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ABSTRACT

BACKGROUND: Spinal cord injury is a devastating trauma that leaves survivors at risk for several medical complications throughout
their lives. Lercanidipine, a third-generation calcium channel blocker, possesses anti-apoptotic, anti-inflammatory, and antioxidative
properties. This study aimed to evaluate the neuroprotective effects of lercanidipine in an experimental spinal cord trauma model.

METHODS: Twenty-one Wistar rats were randomly assigned to three groups. Group | (GI) underwent laminectomy. Group 2 (G2)
were subjected to trauma following laminectomy. Group 3 (G3) were exposed to trauma following laminectomy and treated with
lercanidipine. Lercanidipine was administered intraperitoneally for seven days. Histopathological and immunohistochemical evaluations
were conducted.

RESULTS: Regarding Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining, there was no significant dif-
ference among the groups. However, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) levels were significantly
different across the groups. G2 had significantly higher NF-xB levels compared to G| and G3.

CONCLUSION: Lercanidipine, a third-generation calcium channel blocker, is effective against inflammatory responses induced in
spinal cord injury. Further studies are required to determine its capability in preventing apoptosis or improving functional recovery.
To the best of our knowledge, this study is the first in the literature to examine the neuroprotective effects of lercanidipine on spinal
cord injury.
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INTRODUCTION

Spinal cord injury (SCI) is a devastating trauma that leaves
survivors at risk for several medical complications through-
out their lives. Though SCI has historically occurred most fre-
quently in young adults, the past few decades have shown an
increasing incidence of SCl in older populations as well, which
increases its burden on individuals and society.l"]

Several mechanisms causing tissue injury in SCl| have been

targeted in the search for an effective therapeutic agent, yet
there is no agent universally accepted as useful in daily prac-
tice. Lercanidipine, a third-generation calcium channel blocker
(CCB), possesses anti-apoptotic, anti-inflammatory, and an-
tioxidative properties. Compared to similar CCBs, it has a
longer duration of action and greater lipophilicity.>* Its stable
pharmacokinetics, minimal side effects, high tolerability, and
safety profile make it a suitable candidate for use in a wide
variety of populations.?!
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The aim of this study was to evaluate the neuroprotective
effects of lercanidipine in an experimental spinal cord trauma
model.

MATERIALS AND METHODS

A total of 21 adult Wistar albino rats, each weighing 350 g,
were used in this study. Approval for this study was obtained
from the Animal Research Ethics Committee of Ege Univer-
sity (approval number 2022-113) and it was conducted in ac-
cordance with the Guide for the Care and Use of Laboratory
Animals in the Animal Laboratory of Ege University. All ani-
mals were housed in separate cages under a standard |2-hour
light/dark cycle at 21°C-22°C, with ad libitum access to food
and water.

Animals were randomly assigned to the following groups,
each containing seven rats: Group | (GIl) underwent lami-
nectomy. Group 2 (G2) was exposed to trauma following
laminectomy. Group 3 (G3) was exposed to trauma following
laminectomy and treated with lercanidipine (0.5 mg/kg, i.p.).
G3 received lercanidipine 30 minutes after the trauma and
once daily for seven days. There are no studies in the lit-
erature where lercanidipine was examined in a spinal trauma
model. Therefore, we based the lercanidipine doses (0.5 mg/
kg, i.p.) for our study on an article we found in the literature
that describes its use in a stroke model.1!

Injury Procedure

Following the subcutaneous administration of a prophylactic
dose of |5 g/kg cefazolin sodium one hour before surgery,
anesthesia was induced using an intraperitoneal injection
of a ketamine hydrochloride (Ketalar, Pfizer) and xylazine
(Rompun 2%, Bayer) combination (5 mg/kg and 10 mg/kg,
respectively). After making a dorsal midline incision approxi-
mately between the T5-T9 levels, paravertebral muscles
were dissected to expose thoracic vertebrae. Then, total
laminectomies at T6, T7, and T8 were performed, leaving
the dura intact. In groups 2 and 3, SCI was induced using a
weight-drop technique involving a 10 g rod dropped through
a 5-cm guide tube positioned perpendicular to the center
of the spinal cord.F! The trauma produced a dorsal surface
SCI with an impact force of 50 g/cm?. Rats in Group | were
not exposed to trauma. Subsequently, the muscles and skin
were sutured, and the animals were allowed to recover in
temperature- and humidity-controlled chambers and were
housed for a week.

Neurobehavioral Examination

Hind limb motor function was assessed using Tarlov’s classifi-
cation [6]: 0 (no voluntary hind limb function), | (poor hind
limb motor function), 2 (joint motion present but unable to
stand), 3 (able to stand and walk), and 4 (complete recovery).
The absence of muscle tone and contractions was defined
as paraplegia. This assessment was performed at |, 24, and
48 hours, and again at one week following SCI. All rats were
sacrificed on day seven after SCL.U#!
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Histopathological Examination

At the end of one week, all animals were anesthetized with an
intraperitoneal injection of ketamine (40 mg/kg) and xylazine
(4 mg/kg), and perfused with 200 ml of 4% formaldehyde in
0.IM phosphate-buffered saline (PBS). Formalin-fixed spinal
cord samples were embedded in paraffin blocks, sectioned at
5 pm, and stained with hematoxylin and eosin for histologic
studies.

Immunohistochemical Examination

For immunohistochemical evaluation, paraffin-embedded
blocks were cut into 5 um sections. These sections were de-
waxed and rehydrated following routine immunohistochemi-
cal protocols. They were then washed with distilled water
and 0.IM PBS for 10 minutes, followed by treatment with
2% trypsin (Sigma-Aldrich, USA) in 50 mM Tris buffer (pH
7.5) at 37°C for |5 minutes. To inhibit endogenous peroxi-
dase activity, sections were outlined with a Dako pen (Dako,
Glostrup, Denmark) and incubated in a solution of 3% H,O,
for 15 minutes.

Next, the sections were incubated with anti-nuclear factor
kappa beta (NF-kB) primary antibodies (1/100) for 24 hours
at 4°C in a humid chamber. Sections were then incubated
with a biotinylated secondary antibody (Zymed Histostain-
Plus Peroxidase kit, 85-9043, Zymed Laboratories, San Fran-
cisco, California, USA), and subsequently, with streptavidin
conjugated to horseradish peroxidase (Zymed Histostain-
Plus Peroxidase kit, 85-9043, Zymed Laboratories, San Fran-
cisco, California, USA), prepared according to the manufac-
turer’s instructions. To reveal immunolabeling, sections were
incubated with 3,3'-diaminobenzidine (DeadEnd Colorimetric
TUNEL system, Promega, Madison, Wisconsin, USA), pre-
pared as per the manufacturer’s instructions. All dilutions and
washes between stages were with PBS.

Prepared sections were counterstained with Mayer’s hema-
toxylin (Zymed Laboratories), and rinsed with tap water. As
the final step, sections were dehydrated through a graded
ethanol series, cleared in xylene, and mounted with Entel-
lan (Merck, Darmstadt, Germany). Sections were photo-
graphed using an Olympus C-5050 digital camera mounted
on an Olympus BX51 microscope. The number of positive
cells was assessed by three blinded histologists who evaluated
at least 100 cells per 10 viewfields of tissue sections at 20x
maghnification.

Semi-quantitative analysis was used to assess the immunoreac-
tivity of the studied proteins. Nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) immunohistochemical
staining was evaluated using a modified histoscore (H-score).
To calculate the H-score, semi-quantitative assessments of
staining intensity (graded as O [non-staining], | [weak], 2
[moderate], and 3 [strong]) and the percentage of positive
cells were performed. Possible scores ranged from 0 to 300.
The expression level of each component was categorized as
low or high according to the median value of the H-score.
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Table I. Statistical analysis of hind limb motor function at designated time points among groups
Time After Procedure Gl G2 G3 P Post-hoc p™

m (IQR) m (IQR) m (IQR) GI-G2 GI-G3 G2-G3
| hour 4.0 (0.0) 0.0 (1.0) 0.0 (1.0) 0.001 0.001 0.001 1.000
24 hours 4.0 (0.0) 0.0 (1.0) 0.0 (1.0) 0.001 0.001 0.001 1.000
48 hours 4.0 (0.0) 0.0 (1.0) 0.0 (1.0) 0.001 0.001 0.001 1.000
| week 4.0 (0.0) 0.0 (1.0) 1.0 (0.0) 0.001 0.001 0.001 0.298

IQR: Interquartile range; m: Median. "Kruskal-Wallis Test. “Mann-Whitney U test using Bonferroni Correction.

Terminal Deoxynucleotidyl Transferase dUTP Nick-End La-
beling (TUNEL) Assay

Apoptosis was confirmed by the TUNEL assay. Following
deparaffinization in xylene, the sections were rehydrated
through a graded ethanol series. Then sections were then
covered with a 20 mg/mL of proteinase K solution and rinsed
with tap water. Endogenous peroxidase activity was inhib-
ited with 3% hydrogen peroxide, followed by another rinse
with tap water. The sections were then treated with termi-
nal deoxynucleotidyl transferase enzyme in a humidified at-
mosphere at 37°C for 60 minutes. Subsequently, they were
submerged in a prewarmed, working-strength stop/wash
buffer at room temperature for 10 minutes and incubated
with anti-streptavidin peroxidase for 45 minutes. Staining
and counterstaining were performed with 3,3’-diaminoben-
zidine and Mayer’s hematoxylin, respectively. Apoptotic cells
stained with TUNEL were counted in the cross-section of
each specimen by two independent, blinded observers under
a light microscope at 40x magnification. The apoptotic index
was defined as the apoptotic cell count per section (total
apoptotic cell count/100). Cells in areas with necrosis, poor
morphology, or at the margins of sections were not analyzed.

Statistical Analysis

Descriptive statistics are reported as medians, with inter-
quartile range values. The distribution pattern of variables
was investigated with the Shapiro-Wilk test. Comparison of
data between groups was performed using the Kruskal-WVallis

test. To evaluate pairwise differences, the Mann-Whitney U
test was performed, with Bonferroni correction to adjust for
multiple comparisons. A p-value < 0.05 was considered sig-
nificant, with a 95% confidence interval. Statistical analyses
were performed using Statistical Package for the Social Sci-
ences (SPSS) software version 21.0 (SPSS Inc., Chicago, II-
linois, USA).

RESULTS

Neurobehavioral Examination

Hind limb motor function was assessed using Tarlov’s clas-
sification. All animals in G| consistently scored 4 at all time
points (I hour, 24 hours, 48 hours, and | week after SCI).
In G2, four animals consistently scored 0, while three had a
score of | across all evaluations. In G3, four animals scored
0, and three scored |, a pattern that persisted at | hour, 24
hours, and 48 hours, while at one week, five animals scored
I, and two scored 0. Overall, hind limb motor function ex-
hibited a significant difference between the groups (p=0.001).
G consistently had a significantly higher Tarlov motor score
compared to both G2 and G3 at all time points (p=0.001 for
all). However, there was no significant difference between G2
and G3 (p=1.00 at I, 24, and 48 hours; p=0.298 at | week).
The findings are summarized in Table |.

Histopathological Examination

Pia mater, gray matter, and white matter structures were his-

(a) (b)

(c)

Figure 1. Representative histologic sections of the spinal cord after hematoxylin and eosin staining in the three experimental groups. (a)
Diffuse hemorrhagic foci noted in both gray (blue arrowhead) and white (black arrowhead) matter in the control group; (b) In the trauma
group, hemorrhages in the gray and white matter were accompanied by axonal edema (yellow arrow); (c) Axonal edema was less in the
Trauma + Lercanidipine group than in the trauma group. (Hematoxylin and eosin, x20).

Ulus Travma Acil Cerrahi Derg, February 2024, Vol. 30, No. 2

75



(a)

Figure 2. Representative histologic sections of the TUNEL staining in the three experimental groups. (a) Control group, (b) Trauma group,
(c) Trauma + Lercanidipine group. The number of apoptotic cells (indicated by black arrows) was higher in the trauma group than in the
other groups, but this was not statistically significant. (Diaminobenzidine, x40).
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(c)

(@) 4 N ) e

Figure 3. Representative histologic sections of the NF-kB staining in the three experimental groups. (a) Control group, (b) Trauma group,

1 © ~ s

~

(c) Trauma + Lercanidipine group. The number of cells expressing NF-kB (indicated by black arrows) and the expression intensity were
significantly higher in G2 compared to the other groups. (NF-kB immunohistochemistry, x20).

tologically evaluated and found to be intact in each group.

Diffuse hemorrhagic foci were observed in the white matter
in Gl. In contrast, the gray matter in G2 contained hemor-
rhagic foci. In G3, hemorrhagic foci were present in both gray
and white matter. Axonal edema was observed in G2 and G3,
with a greater abundance in G2 (Fig. I).

Immunohistochemical Examination

Regarding TUNEL staining (Fig. 2), there was no significant
difference among the groups (p=0.139).

On the other hand, NF-kB (Fig. 3) showed significant dif-
ferences among the groups (p=0.009), with post-hoc tests
revealing that G2 had significantly higher NF-xB levels com-

pared to G| and G3 (p=0.022 and p=0.027, respectively).

The findings are summarized in Table 2.

DISCUSSION

In this study, lercanidipine showed different effects on dif-
ferent aspects of SCI. Regarding functional recovery, lercani-
dipine was not effective during a |-week observation period.
However, it demonstrated significant anti-inflammatory prop-
erties, as evidenced by lower NF-kB levels compared to the
trauma group throughout this |-week study period. Interest-
ingly, apoptosis levels were similar across all groups.

Injury in spinal cord trauma occurs in two phases. The unpre-
ventable primary injury occurs at the time of trauma, directly

Table 2. Statistical analysis for TUNEL and NF-kB among groups, including post-hoc test results where applicable
Gl G2 G3 P Post-hoc P*
m (IQR) m (IQR) m (IQR) G1-G2 GI-G3 G2-G3
TUNEL 2.0 (3.0) 5.0 (5.0) 2.0 (2.0) 0.139 -t -t -t
NF-xB 25.0 (6.0) 37.0 (7.0) 26.0 (9.0) 0.009 0.022 I 0.027

IQR: Interquartile range; m: Median; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B cells; TUNEL: Terminal Deoxynucleotidyl Transferase
dUTP Nick-End Labeling. *Kruskal-Wallis Test. **Mann-Whitney U test using Bonferroni Correction. 1 Post-hoc test not applicable due to non-significance in

multigroup analysis.
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destroying neural tissues and other elements. This primary
insult triggers a complex cascade of events that result in fur-
ther tissue damage, spreading over days to months, depend-
ing on the extent of the trauma. Known as the secondary in-
jury phase, this phase is particularly critical in determining the
ultimate outcome of spinal cord trauma.l”! Events during the
secondary injury include |) overstimulation of glutamate re-
ceptors leading to increased intracellular calcium levels, which
can cause necrosis as early as 4 hours following the trauma; 2)
an inflammatory response triggered by hemorrhage, edema,
ischemia, and necrosis; and 3) apoptosis, leading to axonal
injury and neuronal cell loss, which depends on the balance
between tissue damage and tissue repair.'"!

The extent of secondary injury is a crucial factor in deter-
mining outcomes for SCI patients. Consequently, it has be-
come the primary target of treatment efforts. Several chemi-
cals, ranging from immunosuppressive to anti-inflammatory
agents, have been studied as therapeutic agents.!'"'2 Methyl-
prednisolone, a strong anti-inflammatory agent that was once
thought to be effective and recommended in guidelines, was
later found to be ineffective in subsequent studies. Consider-
ing the severe complications associated with high-dose ste-
roids, their use has been widely abandoned.["!

Increased intracellular calcium (Ca2+) levels play a major role
in axonal injury in white matter.!'¥] Similar to excitation-con-
traction coupling observed in skeletal muscles, depolariza-
tions activate L-type Ca2+ channels. This activation results
in an excessive release of Ca?* under pathological conditions,
which, in turn, may progress to cellular death.l'? The extent
of axonal damage has been shown to be limited by chelating
intracellular Ca?*.I'¥1 It is thought that the endoplasmic reticu-
lum (ER) is the source of intracellular Ca?* during injury.l'2

Lercanidipine is an L-type CCB with anti-inflammatory and
antioxidant properties.?*!l It has been shown to have neu-
roprotective effects in conditions such as epilepsy,? ischemia,
151 and hypertensive retinopathy.'l Its anti-inflammatory
properties have been demonstrated to be comparable to di-
clofenac sodium.™ Since the sole blocking of Ca** channels has
not been found to be neuroprotective, lercanidipine’s effect
is mostly attributed to its anti-apoptotic, anti-inflammatory,
and antioxidant effects.*'®! To the best of our knowledge, its
neuroprotective effects in spinal cord injury, either traumatic
or not, have not been studied before.

Caspase-dependent apoptosis of oligodendrocytes in white
matter reaches its maximum intensity at one week follow-
ing injury.l'”l In contrast, neurons are more susceptible to
increased calcium, with maximum apoptosis occurring at 8
hours. After 24 hours, no neuronal apoptosis occurs in rats.
U819 |n rabbits, it has been demonstrated that apoptotic neu-
ronal cells are removed by autophagy by the seventh day.2% In
this study, TUNEL staining did not differ among the groups.
More interestingly, TUNEL-positive apoptosis was similar in
both the sham and trauma groups. There are some possible

Ulus Travma Acil Cerrahi Derg, February 2024, Vol. 30, No. 2

explanations for this discrepancy.

Firstly, while our intention was to quantify apoptosis, it is cru-
cial to note that new cell death mechanisms, beyond necrosis
and apoptosis, have been identified.?'] Additionally, heteroge-
neous cell-death mechanisms are implicated in neuronal loss
in spinal cord injury.l'”! For example, in the central nervous
system, cellular injury by oxygen radicals activates Poly (ADP-
ribose) polymerase (PARP) enzymes. Although the PARP
enzyme family is responsible for cell repair, their overactiva-
tion may cause cellular death.l'”? In PARP-mediated apoptosis,
deoxyribonucleic acid (DNA) fragmentation does not occur.
Il Since caspase involvement and DNA fragmentation do not
occur in all cell death mechanisms, TUNEL staining may not
detect these types of cell deaths.l'”? |t is theoretically possi-
ble that caspase-independent cellular death predominated in
our samples, which would not be detected by TUNEL stain-
ing. However, considering other reports showing significant
TUNEL-positive apoptosis in SCI, we believe this to be pos-
sible, but unlikely.?*!

Secondly, while apoptosis in white matter reaches its maxi-
mum level on the seventh day, peak apoptosis in gray matter
occurs at the sixth hour, with no apoptosis observed after 24
hours. Although we sacrificed the animals on the seventh day
to observe maximum injury, as seen in rabbits, a similar pro-
cess may occur in rats, where dead neurons are autophagized
by the seventh day following trauma. During microscopic
evaluation, unintentional bias in sampling more gray matter
than white matter might have influenced the quantification of
apoptosis, which could have been present in the unsampled
sections.

Finally, while it can be speculated that the applied trauma
was not severe enough to cause apoptosis, the significant
functional deterioration and presence of inflammation in the
trauma groups prove that the trauma was capable of produc-
ing SCI.

Another factor that significantly contributes to neuronal in-
jury and death is inflammation.M! It is initiated and regulated
by specific signaling molecules, particularly proinflammatory
cytokines such as tumor necrosis factor-a (TNF-a) and in-
terleukin-1 (IL-1), in response to spinal cord trauma.”’’ Proin-
flammatory cytokines, such as TNF-a and IL-1, cause NF-kB
activation.?! NF-kB is a transcription factor that regulates
several cellular events, including, but not limited to, inflam-
mation and apoptosis. Decreased levels of NF-kB are ob-
served in conditions of reduced inflammation and apoptosis.
[252€] Most studies consider decreased NF-kB level as a sign
of attenuated inflammation.!”! However, since it may play an
anti-apoptotic or pro-apoptotic role depending on the condi-
tions, an increase in NF-kB may also be observed in scenarios
of decreased apoptosis.*?! Consequently, in a few studies
that observe its inverse relationship with TUNEL staining,
authors consider it an indicator of increased apoptotic activ-
ity.’] In this study, NF-kB levels were significantly higher in the
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trauma group compared to others. The number of anti-NF-
kB stained cells did not differ between the sham and treat-
ment groups. As we believe that apoptosis, at least through a
caspase-dependent mechanism, did not occur as expected in
our study, we think that NF-kB levels reflect inflammation, as
most studies in the literature suggest. Our findings support
other studies where lercanidipine exerts anti-inflammatory
effects.

Although both groups exposed to trauma had significantly
worse functional scores at all time points compared to the
sham group, there was no significant difference between
them. However, it should be noted that a slight increase in
functional scores was observed in the treatment group by
the first week, although it was not statistically significant. This
raises the question of whether a significant change could be
observed if they were followed for a longer period or if a dif-
ferent dosage was used.

Nevertheless, this study is not without limitations. A major
limitation includes the mixed findings in different aspects of
SCI, which may be attributed to sampling error, a short ob-
servation period, or insufficient dosage. With that said, this
study failed to provide a definitive answer to the question of
whether lercanidipine has an effect on apoptosis in SCI or
not.

CONCLUSION

In summary, our study indicates that lercanidipine, a third-
generation calcium channel blocker, exhibits promising anti-
inflammatory effects in the context of SCI. However, the
mixed results observed across various aspects of SCI in our
study, which may be attributable to factors such as sampling
error, a relatively short observation period, or an insufficient
dosage, highlight the necessity for further research. While
our findings suggest potential efficacy in mitigating inflamma-
tory responses, definitive evidence of lercanidipine's effec-
tiveness in preventing apoptosis or enhancing functional re-
covery requires more extensive research. Our study provides
a foundation for future inquiries, advocating for a deeper ex-
ploration of lercanidipine's neuroprotective capabilities and
its potential application in clinical treatments for SCI.
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AMAC: Omurilik yaralanmasi, hayatta kalanlari yasamlari boyunca gesitli tibbi komplikasyon riski altinda birakan yikici bir travmadir. Lerkanidipin,
anti-apoptotik, anti-enflamatuvar ve anti-oksidatif 6zelliklere sahip Ugtincl nesil bir kalsiyum kanal blokeridir. Bu calismanin amaci, deneysel omurilik
travmasi modelinde lerkanidipinin néroprotektif etkilerini degerlendirmektir.
GEREC VE YONTEM: 21 adet Wistar sigan rastgele 3 gruba ayrildi. Grup I'e (G1) laminektomi uygulandi. Grup 2 (G2) ise laminektomi sonras
travmaya maruz kaldi. Laminektomi sonrasi travmaya maruz kalan Grup 3 (G3) ise lerkanidipin ile tedavi edildi. Lerkanidipin intraperitoneal olarak
7 guin sireyle uygulandi. Histopatolojik ve immunohistokimyasal degerlendirmeler yapildi.

BULGULAR: TUNEL boyama agisindan gruplarda anlamli farklilik gériilmedi. Ote yandan NF-kf gruplar arasinda anlamli derecede farkliydi. G2, G|

ve G3'e kiyasla 6nemli Slgtide daha yiiksek NF-kf seviyelerine sahipti.

SONUGC: Ugiincii kusak bir kalsiyum kanal blokeri olan lerkanidipin, omurilik yaralanmasinda olusan enflamatuvar yanitlara karsi etkilidir. Apoptozu
onleyip onlemedigi veya fonksiyonel iyilesmeyi iyilestirip iyilestirmedigi daha ileri galismalara ihtiyag duyar. Bildigimiz kadariyla lerkanidipinin omurilik
yaralanmasi lizerindeki néroprotektif etkilerini inceleyen bu galisma literatiirde ilk olma &zelligini tasimaktadir.

Anahtar sozclikler: Lerkanidipin; néroprotektif etki; omurilik yaralanmasi; spinal travma.
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