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aInstituto Teófilo Hernando, Departamento Farmacologı́a, Facultad de
Medicina, Universidad Autónoma de Madrid, Servicio de Farmaco-
logı́a Clı́nica e Instituto de Gerontologı́a, Hospital de La Princesa,
Madrid, Spain
bUnidad de Investigación Cerebrovascular, Cirugı́a Experimental,
Hospital Universitario La Paz, Madrid, Spain

Abstract—Cerebral ischemia triggers a multitude of patho-
physiological and biochemical events that separately affect
the evolution of focal ischemia and, therefore, stroke treat-
ment should logically employ all known neuroprotective
agents. We hypothesized that a treatment combining nimo-
dipine and citicoline might have a potential neuroprotective
effect. To assess this idea, Sprague–Dawley rats underwent
transient bilateral common carotid artery ligation with simul-
taneous middle cerebral artery occlusion for 60 min. Four
treatment groups were established. Animals received either:
a) saline (control group); b) intracarotid nimodipine infusion
during 30 min in the ischemia-reperfusion (nimodipine
group); c) i.p. postischemic citicoline injections once daily
for 7 days (citicoline group); or d) intracarotid nimodipine
bolus during ischemia-reperfusion plus i.p. postichemic citi-
coline injections (combination group). They were killed after
either 7 or 3 days after reperfusion. In the first case, the
volume of the infarcted tissue was studied by a stereological
procedure and in the second case, in situ end-labeling of
nuclear DNA fragmentation (TUNEL) and Bcl-2 expression
were employed to determine the level of apoptosis. The in-
farct volume was significantly reduced in both the nimodip-
ine and the citicoline treatment groups after 7 days of reper-
fusion; combination of both drugs produced an additive ef-
fect. After 3 days of reperfusion, the number of Bcl-2-positive
neurons was significantly increased while that of TUNEL-
positive cells significantly decreased at the infarct border in
the combined-treatment animals. Our findings demonstrate a
neuroprotective effect from an acute single dose of nimodip-
ine during ischemia-reperfusion and prolonged post-isch-
emic treatment with citicoline in a model of focal cerebral
ischemia. These results suggest that a possible mechanism
of neuroprotective action would be mediated by increased
Bcl-2 expression and decreased apoptosis within the bound-
ary zone of the infarct together with neutralization of the
ischemia-reperfusion injury. © 2003 Published by Elsevier
Science Ltd on behalf of IBRO.
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In a stroke, neurons die by necrotic mechanisms, mainly in
the core zone, as well as by apoptotic mechanisms, par-
ticularly in the inner borders of the infarct (Benchoua et al.,
2001). The presence of apoptotic cells in the penumbra
suggests that apoptosis may contribute to the final infarct
size (Guégan et al., 1996; Li et al., 1995a,b), and that this
might be reduced with an appropriate pharmacological
treatment. In many experimental situations, apoptosis is
regulated by proteins of the Bcl-2 family. The antiapoptotic
protein Bcl-2 has been implicated in the molecular pathol-
ogy after brain injury, and is thought to provide protection
from neuronal loss after transient focal ischemia (Chen et
al., 1995). This protein effectively protects against apopto-
tic oxidative stress in PC12 cells (Kubo et al., 1996), re-
duces the rise of mitochondrial Ca2�, presumably by pre-
venting opening of the mitochondrial transition pore
(Zamzami et al., 1996) and, finally, inhibits cytochrome c
release, consequently blocking caspase activation and the
apoptotic process (Kluck et al., 1997).

Many researchers have tested a variety of compounds
with different mechanisms of action in the hope of reducing
neuronal damage and rescuing neurons from the penum-
bra area. However, although some substances produced
neuroprotection in experimental studies, they showed little
benefit in clinical trials. The reason for this may be the
multitude of mechanisms in cerebral ischemia that act in
different ways to result in nervous tissue damage. Up to
now, single drugs have failed to demonstrate clinical effi-
cacy in stroke patients. Therefore, the search for a com-
bination of drugs with complementary effects that could act
at different steps in the ischemic cascade is attracting
attention. In fact, some studies with combined treatments
in experimental focal cerebral ischemia, i.e. the associa-
tion of citicoline with either recombinant tissue plasmino-
gen activator (Andersen et al., 1999) or MK-801 (Onal et
al., 1997), have shown synergistic neuroprotective effects.

Our objective in this study was to test the effects of the
combination of these two drugs: nimodipine, a dihydropyr-
idine that blocks L-type Ca2� channels, and citicoline, an
endogenous compound that stabilizes membrane function
and reduces free radical generation (Rao et al., 1999,
2000), in a rat model of reversible focal cerebral ischemia.
The model we have used permits intracarotid injection of
the potentially therapeutic compound directly to the isch-
emic cerebral tissue, before blood recirculation (Roda et
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al., 1995). The effectiveness of drug therapy is known to be
limited by poor perfusion in the ischemic area when an
intravenous route is employed. However, when an arterial
route is used, the pharmacological substance arrives at the
ischemic zone in a more rapid, concentrated and efficient
way. This can help open the therapeutic window for deliv-
ering neuroprotective substances to the ischemic tissue
(Clemens, 1995). Nimodipine was acutely injected by an
intracarotid route in order to impregnate the ischemic ce-
rebral tissue just before recirculation; on its part, citicoline
was regularly administered by an i.p. route in order to
alleviate the deleterious effects resulting from cell mem-
brane damage, during either ischemia or reperfusion
(Schabitz et al., 1996). In order to investigate the neuro-
protective mechanism of the combination treatment
against cortical infarction, terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick-end labeling (TUNEL)
histochemical and morphological examinations were used
to detect apoptotic cells and antiapoptotic protein Bcl-2.

EXPERIMENTAL PROCEDURES

Subjects

Male Sprague–Dawley rats were obtained from our breeding col-
ony derived from a stock originally purchased from Janvier
(Legenes-St-Isle, France). Animals, weighing 275�25 g, were
subjected to transient focal cerebral ischemia and assigned to one
of the following treatment groups: a) nine animals received injec-
tions of intracarotid isotonic saline followed by i.p. isotonic saline
(control group); b) nine animals received intracarotid nimodipine
followed by i.p. isotonic saline (nimodipine group); c) nine animals
received intracarotid isotonic saline followed by i.p. citicoline (citi-
coline group); and d) nine animals received intracarotid nimodip-
ine followed by i.p. citicoline (combination group) (See Fig. 1C, for
the experimental protocol followed in each group of animals).

Another 12 rats were used for histology and immunohisto-
chemistry and the details are explained below.

This study was approved by the Animal Care and Use Com-
mittee of the Facultad de Medicina, Universidad Autónoma de
Madrid, and conforms to the national and international guidelines
on the ethical use of animals. Each experimental protocol was
statistically designed to use the minimal number of animals.

Induction of transient focal ischemia

Surgery leading to focal cerebral ischemia was performed in all
groups and was conducted under anesthesia with 400 mg/kg
bodyweight of chloral hydrate injected intraperitoneally, and sup-
plemented as necessary during the procedure. The femoral artery
was cannulated with polyethylene tubing for continuous monitor-
ing of arterial blood pressure and blood sampling for analysis of
blood gases, pH and glucose. Measurements were performed
before occlusion, 15 min after occlusion and 10 min after reper-
fusion. During surgery, body temperature was maintained at
37�0.5 °C using a servo-controlled rectal probe–heating pad,
until recovery from anesthesia. The surgical procedure was a
variant of that described by Chen et al. (1986) and Liu et al.
(1989). A small craniectomy was made over the trunk of the right
middle cerebral artery and above the rhinal fissure. The middle
cerebral artery trunk was transitorily ligated just before its bifurca-
tion between the frontal and parietal branches with a 9-0 suture.
Complete interruption of blood flow was confirmed under an op-
erating microscope. A thermistor probe was placed under the
temporal muscle and over the cerebral artery region to measure
brain temperature. This was maintained at 37�0.5 °C by means of
a lamp located over the head. Both common carotid arteries were
then occluded for 60 min. At the end of this time, blood flow was
directly restored under the operating microscope in all three ar-
teries (He et al., 1993; Lin et al., 1993). During the occlusion
period, the right external carotid artery was retrogradely cannu-
lated with the catheter tip placed near the origin of the internal
carotid artery, as previously described (Carceller et al., 1993;
Roda et al., 1991).

Protocol of drug administration

Intracarotid infusion of nimodipine (40 �g/kg/30 min; Nimotop
solution, Bayer; Leverkusen, Germany) in physiological saline
(nimodipine group and combination group) or the saline solution

Fig. 1. (A) Schematic representation showing the protocol used for the intracarotid and i.p. injections of the different pharmacological substances
employed in rats subjected to transient focal cerebral ischemia. (B) Treatment protocol in the four groups.
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alone (control group and citicoline group) was started 15 min
before recirculation and maintained until 15 min after recirculation
(Fig. 1). Nimodipine or the saline solution alone was supplied
continuously for 30 min through an electronic pump (Harvard
Apparatus, Millis, MA, USA). Animals were treated with an i.p.
bolus of either citicoline (250 mg/kg/day; Ferrer Internacional,
Barcelona, Spain), dissolved in physiological saline at a concen-
tration of 75 mg/ml (citicoline and combination groups), or of
vehicle alone (nimodipine and control groups) at 1 h after reper-
fusion and once a day for 6 days thereafter. Animals that died
within 12 h of vessel occlusion were not included in the study. On
the seventh day the animals were killed with an i.p. overdose of
chloral hydrate and decapitated. The brains were quickly removed
and coronally sectioned into six 2-mm-thick slices. For delineation
of infarct area, the brain slices were incubated in a 2% solution of
triphenyltetrazolium chloride and then fixed in a buffered formalin
solution. The unstained area was defined as infarcted tissue.

Measurement of infarct volume

Morphometric determination of cortical infarct volume was ob-
tained by means of an unbiased estimator of volume based on
Cavalieri’s principle (Avendaño et al., 1995). The ratio between
the volume of the spared cortex in the damaged hemisphere (RN)
and that in the whole neocortex of the contralateral hemisphere (L)
was calculated, and employed to detect differences in the amount
of cortex that was damaged by the infarct in each animal. When
expressed as a percentage this ratio indicates the percentage
fraction of neocortex which was spared by the ischemia; therefore,
the percent of neocortex that was infarcted (%I) is readily obtained
by the formula: %I�[1�(RN/L)]�100.

Histology and immunohistochemistry

For morphological examinations on paraffin sections, 12 other rats
(n�3 each group) were subjected to reversible focal cerebral
ischemia by the same method described above. They were killed
72 h after middle cerebral artery occlusion and fixed by transcar-
dial perfusion with 4% paraformaldehyde in 10% buffered formalin
phosphate. The brains were removed from the skull and postfixed
overnight in the same buffer at 4 °C. Each tissue block was
dehydrated, embedded in paraffin, and cut into four coronal slabs
(two anterior and two posterior to the anterior commissure) using
brain matrix. The blocks were embedded in paraffin and 5-|�m
sections were prepared for neuropathological studies.

Three sections from each rat (n�9) were stained with hema-
toxylin and eosin (H&E) and used to locate the infarct border after
middle cerebral artery occlusion. Adjacent sections were stained
with Bcl-2 immunostaining. A standard H&E-stained section
through the anterior commissure, where the lesion was always
detected in all animals, was used to observe the TUNEL staining
(see below).

TUNEL

The detection of DNA fragmentation and apoptotic bodies in cells
were assessed with a terminal deoxynucleotidyl transferase
(TdT)-mediated nick-end labeling assay using a kit (TdT mediated
biotin-dUTP nick-end labeling; TdT-FragEL DNA fragmentation
detection kit, Oncogene Research Products). Deparaffined and
rehydrated sections were pretreated with proteinase K for 30 min
at room temperature, then, after endogenous peroxidase activity
was quenched with 2% H2O2 in methanol, slices were placed in
equilibration buffer and then in working TdT enzyme for 1 h at 37°
followed by stop and blocking buffer. Finally, the reaction was
visualized by streptavidin–biotin–peroxidase complex and diami-
nobenzidine. Normal nuclei that had a relatively insignificant num-
ber of DNA 3'OH ends did not stain with this technique. For the
negative controls the sections were incubated without the en-

zyme. Coronal sections stained with the TUNEL method were also
counterstained with green methyl. Positive cells were counted
under eight microscopic fields (250�) in the dorsal and ventrolat-
eral cortical infarct border. Adjacent sections of tissue were
stained with H&E to identify the infarct border in rat brain sub-
jected to middle cerebral artery occlusion. Since TUNEL staining
may detect cells undergoing necrotic as well as apoptotic cell
death, we considered the presence of various types of chromatin
condensation (peri-nuclear ring formation, patches or apoptotic
bodies) as TUNEL-apoptotic neurons, and cells showing weak
diffuse cytoplasmic staining or light nuclear labeling without nu-
clear condensation or apoptotic bodies as TUNEL-positive ne-
crotic neurons (Ay et al., 2001; Elibol et al., 2001).

Detection of Bcl-2-positive neurons

After deparaffination and rehydration, sections were immersed in
3% H2O2 in methanol to quench endogenous peroxidase activity
and then in 1% bovine serum albumin for 1 h. Sections were
incubated overnight at 4°C in monoclonal rabbit antimouse Bcl-2
(sc-7382; Santa Cruz Biotechnology; 1:100). Immunoreactivity
was visualized using a goat-antimouse antibody (1:50) for 1 h at
room temperature, followed by incubation with a peroxidase–anti-
peroxidase mouse complex (1:300). Sections were processed
with 0.06% diaminobenzidine and 0.2% H2O2. Negative control
sections were incubated without the primary antibody. Sections
were counterstained with green methyl. For histopathological as-
sessment, the adjacent sections from each brain stained with H&E
were used to identify the infarct border.

Cortical areas in close proximity to the infarct border zone,
dorsally and ventrally, were used for quantitative analysis of im-
munoreactivity in the peri-infarct tissue. Positive cells were
counted under eight microscopic fields (250�) in the dorsal and
ventrolateral cortical infarct border. Three sections per brain of
three animals of each one of the four treatment groups were
analyzed.

Statistics

Data are presented as mean�S.D. Differences in infarct volume,
number of TUNEL- and Bcl-2-labeled cells were assessed using
an analysis of variance followed by Fisher’s test. P�0.05 was
considered significant.

RESULTS

Measurement of infarct size

Physiological variables, including arterial blood pressure,
blood gases, and glucose concentration, were not signifi-
cantly different between any of the experimental groups
before, during, or after middle cerebral artery occlusion
(data not shown). The infarcted areas within the territory of
the occluded middle cerebral artery were easily identifiable
and had sharp, clearly discernable borders. The index
used to detect differences in the volume of infarcted cortex
is given by the ratio between the spared cortex of the
damaged right hemisphere and the entire cortex of the left
L. %I (see Experimental Procedures), was 26.7%�8.0 in
the control group, 17.5%�5.7 in the nimodipine group,
15.5%�5.3 in the citicoline group, and 10.8%�4.5 in the
combined treatment group (n�9 per group; Fig. 2). The
mean value for infarct volume percentage was significantly
reduced in the nimodipine, the citicoline and the combina-
tion groups compared with the control (P�0.05), with the
largest reduction in the combination group. This reduction
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was also significant when compared with the nimodipine
treatment group (P�0.05). Taking the control group as
100% infarction, the reduction of cerebral infarction was
34% in the nimodipine group, 42% in the citicoline group
and 59% in the combination group.

Detection of apoptotic cells with TUNEL staining

The border of the infarct was identified with H&E staining
and TUNEL-positive neurons were counted in adjacent
sections stained with the TUNEL method. No TUNEL la-
beling was observed in the contralateral non-ischemic
hemisphere. At the inner border zone of infarction, few
TUNEL-labeled cells displayed the diffuse staining
throughout their cytoplasm characteristic of necrotic cell
morphology, whereas many cells showed the characteris-
tic appearance of apoptosis with intense staining, chroma-
tin condensation and apoptotic bodies (Fig. 3). There were
significantly fewer TUNEL-positive apoptotic cells in the
combination treatment group than in the control group
(154�19 versus 245�13 cells per section respectively,
P�0.05) (Fig. 4).

Bcl-2 immunostaining

Bcl-2 immunoreactivity was not detected in the L after
middle cerebral artery occlusion or in sections incubated
without primary antibody. After 60 min of ischemia and
72 h of reperfusion, most of the Bcl-2-immunostained cells
in the infarct border had morphological features that were
characteristic of neurons (large cell bodies, axonal and
dendritic processes, etc.) (Fig. 5). In the core region of the
infarction, Bcl-2-positive staining was mainly limited to ves-
sel walls (Chen et al., 1995).

The number of Bcl-2-positive cells was significantly
higher in the rats treated with nimodipine plus citicoline
than in the rats treated with isotonic saline (97�47 versus
62�35 cells respectively, P�0.05) (Fig. 6).

DISCUSSION

This study demonstrates that both an acute intracarotid
injection of nimodipine or on repeated i.p. administration of

Fig. 2. Percentage of reduction in infarct volume after transient focal
cerebral ischemia in rats treated with saline (control), nimodipine,
citicoline or nimodipine plus citicoline (combination) (see protocols in
Fig. 1). Data are means�S.D. of nine animals for each group.
*P�0.05, significantly different from control. †P�0.05, versus nimodip-
ine group.

Fig. 3. In situ end-labeling of nuclear DNA fragmentation (TUNEL) staining (dark) of neurons presenting DNA degradation in the cerebral cortex
corresponding to the occluded middle cerebral artery. (A) A part of the upper parietal cortex located between normal (open arrow) and ischemic (close
arrow) tissue (100� magnification); (B) Magnification of a group of apoptotic cells framed in A (some arrowed), primarily located at the inner boundary
zone of the ischemic core. (C) Morphologic features of apoptotic neurons showing apoptotic bodies (C1–C5) and perinuclear, ring-shaped chromatin
condensation (C6) present in the inner boundary zone of the infarct with a 1000� magnification (methyl green was used as counterstain).

Fig. 4. Number of terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick-end labeling (TUNEL)-positive neurons correspond-
ing to the four groups of treatment in the inner boundary zone of rats
subjected to transient focal cerebral ischemia and 72 h of reperfusion.
There was a significant reduction in the number of cells in the combi-
nation group when compared with the other three groups (P�0.05).
TUNEL-positive cells were quantified on eight microscopic fields
(�250) on coronal sections at the level of the anterior commissure in
the inner boundary zone of the infarction. Bars�S.D.
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citicoline are effective neuroprotective measures that re-
duce infarct volume in an animal model of temporary focal
cerebral ischemia with complete reperfusion and 7 days of
survival. Furthermore, the combination of both drugs pro-
duced an even larger reduction, compared with when ei-
ther drug was given separately. Likewise, this combined
treatment decreased apoptotic cell death and increased
Bcl-2 expression in the inner boundary zone of the infarc-
tion 3 days after reperfusion.

The main aim of any therapeutic intervention in brain
ischemia is to reduce the size of the infarct. The study of
the mechanism of action of pharmacological molecules is
essential to elucidate our knowledge of their potential neu-
roprotective effect on focal ischemia brain injury. With the
aim of advancing in this field, we conducted the second
part of this work. Three days of survival were chosen in
order to be able to administer, in addition to acute nimo-
dipine, citicoline as a prolonged treatment. TUNEL staining
and Bcl-2 expression were used to assess effectiveness.

After ischemic insult, apoptosis develops in the neu-
rons at the inner border of the infarct (Choi, 1996; Linnik et
al., 1993). During expansion of infarction, apoptotic neu-
rons preferentially develop at the inner boundary of the

infarct (Guégan et al., 1996; Li et al., 1995a; Li et al.,
1995b). As demonstrated in the present study, TUNEL-
positive cells were only located in the cerebral cortex of the
regions corresponding to the occluded middle cerebral
artery in control animals. The staining was significantly
reduced in the rats subjected to the combination treatment.

The neuroprotective mechanism of nimodipine could
be attributed to the prevention of both necrotic and apo-
ptotic death (Korenkov et al., 2000), since disturbances in
cytosolic Ca2� concentrations and intracellular Ca2� com-
partmentalization are involved in the apoptotic mechanism
(Krajewski et al., 1999; McConkey and Orrenius, 1995,
1997), and mitochondrial lesions or DNA injury have been
ameliorated by Ca2� channel blockers (Buttke and Sand-
strom, 1994; Richter, 1993). Also, the protective effect of
nimodipine could be directly related to the neutralization of
the ischemic reperfusion injury (Roda et al., 1995).

For its part, citicoline, in addition to its well-known
action of stabilizing both the cell membrane (Rao et al.,
1999, 2000) and the glucose metabolism (Kakihana et al.,
1988) and reducing lipid peroxidation in an ischemia reper-
fusion model (Fresta et al., 1994), has been proven to
reduce the expression of procaspases-1,-2,-3,-6 and -8
and cleaved caspase-3 in the penumbra area cells, as well
as reduce the number of cells bearing nuclear DNA frag-
mentation after focal cerebral ischemia (Krupinski et al.,
2002). Furthermore, studies in vitro have shown that a lack
of choline, a citicoline synthesis precursor, resulted in the
loss of membrane phosphatidylcholine and sphingomyelin,
with the consequent induction of apoptosis (Yen et al.,
1999).

Bcl-2 was significantly increased in animals treated
with the combination modality in the present study. It has
been shown that Bcl-2 overexpression protects brain tis-
sue from the ischemic injury caused by permanent middle
cerebral artery occlusion (Linnik et al., 1995; Martinou et
al., 1994). In addition, Bcl-2 is expressed in cortical neu-
rons that survive focal cerebral ischemia (Chen et al.,
1995) and endogenous levels of Bcl-2 can promote sur-
vival in ischemic neurons after transient focal cerebral
ischemia (Chen et al., 2000). In a similar way, Bcl-2 is
suggested to have prevented neuron death and activated
microglia through an antioxidative mechanism after tran-

Fig. 5. Bcl-2 immunoreactivity in coronal brain sections from rats subjected to transient focal cerebral ischemia and 72 h of reperfusion. (A) Part of
the upper parietal cortex between normal (open arrow) and ischemic (solid arrow) tissue with a 200� magnification. (B, C) Magnification of a group
of Bcl-2 cells in the inner border of the infarction (frame one of A) or in a vessel wall in the core of the infarction (frame two of A), respectively, with
an 800� magnification.

Fig. 6. Number of Bcl-2-positive neurons per section and three sec-
tions per brain in the inner boundary zone in control, nimodipine,
citicoline and combination groups of rats subjected to transient focal
cerebral ischemia and 72 h of reperfusion. There was a significant
increase in the number of cells in the combination group when com-
pared with the other three groups (P�0.05). Bars�S.D.
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sient focal cerebral ischemia (Urabe et al., 1998). On the
contrary, suppression of Bcl-2 is known to worsen isch-
emic damage after temporary middle cerebral artery oc-
clusion (Chen et al., 2000) and in neuronal cultures sub-
jected to ischemia-like conditions (White et al., 1997).

Due to the multiple mechanisms involved in ischemic
injury, no single drug alone is capable of providing com-
plete neuroprotection following transient focal cerebral
ischemia. It is therefore useful to employ compounds with
different mechanisms of action. By acting at different sites
on the multifactorial ischemic brain injury cascade, the
treatment combining nimodipine plus citicoline may help
limit neuronal cell death. There is controversy about the
effects of nimodipine: both experimental models and clin-
ical trials have found that nimodipine is effective in some
situations and ineffective in others (Gotoh et al., 1986;
Horn et al., 2001; Kawaguchi et al., 1999; Mohr et al.,
1994; Roda et al., 1995; Snape et al., 1993; Wahlgren et
al., 1994). The same is true for citicoline (Clark et al., 1997,
1999, 2001; Schabitz et al., 1996; Tazaki et al., 1988).
Nimodipine and citicoline are commonly used in clinical
practice and, hence, are easily available for the exploration
of whether a combination therapy with both agents would
have cumulative neuroprotective effects in human stroke
patients. The positive results obtained in this study in rats
show that a combination of nimodipine plus citicoline is
more effective than either of them alone, and suggest that
this combined treatment could help in the management of
cerebral ischemia.

In conclusion, our data prove that a combination of
nimodipine plus citicoline ameliorates cerebral damage
after transient focal cerebral ischemia, suggesting that the
progression of the neuronal injury could have been limited
either by reducing apoptotic processes or by neutralizing
the ischemia-reperfusion damage, or both. This finding
would widen the therapeutic window with the consequent
benefit in clinical practice.
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