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Unexpected Effects of Acetylcholine Precursors on Pilocarpine Seizure-
Induced Neuronal Death 
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Abstract: Background: Choline alfoscerate (α-GPC) and Cytidine 5’-diphosphocholine (CDP-
Choline) are both acetylcholine precursors and are considered to act as pro-cholinergic nootropic 
agents. Acetylcholine precursors have also recently found frequent use in the neurology clinic. 
Stroke and many types of dementia have been shown to respond favorably after treatment with 
these agents, not only in terms of cognitive dysfunction but also behavioral and psychological 
symptoms. The primary mechanisms of Acetylcholine precursors are the following: 1) Acetylcho-
line precursors themselves are used in the biosynthesis of acetylcholine and 2) byproducts  
like glycerophosphate have protective functions for neuronal phospholipids. However, whether 
acetylcholine precursors have a similar effect in treating cognitive impairment in patients with  
epilepsy remains controversial. 

Methods: Our previous studies investigating acetylcholine precursors in seizure-experienced  
animals have produced variable results that were dependent on the timing of administration. 

Results: Early administration of CDP-choline immediately after seizure increased neuronal death, 
blood-brain barrier (BBB) disruption and microglial activation in the hippocampus. However,  
administration of α-GPC starting 3 weeks after seizure (late administration) improved cognitive 
function through reduced neuronal death and BBB disruption, and increased neurogenesis in the 
hippocampus. 

Conclusion: These seemingly contradictory results may be attributed to both epileptogenic features 
and neuroprotective functions of several acetylcholine precursors. 
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1. INTRODUCTION 

 Epilepsy is a common neurological disorder, which is 
characterized by recurrent unprovoked seizures [1, 2]. The 
syndrome can induce lasting and devastating changes across 
a wide spectrum of modalities, including behavioral, emo-
tional, psychiatric and cognitive problems [3]. Among them, 
temporal lobe epilepsy is known to be one of the leading 
causes of cognitive impairment [4]. 

 During convulsive seizure, patients may experience a 
variety of symptoms including partial to generalized tonic, 
clonic or tonic-clonic seizures, accompanied by brief loss of 
consciousness and even hypoxemia. Severe and sustained 
seizures may lead to more serious events, such as hypoxia 
and excitotoxic neuronal damage when not treated properly.  
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Furthermore, even timely intervention with anti-epileptic 
drugs has failed to prevent delayed neuronal death, which is 
correlated with cognitive decline [5-7]. For this reason, nu-
merous in vivo studies have tested a multitude of neuropro-
tective agents for the prevention of progressive neuronal 
damage and subsequent cognitive impairment. However, 
results have been inconsistent and difficult to interpret [5, 7-
10]. Therefore, continuous effort is needed to develop new, 
more effective treatment options. 

 Various ways to alleviate the cognitive sequelae of recur-
rent epileptic fits have been investigated and a number of 
molecular and cellular pathways, including synthesis and 
secretion of neurotransmitter, have been identified as playing 
critical roles. Recurrent epilepsy may develop because of an 
imbalance in inhibitory (GABA) and excitatory neurotrans-
mitters (glutamate). The first-line of therapies are benzodi-
azepines (diazepam or lorazepam), which potentiate the in-
hibitory neuronal responses mediated by GABA-A receptors 
[11]. Pilocarpine-induced seizure is initiated by cholinergic 
hyperactivation, but the recurrent aspect of epilepsy or 
propagation of seizure activity is caused by a glutamatergic 
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mechanism. Neuronal death and recurrent seizure activity 
occurs secondary to seizure-induced glutamate release from 
the presynaptic terminals. Several glutamate receptor an-
tagonists demonstrated neuroprotective effects after pilo-
carpine-induced seizure [12, 13]. Acetylcholine (ACh) is a 
neurotransmitter implicated in seizure generation [14, 15] 
and moreover it is involved in cognitive function. A compel-
ling set of studies have demonstrated that electrical stimula-
tion permanently increased hippocampal seizure responsive-
ness to cholinergic stimuli [16, 17], which is caused by the 
increased activity of the G-protein coupled muscarinic recep-
tor activation [18]. N-Methyl-D-aspartate (NMDA) gluta-
mate receptors are central contributors to excitotoxicity after 
various brain injuries, including in seizure generation, and 
have been also reported to associate with muscarinic ACh 
receptors [19, 20]. Therefore, these studies indicate that the 
activation of cholinergic receptors may have adverse effects 
on various types of seizure. One core pathway that impinges 
on the pathophysiology of epilepsy is that of acetylcholine 
biosynthesis and neurotransmission, which has only recently 
been investigated in the field of epilepsy research [5, 7]. 
Since cholinergic decline is known to be involved in the 
pathogenesis of Alzheimer’s disease and cognitive dysfunc-
tion after trauma or cerebrovascular attack, both acetylcho-
linesterase inhibitors and acetylcholine precursors are being 
readily used in the aforementioned fields [21-25]. Therefore, 
the use of choline precursors in Alzheimer’s disease requires 
special attention if the patients also have epilepsy. 

 Acetylcholine precursors such as choline alfoscerate (α-
GPC) and cytidine 5’-diphosphocholine (CDP-Choline) are 
important intermediates in the synthesis of both acetylcho-
line and cell membrane phospholipids. The ability of acetyl-
choline precursors to reduce or prevent neuronal insult has 
been tested both in clinical and animal studies in the field of 
stroke and Alzheimer’s disease [21, 23, 26, 27]. Clinical 
studies have demonstrated that cholinergic precursors im-
proved from cognitive impairment in Alzheimer’s disease 
and vascular dementia [28, 29]. Combination of cholinester-
ase inhibitors and a cholinergic precursor α-GPC increases 
brain acetylcholine levels and improves cognitive function in 
Alzheimer’s patients with concomitant cerebrovascular dam-
age [21]. Clinical trials showed that CDP-choline also im-
proved stroke and traumatic brain injury related symptoms 
including motor and cognitive recovery [30-33]. However, 
recent studies have produced inconsistent results in seizure-
experienced animals given acetylcholine precursors that var-
ied according to the timing of administration. Treatment with 
CDP-choline at early time points following seizure increased 
neuronal death and cognitive dysfunction. However, admini-
stration of α-GPC starting 3 weeks after seizure improved 
cognitive function through reduced neuronal death and BBB 
disruption, and increased neurogenesis in the hippocampus 
[5-7]. These rather contradictory results may be attributed to 
both epileptogenic features and neuroprotective properties of 
acetylcholine precursors. 

 Currently, there are a limited number of studies that have 
provided evidence of the neuroprotective effects of choliner-
gic precursors after seizure. An interesting study has demon-
strated that an acetylcholine precursor citicoline has an anti-
convulsant effect on pentylentetrazole induced seizures in 

rats [34]. Karpova et al. also showed the inhibitory effects of 
citicoline on pentylentetrazole-induced epileptic activity in a 
mouse model of epilepsy [35]. In addition, cholinergic deple-
tion showed adverse effects on epilepsy-induced cognitive 
decline. Cholinergic depletion in the hippocampus showed 
increased seizure severity and impaired spatial memory in 
kainate-induced seizure experienced rats [36]. Animal mod-
els of Alzheimer’s disease have demonstrated increased sus-
ceptibility to seizures and these animals showed increased 
hippocampal damage after kainate-induced seizures [37, 38]. 
This increased susceptibility may be due to decreased levels 
of ACh in these mice [39-41]. Thus, maintenance of cho-
linergic activity in Alzheimer’s patients is important if the 
patients have epilepsy. This result suggests that normal 
physiological cholinergic activity is needed not only for cog-
nitive function but also for suppression of seizure suscepti-
bility in Alzheimer’s patients. 

 This review describes the cholinergic pathway itself, ef-
fects of acetylcholine precursors on animal epilepsy models 
and the potential treatment of epilepsy-induced cognitive 
impairment using these agents. 

1.1. Mechanism of Pilocarpine-Induced Status Epilepti-
cus (SE) 

 Pilocarpine acts as a muscarinic receptor agonist and is 
commonly used to induce seizure activity in rodents by pro-
ducing a phenotype that resembles human temporal lobe 
epilepsy [14]. The mechanism of action of pilocarpine-
induced SE depends upon activation of the muscarinic M1 
receptor [42] and seizures are maintained by activation of 
NMDA receptors (NMDAR following M1 receptor activa-
tion [43, 44]. Extracellular signal-regulated kinases 1 and 2 
(ERK1/2) phosphorylation, which is activated by phospholi-
pase C (PLC)-dependent inositol trisphosphate (IP3) release, 
occur independently to induce NMDAR-mediated oxidative 
stress. An IP3-mediated surge in intracellular Ca2+ and its 
increased influx via NMDARs lead to the activation of 
NADPH oxidase and generation of superoxide. This results 
in oxidative modification of cell surface NMDARs with im-
pairment of receptor function. The aforementioned events 
may trigger pathological states that lead to the local activa-
tion of neuronal nitric oxide synthase (nNOS) in close asso-
ciation with the NMDAR, and NADPH oxidase. Thus, Ca2+ 
influx through NMDAR channels leads to the production of 
superoxide via activation of NADPH oxidase, and Ca2+ up-
take by mitochondria in combination with NO production 
triggers cell death [45, 46]. 

1.2. How are Acetylcholine Precursors Utilized in vivo? 

 Acetylcholine precursors have a complex mechanism of 
action. Acetylcholine precursors such as α-GPC and CDP-
choline are choline-containing phospholipids that readily 
cross the blood-brain barrier. When they are absorbed, they 
have two distinct modes of action. First, the precursors are 
utilized as a substrate for acetylcholine biosynthesis and can 
enhance cholinergic neurotransmission [47, 48]. With con-
current use of acetylcholinesterase inhibitors, acetylcholine 
precursors have been proved to prolong beneficial effects on 
cognitive and behavioral improvements in patients with both 
Alzheimer’s disease and vascular dementia of a mild to 
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moderate degree [21, 49]. Other than being used directly as 
precursors, they may also exert substantial neuroprotective 
effects by maintaining and supplying the membranous struc-
ture of neurons [47, 50, 51]. Previous studies have also dem-
onstrated increased neurogenesis in rats when acetylcholine 
precursors were administered 3 weeks after pilocarpine-
induced seizure, implying the that acetylcholine precursors 
can be used not only as a neuroprotective measure but also to 
facilitate neurogenesis after ischemic or epileptic insult [5, 
52]. In a recent human clinical trial, α-GPC showed neuro-
protective effects by preventing brain atrophy [21]. 

1.3. Effects of Acetylcholine Precursors in Animal  
Epilepsy Models 

 Administration of acetylcholine precursors in degenera-
tive, vascular or traumatic brain injury models is based on 
the hypothesis that acetylcholine levels are pathologically 
low in these settings. They act as a donor for acetylcholine 
itself in pre-synaptic neurons to promote normal cholinergic 
neurotransmission and ultimately maintain cognitive and 
behavioral function [21]. However, as high-levels of acetyl-
choline are known to lower the threshold for seizure, acetyl-
choline precursors may worsen the prognosis of epileptic 

 

Fig. (1). Early administration of CDP-choline aggravates pilocarpine-induced neuronal death in the hippocampus. Fluorescent pho-
tomicrographs indicate degenerating neurons stained by Fluoro-Jade B (FJB, green) in the various hippocampal areas, such as subiculum (B, G), 
CA1 (C, H), CA2 (D, I) and CA3 (E, J) at 1 week after seizure with (A-E) or without CDP-choline (F-J). CDP-choline administered into the 
intraperitoneal space as a choline donor once per day for 1 week after seizure and provided adverse effects on hippocampal neuronal death, 
compared to vehicle-treated group. Scale bar = 50µm. (The color version of the figure is available in the electronic copy of the article). 
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patients or animals when given acutely [53]. Furthermore, 
previous studies have reported that acetylcholine levels are 
elevated following status epilepticus [54]. 

 However, even upon achieving control of chronic sei-
zures, delayed neuronal damage and subsequent cognitive 
decline often occur. During this period when the outward 
appearance of seizure is controlled, administration of acetyl-
choline precursors may promote neurogenesis and prevent 
further neuronal damage, which can result in an overall im-
provement in cognition and behavioral outcomes [5]. 

1.4. Early Administration of Acetylcholine Precursors 
Adversely Effects Seizure-Induced Neuronal Death 

 CDP-choline was used to clarify the effects of early ad-
ministration of acetylcholine precursors on seizure-induced 
neuronal death. We used an animal model of pilocarpine-

induced epilepsy. Seizures were induced by intraperitoneal 
injection of pilocarpine (25mg/kg) in adult male rats. CDP-
choline was injected into the intraperitoneal area two hours 
after seizure induction and maintained on a once per day 
regimen for one week. Neuronal death and microglial activa-
tion were evaluated at 1 week after seizure. CDP-choline 
treatment resulted in aggravated neuronal death, which was 
evidenced by pronounced Fluoro-Jade B staining (Fig. 1). 
Furthermore, the CDP-choline treated group showed signs of 
greater microglial activation and BBB disruption in the hip-
pocampus, compared to the vehicle-treated groups [7]. 

1.5. Elevated Levels of Acetylcholine and Glutamate may 
be Associated with the Adverse Effects of Acetylcholine 
Precursors on Seizure-Induced Neuronal Death 

 Previous studies using microdialysis to monitor the levels 
of extracellular glutamate and acetylcholine before, during 

 

Fig. (2). Possible association of acetylcholine level with pilocarpine-induced neuronal death. This schematic drawing indicates several 
chain reactions that may occur after acetylcholine precursor treatment in pilocarpine-induced SE. (A) These are mechanism of pilocarpine-
induced neuronal death. (B) Increased acetylcholine levels due to administration of acetylcholine precursors aggravates pilocarpine-induced 
neuronal death. 
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and after pilocarpine-induced seizure have revealed the fol-
lowing: 1) The onset of status epilepticus after pilocarpine 
induction is accompanied by a massive increase in extracel-
lular acetylcholine and 2) treatment of seizure activity with 
either ketamine or diazepam reduces the levels of acetylcho-
line [55]. 3) Additionally, systemic injection of pilocarpine is 
known to act on pre- and post-synaptic muscarinic receptors 
and increases glutamate levels prior to the development of 
epileptic seizure, which was also accompanied by increased 
acetylcholine levels [56]. Taken together, administration of 
acetylcholine precursors at early time points (~2 hours) in 
the setting of pilocarpine-induced status epilepticus may 
further elevate acetylcholine levels, which were already ob-
served to increase several-fold due to pilocarpine administra-
tion alone. This synergistic elevation of acetylcholine due to 
early administration of acetylcholine precursors may further 
increase the levels of glutamate, which can further aggravate 
excitotoxic neuronal death (Fig. 2). Additional microdialysis 
studies should be conducted to provide additional evidence 
for this hypothesis. 

 

1.6. Late Administration of Acetylcholine Precursors 
Provides Protection Against Seizure-Induced Neuronal 
Death 

 Our previous study also tested the potential therapeutic 
effects of α-GPC on pilocarpine seizure-induced neuronal 
death when administered at later time points. Seizure was 
induced by injection of pilocarpine (25mg/kg) in male rats. 
α-GPC was injected once daily from 3 weeks after the sei-
zure onset for 3 additional weeks. The rats were subjected to 
a water maze test and then sacrificed. In order to verify the 
beneficial effects for preventing neuronal death and BBB 
disruption, we performed NeuN and IgG staining at 6 weeks 
after seizure. A clear increase in the number of NeuN-
positive neurons in the α-GPC late treatment group (com-
pared to the vehicle group) indicated that the number of live 
neurons in the hippocampal area was enhanced with treat-
ment (Fig. 3A-D). 

 Moreover, the late α-GPC treatment group showed a  
significant decrease in IgG extravasation; a strong indicator  
 

 

Fig. (3). Late administration of α-GPC reduces neuronal death and increases neurogenesis after seizure. (A-D) Neuronal nuclei 
(NeuN) immunohistochemistry in the hippocampus. Inset areas depicting details from CA1 (') are presented in higher magnification with 
corresponding group labels. Control groups that received vehicle (A) or α-GPC (B) injection represent the expected NeuN distribution with 
typically dense granular and pyramidal layers. Note the neuronal loss in the SE group (C) compared to control groups (A), where relatively 
few neurons can be observed in the CA1 regions (C’). α-GPC treatment remarkably ameliorated neuronal loss in the hippocampus after sei-
zure. Note that relative to the SE group (C), more cells are present in the α-GPC treated SE group in CA1 (D’). (E-H) Doublecortin (DCX), a 
neuroblast marker, immunofluorescence staining in dentate gyrus (DG) of the hippocampus. Higher magnification of all treatment groups are 
shown in subgranular zone (SGZ) of DG (E’-H’). At 6 weeks after seizure, the number of DCX-positive cells was significantly decreased  
in the SE group (G) compared to the control group (E). α-GPC treatment remarkably increased the number of DCX-positive cells in the  
DG after seizure. Note that relative to the SE group (G), more neuroblasts are present in the α-GPC treated SE group in the SGZ (H’). Scale 
bar = 50µm. 



56    Current Neuropharmacology, 2018, Vol. 16, No. 1 Lee et al. 

that BBB disruption was reduced. Additionally, administra-
tion of α-GPC promoted improved performance in a standard 
water maze test protocol compared to the vehicle-treated 
group. These results suggest that late treatment of α-GPC 
improved cognitive function through reduced neuronal death 
and BBB disruption [5]. 

1.7. Late Administration of Acetylcholine Precursors  
Increases Hippocampal Neurogenesis After Seizure 

 In the aforementioned studies, we performed immunohis-
tochemical staining with an anti-doublecortin antibody 
(DCX) to identify the number of active neuroblasts. Late 
administration of α-GPC showed an increase in number and 
dendritic intensity of DCX-positive cells in the subgranular 
zone of the dentate gyrus, when compared to the vehicle-
treated group (Fig. 3E-H). This result implies that acetylcho-
line precursors may increase the production of immature 
neurons when administered at time points later than 3 weeks 
after seizure [5]. 

CONCLUSION 

 Acetylcholine precursors may play several crucial roles 
in neuronal death, microglial activation, BBB disruption and 
consequent cognitive impairment after epileptic seizure as a 
function of their time of administration relative to insult. 
Further investigation into pathophysiological mechanisms of 
acetylcholine precursors in epilepsy models and methods for 
alleviating cognitive impairment in clinical settings are 
highly warranted. 

CONSENT FOR PUBLICATION 

 Not applicable. 

CONFLICT OF INTEREST 

 The authors declare no conflict of interest, financial or 
otherwise. 

ACKNOWLEDGEMENTS 

 This study was supported by Brain Research Program 
through the National Research Foundation of Korea (NRF) 
funded by the Ministry of Science, ICT & Future Planning 
(NRF-2016R1D1A1B03933038) to S.W.S. 

REFERENCES 
[1] Fisher, R.S.; Acevedo, C.; Arzimanoglou, A.; Bogacz, A.; Cross, 

J.H.; Elger, C.E.; Engel, J., Jr; Forsgren, L.; French, J.A.; Glynn, 
M.; Hesdorffer, D.C.; Lee, B.I.; Mathern, G.W.; Moshé, S.L.; Pe-
rucca, E.; Scheffer, I.E.; Tomson, T.; Watanabe, M.; Wiebe, S. 
ILAE official report: a practical clinical definition of epilepsy. Epi-
lepsia, 2014, 55(4), 475-482. [http://dx.doi.org/10.1111/epi.12550] 
[PMID: 24730690] 

[2] Thurman, D.J.; Beghi, E.; Begley, C.E.; Berg, A.T.; Buchhalter, 
J.R.; Ding, D.; Hesdorffer, D.C.; Hauser, W.A.; Kazis, L.; Kobau, 
R.; Kroner, B.; Labiner, D.; Liow, K.; Logroscino, G.; Medina, 
M.T.; Newton, C.R.; Parko, K.; Paschal, A.; Preux, P.M.; Sander, 
J.W.; Selassie, A.; Theodore, W.; Tomson, T.; Wiebe, S.; Epidemi-
ology, I.C. Standards for epidemiologic studies and surveillance of 
epilepsy. Epilepsia, 2011, 52(Suppl. 7), 2-26. [http://dx.doi.org/ 
10.1111/j.1528-1167.2011.03121.x] [PMID: 21899536] 

[3] Vingerhoets, G. Cognitive effects of seizures. Seizure, 2006, 15(4), 
221-226. [http://dx.doi.org/10.1016/j.seizure.2006.02.012] [PMID: 
16546410] 

[4] Holmes, G.L.; Gairsa, J.L.; Chevassus-Au-Louis, N.; Ben-Ari, Y. 
Consequences of neonatal seizures in the rat: morphological and 
behavioral effects. Ann. Neurol., 1998, 44(6), 845-857. [http:// 
dx.doi.org/10.1002/ana.410440602] [PMID: 9851428] 

[5] Lee, S. H.; Choi, B. Y.; Kim, J. H.; Kho, A. R.; Sohn, M.; Song, H. 
K.; Choi, H. C.; Suh, S. W. Late treatment with choline alfoscerate 
(l-alpha glycer-ylphosphorylcholine, alpha-GPC) increases hippo-
campal neuro-genesis and provides protection against seizure-
induced neuronal death and cognitive impairment. Brain Res, 2017, 
1654(Pt A), 66-76. 

[6] Chang, Y.C.; Huang, A.M.; Kuo, Y.M.; Wang, S.T.; Chang, Y.Y.; 
Huang, C.C. Febrile seizures impair memory and cAMP response-
element binding protein activation. Ann. Neurol., 2003, 54(6), 706-
718. [http://dx.doi.org/10.1002/ana.10789] [PMID: 14681880] 

[7] Kim, J.H.; Lee, D.W.; Choi, B.Y.; Sohn, M.; Lee, S.H.; Choi, H.C.; 
Song, H.K.; Suh, S.W. Cytidine 5′-diphosphocholine (CDP-
choline) adversely effects on pilocarpine seizure-induced hippo-
campal neuronal death. Brain Res., 2015, 1595, 156-165. [http://dx. 
doi.org/10.1016/j.brainres.2014.11.011] [PMID: 25446447] 

[8] Zhang, H.; Xie, Y.; Weng, L.; Zhang, Y.; Shi, Q.; Chen, T.;  
Zeng, L. Rapamycin improves learning and memory ability in ICR 
mice with pilocarpine-induced temporal lobe epilepsy. [PMID: 
24421223] 

[9] Zeng, L.H.; Zhang, H.D.; Xu, C.J.; Bian, Y.J.; Xu, X.J.; Xie, Q.M.; 
Zhang, R.H. Neuroprotective effects of flavonoids extracted from 
licorice on kainate-induced seizure in mice through their antioxi-
dant properties. J. Zhejiang Univ. Sci. B, 2013, 14(11), 1004-1012. 
[http://dx.doi.org/10.1631/jzus.B1300138] [PMID: 24190446] 

[10] Lu, X.C.; Dave, J.R.; Chen, Z.; Cao, Y.; Liao, Z.; Tortella, F.C. 
Nefiracetam attenuates post-ischemic nonconvulsive seizures in 
rats and protects neuronal cell death induced by veratridine and 
glutamate. Life Sci., 2013, 92(22), 1055-1063. [http://dx.doi.org/ 
10.1016/j.lfs.2013.04.004] [PMID: 23603142] 

[11] Brophy, G.M.; Bell, R.; Claassen, J.; Alldredge, B.; Bleck, T.P.; 
Glauser, T.; Laroche, S.M.; Riviello, J.J., Jr; Shutter, L.; Sperling, 
M.R.; Treiman, D.M.; Vespa, P.M. Guidelines for the evaluation 
and management of status epilepticus. Neurocrit. Care, 2012, 
17(1), 3-23. [http://dx.doi.org/10.1007/s12028-012-9695-z] [PMID: 
22528274] 

[12] Milhaud, D.; Rondouin, G.; Lerner-Natoli, M.; Bockaert, J.; Lafon-
Cazal, M. Neuroprotective activity of antazoline against neuronal 
damage induced by limbic status epilepticus. Neuroscience, 2003, 
120(2), 475-484. [http://dx.doi.org/10.1016/S0306-4522(03)00268-
9] [PMID: 12890517] 

[13] Di Maio, R.; Mastroberardino, P.G.; Hu, X.; Montero, L.M.; Gre-
enamyre, J.T. Thiol oxidation and altered NR2B/NMDA receptor 
functions in in vitro and in vivo pilocarpine models: implications 
for epileptogenesis. Neurobiol. Dis., 2013, 49, 87-98. [http://dx. 
doi.org/10.1016/j.nbd.2012.07.013] [PMID: 22824136] 

[14] Turski, L.; Ikonomidou, C.; Turski, W.A.; Bortolotto, Z.A.; Caval-
heiro, E.A. Review: cholinergic mechanisms and epileptogenesis. 
The seizures induced by pilocarpine: a novel experimental model 
of intractable epilepsy. Synapse, 1989, 3(2), 154-171. [http://dx.doi. 
org/10.1002/syn.890030207] [PMID: 2648633] 

[15] Li, B.; Duysen, E.G.; Volpicelli-Daley, L.A.; Levey, A.I.; 
Lockridge, O. Regulation of muscarinic acetylcholine receptor 
function in acetylcholinesterase knockout mice. Pharmacol. Bio-
chem. Behav., 2003, 74(4), 977-986. [http://dx.doi.org/10.1016/ 
S0091-3057(03)00022-4] [PMID: 12667913] 

[16] Meilleur, S.; Carmant, L.; Psarropoulou, C. Immature rat convul-
sions and long-term effects on hippocampal cholinergic neuro-
transmission. Neuroreport, 2000, 11(3), 521-524. [http://dx.doi.org/ 
10.1097/00001756-200002280-00019] [PMID: 10718307] 

[17] Meilleur, S.; Aznavour, N.; Descarries, L.; Carmant, L.; Mamer, 
O.A.; Psarropoulou, C. Pentylenetetrazol-induced seizures in im-
mature rats provoke long-term changes in adult hippocampal cho-
linergic excitability. Epilepsia, 2003, 44(4), 507-517. [http://dx. 
doi.org/10.1046/j.1528-1157.2003.44402.x] [PMID: 12680999] 

[18] Potier, S.; Sénécal, J.; Chabot, J.G.; Psarropoulou, C.; Descarries, 
L. A pentylenetetrazole-induced generalized seizure in early life 
enhances the efficacy of muscarinic receptor coupling to G-protein 
in hippocampus and neocortex of adult rat. Eur. J. Neurosci., 2005, 
21(7), 1828-1836. [http://dx.doi.org/10.1111/j.1460-9568.2005. 
04026.x] [PMID: 15869478] 



Unexpected Effects of Acetylcholine Precursors on Pilocarpine Current Neuropharmacology, 2018, Vol. 16, No. 1    57 

[19] Marino, M.J.; Rouse, S.T.; Levey, A.I.; Potter, L.T.; Conn, P.J. 
Activation of the genetically defined m1 muscarinic receptor poten-
tiates N-methyl-D-aspartate (NMDA) receptor currents in hippo-
campal pyramidal cells. Proc. Natl. Acad. Sci. USA, 1998, 95(19), 
11465-11470. [http://dx.doi.org/10.1073/pnas.95.19.11465] [PMID: 
9736760] 

[20] Rouse, S.T.; Marino, M.J.; Potter, L.T.; Conn, P.J.; Levey, A.I. 
Muscarinic receptor subtypes involved in hippocampal circuits. 
Life Sci., 1999, 64(6-7), 501-509. [http://dx.doi.org/10.1016/S0024-
3205(98)00594-3] [PMID: 10069516] 

[21] Amenta, F.; Carotenuto, A.; Fasanaro, A.M.; Rea, R.; Traini, E. 
The ASCOMALVA (Association between the Cholinesterase In-
hibitor Donepezil and the Cholinergic Precursor Choline Alpho-
scerate in Alzheimer’s Disease) Trial: interim results after two 
years of treatment. J. Alzheimers Dis., 2014, 42(Suppl. 3), S281-
S288. [PMID: 24898643] 

[22] Guseva, M.V.; Hopkins, D.M.; Scheff, S.W.; Pauly, J.R. Dietary 
choline supplementation improves behavioral, histological, and 
neurochemical outcomes in a rat model of traumatic brain injury. J. 
Neurotrauma, 2008, 25(8), 975-983. [http://dx.doi.org/10.1089/ 
neu.2008.0516] [PMID: 18665805] 

[23] Adibhatla, R.M.; Hatcher, J.F. Cytidine 5′-diphosphocholine (CDP-
choline) in stroke and other CNS disorders. Neurochem. Res., 2005, 
30(1), 15-23. [http://dx.doi.org/10.1007/s11064-004-9681-8] [PMID: 
15756928] 

[24] Schäbitz, W.R.; Weber, J.; Takano, K.; Sandage, B.W.; Locke, 
K.W.; Fisher, M. The effects of prolonged treatment with citicoline 
in temporary experimental focal ischemia. J. Neurol. Sci., 1996, 
138(1-2), 21-25. [http://dx.doi.org/10.1016/0022-510X(95)00341-
X] [PMID: 8791234] 

[25] Amenta, F.; Carotenuto, A.; Fasanaro, A.M.; Rea, R.; Traini, E. 
The ASCOMALVA trial: association between the cholinesterase 
inhibitor donepezil and the cholinergic precursor choline alpho-
scerate in Alzheimer’s disease with cerebrovascular injury: interim 
results. J. Neurol. Sci., 2012, 322(1-2), 96-101. [http://dx.doi.org/ 
10.1016/j.jns.2012.07.003] [PMID: 22959283] 

[26] Secades, J.J.; Alvarez-Sabín, J.; Castillo, J.; Díez-Tejedor, E.; 
Martínez-Vila, E.; Ríos, J.; Oudovenko, N. Citicoline for acute 
ischemic stroke: A systematic review and formal meta-analysis of 
randomized, double-blind, and placebo-controlled trials. J. Stroke 
Cerebrovasc. Dis., 2016, 25(8), 1984-1996. [http://dx.doi.org/10. 
1016/j.jstrokecerebrovasdis.2016.04.010] [PMID: 27234918] 

[27] Adibhatla, R.M.; Hatcher, J.F.; Dempsey, R.J. Citicoline: neuropro-
tective mechanisms in cerebral ischemia. J. Neurochem., 2002, 
80(1), 12-23. [http://dx.doi.org/10.1046/j.0022-3042.2001.00697.x] 
[PMID: 11796739] 

[28] Cacabelos, R.; Caamaño, J.; Gómez, M.J.; Fernández-Novoa, L.; 
Franco-Maside, A.; Alvarez, X.A. Therapeutic effects of CDP-
choline in Alzheimer’s disease. Cognition, brain mapping, cere-
brovascular hemodynamics, and immune factors. Ann. N. Y. Acad. 
Sci., 1996, 777, 399-403. [http://dx.doi.org/10.1111/j.1749-
6632.1996.tb34452.x] [PMID: 8624120] 

[29] Amenta, F.; Parnetti, L.; Gallai, V.; Wallin, A. Treatment of cogni-
tive dysfunction associated with Alzheimer’s disease with cho-
linergic precursors. Ineffective treatments or inappropriate ap-
proaches? Mech. Ageing Dev., 2001, 122(16), 2025-2040. [http:// 
dx.doi.org/10.1016/S0047-6374(01)00310-4] [PMID: 11589920] 

[30] Iranmanesh, F.; Vakilian, A. Efficiency of citicoline in increasing 
muscular strength of patients with nontraumatic cerebral hemor-
rhage: a double-blind randomized clinical trial. J. Stroke Cere-
brovasc. Dis., 2008, 17(3), 153-155. [http://dx.doi.org/10.1016/ 
j.jstrokecerebrovasdis.2008.01.006] [PMID: 18436157] 

[31] Dávalos, A.; Castillo, J.; Alvarez-Sabín, J.; Secades, J.J.; Mercadal, 
J.; López, 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(12), 
2850-2857. [http://dx.doi.org/10.1161/01.STR.0000038691.03334. 
71] [PMID: 12468781] 

[32] Dávalos, A.; Alvarez-Sabín, J.; Castillo, J.; Díez-Tejedor, E.; Ferro, 
J.; Martínez-Vila, E.; Serena, J.; Segura, T.; Cruz, V.T.; Masjuan, 
J.; Cobo, E.; Secades, J.J. Citicoline in the treatment of acute 
ischaemic stroke: an international, randomised, multicentre, pla-
cebo-controlled study (ICTUS trial). Lancet, 2012, 380(9839), 349-
357. [http://dx.doi.org/10.1016/S0140-6736(12)60813-7] [PMID: 
22691567] 

[33] Adibhatla, R.M. Citicoline in stroke and TBI clinical trials. Nat. 
Rev. Neurol., 2013, 9(3), 173. [http://dx.doi.org/10.1038/nrneurol. 
2012.166-c1] [PMID: 23358483] 

[34] Abdolmaleki, A.; Moghimi, A.; Ghayour, M.B.; Rassouli, M.B. 
Evaluation of neuroprotective, anticonvulsant, sedative and anx-
iolytic activity of citicoline in rats. Eur. J. Pharmacol., 2016, 789, 
275-279. [http://dx.doi.org/10.1016/j.ejphar.2016.07.048] [PMID: 
27475676] 

[35] Karpova, M.N.; Zin’kovskii, K.A.; Kuznetsova, L.V.; Klishina, 
N.V. Increase of the seizure threshold in C57BL/6 mice after citi-
coline administration. Bull. Exp. Biol. Med., 2015, 158(3), 315-317. 
[http://dx.doi.org/10.1007/s10517-015-2750-y] [PMID: 25573358] 

[36] Craig, L.A.; Hong, N.S.; Kopp, J.; McDonald, R.J. Reduced cho-
linergic status in hippocampus produces spatial memory deficits 
when combined with kainic acid induced seizures. Hippocampus, 
2008, 18(11), 1112-1121. [http://dx.doi.org/10.1002/hipo.20471] 
[PMID: 18651618] 

[37] Guo, Q.; Fu, W.; Sopher, B.L.; Miller, M.W.; Ware, C.B.; Martin, 
G.M.; Mattson, M.P. Increased vulnerability of hippocampal neu-
rons to excitotoxic necrosis in presenilin-1 mutant knock-in mice. 
Nat. Med., 1999, 5(1), 101-106. [http://dx.doi.org/10.1038/4789] 
[PMID: 9883847] 

[38] Del Vecchio, R.A.; Gold, L.H.; Novick, S.J.; Wong, G.; Hyde, L.A. 
Increased seizure threshold and severity in young transgenic 
CRND8 mice. Neurosci. Lett., 2004, 367(2), 164-167. [http://dx. 
doi.org/10.1016/j.neulet.2004.05.107] [PMID: 15331144] 

[39] Kokaia, M.; Ferencz, I.; Leanza, G.; Elmér, E.; Metsis, M.; Kokaia, 
Z.; Wiley, R.G.; Lindvall, O. Immunolesioning of basal forebrain 
cholinergic neurons facilitates hippocampal kindling and perturbs 
neurotrophin messenger RNA regulation. Neuroscience, 1996, 
70(2), 313-327. [http://dx.doi.org/10.1016/0306-4522(95)00384-3] 
[PMID: 8848142] 

[40] Ferencz, I.; Kokaia, M.; Keep, M.; Elmér, E.; Metsis, M.; Kokaia, 
Z.; Lindvall, O. Effects of cholinergic denervation on seizure de-
velopment and neurotrophin messenger RNA regulation in rapid 
hippocampal kindling. Neuroscience, 1997, 80(2), 389-399. [http:// 
dx.doi.org/10.1016/S0306-4522(97)00006-7] [PMID: 9284342] 

[41] Ferencz, I.; Leanza, G.; Nanobashvili, A.; Kokaia, Z.; Kokaia, M.; 
Lindvall, O. Septal cholinergic neurons suppress seizure develop-
ment in hippocampal kindling in rats: comparison with noradrener-
gic neurons. Neuroscience, 2001, 102(4), 819-832. [http://dx. 
doi.org/10.1016/S0306-4522(00)00499-1] [PMID: 11182245] 

[42] Hamilton, S.E.; Loose, M.D.; Qi, M.; Levey, A.I.; Hille, B.; 
McKnight, G.S.; Idzerda, R.L.; Nathanson, N.M. Disruption of the 
m1 receptor gene ablates muscarinic receptor-dependent M current 
regulation and seizure activity in mice. Proc. Natl. Acad. Sci. USA, 
1997, 94(24), 13311-13316. [http://dx.doi.org/10.1073/pnas.94.24. 
13311] [PMID: 9371842] 

[43] Nagao, T.; Alonso, A.; Avoli, M. Epileptiform activity induced by 
pilocarpine in the rat hippocampal-entorhinal slice preparation. 
Neuroscience, 1996, 72(2), 399-408. [http://dx.doi.org/10.1016/ 
0306-4522(95)00534-X] [PMID: 8737410] 

[44] Smolders, I.; Khan, G.M.; Manil, J.; Ebinger, G.; Michotte, Y. 
NMDA receptor-mediated pilocarpine-induced seizures: charac-
terization in freely moving rats by microdialysis. Br. J. Pharmacol., 
1997, 121(6), 1171-1179. [http://dx.doi.org/10.1038/sj.bjp.0701231] 
[PMID: 9249254] 

[45] Szczurowska, E.; Mareš, P. NMDA and AMPA receptors: devel-
opment and status epilepticus. Physiol. Res., 2013, 62(Suppl. 1), 
S21-S38. [PMID: 24329701] 

[46] Di Maio, R.; Mastroberardino, P.G.; Hu, X.; Montero, L.; Gre-
enamyre, J.T. Pilocapine alters NMDA receptor expression and 
function in hippocampal neurons: NADPH oxidase and ERK1/2 
mechanisms. Neurobiol. Dis., 2011, 42(3), 482-495. [http://dx. 
doi.org/10.1016/j.nbd.2011.02.012] [PMID: 21397025] 

[47] Hurtado, O.; Lizasoain, I.; Moro, M.A. Neuroprotection and recov-
ery: recent data at the bench on citicoline. Stroke, 2011, 
42(1)(Suppl.), S33-S35. [http://dx.doi.org/10.1161/STROKEAHA. 
110.597435] [PMID: 21164125] 

[48] Secades, J. J.; Lorenzo, J. L. Citicoline: pharmacological and clini-
cal review, 2006 update. Methods Find Exp. Clin. Pharmacol., 
2006, 28(Suppl B), 1-56. 

[49] Adibhatla, R.M.; Hatcher, J.F.; Tureyen, K. CDP-choline 
liposomes provide significant reduction in infarction over free 



58    Current Neuropharmacology, 2018, Vol. 16, No. 1 Lee et al. 

CDP-choline in stroke. Brain Res., 2005, 1058(1-2), 193-197. [http:// 
dx.doi.org/10.1016/j.brainres.2005.07.067] [PMID: 16153613] 

[50] Kennedy, E.P.; Weiss, S.B. The function of cytidine coenzymes in 
the biosynthesis of phospholipides. J. Biol. Chem., 1956, 222(1), 
193-214. [PMID: 13366993] 

[51] Rao, A.M.; Hatcher, J.F.; Dempsey, R.J. Lipid alterations in tran-
sient forebrain ischemia: possible new mechanisms of CDP-choline 
neuroprotection. J. Neurochem., 2000, 75(6), 2528-2535. [http://dx. 
doi.org/10.1046/j.1471-4159.2000.0752528.x] [PMID: 11080206] 

[52] Diederich, K.; Frauenknecht, K.; Minnerup, J.; Schneider, B.K.; 
Schmidt, A.; Altach, E.; Eggert, V.; Sommer, C.J.; Schäbitz, W.R. 
Citicoline enhances neuroregenerative processes after experimental 
stroke in rats. Stroke, 2012, 43(7), 1931-1940. [http://dx.doi.org/ 
10.1161/STROKEAHA.112.654806] [PMID: 22581817] 

[53] Gruslin, E.; Descombes, S.; Psarropoulou, C. Epileptiform activity 
generated by endogenous acetylcholine during blockade of 

GABAergic inhibition in immature and adult rat hippocampus. 
Brain Res., 1999, 835(2), 290-297. [http://dx.doi.org/10.1016/ 
S0006-8993(99)01605-4] [PMID: 10415385] 

[54] Jope, R.S.; Simonato, M.; Lally, K. Acetylcholine content in rat 
brain is elevated by status epilepticus induced by lithium and pilo-
carpine. J. Neurochem., 1987, 49(3), 944-951. [http://dx.doi.org/ 
10.1111/j.1471-4159.1987.tb00985.x] [PMID: 3612132] 

[55] Hillert, M.H.; Imran, I.; Zimmermann, M.; Lau, H.; Weinfurter, S.; 
Klein, J. Dynamics of hippocampal acetylcholine release during 
lithium-pilocarpine-induced status epilepticus in rats. J. Neuro-
chem., 2014, 131(1), 42-52. [http://dx.doi.org/10.1111/jnc.12787] 
[PMID: 24909269] 

[56] Millan, M.H.; Chapman, A.G.; Meldrum, B.S. Extracellular amino 
acid levels in hippocampus during pilocarpine-induced seizures. 
Epilepsy Res., 1993, 14(2), 139-148. [http://dx.doi.org/10.1016/ 
0920-1211(93)90018-3] [PMID: 8095893] 

 

 


