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Abstract: Advances in acute stroke therapy resulting from thrombolytic treatment,
endovascular procedures, and stroke units have improved significantly stroke survival and
prognosis; however, for the large majority of patients lacking access to advanced therapies
stroke mortality and residual morbidity remain high and many patients become
incapacitated by motor and cognitive deficits, with loss of independence in activities of
daily living. Therefore, over the past several years, research has been directed to limit the
brain lesions produced by acute ischemia (neuroprotection) and to increase the recovery,
plasticity and neuroregenerative processes that complement rehabilitation and enhance
the possibility of recovery and return to normal functions (neurorepair). Citicoline has
therapeutic effects at several stages of the ischemic cascade in acute ischemic stroke and
has demonstrated efficiency in a multiplicity of animal models of acute stroke. Long-term
treatment with citicoline is safe and effective, improving post-stroke cognitive decline
and enhancing patients’ functional recovery. Prolonged citicoline administration at
optimal doses has been demonstrated to be remarkably well tolerated and to enhance
endogenous mechanisms of neurogenesis and neurorepair contributing to physical therapy
and rehabilitation.
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1. Introduction

Each year, about 22 million people worldwide suffer a stroke. Stroke is a global health-care
problem that causes a substantial burden of disease and remains one of the most devastating public
health problems, often resulting in death or severe physical impairment and disability. According to
the Global Burden of Disease Study 2010 [1] in the last decade stroke became the third-most-common
global cause of disability-adjusted life years (DALYSs), second only to ischemic heart disease [1].
Increase in vascular risk factors—in particular, high blood pressure, tobacco smoking, alcohol, and
poor diets—appears to be responsible for this increase [1]. Although effective primary prevention can
be achieved with measures controlling vascular risk factors, at present, there are only two effective
evidence-based treatments for stroke: stroke unit care and thrombolysis with alteplase (recombinant
tissue plasminogen activator, rtPA).

Ischemic stroke is a dynamic process whereby the longer the arterial occlusion persists the larger
the infarct size becomes and the higher the risk of post-perfusion hemorrhage. The goal of ischemic
stroke treatment is to reopen the occluded artery. The only treatment that has demonstrably been able
to halt the dynamic process launched by the vessel occlusion is rtPA that increases five times the odds
of early recanalization (in the first 6 h), resulting in a decrease in infarct size with better neurologic
and functional outcome of the patient [2]. Currently, intravenous fibrinolysis can be administered
safely within the first 4.5 h following stroke onset [3]; and even as late as 6 h when an arterial
occlusion is demonstrated with presence of potentially salvageable tissue (ischemic penumbra). In
these late cases, the results of fibrinolysis treatment are similar to those of earlier windows in terms of
arterial recanalization, functional recovery and frequency of hemorrhagic transformation [4].

Intravenous thrombolysis can be reinforced with ultrasound-enhanced treatment or
sonothrombolysis [5] and ultrasound plus microbubbles [6]. Arterial recanalization in acute stroke can
also been achieved by interventional neurovascular treatments including combined i.v. thrombolysis
plus intra-arterial rescue in cases refractory to i.v. rtPA thrombolysis [7]. In acute stroke patients where
rtPA is contraindicated other therapeutic options include primary intra-arterial thrombolysis and/or
mechanical thrombectomy [8].

A recent systematic review and meta-analysis comparing intra-arterial thrombolysis vs. standard
treatment or intravenous thrombolysis in adults with acute ischemic stroke demonstrated a modest
benefit of intra-arterial thrombolysis over standard treatment, although no clear benefit was found
for intra-arterial thrombolysis over intravenous thrombolysis in acute ischemic stroke patients [9].
However, there was an almost fourfold increase in risk of intracranial hemorrhage (RR = 3.90; 95% CI
1.41-10.76; p = 0.006) with intra-arterial thrombolysis [9]. In a study conducted by Alvarez-Sabin and
colleagues [10], diffusion-weighted magnetic resonance imaging (DW-MRI) was performed in a group
of patients with acute ischemic stroke involving the middle cerebral artery (MCA) territory. Initial
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DW-MRI was obtained within 6 h after ictus and was repeated 3648 h later; images demonstrated
increased size of the lesions in 77% of the patients. However, lesion-size increase was significantly
smaller in those treated with i.v. rtPA than in those untreated (57.7% vs. 234.7%).

Therefore, recanalization treatment only controls partially the biochemical and molecular events
triggered by cerebral ischemia, indicating that other factors must be controlled [11,12]; such factors
include, but are not limited to, collateral blood flow, body temperature, hyperglycemia [13—16], and
blood pressure fluctuations. Ideally, sufficient protection must be provided to the ischemic brain
(neuroprotection) along with enhanced recovery of the damaged brain (neurorepair).

Finally, incorporating stroke unit care and thrombolysis into medical services is difficult and even
impossible in many low- and middle-income countries—which have the greatest burden of stroke—
because the required high levels of infrastructure, expertise, and resources are unavailable. Therefore,
safe and effective neuroprotective drugs that could be given at medical services with limited resources
would improve the outcome of millions of acute stroke patients.

2. Ischemic Neuroprotection: Brain Protection

Ischemic neuroprotection (brain protection) may be defined as any strategy, or combination of
strategies, that antagonizes, interrupts, or slows down the sequence of injurious biochemical and
molecular events that, if left unchecked, eventually result in irreversible ischemic injury [12].
Neuroprotection attempts to limit the brain damage produced by ischemia.

Experimental studies have demonstrated the complexity of the pathophysiology of stroke [17-20].
Among others, it involves excitotoxicity mechanisms [18], oxidative stress damage [19-21],
inflammatory pathways [22,23], ionic imbalances, apoptosis, and angiogenesis [24,25] that are
potential targets being evaluated in clinical trials [17,18]. Although successful in experimental
models, translation to bedside treatments has been disappointing and complicated by some of the
following reasons:

1. There is a need to protect the entire neurovascular unit that comprises neurons, glia, pericytes
and blood vessels [26,27]. For many years the goal was to salvage neurons in the ischemic
penumbra but recently it became clear that this goal is insufficient and that all the elements of
the neurovascular unit must be rescued from ischemia [28].

2. Many of the potential targets have a biphasic cycle whereby the same mediator or molecule
plays a different role under pathologic or physiological conditions. For instance, in the earliest
phase of ischemic stroke the excitatory glutamate NMDA receptors become hyperactive and
mediate cell death, but these same receptors are critical for neurogenesis and neuronal plasticity
during the recovery phase of stroke. A similar mechanism occurs with metalloproteases [29-34]
that contribute to the breakdown of the blood brain barrier (BBB) enlarging the ischemic lesion
but are critical also for angiogenesis during the recovery phase.

Therefore, better animal models are required to explore the complexity of acute ischemic stroke.
The use of preclinical STAIR criteria [35] provides adequate guidelines but even the strict adherence
to these criteria does not predict clinical success.
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Because of the above reasons, and despite the large number of neuroprotective agents that have
been proposed to interrupt the ischemic cascade based on successful animal studies, most therapeutic
clinical trials of these agents have yet to show consistent benefit. According to Sahota and Savitz [18]
the most promising interventions that provide acute neuroprotection tested in larger clinical trials
include hypothermia, magnesium sulfate, citicoline, and albumin. The most promising therapies
enhancing neurorecovery in the subacute phase of stroke include granulocyte colony stimulating factor,
G-CSF [36], citicoline, and cell-based therapies. Of all the above agents and methods, only citicoline
appears to provide both neuroprotection and enhanced neurorepair with remarkable absence of side
effects [37].

3. Citicoline Neuroprotection in Experimental Stroke

Citicoline (cytidine-5'-diphosphocholine or CDP-choline) is a naturally occurring endogenous
compound, originally identified by Kennedy [38] in 1956 as the key intermediary in the biosynthesis
of phosphatidylcholine. Citicoline is composed of two essential molecules, cytidine and choline
(Figure 1), the structural phospholipids of cell membranes. Phospholipids are essential constituents of
cells and have a high turnover rate, which requires the continuous synthesis of these compounds
to ensure the adequate function of cell membranes. Damaged cell membranes and impaired
metabolism of phospholipids have been implicated in the pathophysiology of cerebral ischemia. It
appears that an important component of citicoline neuroprotective capacity is its ability to improve
phosphatidylcholine synthesis in the injured brain [39,40].

Figure 1. Chemical structure of citicoline, showing cytidine on the left and
diphospho-choline (trimethyl-ethanol-ammonium) on the right. Cytidine is a nucleoside
formed by cytosine attached to a ribose ring.
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A large number of research studies have explored the protective effects of citicoline in experimental
stroke models [37,41]. At the experimental level, citicoline has been reported to decrease infarct
volume and to reduce brain edema, with improvement of neurologic deficits either as a single therapy
or in combination with other agents, including rtPA and nimodipine [42]. A large meta-analysis of
experimental stroke studies with citicoline in ischemic stroke concluded that citicoline reduces infarct
volume by 27.8% (19.9%-35.6% p < 0.001) [41]. However, as mentioned later, its effects vary with
the dose whereby higher doses of citicoline produced greater reduction of brain damage compared with
lower doses. Using a recent experimental model of stereotactic drug delivery to bypass the BBB
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delivering citicoline in direct contact with ischemic neurons in a MCA occlusion model in rats,
Xu et al. [43] demonstrated optimal effects of citicoline administration by this stereotactic delivery
method under MRI guidance.

Citicoline has therapeutic effects at several stages of the ischemic cascade in acute ischemic
stroke. First, it stabilizes cell membranes by increasing phosphatidylcholine and sphingomyelin
synthesis [37,44] and by inhibiting the release of free fatty acids [45]. By protecting membranes,
citicoline inhibits glutamate release during ischemia. In an experimental model of ischemia in the rat,
citicoline treatment decreased glutamate levels and stroke size [46]. Caspase is activated in human
stroke [47] and citicoline has been shown to decrease the release of damaging caspase activation
products [48] inhibiting apoptosis in animal models of brain ischemia [23]. Citicoline favors the
synthesis of nucleic acids, proteins, acetylcholine and other neurotransmitters, and decreases free
radical formation [49,50]. Therefore, citicoline simultaneously inhibits different steps of the ischemic
cascade protecting the injured tissue against early and delayed mechanisms responsible for ischemic
brain injury. Finally, citicoline may facilitate recovery by enhancing synaptic outgrowth and increased
neuroplasticity [50] with decrease of neurologic deficits and improvement of behavioral performance,
as well as learning and memory tasks [40].

4. Clinical Experience with Citicoline in Stroke Patients

For the past two decades, multiple randomized clinical stroke trials on citicoline reported the
effectiveness of this pharmacological intervention when used early after onset of ischemia, as
demonstrated by improvements in level of consciousness and modified Rankin score [51]. Given that
various populations of stroke patients were included in these studies using different sample sizes,
multiple doses, and several outcome endpoints, it became difficult to reach valid conclusions. Most
studies, however, demonstrated a positive effect with the use of citicoline during the acute and
subacute phases of ischemic stroke [52]. For instance, the ECCO 2000 trial [53] included 90 patients
that underwent diffusion-MRI prior to the onset of the treatment and a second one with T2 sequences
12 weeks later. Patients treated with 2 g daily of citicoline orally had an initial lesion volume of 62 mL
and this was reduced six weeks later to 17 mL; in comparison with controls, the MRI reduction in
infarct size was statistically significant [53]. Moreover, 70% of the patients with clinical improvement
of greater than seven points in the NIH stroke scale had smaller stroke size compared with 42% in
those without clinical improvement.

5. Data Pooling Analyses

In 2002, we performed a data pooling analysis to determine the effect of citicoline on neurological
and functional recovery three months after moderate to severe stroke (baseline NIH > 8) in comparison
with placebo [54]. The main outcome measure was global improvement using Generalized Estimating
Equations (GEE analysis), i.e., the degree of neurological and functional recovery represented by
the global scores of the NIH Stroke Scale (NIH-SS < 1), Barthel’s Index (BI > 95%) and the
modified Rankin score (mRS < 1). This study reviewed all randomized double-blind, parallel,
placebo-controlled studies performed in patients with ischemic stroke treated with either citicoline or
placebo within the first 24 h of the onset of symptoms and during a period of six weeks. The daily oral
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doses used ranged from 500 mg, 1000 mg, to 2000 mg. The patients included fulfilled the following
criteria: age > 18 years, randomized within the first 24 h after onset of stroke symptoms, persistent
deficits for >60 min, brain CT and/or MRI compatible with the diagnosis of stroke, symptoms
suggestive of acute ischemia in the MCA territory, baseline NIH score > 8 (with at least two points
from motor deficit), and mRS < 1 prior to the stroke. Finally, subjects had none of the following
exclusion criteria: brain CT/MRI with other structural lesions, serious systemic disease, unstable
cardiovascular disease, pre-existing disability and/or psychiatric disease or dementia.

Following a comprehensive review, a total of 1372 patients were included in the data pooling
analysis, 789 treated with citicoline and 583 with placebo, from four controlled clinical trials
performed in the USA [55-58]. After 12 weeks of treatment 25.2% of the patients treated with
citicoline presented complete recovery compared with only 20.2% of the placebo-treated cases
(OR 1.33; 95% CI 1.10-1.62; p = 0.0034). As mentioned above, patients included in the data pooling
analysis received three different daily doses of citicoline: 500 mg, 1000 mg or 2000 mg; the group
treated with 2000 mg/day had statistically significant better prognosis with a 38% higher probability of
complete recovery at 12 weeks (Figure 2) compared with those at lower doses.

Figure 2. Probability of total recovery according to daily dose of citicoline among patients
included in the pooled data analysis (N = 789 subjects on citicoline compared with 583
on placebo).
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Upon individual analysis of each one of the three variables that conform to the main global variable,
it was determined that improvement occurred both with neurological deficits measured by the NIH-SS,
as well as with functional scales (Bl and mRS). In comparison with placebo-treated subjects,
citicoline-treated patients reached a higher percentage of complete neurological and functional
recovery. This was particularly clear with mRS scores (OR 1.42; 95% CI 1.08-1.88; p = 0.013).
There were no differences in side effects or number of cases withdrawing from the trial between the
two groups.
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In summary, the results of the data pooling analysis concluded that patients with moderate to severe
ischemic stroke (NIH > 8) treated with citicoline orally within 24 h of onset for a period of six weeks
demonstrated a statistically significant increase of 33% in the probability of achieving complete
recovery at 12 weeks; furthermore, it was demonstrated that citicoline is a safe medication.

A meta-analysis by Sever [59] of 10 controlled clinical trials using citicoline studied 2279 patients,
including both ischemic and hemorrhagic stroke distributed as follows, ischemic stroke: 1278 (1171 on
citicoline vs. 892 controls) and 215 intracerebral hemorrhages (107 on citicoline vs. 109 controls). This
meta-analysis demonstrated similar results to those of the data pooling analysis. In comparison with
placebo, patients treated with citicoline showed significant reduction in the frequency of death or
disability at follow-up (57.0% vs. 67.5%; OR 0.64; 95% CI 0.54-0.77; p < 0.001). Safety analysis
showed no adverse effects in comparison with placebo (14.5% vs. 14.0%; OR 0.99; 95% CI 0.77-1.21;
p=0.94).

6. The ICTUS Trial

The International Citicoline Trial on Acute Stroke, ICTUS [60] was designed to confirm the
encouraging results of the data pooling analyses and to replicate those trends. ICTUS was an
international, multicenter, prospective, double-blind, randomized, placebo-controlled trial with
participation of neurology services from 37 centers in Spain, 11 in Portugal, and 11 in Germany.
Patients were randomized in a 1:1 ratio to citicoline or placebo. Citicoline was dosed at 2000 mg/day
during six weeks; in the first three days it was given intravenously (1000 mg/12 h) and orally from the
4th day on for six weeks (two tablets 500 mg/12 h).

The main objective of the study was to confirm the results of the data pooling analysis; i.e., to
determine the overall effects of citicoline on moderate to severe ischemic stroke recovery (NIHSS at
baseline >8) after three months of therapy with 2000 mg/day of citicoline (six weeks of treatment and
6 weeks of follow-up) in comparison with placebo. The global variable previously used in the data
pooling analysis was the main end-point, with three components: neurological deficit (NIH-SS < 1),
functional capacity (mRS < 1) and activities of daily living (BI > 95). The main global variable was
studied using GEE analysis.

The results were as follows [60]: from a total of 2298 patients enrolled into the study 1148 were
assigned to citicoline and 1150 to placebo. The trial was stopped for futility at the 3rd interim analysis
on the basis of complete data from 2078 patients. Global recovery at 90 days was similar in both
groups. The median unbiased estimate of the adjusted odds ratio of the primary efficacy endpoint was
1.03 (95% CI 0.86—1.25). The odds ratios were also neutral in the sub-groups defined by minimization
factors. Similar results were reported for each one of the secondary objectives (mRS < 1, NIHSS < 1,
Barthel index >95). Mortality was comparable between the two groups (19% in the citicoline group vs.
21% in the placebo group). Adverse events occurred with similar frequency in both groups.
Symptomatic hemorrhagic transformation occurred in 6% of patients who received citicoline and
8% of patients assigned to placebo (p = 0.25) [25].

The following are the main conclusions derived from the results of the ICTUS trial:

- Citicoline had no significant effect on the risk of hemorrhage from rtPA and had a comparable
safety and tolerability profile compared to placebo.
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- Global recovery at 90 days was similar in patients who received citicoline and in those
who received placebo. Results were also neutral in the secondary endpoints and in the
predetermined protocol analyses.

- Under the circumstances of the ICTUS trial, citicoline is safe but does not provide efficacy
evidence for the treatment of moderate-to-severe acute ischemic stroke.

Some important characteristics of the ICTUS trial probably influenced the results:

1. Patients had more severe strokes in the ICTUS trial, as demonstrated by the NIH-SS 15 [11-19]
vs. 14 [10-18] in previous studies; this renders more difficult the demonstration of a favorable
effect; the main end-point required global improvement of both neurological and functional
measurements. In fact, in the ICTUS trial the mRs 0-2 was 29% vs. 39% for pooled cases.

2. It is conceivable that larger doses for a longer period could have had a positive effect. In the
previously noted meta-analysis of experimental data [41] greater reduction of infarct volume
occurred in rats treated with larger doses of citicoline (300-500 mg/kg), along with superior
recovery (27%; 95% CI 9-46) in comparison with animals treated with lower doses
(100-300 mg/kg) with 18% recovery (95% CI 5-32; p > 0.001). Larger reduction of stroke
volume was also documented in another study [61]; moreover, citicoline at high doses is as
effective as i.v. thrombolysis in experimental stroke [62].

3. Patients enrolled in the ICTUS trial were not required to have neuroimaging studies of ischemic
penumbra. Therefore, it was impossible to determine if at the onset of therapy salvageable brain
tissue was present; moreover, this lack of images prevented accurate evaluation of stroke
evolution. The latter is highly relevant given that in the ECCO 2000 Citicoline Trial—DWI
Sub-study a comparison of DW-MRIs obtained at baseline with T2 MR images at week 12 of
treatment with citicoline (2 g/day for six weeks) showed a significant decrease in volume of the
cortical lesion [53]; this reduction in lesions size was associated with better clinical outcome, as
mentioned above.

4. Finally, a substantial number of patients received i.v. rtPA rendering the analysis of the results
more difficult since many patients reached the maximum possible recovery with the
thrombolytic treatment. Thus, a ceiling effect resulting from an already maximal improvement
due to rtPA effect cannot be ruled out. Almost half of the patients (47%) in the ICTUS trial
received i.v. rtPA compared with only 13% in the pooled data analyses. Additionally, the trials
were done 10 years apart, a period of time during which the standard of stroke care has
improved substantially.

7. Hemorrhagic Stroke

A single clinical trial (FI-CDPc-HIC) has used citicoline in patients with hemorrhagic stroke [63].
This was a pilot, double-blind, randomized, placebo-controlled trial to evaluate the efficacy and safety
of citicoline in patients with acute intracerebral hemorrhage (AICH). The study enrolled patients aged
40-85 years old with a primary hemispheric supratentorial hemorrhage within less than 6 h of
evolution. Patients were treated with placebo or citicoline 1 g/12 h i.v. during the first week and then
orally. Safety analysis showed no differences with placebo in terms of adverse effects, mortality or
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study withdrawals. The results showed that 6.7% of the patients treated with placebo had reached
independence (Rankin 0-2) at 12 weeks compared with 27.8% of those on citicoline. In conclusion,
citicoline is a safe and effective pharmacological product in patients with AICH and can be used in
acute stroke patients even before images are obtained to separate ischemic from hemorrhagic stroke.

8. Brain Neurorepair

Spontaneous recovery of function occurs naturally after stroke in both humans and in animal
models. This functional recovery is generally incomplete and results from reversal of diaschisis,
activation of cellular genesis, repair mechanisms, change in the properties of the existing neuronal
pathways and stimulation of neuronal plasticity leading to new neuronal connections [64,65].

In patients with ischemic stroke neurological recovery occurs over a period of three months, and
this is the usual evaluation time for final outcome in neuroprotection trials. However, recovery is only
possible when neurorepair occurs, including not only repair of the damaged neurons, but also
enhancement of angiogenesis [66] and brain plasticity (neuronal and synaptic).

The adult human brain has the capacity to undergo physiological and anatomical modifications
leading to motor and cognitive recovery [67]. Cerebral ischemia launches concurrently neurogenesis
and angiogenesis, two closely interconnected processes that enhance neural repair.

There is definitive evidence that neurogenesis occurs in the adult brain following a stroke.
Endogenous progenitor neural stem cells are normally present in the normal brain and maintain the
capacity to produce new neurons and glial cells during adult life. Progenitor neural stem cells capable
of producing neuroblasts in the adult human brain are situated in the subventricular zone of the lateral
ventricle and in the dentate gyrus of the hippocampus. Under physiological conditions the neuroblasts
of the subventricular zone migrate towards the olfactory bulb where they are transformed into neurons.
In response to brain ischemia, the adult progenitor neural cells proliferate in the ipsilateral
subventricular zone and migrate towards the zone surrounding the infarction where they mature into
adult neurons that may become part of functional neuronal circuits [68].

Neuropathological studies have shown the increase in cellular proliferation and in neuroblasts in the
subventricular zone in patients who died shortly after an acute ischemic stroke [68]. However, many of
the newly formed immature neurons and neural cells die and are never integrated into functional
neuronal circuits. For this reason, it is important to develop novel cellular and pharmacological
strategies to increase neurogenesis leading to functional neuronal circuits. Repair of focal cortical
strokes [69] is not done by neuroblasts migrating from the subventricular zone but from clonal
neural spheres originating from the peri-infarct area that differentiate into neurons, astrocytes,
oligodendrocytes, and smooth muscle cells.

Angiogenesis [66] is one of the main components of the processes of post-ictal neurovascular
remodeling. It induces capillary neoformation in response to proliferation and migration of primordial
stem cells originating from the existing blood vessels. The pericytes appear to have a major role in
neurogeneration responses. The pericyte is a pluripotent stem cell in the brain with the potential of
differentiating into cells of neural lineage such as astrocytes, oligodendrocytes and neurons [70].
Angiogenesis can be observed several days following an ischemic stroke and it has been shown that
a higher capillary density correlates with longer survival. Proangiogeneic factors such as vascular
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endothelial growth factor or VEGF [71], and metalloproteinases increase following cerebral ischemia.
The effect of angiogenesis is to increase collateral circulation to meet the metabolic demands in
terms of oxygen, glucose and nutrients required by the damaged and repaired tissues. Also, the newly
generated blood vessels provide the neurotrophic support required by neurogenesis and synaptogenesis
that eventually lead to functional recovery. In summary, angiogenesis provides the stimulation
required to launch and enhance endogenous mechanisms repair and recovery including neurogenesis
and synaptogenesis, as well as neuronal and synaptic plasticity. These events are all involved in the
long-term repair and restoration process that take place in the brain after acute or chronic ischemic
events [72]; therefore, angiogenesis is one of the most promising areas of research in the field of stroke
treatment [66,67].

9. Neurorepair Therapies

Repair therapies aim to restore the brain, a goal that differs from that of neuroprotection therapies,
in which the aim is to limit acute stroke injury. A number of potentially useful post-stroke
interventions are currently being evaluated, such as the “mirror therapy” [73] that is simple and useful
to apply in addition to traditional physical therapy and rehabilitation treatments. Neuromuscular
electrical stimulation has been found to improve neuromuscular function and to stimulate cerebral
plasticity [74].

Transcranial magnetic stimulation [75], in addition to physical and occupational therapy,
significantly improves motor function. Improvement is due to stronger stimulation of intact motor
cortical regions homolateral to the hemiplegic side [75].

The NEST-3 (NeuroThera® Efficacy and Safety Trial-3) trial [75] is currently being conducted.
This is a multicenter, double-blind, randomized, placebo-controlled pilot study with parallel groups
to evaluate the safety and efficacy of a transcraneal laser stimulation with the NeuroThera® Laser
System in patients within 24 h of an acute ischemic ictus. Finally, there is an enormous potential with
the use of robotic therapy after stroke [75].

A number of medications have been used to enhance recovery and tissue repair following ischemic
stroke. Among the anti-depressants, serotonine uptake inhibitors (SSRIs) and noradrenergic inhibitors
have been demonstrated to improve motor recovery in patients with ischemic stroke [76,77]. The
mechanism of action of SSRIs is unknown. Acler and colleagues [78] described decreased excitability
of the threshold of the contralateral motor cortex after one month of use of citalopram. Decreased
contralateral threshold increases motor recovery; neurogenesis and synaptic plasticity when the
treatment is used for periods as long as one year. Valproic acid treatment appears to decrease stroke
size in experimental stroke in rats, probably by enhancing angiogenesis in the hemisphere ipsilateral to
the arterial occlusion [79].

10. Citicoline and Brain Neurorepair

In addition to the neuroprotective effects, citicoline also possesses a substantial neuroregenerative
potential that may explain better its long-term beneficial effects in post-stroke patients.

In an experimental stroke model with permanent occlusion of the distal MCA in mice citicoline
(500 mg/kg) or vehicle was administered 24 h later intraperitoneally for 1-2 weeks. Citicoline
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treatment decreased neuronal apoptosis and promoted endogenous cerebral repair [80]. A well-known
experimental study conducted at Madrid’s Complutense University demonstrated that treatment with
citicoline 24 h after MCA occlusion in rats produced an increase in neuronal synaptic spines with
increased motor and functional recovery in treated animals [50].

Endothelial progenitor cells (EPCs) are circulating immature pluripotential hematopoietic cells
capable of differentiating into mature endothelial cells to help in the recovery of capillary and vascular
recovery of ischemic areas. EPCs also promote growth factor release and increase neurogenesis. The
increase in circulating EPCs after acute ischemic stroke is associated with good functional outcome,
reduced infarct growth and neurological improvement. It has been shown that increase in EPCs in
peripheral blood in acute stroke patients improves functional recovery and decrease stroke size [81].
In a prospective study including 48 patients with a first-ever non-lacunar stroke citicoline treatment
and the co-treatment with citicoline and rt-PA are independently associated with a higher increase in
circulating EPCs during the first week in acute ischemic stroke [82]. Gutiérrez-Fernandez et al. [83]
demonstrated in an experimental model of stroke in rats that treatment with CDP-choline significantly
improved functional recovery associated with a decrease in lesion volume by MRI, less cell death and
decreased expression of low-density lipoprotein receptor-related protein (LRP). In fact, CDP-choline
increased cell proliferation, vasculogenesis and synaptophysin levels and reduced glial fibrillary acidic
protein (GFAP) levels in the peri-infarct area of the ischemic stroke. A more recent study on 40 rats
treated at 24 h of experimental stroke with citicoline during 10 days showed significant improvement
in both motor and somatosensory recovery by increasing neurogenesis in the peri-infarct area,
subventricular zone and dentate gyrus [84].

In summary, citicoline enhances both brain neuroprotective and neurorepair mechanisms following
ischemic stroke. These mechanisms are illustrated in Figure 3.

11. Citicoline in Post-Stroke Cognitive Decline

Cognitive and behavioral manifestations are frequently observed in patients with vascular cognitive
impairment and vascular dementia. Cognitive impairments occur in nearly half of stroke
survivors [85], a frequency more elevated than that of stroke recurrence. These impairments may be
more important determinants of functional outcomes after stroke than physical disability [86,87].

Most end-points used in clinical trials address issues relevant to motor function, activities of daily
living and quality of life; in fact, many patients with cognitive or behavioral problems are excluded
from clinical trials. Therefore, there is a need to identify cognitive and behavioral problems occurring
as a result of stroke or “silent” small-vessel vascular disease. For the above reasons, International
Guidelines recommend routine cognitive and behavioral evaluation of stroke patients [88]. In reality,
these aspects are rarely evaluated in stroke patients [89]. Along the same lines, few pharmacological
products have been evaluated for prevention or treatment of cognitive problems in the stroke patient. A
Cochrane meta-analysis of citicoline in 942 patients with vascular cognitive impairment studied in
12 placebo-controlled, double-blind, randomized studies showed modest evidence of improvement in
memory and behavior, and a significant impression of improvement on the global impression
of change on the part of caregivers [90]. Based on these data and on abundant evidence on the
neuroprotective and neurorepair effects of citicoline, we evaluated the safety and efficacy of citicoline
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on the cognitive manifestations of patients with acute ischemic stroke. This study was an open-label,
randomized, parallel study of citicoline (1 g/day) for 12 months vs. usual treatment in patients
with first-ever ischemic stroke [91]. Citicoline-treated patients showed better outcome at follow-up in
attention-executive functions and temporal orientation at six months and 12 months (Figure 4).
Moreover, although differences are not statistically different, patients treated with citicoline showed a
trend towards having a better functional outcome, measured with mRS at 6 and 12 months (Figure 5).

Figure 3. Major mechanisms involved in brain plasticity. The diagram explains the
actions of citicoline to enhance the processes of inhibition of apoptosis [48],
angiogenesis [92], neurogenesis [84], gliagenesis [93], synaptogenesis [50], and
modulation of neurotransmitters [84]. Notice that all these effects are similar to those
induced by stem cells.
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Figure 4. Functional status during follow-up: Notice the improvement in mRS scores (<2)

at six and 12 months following stroke in the group treated with citicoline, compared with

those untreated. From Alvarez-Sabin et al. [91].
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Figure 5. Functional status during six month follow-up: Subjects treated with citicoline

had improvement on all cognitive domains; however, improvement was statistically

significant only for attention/executive function and temporal orientation. Modified from
Alvarez-Sabin et al. [91].
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In conclusion, citicoline, a naturally occurring endogenous compound, is a key intermediary in the

biosynthesis of phosphatidylcholine. Long-term treatment with citicoline is remarkably safe and has

demonstrated therapeutic effects at several stages of the ischemic cascade in acute ischemic stroke

with demonstrated efficacy in numerous animal models of acute stroke. Long-term treatment with

citicoline is safe and effective, improving post-stroke cognitive decline and enhancing patients’

functional recovery. Prolonged citicoline administration at optimal doses has been demonstrated to be

remarkably well tolerated and to enhance endogenous mechanisms of neurogenesis and neurorepair,
similar to those obtained with stem cells [92,93], contributing to physical therapy and rehabilitation.



Brain Sci. 2013, 3 1408

Conflicts of Interest

The authors declare no conflict of interest.

References

10.

11.

Salomon, J.A.; Wang, H.; Freeman, M.K.; Vos, T.; Flaxman, A.D.; Lopez, A.D.; Murray, C.J.
The global burden of disease study 2010. Lancet 2013, 380, 2053—2260.

Molina, C.; Montaner, J.; Abilleira, S.; Romero, F.; Ibarra, B.; Arenillas, J.F.; Alvarez Sabin, J.
Timing of spontaneous recanalization and risk of hemorrhagic transformation in acute
cardioembolic stroke. Stroke 2001, 32, 1079-1084.

Hacke, W.; Kaste, M.; Bluhmki, E.; Brozman, M.; Davalos, A.; Guidetti, D.; Larrue, V.;
Lees, K.R.; Medeghri, Z.; Machnig, T. Thrombolysis with alteplase 3 to 4.5 hours after acute
ischemic stroke. N. Engl. J. Med. 2008, 359, 1317-1329.

Ribd, M.; Alvarez-Sabin, J.; Montaner, J.; Romero, F.; Delgado, P.; Rubiera, M.;
Delgado-Mederos, R.; Molina, C.A. Temporal profile of recanalization after IV tPA: Selecting
patients for rescue reperfusion techniques. Stroke 2006, 37, 1000—1004.

Alexandrov, A.V.; Molina, C.A.; Grotta, J.C.; Ford, S.R.; Garami, Z.; Alvarez-Sabin, J.;
Montaner, J.; Saqqur, M.; Demchuk, A.M.; Chernyshev, O.Y.; ef al. A multi-center randomized
trial of ultrasound-enhanced systemic thrombolysis for acute stroke. N. Engl. J. Med. 2004, 351,
2170-2178.

Molina, C.A.; Ribo, M.; Rubiera, M.; Montaner, J.; Santamarina, E.; Delgado-Mederos, R.;
Arenillas, J.F.; Huertas, R.; Purroy, F.; Delgado, P.; et al. Microbubble administration accelerates
clot lysis during continuous 2-MHz ultrasound monitoring in stroke patients treated with
intravenous tissue plasminogen activator. Stroke 2006, 37, 425-429.

Mazighi, M.; Serfaty, J.M.; Labreuche, J.; Laissy, J.P.; Meseguer, E.; Lavallée, P.C.; Cabrejo, L.;
Slaoui, T.; Guidoux, C.; Lapergue, B. Comparison of intravenous alteplase with a combined
intravenous-endovascular approach in patients with stroke and confirmed arterial occlusion
(RECANALISE Study): A Prospective cohort study. Lancet Neurol. 2009, &, 802—809.

Smith, W.S.; Sung, G.; Saver, J.; Budzik, R.; Duckwiler, G.; Liebeskind, D.S.; Lutsep, H.L.;
Rymer, M.M.; Higashida, R.T.; Starkman, S. Mechanical thrombectomy for acute ischemic
stroke. Final results of the multi MERCI trial. Stroke 2008, 39, 1205-1212.

Nam, J.; Jing, H.; O’Reilly, D. Intra-arterial thrombolysis vs. standard treatment or intravenous
thrombolysis in adults with acute ischemic stroke: A systematic review and meta-analysis. Int. J.
Stroke 2013, doi:10.1111/5.1747-4949.2012.00914 x.

Arenillas, J.F.; Rovira, A.; Molina, C.A.; Grivé, E.; Montaner, J.; Alvarez-Sabin, J. Prediction of
early neurological deterioration using diffusion- and perfusion-weighted imaging in hyperacute
middle cerebral artery ischemic stroke. Stroke 2002, 33, 2197-2203.

Castillo, J.; Davalos, A.; Alvarez-Sabin, J.; Pumar, J.M.; Leira, R.; Silva, Y.; Montaner, J.;
Kase, C.S. Molecular signatures of brain injury after intracerebral hemorrhage. Neurology 2002,
58, 624-629.



Brain Sci. 2013, 3 1409

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ginsberg, M.D. Current status of neuroprotection for cerebral ischemia. Synoptic overview.
Stroke 2009, 40, S111-S114.

Alvarez-Sabin, J.; Molina, C.A.; Montaner, J.; Arenillas, J.F.; Huertas, R.; Ribo, M.; Codina, A.;
Quintana, M. Effects of admission hyperglycemia on stroke outcome in reperfused tissue
plasminogen activator-treated patients. Stroke 2003, 34, 1235-1241.

Alvarez-Sabin, J.; Molina, C.A.; Ribo, M.; Arenillas, J.F.; Montaner, J.; Huertas, R.;
Santamarina, E.; Rubiera, M. Impact of admission hyperglycemia on stroke outcome after
thrombolysis: Risk stratification in relation to time to reperfusion. Stroke 2004, 35, 2493-2498.
Ribo, M.; Molina, C.; Montaner, J.; Rubiera, M.; Delgado-Mederos, R.; Arenillas, J.F.;
Quintana, M.; Alvarez-Sabin, J. Acute hyperglycemia state is associated with lower tPA-induced
recanalization rates in stroke patients. Stroke 2005, 36, 1705-1709.

Ribd, M.; Molina, C.A.; Delgado, P.; Rubiera, M.; Delgado-Mederos, R.; Rovira, A.; Munuera, J.;
Alvarez-Sabin, J. Hyperglycemia during ischemia rapidly accelerates brain damage in stroke
patients treated with tPA. J. Cereb. Blood Flow Metab. 2007, 27, 1616—1622.

Caplan, L.R.; Arenillas, J.; Cramer, S.C.; Joutel, A.; Lo, E.H.; Meschia, J.; Savitz, S,
Tournier-Lasserve, E. Stroke-related translational research. Arch. Neurol. 2011, 68, 1110-1123.
Sahota, P.; Savitz, S.I. Investigational therapies for ischemic stroke: Neuroprotection and
neurorecovery. Neurotherapeutics 2011, 8, 434—-451.

Dominguez, C.; Delgado, P.; Vilches, A.; Martin-Gallan, P.; Ribo, M.; Santamarina, E.; Molina, C.;
Corbeto, N.; Rodriguez-Sureda, V.; Rosell, A. Oxidative stress after thrombolysis-induced
reperfusion in human stroke. Stroke 2010, 41, 653—-660.

Flores, A.; Sargento-Freitas, J.; Pagola, J.; Rodriguez-Luna, D.; Pifieiro, S.; Maisterra, O.;
Rubiera, M.; Montaner, J.; Alvarez-Sabin, J.; Molina, C.; Ribo, M. Arterial blood gas analysis of
samples directly obtained beyond cerebral arterial occlusion during endovascular procedures
predicts clinical outcome. J. Neuroimaging 2013, 23, 180—184.

Ribo, M.; Rubiera, M.; Pagola, J.; Rodriguez-Luna, D.; Meler, P.; Flores, A.; Alvarez-Sabin, J.;
Molina, C.A. Bringing forward reperfusion with oxygenated blood perfusion beyond arterial
occlusion during endovascular procedures in patients with acute ischemic stroke. AJNR Am. J.
Neuroradiol. 2010, 31, 1899-1902.

Montaner, J.; Mendioroz, M.; Rib6, M.; Delgado, P.; Quintana, M.; Penalba, A.; Chacon, P.;
Molina, C.; Fernandez-Cadenas, I.; Rosell, A.; Alvarez-Sabin, J. A panel of biomarkers including
caspase-3 and D-dimer may differentiate acute stroke from stroke-mimicking conditions in the
emergency department. J. Intern. Med. 2011, 270, 166—174.

Montaner, J.; Rovira, A.; Molina, C.A.; Arenillas, J.F.; Ribo, M.; Chacon, P.; Monasterio, J.;
Alvarez-Sabin, J. Plasmatic level of neuroinflammatory markers predict the extent of
diffusion-weighted image lesions in hyperacute stroke. J. Cereb. Blood Flow Metab. 2003, 23,
1403-1407.

Massot, A.; Navarro-Sobrino, M.; Penalba, A.; Arenillas, J.F.; Giralt, D.; Ribo, M.; Molina, C.A_;
Alvarez-Sabin, J.; Montaner, J.; Rosell, A. Decreased levels of angiogenic growth factors in
intracranial atherosclerotic disease despite severity-related increase in endothelial progenitor cell
counts. Cerebrovasc. Dis. 2013, 35, 81-88.



Brain Sci. 2013, 3 1410

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Navarro-Sobrino, M.; Rosell, A.; Hernandez-Guillamon, M.; Penalba, A.; Ribo, M.;
Alvarez-Sabin, J.; Montaner, J. Mobilization, endothelial differentiation and functional capacity
of endothelial progenitor cells after ischemic stroke. Microvasc. Res. 2010, 80, 317-323.

Dirnagl, U. Pathobiology of injury after stroke: The neurovascular unit and beyond. Ann. N. Y.
Acad. Sci. 2012, 1268, 21-25.

Dalkara, T.; Gursoy-Ozdemir, Y.; Yemisci, M. Brain microvascular pericytes in health and
disease. Acta Neuropathol. 2011, 122, 1-9.

Gursoy-Ozdemir, Y.; Yemisci, M.; Dalkara, T. Microvascular protection is essential for
successful neuroprotection in stroke. J. Neurochem. 2012, 123, 2—11.

Rosell, A.; Ortega-Aznar, A.; Alvarez-Sabin, J.; Fernandez-Cadenas, 1.; Ribo, M.; Molina, C.A.;
Lo, E.H.; Montaner, J. Increased brain expression of matrix metalloproteinase-9 after ischemic
and hemorrhagic human stroke. Stroke 2006, 37, 1399-1406.

Rosell, A.; Alvarez-Sabin, J.; Arenillas, J.F.; Rovira, A.; Delgado, P.; Fernandez-Cadenas, I.;
Penalba, A.; Molina, C.A.; Montaner, J. A matrix metalloproteinase protein array reveals a strong
relation between MMP-9 and MMP-13 with diffusion-weighted image lesion increase in human
stroke. Stroke 2005, 36, 1415-1420.

Alvarez-Sabin, J.; Delgado, P.; Abilleira, S.; Molina, C.A.; Arenillas, J.; Ribo, M.; Santamarina, E.;
Quintana, M.; Monasterio, J.; Montaner, J. Temporal profile of matrix metalloproteinases and
their inhibitors after spontaneous intracerebral hemorrhage: Relationship to clinical and
radiological outcome. Stroke 2004, 35, 1316-1322.

Abilleira, S.; Montaner, J.; Molina, C.A.; Monasterio, J.; Castillo, J.; Alvarez-Sabin, J. Matrix
metalloproteinase-9 concentration after spontaneous intracerebral hemorrhage. J. Neurosurg.
2003, 99, 65-70.

Montaner, J.; Molina, C.A.; Monasterio, J.; Abilleira, S.; Arenillas, J.F.; Ribo, M.; Quintana, M.;
Alvarez-Sabin, J. Matrix metalloproteinase-9 pretreatment level predicts intracranial hemorrhagic
complications after thrombolysis in human stroke. Circulation 2003, 107, 598—603.

Montaner, J.; Alvarez-Sabin, J.; Molina, C.; Anglés, A.; Abilleira, S.; Arenillas, J.; Gonzalez, M.A.;
Monasterio, J. Matrix metalloproteinase expression after human cardioembolic stroke: Temporal
profile and relation to neurological impairment. Stroke 2001, 32, 1759-1766.

Stroke Therapy Academic Industry Roundtable (STAIR). Recommendations for standards
regarding preclinical neuroprotective and restorative drug development. Stroke 1999, 30,
2752-2758.

Navarro-Sobrino, M.; Rosell, A.; Penalba, A.; Ribd, M.; Alvarez-Sabin, J.; Fernandez-Cadenas, 1.;
Montaner, J. Role of endogenous granulocyte-macrophage colony stimulating factor following
stroke and relationship to neurological outcome. Curr. Neurovasc. Res. 2009, 6, 246-251.
Secades, J.J. CDP-choline: Updated pharmacological and clinical review. Methods Find. Exp.
Clin. Pharmacol. 2002, 24, 1-56.

Kennedy, E.P. The synthesis of cytidine diphosphate choline, cytidine diphosphate ethanolamine,
and related compounds. J. Biol. Chem. 1956, 222, 185-191.

Adibhatla, R.M.; Hatcher, J.F. Citicoline mechanisms and clinical efficacy in cerebral ischemia.
J. Neurosci. Res. 2002, 70, 133-139.



Brain Sci. 2013, 3 1411

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Garcia-Cobos, R.; Frank-Garcia, A.; Gutiérrez-Fernandez, M.; Diez-Tejedor, E. Citicoline, use in
cognitive decline: Vascular and degenerative. J. Neurol. Sci. 2010, 299, 188—192.

Bustamante, A.; Giralt, D.; Garcia-Bonilla, L.; Campos, M.; Rosell, A.; Montaner, J. Citicoline in
pre-clinical animal models of stroke: A meta-analysis shows the optimal neuroprotective profile
and the missing steps for jumping into a stroke clinical trial. J. Neurochem. 2012, 123, 217-225.
Sobrado, M.; Lopez, M.G.; Carceller, F.; Garcia, A.G.; Roda, J.M. Combined nimodipine and
citicoline reduce infarct size, attenuate apoptosis and increase bcl-2 expression after focal cerebral
ischemia. Neuroscience 2003, 118, 107-113.

Xu, F.; Hongbin, H.; Yan, J.; Chen, H.; He, Q.; Xu, W.; Zhu, N.; Zhang, H.; Zhou, F.; Lee, K.
Greatly improved neuroprotective efficiency of citicoline by stereotactic delivery in treatment of
ischemic injury. Drug Deliv. 2011, 18, 461-467.

Adibhatla, R.M.; Hatcher, J.F.; Dempsey, R.J. Effect of citicoline on phospholipids and
glutathione levels in transient cerebral ischemia. Stroke 2001, 32, 2376-2381.

Tovarelli, G.; DeMedio, G.; Dorman, R.; Piccinin, G.; Horrocks, L.; Porcellati, G. Effects of
cytidine diphosphate choline (CDP-choline) on ischemia-induced alteration of brain lipid in the
gerbil. Neurochem. Res. 1981, 6, 821-833.

Hurtado, O.; Moro, M.A.; Cardenas, A.; Sanchez, V., Fernandez-Tomé, P.; Leza, J.C.;
Lorenzo, P.; Secades, J.J.; Lozano, R.; Davalos, A.; et al. Neuroprotection afforded by prior
citicoline administration in experimental brain ischemia: Effects on glutamate transport.
Neurobiol. Dis. 2005, 18, 336-345.

Rosell, A.; Cuadrado, E.; Alvarez-Sabin, J.; Hernandez-Guillamon, M.; Delgado. P.; Penalba, A.;
Mendioroz, M.; Rovira, A.; Ferndndez-Cadenas, 1.; Rib6, M.; et al. Caspase-3 is related to infarct
growth after human ischemic stroke. Neurosci. Lett. 2008, 430, 1-6.

Krupinski, J.; Ferrer, 1.; Barrachina, M.; Secades, J.J.; Mercadal, J.; Lozano, R. CDP-choline
reduces pro-caspase and cleaved caspase-3 expression, nuclear DNA fragmentation, and specific
PARP-cleaved products of caspase activation following middle cerebral artery occlusion in the
rat. Neuropharmacology 2002, 42, 846—854.

Weiss, G.B. Metabolism and actions of CDP-choline as an endogenous compound and
administered exogenously as citicoline. Life Sci. 1995, 56, 637-660.

Hurtado, O.; Cardenas, A.; Pradillo, J.M.; Morales, J.R.; Ortego, F.; Sobrino, T.; Castillo, J.;
Moro, M.A.; Lizasoain, I. A chronic treatment with CDP-choline improves functional recovery
and increases neuronal plasticity after experimental stroke. Neurobiol. Dis. 2007, 26, 105-111.
Tazaki, Y.; Sakai, F.; Otomo, E.; Kutsuzawa, T.; Kameyama, M.; Omae, T.; Fujishima, M.;
Sakuma, A. Treatment of acute cerebral infarction with a choline precursor in a multicenter
double-blind placebo-controlled study. Stroke 1988, 19, 211-216.

Déavalos, A.; Secades, J. Citicoline preclinical and clinical update 2009-2010. Stroke 2011, 42,
S36-S39.

Warach, S.J. ECCO 2000 study of citicoline for treatment of acute ischemic stroke: Effects on
infarct volumes measured by MRI. Stroke 2000, 31, 283.

Davalos, A.; Castillo, J.; Alvarez-Sabin, J.; Secades, J.J.; Mercadal, J.; Loépez, S.; Cobo, E;
Warach, S.; Sherman, D.; Clark, W.M.; Lozano, R. Oral citicoline in acute ischemic stroke: An
individual patient data pooling analysis of clinical trials. Stroke 2002, 33, 2850-2857.



Brain Sci. 2013, 3 1412

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.
68.

69.

70.
71.

Clark, W.M.; Warach, S.J.; Pettigrew, L.C.; Gammans, R.E.; Sabounjian, L.A. A randomized
dose-response trial of citicoline in acute ischemic stroke patients. Neurology 1997, 49, 671-678.
Clark, W.M.; Williams, B.J.; Selzer, K.A.; Zweifler, R.M.; Sabounjian, L.A.; Gammans, R.E. A
randomized efficacy trial of citicoline in patients with acute ischemic stroke. Stroke 1999, 30,
2592-2597.

Warach, S.J.; Pettigrew, L.C.; Dashe, J.F.; Pullicino, P.; Lefkowitz, D.M.; Sabounjian, L.;
Harnett, K.; Schwiderski, U.; Gammans, R. Effect of citicoline on ischemic lesions as measured
by diffusion-weighted magnetic resonance imaging. Ann. Neurol. 2000, 48, 713—722.

Clark, W.M.; Wechsler, L.R.; Sabounjian, L.A.; Schwiderski, U.E. A phase III randomized
efficacy trial of 2000 mg citicoline in acute ischemic stroke patients. Neurology 2001, 57,
1595-1602.

Saver, J.L. Citicoline: Update on a promising and widely available agent for neuroprotection and
neurorepair. Rev. Neurol. Dis. 2008, 5, 167-177.

Davalos, A.; Alvarez-Sabin, J.; Castillo, J.; Diez-Tejedor, E.; Ferro, J.; Martinez-Vila, E.;
Serena, J.; Segura, T.; Cruz, V.T.; Masjuan, J.; et al. Citicoline in the treatment of acute ischaemic
stroke: An international, randomised, multicentre, placebo-controlled study (ICTUS trial). Lancet
2012, 380, 349-357.

Gutiérrez, M.; Diez Tejedor, E.; Alonso de Lecinana, M.; Fuentes, B.; Carceller, F.; Roda, J.M.
Thrombolysis and neuroprotection in cerebral ischemia. Cerebrovasc. Dis. 2006, 21, 118-126.
Gutiérrez-Fernandez, M.; Alonso de Lecifiana, M.; Rodriguez-Frutos, B.; Ramos-Cejudo, J.;
Roda, J.M.; Diez-Tejedor, E. CDP-choline at high doses is as effective as i.v. thrombolysis in
experimental animal stroke. Neurol. Res. 2012, 34, 649—-656.

Secades, J.J.; Alvarez-Sabin, J.; Rubio, F.; Lozano, R.; Davalos, A.; Castillo, J.; Trial Investigators.
Citicoline in intracerebral haemorrhage: A double-blind, randomized, placebo-controlled,
multi-centre pilot study. Cerebrovasc. Dis. 2006, 21, 380-385.

Cramer, S.C. Repairing the human brain after stroke: I. Mechanisms of spontaneous recovery.
Ann. Neurol. 2008, 63, 272-287.

Marti-Fabregas, J.; Romaguera-Ros, M.; Gomez-Pinedo, U.; Martinez-Ramirez, S.;
Jiménez-Xarri¢, E.; Marin, R.; Marti-Vilalta, J.L.; Garcia-Verdugo, J.M. Prfoliferation in the
human ipsilateral subventricular zone after ischemic stroke. Neurology 2010, 74, 357-365.

Ergul, A.; Alhusban, A.; Fagan, S.C. Angiogenesis. A harmonized target for recovery after stroke.
Stroke 2012, 43, 2270-2227.

Cramer, S.C. Brain repair after stroke. N. Engl. J. Med. 2010, 362, 1827-1829.

Arvidsson, A.; Collin, T.; Kirik, D.; Kokaia, Z.; Lindvall, O. Neuronal replacement from
endogenous precursors in the adult brain after stroke. Nat. Med. 2002, 8, 963-970.

Shimada, 1.S.; Peterson, B.M.; Spees, J.L. Isolation of locally derived stem/progenitor cells from
the peri-infarct area that do not migrate from the lateral ventricle after cortical stroke. Stroke
2010, 41, e552—e560.

Sims, D.E. Diversity within pericytes. Clin. Exp. Pharmacol. Physiol. 2000, 27, 842—846.
Greenberg, J.I.; Shields, D.J.; Barillas, S.G.; Acevedo, L.M.; Murphy, E.; Huang, J.; Scheppke, L.;
Stockmann, C.; Johnson, R.S.; Angle, N.; Cheresh, D.A. A role for VEGF as a negative regulator
of pericyte function and vessel maturation. Nature 2008, 456, 809-813.



Brain Sci. 2013, 3 1413

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ekonomou, A.; Johnson, M.; Perry, R.H.; Perry, E.K.; Kalaria, R.N.; Minger, S.L.; Ballard, C.G.
Increased neural progenitors in individuals with cerebral small vessel disease. Neuropathol. Appl.
Neurobiol. 2012, 38, 344-353.

Thieme, H.; Mehrholz, J.; Pohl, M.; Behrens, J.; Dohle, C. Mirror therapy for improving motor
function after stroke. Stroke 2013, 44, el—€2.

Lindenberg, R.; Renga, V.; Zhu, L.L.; Nair, D.; Schlaug, G. Bihemispheric brain stimulation
facilitates motor recovery in chronic stroke patients. Neurology 2010, 75, 2176-2184.

Lo, A.C.; Guarino, P.D.; Richards, L.G.; Haselkorn, J.K.; Wittenberg, G.F.; Federman, D.G.;
Ringer, R.J.; Wagner, T.H.; Krebs, H.I.; Volpe, B.T. Robot-assisted therapy for long-term
upper-limb impairment after stroke. N. Engl. J. Med. 2010, 362, 1772—-1783.

Chollet, F.; Albucher, J.F.; Thalamas, C.; Thalamas, C.; Berard, E.; Lamy, C.; Bejot, Y.;
Deltour, S.; Jaillard, A.; Niclot, P.; et al. Fluoxetine for motor recovery after acute ischaemic
stroke (FLAME): A randomized placebo-controlled trial. Lancet Neurol. 2011, 10, 123-130.
Wang, L.E.; Fink, G.R.; Diekhoff, S.; Rehme, A.K.; Eickhoff, S.B.; Grefkes, C. Noradrenergic
enhancement improves motor network connectivity in stroke patients. Ann. Neurol. 2011, 69,
375-388.

Acler, M.; Robol, E.; Fiaschi, A.; Manganotti, P. A double blind placebo RCT to investigate the
effects of serotonergic modulation on brain excitability and motor recovery in stroke patients.
J. Neurol. 2009, 256, 1152—-1158.

Wang, Z.; Tsai, L.K.; Munasinghe, J.; Leng, Y.; Fessler, E.B.; Chibane, F.; Leeds, P.;
Chuang, D.M. Chronic valproate treatment enhances postischemic angiogenesis and promotes
functional recovery in a rat model of ischemic stroke. Stroke 2012, 43, 2430-2436.

Rosell, A.; Barcelo, V.; Garcia-Bonilla, L.; Delgado, P.; Fernandez-Cadenas, 1.
Hernandez-Guillamon, M.; Montaner, J. Neurorepair potencial of CDP-Choline alter cerebral
ischemia in mice. Cerebrovasc. Dis. 2012, 33, 419.

Sobrino, T.; Hurtado, O.; Moro, M.A.; Rodriguez-Yanez, M.; Castellanos, M.; Brea, D.;
Moldes, O.; Blanco, M.; Arenillas, J.F.; Leira, R.; et al. The increase of circulating endothelial
progenitor cells after acute ischemic stroke is associated with good outcome. Stroke 2007, 38,
2759-2764.

Sobrino, T.; Rodriguez-Gonzélez, R.; Blanco, M.; Brea, D.; Pérez-Mato, M.; Rodriguez-Yanez, M.;
Leira, R.; Castillo, J. CDP-choline treatment increases circulating endothelial progenitor cells in
acute ischemic stroke. Neurol. Res. 2011, 33, 572-577.

Gutiérrez-Fernandez, M.; Rodriguez-Frutos, B.; Fuentes, B.; Vallejo-Cremades, M.T.;
Alvarez-Grech, J.; Exposito-Alcaide, M.; Diez-Tejedor, E. CDP-choline treatment induces brain
plasticity markers expression in experimental animal stroke. Neurochem. Int. 2012, 60, 310-317.
Diederich, K.; Frauenknecht, K.; Minnerup, J.; Schneider, B.K.; Schmidt, A.; Altach, E.;
Eggert, V.; Sommer, C.J.; Schébitz, W.R. Citicoline enhances neuroregenerative processes after
experimental stroke in rats. Stroke 2012, 43, 1931-1940.

Barker-Collo, S.; Feigin, V.L.; Parag, V.; Lawes, C.M.; Senior, H. Auckland Stroke Outcomes
Study. Part 2: Cognition and functional outcomes 5 years poststroke. Neurology 2010, 75,
1608-1616.



Brain Sci. 2013, 3 1414

86.

87.

88.

&9.

90.

91.

92.

93.

Alvarez-Sabin, J.; Roman, G.C. Citicoline in vascular cognitive impairment and vascular
dementia alter stroke. Stroke 2011, 42, S40-S43.

Patel, M.D.; Coshall, C.; Rudd, A.G.; Wolfe, C.D. Cognitive impairment after stroke: Clinical
determinants and its associations with long-term stroke outcomes. J. Am. Geriatr. Soc. 2002, 50,
700-706.

Miller, E.L.; Murray, L.; Richards, L.; Zorowitz, R.D.; Bakas, T.; Clark, P.; Billinger, S.A.
Comprehensive overview of nursing and interdisciplinary rehabilitation care of the stroke patient.
A scientific statement from the American Heart Association. Stroke 2010, 41, 2402-2448.

Lees, R.; Fearon, P.; Harrison, J.K.; Broomfield, N.M.; Quinn, T.J. Cognitive and mood assessment
in stroke research. Focused review of contemporary studies. Stroke 2012, 43, 1678—1680.
Fioravanti, M.; Yanagi, M. Cytidinediphosphocholine (CDP-choline) for cognitive and
behavioural disturbances associated with chronic cerebral disorders in the elderly. Cochrane
Database Syst. Rev. 2005, doi:10.1002/14651858.CD000269.pub3.

Alvarez-Sabin, J.; Ortega, G.; Jacas, C.; Santamarina, E.; Maisterra, O.; Ribo, M.; Molina, C.;
Quintana, M.; Romdn, G.C. Long-term treatment with citicoline may improve post-stroke
vascular cognitive impairment. Cerebrovasc. Dis. 2013, 35, 146—154.

Krupinski, J.; Abudawood, M.; Matou-Nasri, S.; Al-Baradie, R.; Petcu, E.; Justicia, C.;
Planas, A.; Liu, D.; Rovira, N.; Grau-Slevin, M.; et al. Citicoline induces angiogenesis improving
survival of vascular/human brain microvessel endothelial cells through pathways involving
ERK1/2 and insulin receptor substrate-1. Vasc. Cell. 2012, 4, doi:10.1186/2045-824X-4-20.
Bramanti, V.; Campisi, A.; Tomassoni, D.; Li Volti, G.; Caccamo, D.; Cannavo, G.; Curro, M.;
Raciti, G.; Napoli, M.; Ientile, R.; et al. Effect of acetylcholine precursors on proliferation and
differentiation of astroglial cells in primary cultures. Neurochem. Res. 2008, 33, 2601-2608.

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



