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ABSTRACT

AIM: The aim of this study was to investigate the dose dependence of citicoline’s previously-reported effects on recovery of peripheral nerve
injury.

MATERIAL and METHODS: Right sciatic nerves of sixty adult female Wistar Albino rats were incised and primary anastomosis was performed.
Rats were then divided into four groups: Control group received 2 ml of saline intraperitoneally, while rats in C-300, C-600 and C-900 groups
received 300 pmol/kg, 600 pmol/kg and 900 umol/kg citicoline dissolved in 2 ml saline, respectively. Rats were tested for sciatic functional
index (SFI) on the 4th, 8th and 12th weeks and electrophysiological recordings were obtained on the 12th week. Rats were then sacrificed to
investigate nerve adhesions and perform histomorphological examinations.

RESULTS: Ourresults showed thatratsin C-600 and C-900 groups had significantly lesser neural adhesion and greater SFland electrophysiological
score than those in the Control and C-300 groups (p<0.05). Mean density and total number of functionally myelinated axons were significantly
increased in C-900 group, while perineural scar tissue formation was reduced in all citicoline-treated groups.

CONCLUSION: We conclude that citicoline exhibits dose-dependent effects on axonal regeneration and recovery without scar formation in a
rat model of peripheral nerve incision and primary anastomosis.

KEYWORDS: Peripheral nerve, Citicoline, Regeneration

0z

AMAG: Bu calismanin amaci, periferik sinir hasarinin iyilesmesinde sitikolinin daha dnceden bildirilen doz bagimli etkisinin arastiriimasidir.
YONTEM ve GEREGLER: Altmis eriskin disi Wistar Albino sicanin sag siyatik sinirleri kesilerek primer anostomoz uyguland. Sicanlar dért gruba
ayrildi: Kontrol grubunda 2 ml salin intraperitoneal olarak uygulandi. C-300, C-600 ve C-900 gruplarinda sirasi ile 300 umol/kg, 600 pmol/kg ve
900 pmol/kg, 2ml salin icinde ¢6ziinmus sitikolin uygulandi. Sicanlar 4., 8., 12. haftalarda siyatik fonksiyon indeksi ile degerlendirildiler ve 12.
haftada elektrofizyolojik 6lclimler yapildi. Sicanlar sinir yapisikligini arastirmak ve histomorfolojik arastirmalar igin feda edildiler.

BULGULAR: Arastirmamizin sonuglarina gore, C-600 ve C-900 gruplarindaki sicanlarda C-300 grubundaki sicanlara gore belirgin olarak az
noral yapisiklik, daha iyi siyatik fonksiyon indeksi ve elektrofizyolojik sonuglar elde edilmistir (p<0,05). C-900 grubunda ortalama yogunluk
ve fonksiyonel myelinli aksonlarin total sayisinda belirgin artis saptanmistir. Sitikolinle tedavi edilen tim gruplarda perinéral skar dokusu
azalmigstir.

SONUC: Sitikolin, aksonal rejenerasyonda ve sican periferik sinir kesilme ve primer anostomoz modelinde skar dokusu olusmadan iyilesmede
doza bagimli olarak etki gosterir.

ANAHTAR SOZCUKLER: Periferik sinir, Sitikolin, Rejenerasyon
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INTRODUCTION

CDP-choline (cytidine-5"-diphosphocholine) is an endoge-
nous intermediate which is formed in the rate-limiting
step during the synthesis of phosphatydilcholine (21) and
exogenously-administered CDP-choline is referred to as
citicoline (39). Involvement of cell membrane phospholipids
in traumatic or ischemic cerebral pathologies and in the
pathophysiology of the cerebral edema is well known (7).
Therefore, possible neuroprotective effects of citicoline,
a membrane phosphatide precursor, has been studied in
several previous reports (3,4).

Although favorable effects of citicoline and its metabolites on
ischemic/traumatic nervous system diseases were reported
in several studies, only few studies, mainly conducted by our
group, investigated citicoline’s effect on peripheral nerve
damage. In a previous study performed in our laboratory (31)
topical citicoline was shown to decrease perineural scar tissue
and to increase axonal regeneration as well as functional
recovery in rats undergoing primary repair following
peripheral nerve damage. In a follow-up study, we examined
the effects of topically-administered citicoline, cytidine,
choline, and cytidine plus choline in a primary anastomosis
model of the sciatic nerve and found that cytidine plus
choline and citicoline were efficient in preventing scar
tissue formation and that cytidine plus choline increased
the functional recovery by potentiating axonal regeneration
(6). We also evaluated the effects of systemic administration
of citicoline, cytidine, choline and cytidine plus choline
on perineural scar tissue formation, axonal regeneration
and functional recovery in the same model and observed
that systemic administration of citicoline was beneficial in
peripheral nerve incision followed by primary repair model
by preventing scar tissue formation, increasing functional
recovery and stimulating nerve regeneration (9).

In this study, we tested the dose dependency of citicoline
administration on sciatic nerve recovery in a rat model of
incision and primary anastomosis.

MATERIAL and METHODS

This study was performed in Uludag University, Faculty
of Medicine, Laboratory Animals Breeding and Research
Center between January 2011 and August 2011. The rats
were supplied by Uludag University, Faculty of Medicine
Laboratory Animals Breeding and Research Center, following
the approval of Uludag University Laboratory Animals Care
and Use Committee (2010-01/06).

A total of 60 female Wistar Albino rats weighing 200-270 g
were anesthetized by intramuscular Ketamine (70 mg/kg;
Ketalar, Eczacibasi, Turkey) and Xylazine (10 mg/kg; Rompun,
Bayer, Turkey). Under prone position, extremities of rats were
fixed on the operation table and operation area was elevated
by placing a 1 cm-thick roll of gauze bandage and cleaned
using lodine (Glividon ©, Bikar llac San, Istanbul) solution.
Surgical intervention was performed by the help of a surgical
microscope (Zeiss Opmi 6, Carl Zeiss Meditec Inc., USA). Four,
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1, 2,and 1 rat in Control, C-300, C-600 and C-900 groups died
due to anesthesia problems.

A posterior longitudinal skin incision of 3 cm was made from
right gluteal region through posterior femoral region. Fascia
that surrounds the junction line of m. gluteus superficialis
and m. biceps femoris, and its surface was opened with
blunt dissection and sciatic nerve was exposed. Sciatic nerve
was isolated from the surrounding tissues by dissecting the
superficial membranous structures on the unifascicular area
from sciatic foramen to the point at which tibial and peroneal
branches were separated. A regular full-fold nerve incision
was performed using micro scissors by slightly elevating
sciatic nerve from sciatic foramen at a distance of 10 mm
with root hook. Using epineural nerve repair technique,
proximal and distal rudimentary nerves were sutured from
two different points separated with an angle of 180° using 8-0
polypropylene suture (Prolene, Ethicon © Ltd, Somerville NJ,
USA) and primary anatomosis was created. The skin was then
suture-closed by using 4-0 polypropylene (Prolene, Ethicon ©
Ltd, Somerville NJ, USA) suture.

Rats were then randomized to four groups: Control group
received intraperitoneally (i.p.) 2 ml saline (0.9%NaCl) while
rats in C-300, C-600 and C-900 groups received i.p. 300 mmol/
kg, 600 mmol/kg and 900 mmol/kg citicoline dissolved
in 2 ml saline immediately after the nerve injury and its
repair, respectively. All rats recovered spontaneously from
anesthesia; they were housed in groups of 4 in each cage after
surgical intervention for mobilization and given free access to
food and water ad libitum.

A total of 14 rats showed neuropathic pain-related injuries
and amputation in the 3-4th and 5th toes of their right foot
during the first 4-week period. These rats were not subjected
to walking corridor test due to the fact that losses of toes
would influence this test (Figure TA).

Functional Evaluation

Walking corridor tests were performed for functional
evaluation at 4%, 8" and 12" weeks after the surgical
intervention by immersing posterior feet of rats in ink and
allowing rats to walk along a walking corridor constructed
with 144x10x10 cm dimensions. Walking procedure was
repeated for several times until the best print length and
interdigital distances were observed. Results were recorded
using the formula of Sciatic Function Index (SFI) for functional
evaluation (17,28) (Figure 1B).

Electrophysiological Evaluation

Electromyography (EMG) recordings were obtained using
Dantec Keypoint 4 (Natus Medical Inc., San Carlos, CA, USA)
device. Rats were anesthetized using intramuscular Ketamine
(70 mg/kg; Ketalar, Eczacibasi, Turkey) and Xylazine (10
mg/kg; Rompun, Bayer, Turkey). Under prone position, all
extremities of rats were fixed using plaster to the EMG table.
The recordings were obtained from m. gastrocnemius. Active
recorder cup electrode was placed on the ventricle of the m.
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Gastrocnemius, reference cup electrode was placed on the
dorsum of the foot and ground cup electrode electrode was
placed on the abdomen. A monopolar needle electrode was
inserted through a hole with a diameter of approximately
1-2 mm which was created with Ophtalmic Knife (MANI) on
the skin of gluteal region. Needle electrode was positioned
in the closest point to sciatic nerve. Stimulations were given
at gradually increasing intensity with the durations of 0.04
ms. Best response in the EMG was recorded at the position
in which, clinically, the best plantar flexion was observed.
Attention was paid to allow a electronegative response to
start from isoelectric line and to have few artifacts. Amplitude,
area and latency of the composite muscular action potential
formed was recorded (Figure 1C).

Macroscopic Evaluation

All rats were monitored for self-harming behaviors following
the surgical procedure. Hyperemia, edema and ulceration
were observed on right toes. For macroscopic evaluation of
nerve injury, rats were sacrificed by high-dose Thiopental at
end of post-operative 12" week. The skin incision was opened
and macroscopic evaluations of the closure of the cutaneous
and muscular fascia, the adhesion of the nerve to the
surrounding muscular mass and the separability of the nerve
from these structures were transformed to quantitative scores
by using a previously-described numerical grading scale (33)
(Table 1). Sciatic nerves were then excised en-bloc, with the
tissue surrounding the introduction and the segment that
was repaired, and they were placed in 4% Glutaraldehyde for
histopathological examination.

Table I: Numerical Grading Scale for Macroscopic Evaluation

Histomorphological Evaluation

Tissues of approximately 0.5 cm in size, containing the area
of anastomosis, were fixed overnight in 0.1 mol/L phosphate
buffer containing 4% glutharaldehyde (pH 7.4). Next day, the
tissue samples were post-fixed with 0.1 mol/L phosphate
buffer containing 1% Osmium tetroxide (OsO4) for 2 h prior
to dehydration in alcohol series with gradually increasing
percentages, and were then treated with propylene oxide
prior to polymerization at 70°C overnight by embedding in
Spur’s resin (Agar Scientific, Stansted, UK). Semi-fine sections
at 0.5 um thickness were obtained from the resin blocks,
perpendicular to long axis and were stained using a mixture
of 1% toludine blue-1% borax.

Axons were counted by a blinded investigator. Image capture
and analysis were performed using a numeric camera
(Sony Cybershot DSC-F717) attached to a light microscope
(Nikon 4S-2 Alphaphot) and a computer with “Scion-Image”
software. Image analyzing system was calibrated using a
“table micrometer” before each measurement and counting.
After the calculation of the total area of sciatic nerve sectional
surface on the images acquired with 4x magnification, for
each nerve sample, 10 microscope areas were captured
with 40x objective, a “counting frame” was superimposed
on the images captured. Myelinated axons that remained
within the counting area were counted according to non-
biased counting terms and thereby, the number of axons
per millimeter square (axonal density) was determined.
Total number of myelinated axons was calculated using the
surface area of sciatic nerve. Axonal density and total number

| Tisswee | Grade | Description

Cutaneous and muscular fascia

Nerve adhesion and separability

Completely closed
Partially open
Completely open

1

2

3

1 No dissection or mild blunt dissection
2 Slightly strong blunt dissection

3

Sharp dissection

——
' —n

- ™
Mg gl

Figure 1: Amputation of 3¢, 4" and 5™ toes due to self-mutilation (A), representative image of footprint parameters used for calculation
of Sciatic Function Index (B), an example of EMG recording (C). PL, compression length; TS, distance between 1%t and 5% toes; IT,

Distance between 2™ and 4™ toes.
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of axons were compared with the counting values obtained
from the Control group.

Seven nerves from each group were also prepared for analysis
of perineural scar tissue formation. Sciatic nerves that were
included the area of anastomosis were immersed in 0.2 M
phosphate buffered 4% paraformaldehyde fixative and then
emmedded in paraffin. Seven um-thick longitudinal sections
were cut by sliding microtome and stained with Masson'’s
trichrome procedure.Thickness of the scarformation observed
as a longidudinal connective tissue band (dark green color)
was measured by a softare (Scion Image, ver. 4.02) from high
resolution digital images. The scar tissue formation index was
obtained by dividing the mean value of the thickness of the
scar tissue by the mean value of the thickness of the nerve
tissue as described previously (32).

Statistical Analysis

Statistical analyses were performed using SPSS 13.0 (Chicago,
IL) software. Macroscopic, epineural scar tissue, functional
and electrophysiological evaluation scores, axonal density
and number measurements obtained with different doses
of citicoline and from control group were evaluated using
Kruskal-Wallis test and the significant groups were analyzed
using Mann-Whitney-U test. All quantitative results were
expressed as arithmetic mean and p<0.05 was considered as
significant in the statistical analysis.

RESULTS
Functional Evaluation

Citicoline treatment caused a significant improvement in
Sciatic Function Index (SFI), calculated from walking corridor
analyses, at 600 and 900 mmol/kg doses at 12 weeks and, 8
and 12 weeks, respectively (Figure 2). The improvement in SFI
in C-900 group was also statistically significant compared to
C-300 groups and C-600 groups at 8 weeks (p<0.05) but no
significant difference was observed between C-600 and C-900
groups at 12 weeks (Figure 2).

Electrophysiological Evaluation

Electrophysiological evaluation revealed that rats in C-600
and C-900 groups showed significantly (p<0.05) lower latency
at 12 weeks reflecting improved EMG recordings compared
to those in the Control group. No significant difference was
observed with regard to amplitude values of the nerve action
potentials between C-300, C-600 and C-900 groups (Figure 3).

Macroscopic Evaluation

Macroscopic evaluation was performed 12 weeks after the
surgery by re-opening the incisional line. We observed that
cutaneous and muscular fasciae were completely closed
without any sign of infection or inflammatory on the incisional
line. Thick connective tissue was evident in rats in the Control
group (Figure 4A) while fine membraneous tissue developed
in rats in citicoline groups (Figure 4B). Using the previously-
described numerical evaluation scale (Table ) (9,33), we found
that citicoline treatment improved nerve adherence and
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separability score and that the improvement was statistically
significant in C-300, C-600 and C-900 groups compared to
Control group (p<0.05, p<0.05 and p<0.001, respectively)
(Figure 4C). On the other hand, no significant difference was
found between citicoline-treated groups (Figure 4C).

Histomorphological Evaluation

Mean axonal density was significantly greater in C-900 group
compared to other groups (p<0.001) (Figures 5A, 6A-D).
Analyses of total number of myelinated axons also revealed
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Figure 2: Sciatic function index (SFI) score at 4, 8, and 12 weeks
after surgical repair of transected sciatic nerve in rats treated
intraperitoneally with different doses of citicoline. *p<0.05,
1tp<0.05 and #p<0.05 compared to Control, C-300 and C-600
groups, respectively. C-300, C-600 and C-900 represent groups of
rats that received intraperitoneal citicoline at doses 300, 600 and
900 mmol/kg, respectively.

EMG iatency (miliseconds)

o0 —
Control C-300

C-a00 C-900

Figure 3: EMG latency at 12 weeks after surgical repair of
transected sciatic nerve in rats treated intraperitoneally with
different doses of citicoline. *p<0.05 compared to Control group.
C-300, C-600 and C-900 represent groups of rats that received
intraperitoneal citicoline at doses 300, 600 and 900 mmol/kg,
respectively.
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Figure 4: Representative images of thick connective tissue (black arrow) in rats in Control group (A) and fine membranous tissue
in rats treated with 900 mmol/kg citicoline (B) that developed in the surgical field (x4 magnification), and graph depicting nerve
adherence and separability score (C). *p<0.05 and *p<0.001compared to Control group. C-300, C-600 and C-900 represent groups of
rats that received intraperitoneal citicoline at doses 300, 600 and 900 mmol/kg, respectively.
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significantly (p<0.001) greater number of myelinated axons
in C-900 group compared to Control, C-300 and C-600
groups (Figures 5B, 6A-D). Masson'’s trichrome stainings and
perineural scar tissue formation index showed lesser scar
formation in the C-300, C-600 and C-900 groups compared to
Control group (p<0.05) (Figures 5C, 7A,B).

DISCUSSION

Several factors are involved in an ideal nerve repair including
number of neurons that survived after the nerve injury,
characteristics of axonal growth, status of the regenerated
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Figure 5: Graphs depicting mean density (A) and total number (B)
of myelinated axons, and perineural scar tissue formation index
(C). *p<0,05, #p<0,05 and ¥p<0,05 and ***p<0,001, ###p<0,001
and ¥¥¥p<0,001 compared to Control, C-300 and C-600 groups,
respectively. C-300, C-600 and C-900 represent groups of rats
that received intraperitoneal citicoline at doses 300, 600 and 900
mmol/kg, respectively.

axon and status of the target tissue (16). Repair of axonal injury
is a process that includes all the neuron. Axonal regeneration
that results with axonal sprouting, growth and reinnervation,
is the most important part of this process (24). Mechanisms
such as the expression of growth factors, the activation
of the transcription factors, cytokines, neuropeptides and
inflammatory response account for an ideal regeneration
(25). The procedure for studying peripheral nerve injury and
repair includes anatomically rejoining the axon and putting
a primary suture by a microsurgical technique and is still
considered as the gold standard today (24).

Turkish Neurosurgery 2014, Vol: 24, No: 1, 54-62
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Figure 6: Demonstrative toludine blue stained images showing myelinated axon differences in Control, C-300, C-600 and C-900 groups
(panels A, B, C and D, respectively). Scale bar, 20um.
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Figure 7: Demonstrative Masson’s trichrome stained images showing scar formation which can be seen as a longidudinal connective
tissue band in C-900 group and Control group (panels A and B, respectively). Scale bar, 50um.
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Citicoline is the drug form of CDP-choline, a metabolic
intermediate in membrane phospholipid biosynthesis (21).
Citicoline administration was shown to exhibit cardiovascular
(12,34) and neuroendocrine (10,11,18,19) effects, and provide
benefit in endotoxemia (20,40) in experimental studies.
Citicoline has been suggested to reduce brain injury in both
experimental and clinical studies (2). In a previous study
from our laboratory, we reported that topically-administered
citicoline after primary saturation following peripheral
nerve incision significantly increased axonal regeneration
by preventing scar tissue formation (31). We determined,
in a follow-up study (6) that was designed to investigate
the effects of topically-administered citicoline, as well as
its metabolites cytidine, choline, and cytidine plus choline
following sciatic nerve incision and primary anastomosis that
cytidine plus choline was as efficient as citicoline in reducing
scar tissue formation and increasing functional recovery by
potentiating axonal regeneration. In addition, a more recent
study performed in our laboratory (9) demonstrated markedly
reduced scar formation after systemic administration of
citicoline. Therefore, the present study aimed to demonstrate
the dose dependence of systemically-administered citicoline
in a rat model of sciatic nerve incision and primary suture.

Our data showed that citicoline treatment reduced sciatic
nerve injury in a dose-dependent manner in a rat model
of peripheral nerve incision and primary anastomosis.
Intraperitoneal citicoline treatment at 900 mmol/kg dose
significantly improved sciatic function index, reduced EMG
latency, perineural scar tissue formation as well as nerve
adhesion and separability score, and enhanced mean density
and total number of myelinated axons. At lower doses (i.e.,
300 and 600 mmol/kg doses) citicoline was beneficial in terms
of restoring sciatic nerve function while no improvement was
observed with regard to mean density and total number of
myelinated axons. Therefore, citicoline’s beneficial effects on
ameliorating sciatic nerve injury are dose-dependent.

Functional recovery after nerve injury has been reported
in studies using autologous bypass techniques (35), nerve
grafts that include Schwann cells (8), several endogenous and
exogenous growth factors (13,27,37,38), tubular systems that
contain several substances in the nerve space (23) and fibrin
glue (26). Today, few of these experimental studies could be
implemented with successful outcomes. In good accord with
previous observations (6,9), our present results showed that
citicoline treatment caused a significant improvement in
Sciatic Function Index; the effect was more robust 900 mmol/
kg compared to 600 mmol/kg dose, but 300 mmol/kg dose
was not efficient.

Amplitude value of the nerve action potential that might
reflect functional recovery (22) depends on total electrical
flow caused by myelinated axons (16). We therefore used
the latency of the action potential obtained from m.
gastrocnemius records for evaluating functional recovery. We
found that citicoline treatment significantly reduced latency
at 600 and 900 mmol/kg doses, but 300 mmol/kg dose was
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ineffective. These data confirm our previous observations
(6,9), and further suggest that citicoline has a dose-dependent
effect on functional and electrophysiological recovery in a rat
model of sciatic nerve incision and primary repair.

Epineural scar tissue formation is also an important factor
involved in functional loss and the recovery is suggested
to be associated with the regeneration of Schwann cells
that occurred with scar formation (29). It was demonstrated
previously that structural alterations, such as increase of
collagen and constriction of the endoneurial tubes, that
begin at distal nerve segment after the incision caused a
decrease in the fiber diameter by 80-90% by also proceeding
to the denervation process (36). To date many strategies have
been suggested to prevent scar formation (30) but none of
them demonstrated the effectiveness of a single injection
of an endogenous metabolite. Confirming previous reports
(6,9), our present data show that single intraperitoneal
injection of citicoline reduces scar formation as indicated by
the macroscopic nerve adherence and separability score and
the microscopic perineural scar tissue formation index. We
also found that these actions of citicoline appear even at the
smallest dose (300 mmol/kg) used in the present study and
that the highest dose (900 mmol/kg) produced significantly
greater effect. In good accord with the data on functional
and electrophysiological recovery, the present results on
scar tissue suggest that citicoline administration dose-
dependently reduces scar formation.

The mechanism(s) by which citicoline improves functional
recovery and reduces scar tissue formation remains largely
unknown. Previous reports suggested that citicoline
provided neuroprotection by reducing apoptotic cell death
in experimental models (Alvarez et al., 1999 [60]; Fiedorowicz
et al, 2008). Given that axotomized neurons die through
apoptosis and their characteristic morphological alterations
promote DNA fragmentation (15), it could be hypothesized
that both citicoline prevents neuronal death resulting from
the apoptosis caused by axonetmesis and potentialized
axonal regeneration.

Another protective mechanism of action for citicoline may
include prevention of phospholipase A2 (PLA2) activation
(1). It was demonstrated that PLA2 was highly expressed
in Schwann cells within the first 5 hours and that PLA2 was
incrementally expressed in Schwann cells and in immune
cells in the distal segment for 10 days following the
peripheral nerve damage coinciding with the period during
which myelin destruction and phagocytosis peak (14). PLA2
hydrolyzes phosphotydilcholine leading to liberation of
lipophosphotydilcholine and arachidonic acid that induces
myelin destruction. Blockade of PLA2 in the peripheral nerve
incision decreases the phagocytosis in the distal segment
via the destruction of myelin and axon. Therefore, it might
be suggested that citicoline increases axonal recovery by
preventing the activation of PLA2, which triggers Wallerian
degeneration in the peripheral nerve damage, and thereby,
the destruction of axon and myelin, by increasing the level
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of phospholipids (5) and by preventing the inflammatory
response and scar tissue formation.

In conclusion, our data show that citicoline treatment
ameliorates sciatic nerve injury in a dose-dependent manner
in a rat model of peripheral nerve incision and primary
anastomosis. Intraperitoneal citicoline treatment at 900
mmol/kg dose significantly improves sciatic function index,
reduces EMG latency, perineural scar tissue formation as
well as nerve adhesion and separability score, and enhances
mean density and total number of myelinated axons. At lower
doses (i.e., 300 and 600 mmol/kg doses) citicoline may prove
beneficial in terms of restoring sciatic nerve function while
no improvement was observed with regard to mean density
and total number of myelinated axons. Therefore, citicoline’s
beneficial effects on ameliorating sciatic nerve injury are
dose-dependent. Future studies are required to further reveal
the mechanisms by which citicoline proves beneficial in
peripheral nerve damage.
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