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ABSTRACT
Background The current method for generating an animal 
model of spinal cord (SC) infarction is highly invasive and 
permits only short- term observation, typically limited to 28 
days.
Objective We aimed to establish a rat model characterised 
by long- term survival and enduring SC dysfunction by 
inducing selective ischaemic SC damage.
Methods In 8- week- old male Wistar rats, a convection- 
enhanced delivery technique was applied to selectively 
deliver endothelin- 1 (ET- 1) to the anterior horn of the SC at 
the Th13 level, leading to SC infarction. The Basso, Beattie 
and Bresnahan (BBB) locomotor score was assessed 
for 56 days. The SC was examined by a laser tissue 
blood flowmeter, MRI, immunohistochemistry, triphenyl 
tetrazolium chloride (TTC) staining, Western blots and 
TUNEL staining.
Results The puncture method was used to bilaterally 
inject 0.7 µL ET- 1 (2.5 mg/mL) from the lateral SC into 
the anterior horns (40° angle, 1.5 mm depth) near the 
posterior root origin. Animals survived until day 56 and 
the BBB score was stably maintained (5.5±1.0 at day 14 
and 6.2±1.0 at day 56). Rats with BBB scores ≤1 on day 
1 showed stable scores of 5–6 after day 14 until day 56 
while rats with BBB scores >1 on day 1 exhibited only 
minor dysfunction with BBB scores >12 after day 14. TTC 
staining, immunostaining and TUNEL staining revealed 
selective ischaemia and neuronal cell death in the anterior 
horn. T2- weighted MR images showed increasing signal 
intensity at the SC infarction site over time. Western blots 
revealed apoptosis and subsequent inflammation in SC 
tissue after ET- 1 administration.
Conclusions Selective delivery of ET- 1 into the SC allows 
for more precise localisation of the infarcted area at the 
targeted site and generates a rat SC infarction model with 
stable neurological dysfunction lasting 56 days.

INTRODUCTION
Spinal cord (SC) infarction may be caused 
by arteriosclerosis, aortic surgery or verte-
bral artery dissection and occasionally leads 
to serious complications such as paraplegia.1 
No established therapies exist for SC infarc-
tion. Animal models of SC infarction are 
generally created by temporarily occluding 

the descending thoracic or abdominal 
aorta.2–6 Despite the relatively short blood 
flow blockade (~20 min), many animals die 
within 24 hours due to intestinal necrosis 
and haematuria caused by abdominal organ 
ischaemia,7 allowing only a short observation 
period (7–28 days).4 5 8–11 Adequate evalua-
tion of functional SC recovery requires longer 

WHAT IS ALREADY KNOWN ON THIS TOPIC

 ⇒ Current animal models of spinal cord (SC) infarction 
are created by blocking aortic blood flow using for-
ceps and balloons, which leads to a high mortality 
rate due to abdominal organ ischaemia and a short 
observation period of only 7–28 days. Adequate 
evaluation of functional recovery requires an extend-
ed survival period.

WHAT THIS STUDY ADDS

 ⇒ Injection of endothelin- 1 into the anterior horns at 
a targeted SC level using a convection- enhanced 
delivery technique induces precise localisation of 
SC ischaemia and neuronal cell death with a stably 
maintained motor assessment (Basso, Beattie and 
Bresnahan, BBB) score of 5–6 until day 56. Rats with 
a BBB score ≤1 on day 1 showed stable SC dys-
function (BBB score 5–6) until day 56 while those 
with a BBB score >1 showed only minor dysfunction, 
suggesting that the BBB score on day 1 is predictive 
of later scores and allowing for selection of model 
animals at an earlier time point.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ The development of effective therapies requires 
the availability of a feasible SC infarction model. 
Our technique induces SC infarction at the target-
ed site without concern over the influence of SC 
artery course variations. This model is applicable 
for inducing SC infarction at various SC segments. 
Furthermore, reproducible and stable long- lasting 
neurological dysfunction is maintained for at least 
56 days, making our method useful for long- term 
evaluation of SC infarction.
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observation periods. Shortening the blood flow inter-
ruption to minimise abdominal organ damage, however, 
decreases the likelihood of adequate SC infarction. We 
developed an animal model of SC infarction without 
interrupting aortic blood flow that survived 56 days with 
stable long- term SC dysfunction online supplemental file 
1.

MATERIALS AND METHODS
Animals
All animals were cared for in accordance with the Code 
of Ethics of the World Medical Association and Tohoku 
University guidelines (2020MdA- 146). Adult male Wister 
rats (175–223 g, 8 weeks old, Japan SLC, Hamamatsu, 
Japan) were single- housed at 22–25°C with a 12- hour 
light- dark cycle (lights on at 8:00 hours) and provided 
food and water ad libitum.

Convection-enhanced delivery technique
The convection- enhanced delivery (CED) technique 
for inducing SC infarction was established by modifying 
previously reported methods.12 13 Briefly, a syringe pump 
(Pump 11 Elite, HARVARD APPARATUS, Boston, Massa-
chusetts, USA) containing a 10 µL Hamilton syringe was 
used to inject the solution. The syringe was connected 
to polyethylene tubing (6010–35606; inner diameter, 
250 µm, GL Sciences, Tokyo, Japan), a 27G needle, and 
fused silica tubing (TSP100170; inner/outer diameter, 
100/170 µm, Molex, Lisle, Illinois, USA) (figure 1A, B).

Rats were anaesthetised with isoflurane (5% induc-
tion, 2% maintenance), fixed to a stereotactic frame 
(NARISHIGE, Tokyo, Japan), and body temperature was 
maintained at 36℃–37℃ with a heating pad (BWT- 100A, 
Bio Research Center, Nagoya, Japan). Rats were placed 
in a prone position, the dorsal hair removed and surgery 
was performed under a microscope (SZ61, Olympus, 
Tokyo, Japan). A dorsal 3 cm midline incision exposed 
the Th12- L1 spinal processes. After Th13 laminectomy, 
the dura mater and arachnoid were punctured using the 
27G needle tip. The puncture site was the lateral cord 
slightly ventral to the posterior root origin. The fused 
silica tubing (1.5 mm) was inserted through the hole 
(figure 1C–E, online supplemental movie 1).

The optimal needle (angle X) angle was determined by 
injecting 4.0% Evans blue (056–04061, FUJIFILM, Tokyo, 
Japan) in phosphate- buffered saline (PBS) (figure 1F–I) 
at 0.2 µL/min. Rats were killed by isoflurane overdose. 
The SC was dissected out and fixed with 4% paraformal-
dehyde in PBS. Cross- sections of the puncture site were 
observed under a microscope (Stemi 305, ZEISS, Oberko-
chen, Germany).

Stereotaxic injection of ET-1
Endothelin- 1 (1–3 mg/mL solutions in saline, ET- 1; 
E7764, MilliporeSigma, St. Louis, Missouri, USA)14 
was injected at 0.2 µL/min. The needle tip was held 
stationary for 5 min and slowly withdrawn over 1 min. 
The muscle lateral to the puncture site was marked by 

8–0 monofilament suture. After confirming haemostasis, 
the erector spinae muscle and skin were sutured. Manual 
pressure was applied to assist with urination until animals 
regained the ability to urinate.

Behavioural assessment
Open- field locomotor function was evaluated using the 
Basso, Beattie, Bresnahan (BBB) locomotor scale.15 16 
The average score for hindlimb motor function on both 
the left and right sides was recorded before surgery, at 
2 hours after surgery, on days 1, 3, 5, 7, and weekly there-
after to day 56 after surgery until their death.

SC blood flow measurements before and after ET-1 
administration
Referring to the literature,17 18 changes in SC blood flow 
before and after ET- 1 administration were evaluated 
using a laser tissue blood flowmeter (FLO- N1; Omega-
wave, Tokyo, Japan). Detailed methods are provided in 
online supplemental material.

Immunofluorescence staining
Rats were killed by isoflurane overdose and perfused 
intracardially with PBS followed by 4% paraformalde-
hyde in PBS. SCs were removed and postfixed overnight 
at 4℃ in 4% paraformaldehyde. Tissues were immersed 
overnight in 15%, 20% and 25% sucrose in PBS at 
4℃, embedded in Tissue- Tek OCT Compound (4583, 
SAKURA, Tokyo, Japan) and cut into cryosections (~7 µm 
thick). Sections were incubated in blocking solution 
containing 20% BlockAce (UKB40, KAC, Kyoto, Japan), 
5% bovine serum albumin (01860- 65, Nacalai Tesque, 
Kyoto, Japan) and 0.3% Triton X- 100 (168- 11805, Fuji-
film) in PBS for 30 min, followed by incubation with 
rabbit anti- NeuN (1:500; ab177487, Abcam, Cambridge, 
England), goat anti- Iba1 (1:500; ab5076, Abcam), mouse 
anti- GFAP (1:500; G3893, MilliporeSigma), rabbit 
anti- GST- pi (1:200; 312, MBL, Tokyo, Japan) or anti- 
endothelial cell (EC) antibody (RECA- 1; 1:100; ab9774, 
Abcam) overnight at 4℃. Sections were washed with PBS, 
followed by incubation with a 1:200 dilution of Alexa 
Fluor 488- conjugated donkey anti- goat IgG, anti- mouse 
IgG or anti- rabbit IgG (705- 545- 003, 715- 546- 150, 711- 
586- 152, respectively, Jackson ImmunoResearch, Phil-
adelphia, Pennsylvania, USA), combined with a 1:500 
dilution of 4',6- diamidino- 2- phenylindole (DAPI; D9542, 
MilliporeSigma) for 2 hours at room temperature. The 
samples were washed in PBS, covered with SlowFade Gold 
antifade reagent (S36937, Life Technology, Carlsbad, 
California, USA) and examined under a laser confocal 
microscope (Eclipse Ti, Nikon, Tokyo, Japan).

Six areas (200×200 µm/field) and 10 areas 
(150×150 µm/field) from cross sections obtained at the 
puncture level were randomly selected from the anterior 
and posterior horns for staining with NeuN and TUNEL, 
respectively, and 10 areas (150×150 µm/field) from the 
grey and white matter of the ventral and dorsal sides for 
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RECA- 1. Positive cells were counted to calculate the cell 
number per unit area (cells/mm2).

Triphenyl tetrazolium chloride staining
Triphenyl tetrazolium chloride (TTC) staining was 
performed as previously described.19–21 SCs, collected at 
7 days after ET- 1 injection, were sliced into 3.0 mm thick 

axial sections, incubated in 2% TTC dissolved in PBS for 
30 min at 37℃, and fixed with 4% paraformaldehyde in 
PBS. SCs from intact rats were also stained.

TUNEL assay
The TUNEL assay was performed using an in situ cell 
death detection kit (TMR Red, Roche Diagnostics, Basel, 

Figure 1 (A, B) The length of the silica tubing was adjusted to 1.5 mm using a digital calliper. (C) Schematic diagram of the 
intraoperative view. (D) Intraoperative picture under the microscope (see online supplemental movie 1). (E) Schematic diagram 
of the Evans blue injection centred on the anterior horn of the spinal cord (SC). (F) Representative example of Evans blue 
administration (0.7 µL) at angle X. (G) Overall image of the ventral side of the SC injected with 0.7 µL of Evans blue at each angle. 
(H) Diffusion of the dye in the SC, with 1.3 and 0.7 µL Evans blue. (I) Diffusion of the dye in the ventral SC was observed for two 
different volumes: 1.3 µL and 0.7 µL.
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Switzerland) according to the manufacturer’s instruc-
tions. For the negative control, label solution was used 
instead of the TUNEL reaction mixture. An intact SC 
treated with DNase was used as the positive control.

Statistical analysis
Statistical analyses were performed using GraphPad 
Prism (V.10.0.2, GraphPad Software, San Diego, Cali-
fornia, USA). Results are presented as mean±SEM. Data 
were analysed by two- way analysis of variance, followed by 
multiple comparisons using Tukey’s HSD for comparing 
more than two groups. Student’s t- test was used to 
compare two groups. A p<0.05 was considered to indicate 
statistical significance.

RESULTS
Puncture angle optimisation
Critical segmental arteries are present at Th10 to L2 in 
rats.22 Therefore, we targeted Th13 for our SC infarc-
tion model. When injecting 0.7 µL Evans blue, the angle 
formed by the silica tube and dorsoventral axis (X) was 
set to 30° (n=3), 35° (n=3), 40° (n=8) or 45° (n=10). SCs 
were removed 1 hour later and inspected (figure 1F). 
Evans blue mainly remained in the anterior horn at X=40 
and was located in the outer white matter at X=30, in 
both the outer white matter and anterior horn at X=35 
and leaked into areas around the anterior spinal artery at 
X=45 (figure 1F). Images of the ventral SC for injections 
given at each angle are shown in (figure 1G). At X=30 and 
X=45, the dye spread in the rostral and caudal directions 
from the injection site, with a more extended reach to 
the anterior spinal artery areas at X=45 (figure 1F). At 
X=35 and X=40, the dye remained on the side ipsilateral 
to the injection. Thus, the X=40 puncture angle was used 
in the following experiments.

Injection volume optimisation
Evans blue (0.7 or 1.3 µL/injection) was injected and rats 
were killed 1 hour later. Dye diffusion was observed in 
cross- sections (figure 1H) and the ventral SC (figure 1I). 
In the cross- sections, the dye remained within the grey 
matter, particularly the anterior horn, under both condi-
tions. On the ventral SC, however, the 0.7 µL injection 
remained on the ipsilateral side and the 1.3 µL injection 
spread to the contralateral side. Thus, 0.7 µL injections 
were used in the following experiments.

Optimisation of the ET-1 concentration
In the SC contusion model, the BBB score is generally 
5–6 at 14 days.23 24 A score ≥9 is considered to indicate 
mild symptoms with the ability to bear a hindlimb load 
while scores of 0–1 indicate severe impairment. Thus, we 
aimed to generate an SC infarction model with a stable 
BBB score of 5–6 after day 14, similar to the SC contusion 
model.

To optimise the ET- 1 concentration, we injected 0.7 µL 
ET- 1 at a concentration of 1.0, 2.0, 2.5 or 3.0 mg/mL bilat-
erally into the SC anterior horn online supplemental file 

2. The BBB score on day 14 was 12.8±0.8 at 1.0 mg/ml, 
9.3±1.3 at 2.0 mg/ml, 5.5±1.0 at 2.5 mg/ml, and 4.2±2.5 
at 3.0 mg/ml (figure 2A). Thus, we injected 2.5 mg/mL 
ET- 1 for the following studies.

In summary, 0.7 µL ET- 1 (2.5 mg/mL) was injected into 
the SC bilaterally at Th13 with a puncture angle of 40° 
at a 1.5 mm depth to generate the SC infarction model 
(ET- 1 group).

BBB locomotor scale
The BBB score of the ET- 1 (n=20), control (0.7 µL PBS; 
n=12) and sham (silica tube puncture only; n=7) groups 
was evaluated until day 56 (figure 2B). In contrast to the 
ET- 1 group, the control and sham groups showed a slightly 
decreased BBB score after treatment followed by recovery 
to baseline by day 7. No deaths occurred in the control 
and sham groups. In the ET- 1 group, 39.4% (n=13) of 
the rats died (urinary dysfunction in 9, unknown in 4) 
and their data are excluded from the graph. Mean time 
to death was 9.9±1.8 days. From day 14 to 56, the BBB 
score in the ET- 1 group remained stable, 5.5–6.2, and 
was significantly lower than that of the control and sham 
groups (figure 2B, p<0.01).

The ET- 1 group was divided into two groups based on 
the BBB score on day 1: severe ET- 1 group (BBB score 
≤1 on day 1) and Mild ET- 1 group (BBB score >1 on day 
1; figure 2C). Throughout the observation period, the 
BBB score differed significantly between the severe and 
mild groups (p<0.01, from day 1 to day 56). Selecting rats 
with BBB scores ranging from 0 to 1 on day 1 increased 
the likelihood of excluding individuals with minor SC 
dysfunction and obtaining stable SC infarction models. At 
day 56, the BBB score of the total ET- 1 group was 6.2±1.0, 
whereas that of the mild group was 13.3±0.3 and that of 
the severe group was 4.9±0.9.

Body weight changes
Body weight was monitored in the sham, control and 
mild and severe ET- 1 groups until day 56. Body weight 
was normalised to the mean preoperative weight. At day 
1, the severe ET- 1 group exhibited significantly greater 
weight loss than the sham and control groups (p<0.05 vs 
sham; p<0.01 vs control). Normalised body weight in the 
Mild group did not differ significantly from that of the 
other groups. From days 3 to 7, body weight did not differ 
significantly between the severe and mild groups, and 
both groups were underweight compared with the sham 
and control groups (p<0.01). On day 14, the mild group 
normalised body weight recovered and did not differ 
significantly among the mild, sham and control groups 
after day 21 while the severe group remained significantly 
underweight compared with the other 3 groups after day 
21 (severe group vs other groups; p<0.01).

TTC staining
Compared with intact SC at the Th13 level, the ET- 1 group 
at day 7 exhibited a whitish ischaemic region mainly in 
the anterior horn at the same SC level (figure 3A).
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Vasoconstriction process after ET-1 injection
The blood flow was significantly decreased immediately, 
15 min and 30 min after ET- 1 administration compared 
with that before ET- 1 administration (figure 3B, before 
vs just after; p<0.001, before vs 15 min; p<0.001, before 
vs 30 min; p<0.05). After 60 min, blood flow improved to 
the same level as before ET- 1 administration (Before vs 
60 min; not significant).

Immunohistochemical analysis
Expression of NeuN and inflammation markers Iba- 1, 
GFAP and GST- pi in the SC at Th13 was examined 
in the intact and ET- 1 groups at day 3 (acute phase) 
and day 56 (chronic phase; figure 3C). Positive and 

negative controls for each marker are shown in 
online supplemental file 5 . The number of NeuN- 
positive cells was reduced primarily in the anterior 
horn of the ET- 1- (day 3) and ET- 1- (day 56) groups 
compared with the intact group while the number of 
Iba- 1- positive cells tended to be higher in the ET- 1- 
(day 3) group compared with the intact and ET- 1- (56 
days) groups. GFAP, predominantly expressed in the 
white matter in the intact and ET- 1- (day 3) groups, 
was observed in both the white and grey matter in 
the ET- 1- (day 56) group. Consistent with a previous 
report that the oligodendrocyte number is reduced in 
ischaemic brain,25 GST- pi- positivity in the grey matter 

Figure 2 Changes in the BBB locomotor score and body weight ratio. (A) The volume of ET- 1 was fixed at 0.7 µL/side, and 
the concentration was varied. Each rat was observed for 14 days, and mortality rates are shown below: all five rats/group 
administered 1.0 mg/mL and 3.0 mg/mL ET- 1, respectively, survived for 14 days; 1 of the 5 rats administered 2.0 mg/mL ET- 1 
died on day 4, and the other rats survived for 14 days. Data for the rat that died during the observation period were excluded 
from the graph. (B) ET- 1 (0.7 µL/side, 2.5 mg/mL) was injected. (C) The BBB score on postoperative day 1 predicted the BBB 
score in the chronic phase. At 2 hours postoperatively, both the severe and mild groups had a BBB score of 0. Already on 
day 1 after the injection, however, the BBB score differed significantly, with the severe group having a mean BBB score of 
0.26±0.10 and the Mild group having a BBB score of 2.33±0.36 (p<0.01). (D) The body weight changes in each group up to day 
56. The average preoperative weight was defined as 1.0. BBB, Basso, Beattie and Bresnahan; PBS, phosphate- buffered saline.
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Figure 3 (A) TTC staining. Left: intact spinal cord (SC) at the Th13 level. Right: punctured cross- section on day 7n in the ET- 1 
group. (B) Vasoconstriction process after ET- 1 injection. Blood flow at the level of Th13 was 61.6±7.4 mL/min/100 g before ET- 1 
administration, 15.9±4.0 mL/min/100 g immediately after ET- 1 administration, 15.3±4.3 mL/min/100 g at 15 min, 31.9±1.4 mL/
min/100 g at 30 min and 55.3±9.0 mL/min/100 g at 60 min. The blood flow was significantly decreased immediately, 15 min and 
30 min after ET- 1 administration compared with that before ET- 1 administration (before vs just after; p<0.001, before vs 15 min; 
p<0.001, before vs 30 min; p<0.05). After 60 min, blood flow improved to the same level as before ET- 1 administration (before 
vs 60 min; not significant). (C) Immunostaining with neurological markers, NeuN, Iba- 1, GFAP and GST- pi. (D) Number of NeuN 
positive cells 3 days after ET- 1 injection compared with intact SC. TTC, triphenyl tetrazolium chloride.
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was reduced by the ischaemic damage in ET- 1 (day 3) 
and ET- 1- (day 56) groups (figure 3C).

We counted the number of NeuN(+) cells in the SC 
grey matter, focusing on the comparison between the 
ET- 1- (day 3) and intact groups. Cross- sections were 
made at five levels: the puncture level, and at 6 mm 
and 3 mm rostral, and 3 mm and 6 mm caudal levels. 
At all five levels, cell numbers were significantly lower 
in the anterior horn of the ET- 1- (day 3) group than 
in the intact group (p<0.01; figure 3D). In the cross- 
section of the puncture level, the ratio of ET- 1/intact 
cells showed that the NeuN- positive cell number in 
the anterior and posterior horns of the ET- 1 group 
was 13.5%±5.7% and 42.3%±9.9%, respectively, that 
of the intact group. In the 3 mm rostral section, the 
NeuN (+) cell number was significantly decreased in 
the anterior horn compared with the posterior horn.

TUNEL-positive cells in the anterior and posterior horns
Cell death induced by ET- 1 injection in the grey 
matter of the ET- 1- (day 3) group was examined. The 
positive and negative controls for TUNEL staining are 
shown in online supplemental file 5 . The number of 
TUNEL- positive cells was significantly higher in the 
anterior horn than in the posterior horn (168.9±22.7 
vs 34.4±7.3, p<0.01; figure 4A). In the TUNEL/NeuN- 
double staining, 14.8% of TUNEL- positive cells were 
NeuN- positive, suggesting that ET- 1- induced SC 
infarction led to NeuN- positive cell death (figure 4B).

RECA-1-positive vessels in the SC
The effect of ET- 1 on the number of SC vessels was exam-
ined by counting the number of RECA- 1 (+) vessels in the 
grey and white matter at the puncture level in the ET- 1- 
(day 3) and intact groups at the Th13 level (figure 4C). 
Therefore, the number of RECA- 1- positive vessels in the 
grey matter and ventral white matter at the level of the 
injection did not differ significantly between the ET- 1- 
(day 3) and intact groups. On the other hand, the number 
of RECA- 1- positive vessels in the dorsal white matter was 
significantly higher in the ET- 1- (day 3) group than in the 
intact group (figure 4D).

DISCUSSION
We developed a novel rat SC infarction model induced 
by local ET- 1 injection. This is the first report of an SC 
infarction model in which severe hindlimb dysfunction 
based on the BBB score and a decreased number of 
NeuN- positive neuronal cells was maintained for a rela-
tively long period (56 days). Injection of ET- 1 into the 
anterior horn induced a localised SC lesion leading to 
neuronal cell death predominantly in the anterior horn. 
Key findings are as follows:
1. The delivery route was optimised for selective injec-

tion into the left and right anterior horns of the rat SC 
1.5 mm deep from the lateral cord slightly ventral to 
the posterior root origin.

2. Local injection of ET- 1 (0.7 µL, 2.5 mg/mL) bilaterally 
into the anterior horn produced persistent and stable 
SC dysfunction for up to 56 days.

3. BBB scores on the first postoperative day predicted the 
BBB score at 56 days postsurgery.

4. The majority of the neuronal cell death based on 
TUNEL- positive/NeuN- positive staining occurred in 
the anterior horn compared with the posterior horn.

5. Vessel number in the grey matter on day 3 did not dif-
fer significantly between the ET- 1 and intact groups, 
whereas the vessel number in the white matter in-
creased in the ET- 1 group compared with the intact 
group.

Many studies reporting SC infarction induced by aortic 
occlusion have a short observation time—the longest 
being 28 days.26 Few reports include in- depth neurolog-
ical and histological analyses with long- term follow- up. 
The success of the aortic clamp model largely depends on 
the location of the Adamkiewicz artery.22 27 The present 
SC infarction model can be stably generated indepen-
dent of the vascular course.

An ideal experimental model has a repeatable and 
stable outcome with little variability. In this study, the 
21- point BBB scale15 16 was used as an index of function. 
The BBB score of an ideal paraplegia model would be <8. 
Our method of inducing SC infarction resulted in a BBB 
score of 5.5±1.0 at day 14 and 6.2±1.0 at day 56. Impor-
tantly, the BBB score on day 1 predicted the score in the 
chronic phase. These findings indicate the usefulness of 
this animal model for evaluating SC infarction.

The CED technique involves local injection of small- 
molecule and large- molecule drugs into a target tissue 
and is clinically used in brain tumour chemotherapy.28 
We aimed to reach the anterior horn by puncturing from 
the lateral to the median side of the SC. ET- 1, a potent 
vasoconstrictor and mitogen comprising 21 amino acids 
initially discovered in ECs,14 is produced in various cell 
types. Specific EC agonists trigger the synthesis and 
release of ET- 1, which binds to ETA

29 and ETB
30 receptors 

on vascular smooth muscle cells (VSMCs). While ETA 
receptors are mainly expressed by VSMCs, ETB recep-
tors are primarily located in ECs.31 These Gq- coupled 
receptors induce VSMC contraction by raising intracel-
lular calcium levels and EC- dependent vasodilation by 
promoting the release of nitric oxide and prostaglandin 
I2.32 In the cerebral infarction model induced by the CED 
technique in mice, both ET- 1 and L- NAME are required 
to induce cerebral ischaemia.33 34 Because the rat ET 
receptor isoform differs from that in mice, ET- 1 alone 
is sufficient to induce cerebral infarction. Therefore, in 
our experiment, SC infarction was successfully induced 
by injecting only ET- 1.

The survival rate was higher in the present study than in 
previous reports, but 39.4% of the rats (n=13) died during 
the 56- day observation period. Neurogenic bladder was 
the cause of death in 9 of 13 rats. Chronic bladder dila-
tion was observed in some rats at 56 days while others 
exhibited haematuria. These findings indicated the 
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Figure 4 (A) TUNEL- positive cells per unit area (mm2) 3 days after ET- 1 injection. (B) Double staining with TUNEL and NeuN. 
(C) Immunostaining for RECA- 1. (D) RECA- 1 positive vessels per unit area (mm2). The number of RECA- 1 positive vessels (/
mm2) in the anterior horn was 428.9±26.9 and 457.8±4.6 (p=0.38) and the number in the posterior horn was 505.6±17.6 and 
503.3±23.1 (p=0.93) in the ET- 1- (day 3) and intact groups, respectively. In the white matter, the number of RECA- 1- positive 
vessels (/mm2) was 192.2±9.2 and 172.2±8.2 (p=0.11) on the ventral side and 188.9±10.0 and 163.3±6.6 (p=0.04) on the dorsal 
side in the ET- 1- (day 3) and intact groups, respectively.
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persistence of supranuclear lower urinary tract dysfunc-
tion in the chronic phase. Daily urinary care is thus 
necessary for long- term survival, and higher survival rates 
may be achieved if urinary retention due to neurogenic 
bladder is relieved.

In the histological evaluation, the significant decrease 
in NeuN (+) cells at days 3 and 56 was considered to 
contribute to long- term SC dysfunction. GFAP, an astro-
cyte marker, was strongly expressed at day 56. Glial scar-
ring in the chronic phase hinders nerve regeneration in 
central nervous system disorders, and a similar mecha-
nism might have occurred in this model.35

Analysis of vascular density revealed a moderate 
decrease in the number of vessels in the anterior horn 
on day 3 compared with that in intact SC. In the white 
matter, the number of vessels tended to increase in both 
the ventral and dorsal regions in the ET- 1 group. This 
may be due to a compensatory blood supply to the ante-
rior horn through collateral perfusion from surrounding 
areas.

This model has several advantages. SC infarction can be 
induced at the targeted site without concern for the course 
of vessels surrounding the SC. SC infarction in humans 
is diverse,26 36 and this model is applicable for inducing 
SC infarction at various SC segments. The neurological 
dysfunction was reproducible, stable and long- lasting (56 
days). The BBB score in the chronic phase was predicted 
by that on the first postoperative day.

This model has some limitations. Direct injection of 
ET- 1 into the SC causes minor trauma, and it is important 
to avoid injuring the posterior spinal artery and vein near 
the puncture site. Furthermore, although both Evans 
blue and ET- 1 are water- soluble, their penetrability may 
differ due to variations in the density and diffusion; thus, 
infusion of Evans blue into the SC may not reflect that 
of ET- 1. In addition, ET- 1 has neurotoxic effects associ-
ated with inflammatory effects.37 38 The hindlimb motor 
dysfunction observed in this model may be due not only 
to cell death caused by the vasoconstrictive effect of ET- 1 
in the SC, but also to the inflammatory effects of ET- 1 
online supplemental file 6. SC ischaemia causes inflam-
matory cell infiltration into the grey matter, however, 
macrophages and microglia are highly upregulated 
following the expression of inflammatory mediators such 
as TNF-α and IL- 1β.39 Thus, this model effectively simu-
lates the pathophysiology of SC infarction, capturing the 
combined effects of ischaemia and inflammation on SC 
tissue. In summary, we demonstrated that local injec-
tion of ET- 1 into the anterior horn of the rat SC induces 
ischaemic injury that results in long- term SC dysfunction 
until at least day 56. The reproducibility, simplicity and 
adaptability of this model make it an attractive choice for 
preclinical studies of SC ischaemic injury.
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