We developed a simplified mouse model of spinal cord ischemia using the aortic cross-
clamping technique used in larger species. By lowering the level of aortic cross-clamping to
the middle segment of the thoracic aorta, mice were able to survive long-term. In addition, by
using a left thoracotomy, immediate access to the thoracic aorta was provided and did not
require disruption of bony structures or interruption of flow in the inferior vena cava. Thus, it
is less invasive and facilitates recovery from surgery necessary to create the ischemic insult.
Mice in the sham group did not have any motor functional deficit even at 1 h after surgery
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when compared with baseline values, indicating that the thoracotomy procedure, itself, was
well tolerated. The severity of neurological deficit was closely associated with ischemia
duration and loss of ventral horn motor neurons. During aortic occlusion, blood flow velocity
in the dorsal lumbar spinal cord fell to <10 % of baseline flow, confirming severe lumbar spinal
cord ischemia. The results also demonstrated that 10 min of aorta cross-clamping is the optimal
ischemia duration to study the pathological mechanism and therapy development in the C57Bl/
6J mouse should long-term outcome measurements be desired. This is based on a mortality
rate of 20%, but persistent functional deficits over a 28-day recovery interval. Strain differences
have been reported for sensitivity to cerebral ischemia (Wellons et al. 2000). It is plausible that
other mouse strains will respond differently to this form of spinal cord ischemia.

With 12 min ischemia, 4 of 7 mice died at post-injury 2–7 days for undefined reasons, but
plausibly due to organ (kidney, gut) failure. Surviving mice showed a persistent neurological
deficit. Lang-Lazdunski et al. (Lang-Lazdunski et al., 2000) gave a subcutaneous injection of
heparin (400 IU/kg) in their model. We did not use heparin prior to ischemia. The use of heparin
might provide a different post-ischemic recovery. In order to determine if the lack of heparin
in this model caused thrombosis and further to spinal cord ischemia, we examined the spinal
cord histology at 24 h following 12 min of aortic clamping. Dead neurons were found in the
ventral horn. However, no thrombosis was in adjacent vessels (data not shown). We examined
the distal aorta during aortic clamping and no abnormal signs were found. Finally, toe color
rapidly returned to normal after removal of the aneurysm clip. Thus, we could not find evidence
that is that 10 min of aortic clamping led to aortic thrombosis, complicating ischemia caused
by aortic cross-clamping.

The vertebral artery arises from the subclavian artery and gives off branches to supply the
spinal cord. To obtain more reliable ischemia, Lang Lazdunski et al. (Lang-Lazdunski et al.,
2000) clamped the subclavian artery to further decrease spinal cord blood flow. In our model,
spinal cord blood flow was decreased by an average of >90% from of baseline after thoracic
aortic clamping only. This was similar to the post-ischemic blood flow change of Tiara and
Marsala (Taira and Marsala, 1996) who subjected rats to mid-thoracic endo-aortic balloon
occlusion. To our knowledge a method of intra-aortic balloon occlusion has not been developed
in the mouse. Thoracic aortic occlusion was sufficiently severe to induce spinal cord ischemia
in our model, and it appears that it is not necessary to add subclavian artery occlusion, plausibly
decreasing post-operative surgical morbidity. There were no deaths in mice subjected to sham
surgery or ischemia intervals of 10 min or less during one week post-ischemia. This indicates
that the surgical procedure allows full recovery by avoiding surgical manipulation of vital
structures in the mediastinum. The total anesthesia/surgery time required to perform the
procedure was less than 30 min. Ten min of ischemia induced a reliable injury and injured mice
had 100% motor deficit in the first 24 hours and recovered about 30–50% of normal motor
function by 7 days post-ischemia.

Several groups have reported that spontaneous recovery of sensory motor function occurs after
spinal cord injury in rodents (Farooque et al., 2006; Gulino et al., 2007; Lapointe et al.,
2006; Lee et al., 2009; Weidner et al., 2001; Wolpaw and Tennissen, 2001). This recovery is
strain-dependent (Lapointe et al., 2006), gender-related (Farooque et al., 2006) and use-
dependent (Wolpaw and Tennissen, 2001). A small proportion of nerve fibers spared by the
original injury were found to grow new connections to other cells. Called sprouting, this re-
growth occurs spontaneously without therapeutic intervention. When sprouting is prevented,
functional recovery does not occur (Weidner et al., 2001). It was also found that synaptic
plasticity modulates the spontaneous recovery of locomotion after spinal cord hemisection
(Gulino et al., 2007). Enhanced H-reflex response promotes functional recovery (Lee et al.,
2009). Our study also showed that motor deficit severity is associated with ischemia duration
and that this also affects rate of spontaneous functional recovery. Ung et al. (Ung et al.,
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2007) reported that post-injury BBB scores reached a spontaneous recovery plateau by 28 days.
Guertin et al. (Guertin, 2005) also chose post-injury 28 days as a period for quantitatively
assessing hind limb movement recovery without intervention in adult paraplegic mice.
Thereby, we decided to use a 28 day recovery interval in the long-term survival experiment.

Body temperature and blood glucose are two important factors affecting outcome in ischemic
injury. Therefore, body temperature and glucose control are likely to be crucial to obtain a
stable injury in this model besides fully cross-clamping the aorta.

There were few necrotic neurons remaining in the ventral horn at 7 days after either 10 or 12
min ischemia. We assume that most degenerated or dead neurons had undergone phagocytosis
by this time. We stained some slides from one mouse subjected to 12 min ischemia and
euthanasia at 24 hours post-injury. Numerous neurons in the ventral horn exhibited cytoplasmic
eosinophilia and pyknotic homogenous nuclei. Infarct was mainly localized in the central part
of the intermediate zone and the dorsomedial aspect of the dorsal horn and was characterized
by destruction of normal tissue, infiltrated neutrophils and mononuclear phagocytes, and
gliosis. This pattern is consistent with previous experimental studies of aortic occlusion-
induced spinal cord ischemia in other animal models (Kanellopoulos et al., 1997; Marsala and
Yaksh, 1994; Taira and Marsala, 1996; Yamamoto et al., 1994).

Because less surgical invasiveness is required in this model, the injured mice were able to
quickly recover and did not have surgical complications confounding spinal cord ischemia. In
the experiment evaluating post-ischemia long-term survival, 80% (4 out of 5) mice survived
for the full 28 day observation interval, all of them having had severe motor functional deficits
immediately after injury.

5. Conclusion
Aortic cross-clamping at a middle thoracic level (T8) via left lateral thoracotomy is a simple
procedure to produce spinal cord ischemia in mice. This model generates reliable injury similar
to the results shown in larger animal models. More importantly, mice readily recover from the
surgical insult allowing study of long-term recovery from spinal cord ischemia to be extended
to the mouse.
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Figure 1.
a) Surgical view of the thoracic aorta and neighboring structures. The chest cavity is accessed
through the intercostal space between the 8th and 9th ribs. The aorta is readily visualized in the
middle of the posterior wall of the chest and covered by the parietal pleura. b): Thoracic
structures. The azygos vein (V) and its branches are located above the aorta (A). It receives
blood return from the chest wall. The esophagus (E) is located below the aorta and enters the
abdominal cavity through the diaphragm (D). The lower lobe of the left lung (L) is located
lateral to the mediastinal structures. A small part of the right lung (R) is visible between aorta
and esophagus.
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Figure 2.
Ischemia induced lumbar spinal cord blood flow changes. Blood flow velocity was measured
using a laser Doppler probe and expressed as % baseline (mean ± S.E.M, n=5).
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Figure 3.
Ischemia induced locomotor function deficit. For clarity, BBB scores are presented as mean ±
S.E.M. Post-ischemia locomotor function deficit was associated with ischemia duration. # P
<0.05, vs. 12 min, ** P < 0.01, vs. 0 min or 8 min ischemia.
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Figure 4.
Post-thoracic aortic clamping rotarod performance. Latency to fall from the rotating rod
(seconds) is presented as mean ± S.E.M. All ischemia durations produced a deficit (p <0.05)
compared to sham. * P <0.05, vs. 0 min, ** P <0.01, vs. 8 min, # P < 0.05, vs. 12 min ischemia.
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Figure 5.
Number of ventral horn neurons surviving ischemia. Normal neurons in the ventral horn were
counted at 7 days post-ischemia and expressed as mean ± S.E.M. * P < 0.01, vs. 0 min, # P <
0.05, vs. 12 min ischemia.
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Figure 6.
Histological change of lumbar spinal cord at 7 days after thoracic aortic clamping. All sections
were stained with hematoxylin and eosin. A. 0 min of ischemia, normal histology was seen in
the ventral horn; B. 8 min of ischemia, few infiltrated eosinphilic neurons (arrow) were found
in the ventral horn; C. 10 min of ischemia, infiltrated inflammatory cells were evident in the
ventral horn and the number of surviving neurons was decreased. D. 12 min of ischemia, a
large area of the ventral horn was infarcted and occupied by infiltrated inflammatory cells. Few
neurons remained.
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Figure 7.
Post-ischemia neurological function deficit in a recovery period of 28 days. BBB scores (a)
and rotarod latencies (b) are expressed as mean ± S.E.M. (n=4–5). Ischemia resulted in a
significant motor function deficit even at 28 days post-ischemia (P < 0.01).
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