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Abstract 

Deficient sensory gating (SG) and cognition in schizophrenia are associated with 

functional outcome and offer therapeutic targets as they are linked to the altered 

function/expression of the α7 nicotinic acetylcholine receptors (nAChR). This study 

analyzed the effects of CDP-Choline, an α7 nAChR agonist, on SG and cognition in a 

sample of chronic schizophrenia patients. Using a randomized, placebo controlled, 

double-blind design the dose dependent (500 mg, 1000 mg, 2000 mg) and baseline SG 

dependent (deficient vs. normal suppressors) effects of CDP-Choline were analyzed 

using the P50 index of SG and a computerized cognition test battery. CDP-Choline 

improved SG (500 mg) in the deficient suppressor subgroup by increasing suppression of 

the S2 P50 amplitude. No positive effects of CDP-Choline on cognition were observed. 

These findings tentatively support α7 nAChR dysfunction in the expression of SG 

deficits and support further trials with CDP-choline to asses the effects of sustained α7 

nAChR activation. 
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Assessing the Acute Effects of CDP-Choline on Sensory Gating and Cognition in 

Chronic Schizophrenia 

Schizophrenia: Cognitive Deficits as a Core Clinical Feature 

 Schizophrenia (SZ) is a chronic brain disorder affecting approximately 21 million 

people worldwide (WHO, 2015). It is characterized by a number of symptoms appearing 

heterogeneously. Primarily, SZ has come to be associated with positive symptoms and 

negative symptoms (Keefe & Fenton, 2007).  Positive symptoms encompass disturbances 

of cognitive, sensory, or motor processes that are not commonly observed in healthy 

individuals. This would include many of the trademark symptoms associated with the 

disorder, namely hallucinations, delusions, and disorganized thought and speech.  

Negative symptoms refer to the deficit of normal behaviours. This would include such 

symptoms as apathy, social withdrawal, and flat affect.  

 Recently, neurocognitive deficits have come to the forefront of SZ research and 

have been recognized as a core clinical feature of the disorder (Keefe & Fenton, 2007). 

These deficits seem to affect a variety of cognitive abilities, the most consistently 

demonstrated being working memory, attention/vigilance, reasoning, speed of processing, 

verbal learning and memory, reasoning and problem solving, and social cognition (Green 

et al., 2004; Keefe & Fenton, 2007; Keefe & Harvey, 2012). On tests of neurocognitive 

performance, SZ patients consistently score 1 – 2 standard deviations below the average 

of healthy controls (Keefe et al., 2013). In addition, 98% of patients diagnosed with SZ 

perform below their predicted ability on cognitive tests based on the education level of 

their parents (Keefe, Eesley, & Poe, 2005) while monozygotic twin studies have 

demonstrated that the majority of all twins diagnosed with SZ perform worse than their 
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unaffected twin on cognitive tests (Goldberg, 1990).  Based on the mounting evidence, it 

can be assumed that the majority of individuals diagnosed with SZ perform worse on 

tests of cognitive performance than would be expected without the diagnosis.  

Despite earlier beliefs, cognitive deficits evident in SZ patients have been shown 

to have a weak correlation with psychotic symptoms (Bilder, Mukherjee, Rieder, & 

Pandurangi, 1985) and are not a side effect from the use of antipsychotic medication 

(Keefe & Harvey, 2012). This weak correlation has been demonstrated within both 

chronic SZ samples (Addington, Addington, & Maticka-Tyndale, 1991) and first episode 

SZ samples (Mohamed, Paulsen, O’Leary, Arndt, & Andreasen, 1999). Furthermore, a 

number of recent studies have analyzed these cognitive deficits and have noted that they 

appear before the onset of psychosis (Heydebrand, 2006; Snitz, MacDonald, & Carter, 

2005) and remain stable throughout the course of the illness (Hughes et al., 2003). 

Evidence also shows that cognitive deficits appear in unaffected familial relatives 

(Heydebrand, 2006; Snitz et al., 2005). Families of patients with SZ on average perform 

more than half a standard deviation below the score of healthy participants with the most 

robust findings being related to verbal memory, executive function (verbal fluency, 

cognitive flexibility, and working memory), and attention, to a slightly lesser degree 

(Heydebrand, 2006). The above demonstrates the stability of cognitive deficits in SZ and 

that they are an independent core clinical characteristic of the disorder.  

Perhaps the most notable fact related to the presence of cognitive deficits in SZ is 

that they reliably predict real-world community functioning better than clinical symptoms 

(e.g., positive and negative symptoms) (Bryson & Bell, 2003; Green, Kern, Braff, & 

Mintz, 2000; Harvey et al., 1998; Keefe & Harvey, 2012). Analyses using both 
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longitudinal (Keefe & Harvey, 2012; Malla, Norman, Manchanda, & Townsend, 2002) 

and cross-sectional studies (Green et al., 2000) have demonstrated effect sizes in the 

medium range supporting a significant relationship between measures of the above 

mentioned neurocognitive processes and functional outcome. Furthermore, cognitive 

impairments have consistently been shown to predict employment outcome, functional 

capacity, medical comorbidity, relapse prevention, quality of life, and economic cost 

(Keefe & Harvey, 2012). These results suggest that cognitive impairments may well be 

the single greatest obstacle to improving the quality of life for SZ patients thus 

highlighting the need for effect treatment strategies targeting these deficits.   

Schizophrenia Endophenotypes: Sensory Gating Deficits and ERP Biomarkers  

 SZ research has recently sought to identify neurocognitive markers that represent 

known neurobiological pathways that can be used in the evaluation and development of 

novel treatment strategies. A number of valuable markers have been identified in relation 

to SZ. These markers occur frequently in SZ patients, as well as their unaffected 

relatives. They have been shown to be enduring and independent of clinical symptoms or 

pharmacological treatment. The identification and understanding of these trait biomarkers 

or “endophenotypes” allows researchers to circumvent the complicating issue of clinical 

heterogeneity in SZ risk-related gene discovery (Gottesman & Gould, 2003). Currently, 

endophenotypes which appear across different species are being used to test SZ 

pathophysiology hypotheses and offer potentially valuable biomarkers in the analysis of 

novel drug strategies and the identification of heterogeneous SZ subgroups which will 

most benefit from their use (Cho et al., 2005; Duncan, 1988; Thaker, 2007).  
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The growing literature suggesting that the symptomology of SZ includes 

cognitive impairments as a primary characteristic advocates that these deficits include 

reduced perceptual and attentional function. The primary explanation to account for these 

deficits suggests that SZ patients cannot gate out or inhibit sensory information that has 

been coded as redundant or irrelevant. This process of inhibition or sensory gating is a 

neuronal level mechanism that filters incoming stimuli and reduces neuronal responses to 

sensory stimuli deemed irrelevant. This system dysfunction could lead to sensory 

overload stemming from sub-cortical and cortical neuronal hyper function (Freedman et 

al., 1987; Freedman, Waldo, Bickford-Wimer, & Nagamoto, 1991; Geyer & Braff, 1987).  

Deficient neuronal suppression has been associated with the conscious experience of 

greater perceptual anomalies (e.g., perceptions of heightened stimulus sensitivity) and 

attentional disturbances (e.g., over-inclusion of sounds in the focus of attention; (Hetrick, 

Erickson, & Smith, 2012). A SZ associated sensory gating deficit has been confirmed 

repeatedly and has been suggested to be one of, if not the, strongest and most reliable 

finding in the SZ literature (Bramon, Rabe-Heskethb, Shama, Murraya, & Frangoua, 

2004; Heinrichs, 2004; Hong et al., 2009). Research also observes this deficit in 

unaffected relatives of patients with SZ (Patterson et al., 2008).  As such, this sensory 

gating deficit has been suggested to be a genetically associated fixed trait of the disorder 

with potential as a candidate endophenotype.  

As stated, SZ patients exhibit abnormalities across a number of cognitive domains 

but most importantly demonstrate a defect related to the gating of sensory information. 

(Leitman, Laukka, et al., 2010; Leitman, Sehatpour, et al., 2010). 

Electroencephalographically (EEG) derived electrical event-related brain potentials 
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(ERP) are a useful neurophysiological tool that is able to demonstrate these deficits in 

early, elementary sensory processes and their contribution to higher-order cognitive 

impairments and functional deficits. Several ERP biomarkers show differential sensitivity 

to deficits in specific neurochemical systems, which are leading targets for treating 

cognitive impairment in SZ (Buchanan, Freedman, Javitt, Abi-Dargham, & Lieberman, 

2007). In the pursuit of novel drug therapy development, ERPs have an advantage in their 

ability to demonstrate large effect-size changes relative to standard neuropsychological 

tests (Cho et al., 2005; Thaker, 2007; Turetsky et al., 2007). In comparison to functional 

brain imaging techniques, ERPs have a superior temporal resolution (1 millisecond vs. ~ 

1 – 2 seconds). This warrants their preferential use in the investigation of cognitive 

deficits ranging from bottom up (low-level) to top down (higher order) processes. Scalp-

recorded ERP components allow researchers to non-invasively track neural processes, 

ranging from the earliest automatic stages of pre-attentional sensory-based operations, 

through to controlled attention-dependent higher level decision and response-related 

processing (Rissling, Makeig, Braff, & Light, 2010). The advantage of early latency 

ERPs over neuropsychological tests is that they are able to index automatic processes and 

are less affected by top-down information processing or practice/motivational effects. In 

addition, animal models (i.e., rodent and primate models) demonstrate similar auditory 

ERPs to humans. These animal ERP components demonstrate similar responses to 

stimulus manipulation and drugs. This gives ERPs a huge advantage in the development 

of novel drug therapies (Javitt, Spencer, Thaker, Winterer, & Hajós, 2008).   

The sensory gating process is measured in humans and animals using EEG 

derived ERPs. The P50 ERP is used in humans, and the P20-N40 complex is used in 
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animals as an index of sensory gating. The successful processing of sensory information 

involves the inhibition of automatic responses to information deemed redundant or 

irrelevant while facilitating the response to salient events. Abnormalities related to this 

sensory-level process are best reflected in the auditory system. Here, early latency ERP 

components are used to probe the integrity of sensory functions.  

The P50 ERP is an early positive voltage component that appears approximately 

50 ms after the presentation of an auditory stimulus. The P50 indexes a predominantly 

pre-conscious early stage operation. The paradigm most commonly used to elicit the P50 

ERP is the paired click technique (Adler et al., 1990; Boutros, Zouridakis, Rustin, 

Peabody, & Warner, 1993; Freedman et al., 1987). Subjects are presented pairs of 

identical auditory stimuli separated by an intra-pair interval of approximately 10 s and an 

inter-pair interval of approximately 500 ms. The first auditory stimulus of the pair is 

commonly referred to as the conditioning stimulus or S1. This stimulus initiates an 

inhibitory process in the brain resulting in the amplitude of the P50 ERP in response to 

the second stimuli, referred to as the test stimulus or S2, being reduced.  

The P50 indexed measurement of the neuronal response to S2 offers a test of the 

inhibitory processes activated in response to the first click (S1). Therefore, by comparing 

the P50 amplitude in response to S1 and S2 researchers are able to quantify the strength 

of the inhibition process, where a greater difference indicates more robust sensory gating. 

This suppression of the auditory P50 ERP is measured as either a ratio (rP50: S2-P50 / 

S1-P50), a difference score (dP50: S1-P50 – S2-P50), or as a gating difference waveform 

(GDW: subtract the S2 waveform from the S1 waveform). Studies analyzing the P50 

measure of sensory gating have implemented two methods of measuring the P50 peak 
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amplitude. Researchers either measure the peak amplitude relative to the preceding 

trough (i.e., peak to trough) or from the individual’s pre-stimulus baseline (i.e., peak to 

baseline). Each of these methods have shown variability in their reliability in measuring 

P50 suppression (Fuerst, Gallinat, & Boutros, 2007; Rentzsch, Jockers-Scherübl, 

Boutros, & Gallinat, 2008; Smith, Boutros, & Schwarzkopf, 1994). A recent study sought 

to clarify this reliably issue by directly comparing the reliability of difference scores and 

ratio scores measured either peak to trough or peak to baseline (Dalecki, 2015). The 

reliability of each of these measures was shown to be significant with more trials (100 

trials most effective) and when the peak to baseline measurement method applied. 

Notably, P50 difference scores highly correlate with the S1 P50 amplitude while P50 

ratio scores correlate with S2 amplitude (Fuerst et al., 2007; Lu et al., 2007). This 

suggests that ratio scores offer a more direct indication of P50 suppression while 

difference scores instead reflects more S1-related processes, including early sensory 

registration.  

In healthy individuals, P50 suppression typically takes the form of robust 

suppression (i.e., 50% - 70% suppression) (Adler, Freedman, Ross, Olincy, & Waldo, 

1999; Light, Geyer, Clementz, Cadenhead, & Braff, 2000). In contrast, SZ patients 

exhibit sensory gating suppression that is significantly reduced (see Figure 1 below). This 

is a phenomenon that has been repeatedly demonstrated (Boutros, Zouridakis, & Overall, 

1991). However, despite the volume of research that has identified this deficit in SZ 

patients, others have failed to replicate the findings. Some studies have failed to identify a 

failure to suppress the P50 response to S2 in samples of SZ patients (Arnfred, Chen, 

Glenthøj, & Hemmingsen, 2003; de Wilde, Bour, Dingemans, Koelman, & Linszen, 
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2007; Domján, Csifcsák, Drótos, Janka, & Szendi, 2012; Light et al., 2012) while others 

have failed to identify robust suppression in healthy individuals (Kathmann & Engel, 

1990). The underlying reason for a failure to observe P50 suppression deficits remains 

unclear though variability within the sample (e.g., gender, smoking status, medication 

status) and methodological differences (e.g., stimulus intensity, number of paired-click 

trials presented, instructions given by experimenter related to whether to focus on 

auditory stimuli or ignore them) between studies may offer some explanation (Patterson 

et al., 2008). 

 

 

 

 

Figure 1. Normal and deficient P50 amplitudes in response to S1 and S2. 

The P50 ERP component has been shown using neuroimaging techniques to be 

generated in the auditory cortex. The inhibitory aspect of the P50 ERP is facilitated by a 

number of cortical and subcortical regions. For example, the frontal cortex, auditory 

cortex, thalamic cortices, and the hippocampal regions have all been recognized as 

contributing areas (Bak, Glenthoj, Rostrup, Larsson, & Oranje, 2011; Grunwald et al., 
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2003; Korzyukov et al., 2007; Krause, Hoffmann, & Hajós, 2003; Tregellas et al., 2007; 

Waldo et al., 1994). Specifically, research has supported a prominent role associated with 

the hippocampal regions. Post-mortem studies have demonstrated decreased hippocampal 

region volume in the schizophrenic brain while further research has demonstrated 

decreased functioning, thus supporting hippocampal dysfunction (Freedman & 

Goldowitz, 2010; Heckers, 2001). 	

The hippocampus consists of pyramidal neurons. These neurons respond to 

environmental sensory input. Their activation is regulated by γ-aminobutyric acid 

(GABA) -containing interneurons through excitability monitoring. In response to sensory 

input, depth recordings using the human brain (Goff, Williamson, Gilder, Allison, & 

Fisher, 1980) and single neuron recordings (Wilson, Babb, Halgren, Wang, & Crandall, 

1984) have documented hippocampal activation in the form of a positive response 

occurring 50 ms post-stimulus presentation and a habituation of this response. Using 

single neuron recordings in animals, pyramidal neurons in the CA3 region of the 

hippocampus have been identified as the source of the P50 ERP designed to index this 

habituation process (Bickford-Wimer et al., 1990; Flach et al., 1996; Moxon, Gerhardt, & 

Adler, 2003). These results are further bolstered by the evidence demonstrating that 

removal of the CA3 and CA4 hippocampal regions in rats results in the abolishment of 

the P20-N40 complex, the analog of the human P50 ERP (Nagamoto et al., 1990). 

Current theories have proposed that the final mechanism for P50 suppression involves 

some form of inhibition, perhaps modulated by the CA3-CA4 GABA containing 

interneuron, initiated by S1.  
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Efficacy of Antipsychotics in Treating Sensory Gating and Cognitive Deficits 

With their stability and strong predictive relationship to functional outcome, 

cognitive impairments have come to be viewed as a possible target for 

psychopharmacological treatments (Hyman & Fenton, 2003). Unfortunately, there are 

currently no approved pharmacologic or behavioral treatments for SZ’s cognitive deficits. 

Though antipsychotic drugs have demonstrated their efficacy in treating positive 

symptoms, currently they offer only marginal improvements for cognitive impairments 

and remain a controversial topic in current research. 

 First generation antipsychotics, also known as typical antipsychotics, are a class 

of high affinity D2 receptor antagonist drugs. These drugs can be classified into three 

groups based on their chemical structure: butyrophenomes (e.g., haloperidol), 

phenothiazines (e.g., chlorpromazine), and a heterogeneous third group. First generation 

antipsychotics have been shown to be effective in reducing positive symptoms and the 

risk of relapse. Approximately 30% of patients have little to no response to these drugs, 

while ~50% demonstrate only a partial response (Fleischhacker, 1995; Kane, 1989). The 

side effects associated with treatment using first generation antipsychotics are 

extrapyramidal symptoms (i.e., dystonia, akathisia, parkinsonism), hyperprolactinemia, 

and tardive dyskinesia due to the long term blockade of the dopaminergic pathways 

(Miyamoto et al., 2015). Currently, the only patients deemed suitable for treatment with 

first generation antipsychotics are those who have already demonstrated a history of good 

response to the medication and tolerable side effects.  

 Second generation antipsychotic medications are a class of drugs that lack an 

exact definition. The most common characteristic of this class of medication is a 
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prominent antagonistic effect on serotonin 5HT2A and D2 receptors (Hill, Bishop, 

Palumbo, & Sweeney, 2010). Contributing to their lack of exact definition is the fact that 

each second generation antipsychotic also has a unique receptor binding profile. 

Clozapine was the first second generation antipsychotic introduced and it demonstrated 

an increased efficacy in treating treatment-resistant SZ as well as reduced extrapyramidal 

side effects. The most prominent side effects associated with treatment with second 

generation antipsychotics are weight gain and glucose and lipid metabolism disruption 

(Lieberman et al., 2005; Miyamoto, Miyake, Jarskog, Fleischhacker, & Lieberman, 2012; 

Miyamoto, Duncan, Marx, & Lieberman, 2005).   

Evidence supporting the effectiveness of either generation of antipsychotic 

medication in treating cognitive deficits is clouded and controversial. A number of early 

studies had supported the therapeutic effects of second generation antipsychotics in the 

treatment of cognitive deficits associated with SZ (Keefe & Harvey, 2012; Rosenheck, 

Doyle, Leslie, & Fontana, 2003; Swartz et al., 2003). One meta-analysis which analyzed 

the effects of second generation antipsychotics on cognition suggested that risperidone 

and olanzapine improved cognitive performance with an effect size of .35 - .54 

depending on the cognitive measure (Harvey, Rabinowitz, Eerdekens, & Davidson, 2005; 

Keefe et al., 2004, 2006; Keefe, Silva, Perkins, & Lieberman, 1999; Kern et al., 2008). In 

another study which directly compared the effects of first generation antipsychotics and 

second generation antipsychotics clear improvements in learning and speed of processing 

were observed in relation to second generation antipsychotics (specifically haloperidol) 

(Woodward, Purdon, Meltzer, & Zald, 2007). Further research supported the relationship 

between treatment with second generation antipsychotics and cognitive benefits 
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associated with long-term memory (Thornton, Van Snellenberg, Sepehry, & Honer, 

2005). 

Critically, it has come to light that many of these studies were designed around 

methodologies with substantial limitations (e.g., small sample sizes, short duration of 

treatment, lack of inclusion of a comparator group, and inattention to relationship 

between cognitive improvement and symptom change) resulting in questionable results 

(Keefe & Harvey, 2012). Research has begun to support the possibility that many of the 

positive effects on cognition that have been observed were in fact misidentified due to 

experimental limitations. The results of the Clinical Antipsychotic Trials of Intervention 

Effectiveness (CATIE) study (Keefe et al., 2015; Swartz et al., 2003) offered a unique 

opportunity to clarify these disputed results. This study analyzed the differences between 

one first generation antipsychotic (perhenazine) and four second generation 

antipsychotics (olanzapine, quetiapine, risperidone, and zipradisone). With a sample of 

817 patients, randomly assigned to one of each of these treatments, there were no 

significant differences following two months of treatment. Though each of the treatment 

groups did show a small improvement in cognitive performance the magnitude of the 

effect was consistent with the practice effects established with the test battery utilized 

(Keefe & Harvey, 2012; Keefe et al., 2008).  

The European Union First Episode SZ Trial (EUFEST) is another large-scale 

study of relevance to this discussion. Using a sample of drug naïve first episode SZ 

patients, this study analyzed the effects of second-generation antipsychotic medication 

(i.e., haloperidol, amisalpride, olanzapine, quietiapine, and ziprasidone) (Kahn et al., 

2008). No differences in cognitive change were observed between the treatments though 
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a small effect similar to a practice effect was observed. Another interesting observation 

from the study was a strong correlation between clinical symptoms and cognitive 

performance. This relationship suggests that as clinical symptoms improve, there is an 

associated cognitive performance benefit. These results have been replicated in further 

studies which have shown that any short term effects of second generation antipsychotics 

on cognition do not remain significant when analyzed in the long term (Ayesa-Arriola et 

al., 2013; Keefe & Harvey, 2012; Van Putten, Marder, Wirshing, Aravagiri, & Chabert, 

1991). Overall, based on the research currently available, it is clear that the cognitive 

benefits associated with the use of current antipsychotic medications are minimal at best 

if not wholly attributable to another co-variable (i.e., practice effects, improvement of 

clinical symptoms). Further large-scale randomized studies using samples of patients 

with known medical history is required to clarify this controversial topic. Unfortunately, 

antipsychotic medication’s lack of efficacy in the treatment of cognitive deficits extends 

to those observed with sensory gating. Research has consistently shown that treatment 

with either first or second generation antipsychotics does not normalize the disrupted 

inhibitory process.  

One of the first studies analyzing the effects of first generation antipsychotics on 

sensory gating sought to observe the differences in sensory gating performance between a 

group of SZ patients medicated with first generation antipsychotics, a group of non-

medicated SZ patients, and a control group of healthy volunteers. The results of this study 

demonstrated that both SZ groups displayed significantly reduced sensory gating 

compared to the control group replicating the consistent deficit. In addition, no significant 

differences were observed between the treatment group and the non-medicated SZ group 
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(Freedman, Adler, Waldo, Pachtman, & Franks, 1983). These results have since been 

replicated. It was noted that patients who had been free from first generation 

antipsychotics for over 10 weeks were just as likely to exhibit sensory gating deficits as 

those currently being treated with the medication (Hong et al., 2009). Furthermore, P50 

indexed sensory gating was found to be uncorrelated with medication dosage. These 

results have since been replicated (Louchart-De La Chapelle et al., 2005). The 

observation that can be taken from this collection of studies is that P50 sensory gating 

performance appears to be independent of treatment with first generation antipsychotic 

medication status. This appears to be generalizable to a variety of patients at different 

stages in the course of the illness.  

Some studies have supported the efficacy of second generation antipsychotics in 

the treatment of P50 suppression deficits (Harvey & Keefe, 2001; Light et al., 2000) 

while others have not (Bramon et al., 2004; Hong et al., 2009). P50 suppression in 

patients being treated with clozapine, olanzapine and risperidone have been shown to be 

82.6%, 75% and 39.2% respectively (Light et al., 2000). While clozapine and olanzapine 

were able to normalize sensory gating performance in SZ patients, risperidone failed to 

normalize the deficit. Conversely, in a study conducted by Bramon et al. (2004), no 

significant effect of treatment with second generation antipsychotics were observed in 

relation to P50 indexed sensory gating when compared to treatment with first generation 

antipsychotics (Bramon et al., 2004; Hong et al., 2009). These results contrast those that 

have shown a beneficial effect and have been demonstrated in further studies. For 

example, in a study which sought to directly compare the effect of risperidone, 
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olanzapine, and quietiapine, no significant changes to P50 suppression were observed 

(Harvey & Keefe, 2001; Hong et al., 2009).  

Upon further analysis, it has become evident that not all second generation 

antipsychotics are equally effective in the treatment of sensory gating deficits. The 

mechanisms underlying these differences in treatment efficacy remain unclear though it 

has been suggested that affinity to 5-HT3 (5 – hydroxytryptamine 3) receptors and/or 

activation of nicotinic acetylcholine receptors (nAChRs) may mediate it (Koike et al., 

2005). For example, clozapine, as mentioned above, has been shown to have a beneficial 

effect on sensory gating (Harvey & Keefe, 2001; Light et al., 2000). Clozapine has a high 

affinity to the 5-HT3 receptors not present in other second generation antipsychotics such 

as risperidone (Leysen, Gommeren, & Schotte, 1996).  In addition, clozapine has been 

shown to increase acetylcholine levels in the rat brain possibly resulting in the activation 

of α7 nAChRs shown to be instrumental in the sensory gating process (Ichikawa, 2002). 

Further support for this theory demonstrates that the beneficial effects on sensory gating 

observed following clozapine administration in DBA/2 mice, an inbred mouse strain with 

genetic abnormalities resulting in the reduced expression of nAChRs, is blocked by the 

administration of α-bungarotoxin, an α7 antagonist (Simosky, Stevens, Adler, & 

Freedman, 2003).   

The first study demonstrating the effects of clozapine on sensory gating 

demonstrated that treatment with clozapine improved P50 indexed sensory gating even in 

patients who had been previously treated with another antipsychotic (Nagamoto et al., 

1999). Following one month of treatment, 6 out of the 10 participants demonstrated a 

clinical response to the medication with significantly improved P50 indexed sensory 
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gating. At a 15 month follow up, nine out of the ten patients demonstrated P50 indexed 

sensory gating in the normal range with a paralleled clinical improvement (Jacobsen et 

al., 2004; Nagamoto et al., 1996) Further studies comparing different antipsychotics have 

replicated these results (Becker et al., 2004; Harvey & Keefe, 2001; Hong et al., 2009; 

Light et al., 2000; Nagamoto et al., 1999) and found that treatment with clozapine versus 

other first generation antipsychotics results in a significantly lower sensory gating ratio 

(i.e., improved sensory gating). Light et al. (2000) conducted a meta-analysis comparing 

the effects of multiple second generation antipsychotics and found that the improvements 

observed were largely associated with treatment with clozapine. Following treatment 

with clozapine, Light and Geyer discovered that 62% of the patients demonstrated 

sensory gating performance within the normal range.  

Unfortunately, the beneficial effects of clozapine have come under question. 

Some of the limitations of these studies include the facts they relied on cross-sectional 

designs, sampled primarily treatment resistant SZ patients, and included patients with a 

variety of medication histories. Furthermore, in a follow-up study, the effect of clozapine 

was tested in a sample of medication naïve first episode SZ patients (Hong et al., 2009). 

The results of this study contradicted the previous results with no significant effects of 

clozapine.  

Overall, the effects of clozapine and the underlying mechanism facilitating the 

somewhat inconsistent benefits remain unclear, though likely associated with increased 

activity of the nAChRs (Hong et al., 2009). Although clozapine does seem to carry some 

hope for alleviating sensory gating deficits, it does not appear to be a widespread solution 

considering, coupled with the inconsistent results, clozapine has been shown to cause 
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serious side effects including agranulocytosis, a deadly condition involving a decrease in 

while blood cells. Clozapine currently is used primarily to treat patients who do not 

respond to any alternative antipsychotic medications with mandatory consistent white 

blood cell count monitoring.  

Novel Therapeutic Targets: The Nicotinic Acetylcholine Receptor System 

 The United States National Institute of Mental Health working with 

representatives from academia, the government, and the pharmaceutical industry recently 

developed the Measurement and Treatment Research to Improve Cognition in 

Schizophrenia (MATRICS) Project. The goal is to support the development of novel 

pharmacological approaches to improve upon cognitive impairments. The primary goal 

was to identify the core cognitive impairments associated with SZ, then to develop a 

standard test battery to homogenize the assessment of cognition in clinical trials. From 

this, the project identified seven primary domain endpoints (e.g., working memory, 

verbal learning and memory, visual learning and memory, attention and vigilance, 

reasoning and problem solving, speed of processing and social cognition) as well as 

developed composite scores to evaluate cognition-enhancing agents (Kern et al., 2008; 

Nuechterlein et al., 2008).  Another purpose of the MATRICS project was to identify 

promising molecular targets for the development of the procognitive drugs. A number of 

molecular targets were identified though the one most relevant to this study was the 

nicotinic acetylcholine receptors in the hippocampus (Buchanan et al., 2005, 2007).  

 NAChRs identified by the MATRICS project are integral to the proper 

functioning of both cognitive and sensory processes. Among these receptors, the α7 

nAChR subtype is the most studied and holds much promise as a therapeutic target. A 
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wide range of research has associated this receptor system with preclinical, 

neurobiological, clinical, and genetic evidence supporting their dysfunction within the 

schizophrenic brain and the pathophysiology of the disorder. There has been a significant 

movement in the SZ research field and the pharmaceutical industry to identify and 

develop effective α7 nAChR-targeting therapeutics with the aim of treating cognitive 

impairments, specifically sensory gating deficits. A number of novel compounds, ranging 

from partial agonists to positive allosteric modulators, have shown some promise, 

advancing to clinical development but very few have progressed to full approval in the 

treatment of cognitive deficits. 

 The relationship between cigarette use and SZ offers insight into the connection 

between the nAChR system and the disorder. SZ patients display a much higher 

prevalence of smoking habits compared to the general public (~60 – 86% vs. ~20%) (De 

Leon, Tracy, McCann, McGrory, & Diaz, 2002; Diwan, Castine, Pomerleau, Meador-

Woodruff, & Dalack, 1998; Hughes, Hatsukami, Mitchell, & Dahlgren, 1986; Kumari & 

Postma, 2005). This difference in cigarette use has been shown to be stable across 

cultures and remains when variables such as socioeconomic status, marital status, alcohol 

use, antipsychotic medication use, and institutionalization are accounted for (Kumari & 

Postma, 2005; McEvoy & Lindgren, 1996). In addition, SZ patients also have a higher 

average daily consumption of cigarettes, prefer cigarettes with higher nicotine content, 

and extract more nicotine from each cigarette (Kumari & Postma, 2005; Olincy, Young, 

& Freedman, 1997; Strand & Nybäck, 2005). 

 These phenomena have lead researchers to hypothesize on what motivates this 

consistent behaviour. A current hypothesis is that cigarette smoking offers a procognitive 
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effect thereafter labeling this hypothesis the self-medication hypothesis (Kumari & 

Postma, 2005). It has been suggested that the continued use of cigarettes and nicotine 

exposure can reduce the possible side effects associated with the use of antipsychotic 

medication, possibly enhance the therapeutic effects of antipsychotic medication, 

alleviate negative symptoms, and/or normalize cognitive deficits associated the improper 

functioning/expression of the nAChRs associated with SZ (Kumari & Postma, 2005).  

The pharmacological effects of nicotine, moderated by nAChR activation, are 

diverse and act upon a number of neurotransmitter systems in the brain (Gray et al., 

1994). It is likely though that the increased consumption of nicotine amongst SZ patients 

is an attempt to activate α7 nAChRs which are less sensitive to nicotine than other 

nicotinic receptors (Kumari & Postma, 2005). Nicotinic receptors subtypes are commonly 

distinguished by their unique combination of subunits. Each subtype is 

pharmacologically and functionally distinct with its own level of affinity and sensitivity 

to nicotinic agonists and antagonists (Kumari & Postma, 2005; Patrick et al., 1993; 

Sargent, 1993). The α7 nAChRs is composed of 5 α7 subunits (Kumari & Postma, 2005; 

McGehee & Lorna, 1995) and is most commonly found in the neocortex, thalamus, and 

hippocampus (Freedman, Wetmore, Stromberg, Leonard, & Olson, 1993; Rubboli et al., 

1994; Sugaya, Giacobini, & Chiappinelli, 1990). These receptors have been identified as 

critical to the inhibitory response necessary for effective sensory gating. Nicotine 

exposure, and subsequent activation of the α7 nAChRs, induces an increase in the release 

of glutamate. The release of glutamate results in the activation of the hippocampal CA3-

CA4 inhibitory interneurons. The culminating result of this interaction being the 
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suppression of the neuronal response to the presentation of a subsequent identical stimuli 

(Leonard et al., 1996).  

The Schizophrenic Brain: α7 nAChR Dysfunction and Sensory Gating Deficits 

 Although cholinergic circuits and signaling mediated by the high (nicotine) 

affinity α4β2 nAChR subtype are associated with information processing and sensory 

gating impairments in SZ (Berman, Talmage, & Role, 2007; Hong et al., 2011; Hyde & 

Crook, 2001; Radek, Kohlhaas, Rueter, & Mohler, 2010), the most studied has been the 

low affinity α7 receptor subtype. As discussed above, the mechanism underlying the 

sensory gating inhibitory process has been linked to the pyramidal neurons of the CA3 

region of the hippocampus. This inhibition relies on cholinergic stimulation which results 

in prolong bursts of activity in the interneurons. These bursts of activity result in the 

release of GABA, which subsequently activates the presynaptic GABAB receptors. When 

these receptors are activated, the release of glutamate, an excitatory neurotransmitter, is 

blocked. This results in the suppression of the CA3 pyramidal neurons response to the 

second identical stimuli. Evidence from preclinical, clinical, neurobiological, and genetic 

studies have supported a dysfunction associated with the α7 nAChR system in the 

pathophysiology of the gating deficit observed with SZ and supports this system as a 

potential target for therapeutic drugs aimed at the normalization of sensory gating 

(Buchanan & Schwarcz, 2011; Hajos, 2006; Hashimoto, Koike, Shimizu, & Iyo, 2005; 

Kohlhaas, Bitner, Gopalakrishnan, & Rueter, 2012; Leiser, Bowlby, Comery, & Dunlop, 

2009; Martin, Kem, & Freedman, 2004; Martin & Freedman, 2007; Olincy & Stevens, 

2007; Toyohara & Hashimoto, 2010) 
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Genetic Evidence. Genetic research has supported an association between the α7 

receptor function and sensory gating. In a genome-wide linkage analysis, P50 sensory 

gating deficit was genetically linked to the chromosome 15q14 locus of the CHRNA7 

gene (Myles-Worsley, Ord, Blailes, Ngiralmau, & Freedman, 2004). This gene is 

responsible for the expression of the α7 nAChR (Freedman et al., 1997). Furthermore, 

functional polymorphisms in the core promoter of the CHRNA7 have been genetically 

linked to SZ and the presence of sensory gating deficits (Houy et al., 2004; Leonard et al., 

2002). This relationship has also been demonstrated in unaffected family members (Houy 

et al., 2004; Leonard et al., 2002). An association between this region and SZ has been 

replicated in a number of studies (Gejman, Sanders, Badner, Cao, & Zhang, 2001; Liu et 

al., 2001; Markou, 2010; Tsuang et al., 2001). Individuals who have the less common 

alleles of CHRNA7 polymorphisms demonstrate significantly reduced sensory gating 

performance reflected in higher average P50 ratios (Freedman et al., 2003).  

These results have been replicated in animal models of sensory gating 

dysfunction. Animal models with genetic abnormalities in the analogue of the CHRNA7 

gene (acra7) also demonstrate a failure to suppress a response to a repeated auditory 

stimuli (Ichikawa, Dai, O’Laughlin, Fowler, & Meltzer, 2002). In these mice strains, 

P20/N40 complex inhibition is significantly associated with the expression of α7 

nAChRs in the hippocampus (Ichikawa et al., 2002). Poorer performance was found to be 

associated with polymorphism in the acra7 gene, analogous to the CHNRA7, which is 

responsible for the expression of α7 receptors in the hippocampus (Stitzel, Farnham, & 

Collins, 1996).  
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Neurobiological Evidence. In line with genetic evidence, post-mortem studies 

analyzing the schizophrenic brain have demonstrated that although expression of the α3, 

α4, and β2 nAChR subtype does not differ from healthy controls, the expression of the 

α7 subtype in the CA3 region of the hippocampus and the dentate gyrus is significantly 

reduced (~50) (Freedman, Hall, Adler, & Leonard, 1995; Leonard et al., 2000; Martin-

Ruiz et al., 2003; Winterer et al., 2013). This indicates a specific volume deficit of this 

subunit in the schizophrenic brain. In addition, the regulation of these receptors has been 

shown to be disrupted as well (Breese et al., 2000). In the healthy brain, nicotine 

administration up–regulates the nicotinic receptors, increasing nicotinic receptor binding, 

in the hippocampus, cingulate cortex, and the thalamus (Breese et al., 1997, 2000; Court 

et al., 1999; Freedman et al., 1995; Guan, Zhang, Blennow, & Nordberg, 1999; Marutle 

et al., 2001). SZ subjects conversely do not demonstrate the same regulatory response 

(Breese et al., 2000). SZ patients who are smokers demonstrate an overall reduction in 

the up-regulation response independent of the dosage level (Breese et al., 2000).  

Research has also demonstrated reduced CHRNA7 mRNA levels, the gene responsible 

for the expression of the α7 subtype receptor (De Luca, Likhodi, Van Tol, Kennedy, & 

Wong, 2006; Mexal et al., 2005), in the schizophrenic brain compared to a healthy 

control (Freedman et al., 2003). Furthermore, SZ patients have demonstrated elevated 

levels of antibodies to nAChRs in both blood and cerebrospinal fluid. This high level is 

associated with increased receptor loss through antigenic modulation (Bradley, Dwyer, 

Kemp, & Crews, 1980; Lindstrom, Seybold, Lennon, Whittingham, & Duane, 1976; 

Mukherjee et al., 1994).  
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Preclinical Evidence. The DBA/2 strain of inbred mice offers a useful animal 

model to understand the mechanism underlying sensory gating deficits. The DBA/2 

inbred mice strain has been shown to demonstrate a sensory gating deficit evident in a 

failure to suppress its P50 response to S2 in a paradigm analogous to the auditory click 

paradigm used with humans (Ichikawa et al., 2002; Olincy & Stevens, 2007). This deficit 

has been shown to correlate significantly with the level of α-bungarotoxin binding 

(Ichikawa et al., 2002). This suggests a facilitating role of α7 nAChRs. Furthermore, 

these mice have been shown to have a reduced expression of α7 nAChRs in the 

hippocampal region (Ichikawa et al., 2002) very similar to that observed in SZ patients 

(Freedman et al., 1995).  

The facilitating roles of α7 receptors in the gating deficit have been further 

supported in a number of pharmacological studies. For example, the administration of 

scopolamine (a muscarinic antagonist), mecamylamine (a high affinity NAChR 

antagonist), or K-bungarotoxin (a high affinity NAChR antagonist) had no effect on the 

P20-N40 index of inhibition. Conversely, the administration of α-bungarotoxin, d-

tubocurarine, or methyllycanonitine (all specific α7 receptor antagonists) significantly 

reduced the suppression of the P50 response to S2 (Ichikawa et al., 2002; Luntz-

Leybman, Bickford, & Freedman, 1992).  

These results have been replicated with ABT418, an α7 receptor agonist. The 

administration of this compound to sensory gating-deficient mice results in an increased 

P50 amplitude in response to S1 and a decreased P50 amplitude in response to S2. 

Furthermore, when this agonist was administered along with the α7 antagonist α-

bungarotoxin, the normalizing effects were blocked. Co-administration with 
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mecamylamine, and α4β2 antagonist, did not block the effects. These results together 

offer a strong foundation of support for the role of α7 receptors in mediating this sensory 

gating process (Stevens & Wear, 1997).  

Studies have also shown that this deficit is normalized following administration of 

an α7 agonist. The beneficial effects of acute nicotine administration (Olincy & Stevens, 

2007; Stevens & Wear, 1997) as well as nicotine’s ability in normalizing sensory gating 

deficits induced by amphetamine administration in rats (Stevens, Meltzer, & Rose, 1995) 

have also been shown.  Similar effects were observed following clozapine administration 

(Simosky et al., 2003). The ameliorating effects of clozapine seem to be facilitated 

through the selective decrease in the S2 P50 amplitude (similar to that observed with 

nicotine) (Simosky et al., 2003). Furthermore, adding to the evidence supporting a 

facilitating role of the α7 nAChRs system, this beneficial effect is blocked by the 

administration of α-bungarotoxin, a selective α7 antagonist. Administration of 

tropisetron, a 5-HT3 receptor agonist and a partial α7 NAChR agonist, normalizes 

deficient gating in DBA/2 mice (Hashimoto, Fujita, Ishima, Hagiwara, & Iyo, 2006; 

Hashimoto, Iyo, Freedman, & Stevens, 2005; Shiina et al., 2010). This beneficial effect 

was blocked by the co-administration of the methyllycaconitine, the selective α7 nAChR 

antagonist (Hashimoto, Iyo, et al., 2005). Finally, DMXB-A administration has been 

shown to selectively decrease P50 amplitude (Olincy, Harris, Johnson, Pender, Kongs, 

Allensworth, & Ellis, 2006).  

Clinical Evidence. Finally, a significant amount of clinical evidence has shown 

that nicotine has a beneficial effect on P50-indexed sensory gating in SZ (Adler, Hoffer, 

Wiser, & Freedman, 1993). Research has since shown that nicotine administration 
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enhances cognition and sensory gating in both smoker and non-smoker SZ patients 

(Adler et al., 1993). In addition, healthy, non-smoker volunteers have shown improved 

cognitive performance (i.e., attention, memory, executive function) following nicotine 

administration (Barr et al., 2008; Jacobsen et al., 2004; Potter, Summerfelt, Gold, & 

Buchanan, 2006; Smith et al., 2006). Acute exposure to nicotine has been shown to 

improve sensory gating in SZ patients, and their unaffected relatives (Adler, Hoffer, 

Griffith, Waldo, & Freedman, 1992; Adler & Hoffer, 1993). This effect is also evident in 

healthy individuals who display poor baseline sensory gating (Knott, Fisher, & Millar, 

2010a).  Conversely, acute nicotine administration reduces sensory gating performance in 

medium and high baseline suppressors (Knott et al., 2013). Nicotine is a non-selective 

agonist meaning it binds with many of the NAChR subtypes including the α7 NAChR 

subtype. Importantly, if nicotine is administered along with mecamylamine, a high 

affinity α4β2 NAChR antagonist, the normalization of the sensory gating process is still 

evident. This supports the mediation of this beneficial effect specifically through the α7 

nAChRs (Freedman et al., 1994).   

A similar pattern of effects has been observed with other drugs that have an 

affinity to the α7 nAChRs. Administration of tropisetron has been shown to improve P50 

indexed sensory gating deficits in SZ patients (Shiina et al., 2010). In addition, 

ondansetron, a 5-HT3 receptor antagonist (a receptor system which tonically inhibits the 

release of acetylcholine) has been shown to improve sensory gating deficits in a 

population of SZ patients being treated with first generation antipsychotics (Adler et al., 

2005; Sirota et al., 2000). The effects of ondansetron were shown to be mediated through 

the suppression of S2 P50 amplitudes that according to the literature is the main indicator 



CHOLINE	AND	SENSORY	GATING	DEFICITS	IN	SCHIZOPHRENIA	 26	

of sensory gating. Clozapine, a second generation antipsychotic, has been show to 

significantly affect P50 sensory gating ratios (Arango, Summerfelt, & Buchanan, 2003; 

Becker et al., 2004) though this effect seemed to affect S1 P50 amplitude as apposed to 

S2 P50 amplitude. Finally, DMXB-A, a partial agonist of the α7 nAChRs, increased P50 

indexed S2 suppression (Olincy, Harris, Johnson, Pender, Kongs, Allensworth, Ellis, et 

al., 2006).  

Novel Cholinergic Agents: Recent drug development efforts 

Despite the beneficial sensory gating effects associated with nicotine 

administration (Adler et al., 1992; Adler & Hoffer, 1993; Knott et al., 2010a; Luntz-

Leybman et al., 1992), it has several limitations as a therapeutic drug. Unfortunately, due 

to tachyphylaxis, the beneficial effects of nicotine are not long lasting. Approximately 30 

minutes following cigarette use, sensory gating deficits remerge (Olincy & Stevens, 

2007). A similar length of effect is evident with transdermal nicotine patches (Griffith et 

al., 1998).  

Nicotine quickly desensitizes the α7 nAChRs. Therefore, long-term sustained 

benefits are impossible. Nicotine is highly addictive and the health consequences of long-

term sustained exposure are not currently well understood. Furthermore, without 

continued exposure withdrawal symptoms are experienced (Olincy & Stevens, 2007). 

Although nicotine itself does not offer a useful therapeutic prospect, its actions on 

receptors systems support the development of NAChR targeted therapeutics. Recently, a 

number of α7 receptor targeted agonists have been developed as potential novel 

treatment strategies.  
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 DMXB-A. The selective α7 NAChR agonist 3-2,4-dimethoxybenzylidene 

anabaseine (DMXB-A) was developed as a possible adjunctive treatment for SZ related 

cognitive deficits.  Early studies have demonstrated that administration of DMXB-A to 

DBA/2 mice demonstrating a sensory gating deficit produced a dose-dependent effect on 

sensory gating by increasing S2 P50 response suppression (Stevens, Kem, Mahnir, & 

Freedman, 1998).  In a sample of SZ patients, DMXB-A was administered and shown to 

improve P50 indexed sensory gating (Olincy, Harris, Johnson, Pender, Kongs, 

Allensworth, & Ellis, 2006). DMXB-A appears to have a higher efficacy at lower doses 

compared to higher doses suggesting some tachyphylaxis though further research is 

required to specify optimal dosage.  

Tropisetron. As mentioned previously, tropisetron is a high affinity partial 

agonist of the α7 NAChR and a potent 5–HT3 receptor antagonist. Currently, it is 

primarily used as an antiemetic to treat nausea associated with chemotherapy and 

surgery. Recently though it has gained attention in SZ research as a possible treatment for 

sensory gating deficits. In an early study, tropisetron was administered to DBA/2 mice 

with auditory gating deficits and it was noted that it transiently normalized the deficit 

(Hashimoto, Iyo, et al., 2005). Administration of tropisetron was also observed to 

improve P50-indexed sensory gating ratios in SZ patients with high baseline ratios (i.e., 

poorer suppression) with four patients recovering to normal levels (Koike et al., 2005). 

Some patients with lower baseline P50 ratios (i.e., better suppression) did not show an 

improvement following administration (Koike et al., 2005). These results have been 

replicated since these studies in a sample of Japanese SZ patients (Hashimoto et al., 

2006) during an 8 week trial, an 18 week treatment with coadministration of risperidone, 
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and finally in a dosage study which demonstrated its effects did not vary between a 5 mg, 

10 mg, and 20 mg dosage (Shiina et al., 2010). The effects of tropisetron seem to be 

mediated by smoking status with non-smokers demonstrating a benefit and smokers 

demonstrating no effect significantly limiting its effectiveness as a large SZ patients 

demonstrated such a high prevalence of smoking (Koike et al., 2005). Though tropisetron 

offers hope for the treatment of sensory gating deficits, further research is required as it 

has yet to be formally approved for the treatment of SZ associated cognitive deficits.  

Ondansetron. Ondansetron, an antiemetic, is a serotonin 5-HT3 receptor 

antagonist commonly used following surgery, chemotherapy, and radiation therapy. 

Ondansetron increases acetylcholine via its 5-HT3 receptor antagonism. 5-HT3 receptors 

tonically inhibit the release of acetylcholine (Ramírez, Cenarruzabeitia, Lasheras, & Del 

Río, 1996). Some preliminary research has demonstrated that ondansetron can improve 

sensory gating in SZ patients. Two hours following acute administration, SZ patients 

demonstrated increased P50 indexed sensory gating (Adler et al., 2005). Ondansetron was 

administered to a sample of SZ patients medicated with first generation antipsychotics 

after which sensory gating was normalized (Sirota et al., 2000). Ondansetron not only 

facilitates the release of acetylcholine but a variety of neurotransmitters including 

norepinephrine and dopamine. The excessive release of these neurotransmitters have 

been shown to exacerbate psychotic symptoms and further disrupt sensory gating (Adler 

et al., 1990, 2005). Therefore, the beneficial effects of ondansetron may be dependent on 

the additional blockade of catecholaminergic systems to allow the stimulation of 

acetylcholine receptors to be therapeutic. Some of the previous findings may have only 

been evident due to the pattern of antipsychotic medication used in the sample. For 
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example in the study conducted by Sirota et al. (2000), the majority of patients were 

being treated with first generation antipsychotics (known to have catecholaminergic 

blocking characteristics). The single participant that was not currently medicated with a 

first generation antipsychotic (i.e., olanzapine) did not demonstrate sensory gating 

normalization. Ondansetron has yet to be formally approved for the treatment of SZ 

associated cognitive deficits.  

Evaluating CDP-Choline in the Treatment of Sensory Gating and Cognitive Deficits.  

 The development of α7 NAChR targeted therapeutics offers the opportunity to 

bolster both the efficacy of treating SZ associated sensory gating deficits as well as 

possibly improving the functional outcome of the disorder. Though progress has been 

made with the strategies mentioned above their lack of formal approval supports the 

analysis of further possible adjunctive treatment strategies. A novel candidate α7 NAChR 

agent is 5ʹ′-cytidine diphosphocholine otherwise known as CDP-Choline (citicoline) 

(Secades, 2011). The endogenous compound CDP-Choline is a key intermediate in the 

biosynthesis of phosphatidylcholine from Choline. CDP-Choline, administered either 

orally or intravenously has been approved in many countries (not yet Canada) as a 

treatment option for cerebrovascular and traumatic brain injuries (Secades, 2011). In 

addition, it has demonstrated tolerability as a treatment for the rehabilitation from 

chronic-ischemia-associated cognitive impairments (Secades, 2012), improvement of 

cerebrovascular disease, Alzheimer disease (Alvarez-Sabín & Román, 2011; García-

Cobos, Frank-García, Gutiérrez-Fernández, & Díez-Tejedor, 2010; Secades, 2011) and 

late-life cognitive impairments (Conant & Schauss, 2004; Fioravanti & Buckley, 2006; 

Saver, 2008). Citicoline’s efficacy in the treatment of these conditions has been attributed 
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to its action of increasing phosphatidylcholine synthesis that protects and repairs 

damaged cell membranes.  

 The specific mechanism through which CDP-Choline facilitates its effects is the 

selective activation of the α7 NAChR subtype. CDP-Choline when administered at the 

recommended dosage increases central choline by ~20% (Babb et al., 2002; Hong, 

Summerfelt, McMahon, Thaker, & Buchanan, 2004) through its hydrolization in the 

intestine and rapid absorption as choline and cytidine into the blood and brain (Tmax ~ 3 

– 5 hours) (Wurtman, Regan, Ulus, & Yu, 2000). Choline is an essential nutrient that acts 

as a precursor and metabolite of the neurotransmitter acetylcholine. In natural 

concentrations, choline acts as a full, selective α7 NAChR agonist compared to nicotine 

which activates both the low (α7) and High (α4β2) affinity NAChR subtypes (Alkondon 

& Albuquerque, 2006; Castner et al., 2011; Papke, Bencherif, & Lippiello, 1996; 

Uteshev, Meyer, & Papke, 2002). In addition, choline also seems to allow for faster 

receptor re-sensitization compared to nicotine. This is evidenced by faster elimination 

from the synapse and quicker clearance of evoked potentials (Konradsson-geuken et al., 

2009).  The natural levels of choline in the brain are low. Rapid dosing of high doses of 

choline may result in receptor desensitization, but low and slowly delivered choline 

levels have been shown to produce a steady α7 receptor activation (Castner et al., 2011; 

Papke et al., 1996).  

  Research has demonstrated that administration of N-methyl-D-aspartate (NMDA) 

- receptor antagonists can elicit transient SZ-like cognitive impairment in healthy 

volunteers. This evidence has supported the role of NMDA receptor hypofunction in the 

development of cognitive deficits in SZ (Harvey & Keefe, 1997; Kantrowitz & Javitt, 
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2010; Neill et al., 2010). In the hippocampus, NMDA receptors are diminished in the 

schizophrenic brain. These receptors are thought to play a primary role in activating the 

GABA inhibitory process, discussed earlier, mediating the P50 indexed sensory gating 

process (Law & Deakin, 2001; Pilowsky et al., 2006). In an attempt to explore the 

NMDA mechanism, Knott conducted a study to analyze the separate and combined 

effects of CDP-Choline (500 mg) and the NMDA antagonist ketamine. Using NMDA 

antagonism as a pharmacological model of psychosis, P50 indexed sensory gating was 

assessed in healthy volunteers. The results of this study are still in press but preliminary 

findings suggest that, whereas ketamine impaired sensory gating by reducing S2 P50 

response inhibition, co-administration of CDP-Choline with ketamine prevented the 

impairment (Knott, n.d.). This ameliorating effect afforded by the administration of CDP-

Choline may be due to its stimulation of the α7 receptors on the GABA interneurons or 

its ability to increase glutaminergic stimulation of the NMDA receptors on the inhibitory 

interneurons. The preliminary results of this study are supported by previous preclinical 

evidence using a rat model. In this study, the antagonistic effects of NMDA were 

antagonized by the co-administration of choline uptake enhancers (Shirayama, 

Yamamoto, Nishimura, Katayama, & Kawahara, 2007). This resulted in reduced 

cognitive deficits usually observed following NMDA antagonist administration.  

In animal models, doses of choline have shown procognitive activity similar to 

that observed in studies administering low doses of α7 NAChR agonist to non-human 

primates (Alkondon & Albuquerque, 2006; Castner et al., 2011; Papke et al., 1996; 

Uteshev et al., 2002). A particular study, whose findings are relevant to this proposal, 

analyzed choline supplementation’s effects on the in-bred DBA/2 strain of mouse 
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exhibiting deficits associated with P50 sensory gating and α7 receptor expression. 

Choline supplementation was observed to increase both P50 sensory gating and α7 

receptor expression in the hippocampus (Stevens, Adams, Mellott, Robbins, & Kisley, 

2008).  In support of these findings, preclinical evidence has shown that gestational 

choline deficiency produces P50 sensory gating deficits in adult offspring (Stevens, 

Adams, Yonchek, et al., 2008).  Finally, in a recent study human, infants were given 

choline supplements during the last two trimesters of pregnancy and during early infancy 

(Ross et al., 2013). Choline supplementation resulted in a lower rate (compares to 

placebo) of P50 indexed sensory gating deficits. In addition, the CHRNA7 genotype (the 

genotype responsible for nAChR expression and which is associated with SZ) correlated 

with a P50 indexed sensory gating in the placebo group but not the treatment group (Ross 

et al., 2013).  

Recent research evaluating the effects of CDP-Choline has focused on identifying 

its dose-dependent effects in relation to resting EEG, sensory gating, memory (as indexed 

by the mismatch negativity [MMN] ERP), voluntary attention as indexed by the P300a 

and P300b ERP components, and cognitive domains (e.g., verbal learning, processing 

speed, attention, working memory, and executive function). Recently, pharmaco-EEG 

was utilized to test the dosage at which CDP-Choline penetrates the brain (Knott, de la 

Salle, Smith, et al., 2015). This type of research analyzes spectral power changes in 

resting EEG frequencies to determine the optimal brain penetration dosage (Jobert et al., 

2012; Knott, 2000). This study utilized a double blind, randomized cross over design with 

acute 500 mg or 1000 mg administration of CDP-Choline. The participant sample 

consisted of 24 healthy non-smoker volunteers. The results demonstrated that in response 
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to 1000 mg of CDP-Choline (vs. placebo) delta power was reduced and alpha power 

increased. To a lesser extent, a similar pattern was observed with the 500 mg dosage. 

These reductions in slow-wave (delta) and increased fast wave (alpha) EEG activity is 

similar to the pharmaco-EEG profile commonly observed with acute nicotine 

administration (Domino, Ni, & Thompson, 2009; Knott, Bosman, Mahoney, Ilivitsky, & 

Quirt, 1999; Knott, 2001). 

In the same sample discussed above, sensory gating indexed by the P50 ERP was 

measured in response to both doses of CDP-Choline (Knott et al., 2014). The findings 

support a varied effect for CDP-Choline based on baseline gating ability. Individuals 

participating in this study were stratified to either a low or high baseline gating ability 

subgroup based on their placebo P50 ratio scores. Curiously, low suppressors exhibited a 

reduced P50 ratio (i.e., improved gating) in response to the 1000 mg dose of CDP-

Choline and to a lesser extent with the 500 mg dose (Knott et al., 2014). CDP-Choline’s 

effects on sensory gating were specifically mediated by the suppression of the P50 

response to S2 with both the 1000 mg dose and the 500 mg dose. These findings bolster 

the possibility that CDP-Choline may offer promise in the treatment of sensory gating 

deficits but that these effects will be dependent on the individual’s baseline sensory 

gating performance.  

Finally, preliminary findings have suggested that administration of CDP-Choline 

can have a beneficial effect on cognition. In a sample of healthy volunteers acute effects 

of CDP-Choline were analyzed on a number of cognitive domains (i.e., processing speed, 

working memory, executive function, verbal learning, and memory) (Knott, de la Salle, 

Choueiry, et al., 2015). These neurocognitive processes have been shown to be generally 
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deficient in SZ. The results of this study demonstrated a baseline performance and dosage 

dependent positive effect on processing speed, working memory, executive function, and 

verbal learning. Low baseline performers demonstrated a cognitive benefit associated 

with CDP-Choline administration. Conversely, participants demonstrating a medium or 

high baseline level of performance on cognitive tasks showed no benefit or in some cases 

(with high performers) performance impairment associated with administration. These 

results are line with previous findings demonstrating a distinct baseline dependent benefit 

associated nicotine administration. Further research has supported these findings. The 

Groton Maze Learning Task (Maruff et al., 2009) is used to measure executive function. 

Executive function has been demonstrated in the past to be sensitive to α7 receptor 

activation (Lieberman et al., 2013). As observed with the P50 indexed sensory gating, 

CDP-Choline’s effects on performance with the Gorton Maze Learning Task was 

dependent on baseline performance. Low performers demonstrated an improved 

performance (i.e., reduced errors: the primary index of GMLT performance) in response 

to CDP-Choline.  

Study Objectives 

 Altogether, the evidence supporting the role of α7 nAChRs in sensory gating 

deficits, the dysfunctional expression and regulation of these receptors in the 

schizophrenic brain, the preclinical and clinical evidence supporting the cognitive 

benefits of nicotine administration, the high prevalence of smoking amongst SZ patients, 

and the genetic evidence associating the α7 receptor gene as a risk factor for SZ, provide 

a solid foundation for research focusing on NAChR-targeted therapeutics for sensory and 

cognitive deficits associated with SZ (Buchanan & Schwarcz, 2011; Hashimoto, Koike, 
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et al., 2005; Kohlhaas et al., 2012; Leiser et al., 2009; Martin et al., 2004; Martin & 

Freedman, 2007; Olincy & Stevens, 2007; Toyohara & Hashimoto, 2010). Evidence from 

studies utilizing neuroimaging techniques have supported the existence of reduced 

choline levels in both medicated and non-medicated SZ patients (Jessen et al., 2006; 

Lutkenhoff et al., 2010; Yoo et al., 2009). Lower levels of choline have also been 

observed in relatives of patients and at risk-individuals (Jessen et al., 2006; Lutkenhoff et 

al., 2010; Yoo et al., 2009). This suggests the possibility that irregular levels of choline in 

the brain may serve as a trait marker of SZ risk as well as a disease state marker.  

CDP-choline’s dose-dependent ability to activate α7 nAChRs offers a novel 

method of targeting the NAChR system in the hopes of improving sensory gating. Its low 

toxicity profile, safety for long-term use, and demonstrated benefit to cognitive 

performance support the possibility that it may be a suitable add-on treatment aimed at 

the alleviation of SZ associated sensory gating deficits. Though the early evidence 

bolsters this likelihood (Frazier et al., 1998; Knott et al., 2014; Knott, de la Salle, 

Choueiry, et al., 2015; Knott, de la Salle, Smith, et al., 2015; Knott, Impey, et al., 2015; 

Miller & Freedman, 1995), further research is necessary given the variability in benefit 

demonstrated associated with the baseline gating performance of the individual. It is 

possible that, as observed in healthy volunteers, the benefits associated with CDP-

Choline in relation to sensory gating will only be observed in individuals demonstrating 

the most extreme S2 P50 amplitude suppression deficit.  

In addition, the positive cognitive effects observed in the healthy brain associated 

with CDP-Choline administration and cognitive performance bolsters the possibility of 

seeing a mirrored effect in SZ patients. It is possible though that the beneficial effects 
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may not be replicated in the diseased schizophrenic brain as varying circuits or 

neurotransmitter systems, possibly disrupted in the schizophrenic brain, may moderate 

the drug or dose effects (Barak & Weiner, 2011). Though overall treatment effects are 

possible it is also the case that CDP-Choline’s effects may be influenced by baseline 

sensory gating performance. The evaluation of both P50 indexed sensory gating and 

cognition afforded the present study the possibility of evaluating ratio P50 scores as a 

possible biomarker for the identification of individuals most likely to benefit from α7 

nAChR activation.  

Primary Objective. The P50-indexed sensory gating deficit is one of the most 

well researched phenomenon in SZ literature. It has been established as a translational 

endophenotype for SZ (Anokhin, Vedeniapin, Heath, Korzyukov, & Boutros, 2007) and 

has been demonstrated to have a significant relationship with functional outcome. In 

addition, its pathology is closely related to the healthy function of the α7 NAChR system 

and α7 gene status. As such, the primary objective of this study was to examine the acute 

dose-dependent effects of CDP-choline administration, a selective α7 agonist, on P50 

indexed sensory gating and whether it is moderated by baseline sensory gating ability.  

Secondary Objective. Deficits related to sensory gating have consistently been 

linked to reduced performance on attentional tasks (Potter et al., 2006; Smith et al., 

2010). In addition, CHRNA7, a gene responsible for α7 receptor expression, has been 

linked with working/episodic memory and executive function (Fernandes, Hoyle, 

Dempster, Schalkwyk, & Collier, 2006). Each of these domains, (i.e., attention, working 

memory, executive function) have been shown to improve following administration of a 

NAChR agonist (Leiser et al., 2009) and specifically CDP-Choline in healthy volunteers. 
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In light of this, the secondary objective of this study was to analyze the dose-dependent 

effects of CDP-choline on performance on seven cognitive domain tasks 

characteristically deficient in SZ. The evaluation of trait biomarkers for the identification 

of patients who will best respond to particular treatments increases the efficacy of 

treating the disorder. Therefore, in addition to analyzing the overall treatment effects of 

CDP-Choline on cognition we stratified our sample into subgroups based on their level of 

suppression (i.e., Normal Suppressors vs. Deficient Suppressors) in an effort to assess the 

use of ratio P50 scores as a biomarker for identifying SZ subgroups most likely to show 

treatment benefits associated with cognitive performance.  

 Hypotheses  

Primary Hypotheses. CDP-choline’s effect on α7 receptor activity has been 

shown in previous research to be dose-dependent. More sustained receptor activation has 

been observed with lower rather than higher choline levels. Thus we expect to see 

increased auditory gating (indexed by decreased P50 ratios and increased P50 difference 

scores) with smaller does of CDP-choline (< 2000 mg) and null or detrimental effects 

with the higher dose (2000 mg). Previous research has shown that these beneficial effects 

are dependent on baseline sensory gating performance with deficient suppressors 

showing improvements and normal suppressors showing null or detrimental effects. 

Therefore, we hypothesize that any beneficial effects observed in response to CDP-

Choline will be specific to the patients exhibiting a clear sensory gating deficit.  

Secondary Hypotheses.  CDP-choline’s effects on cognition will mirror those on 

sensory gating. Changes in cognitive performance will be dose and baseline sensory 

gating dependent with enhanced performance related to smaller doses of CDP-Choline (< 
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2000 mg) and null or detrimental effects associated with the higher dose (2000 mg). Also, 

given the association between sensory gating and attention, executive function, and 

working memory we hypothesize individuals demonstrating reduced sensory gating will 

demonstrate the greatest improvement in cognitive performance.  

Method 

Participants 

 Using G* power (version 3.0.9, 2008) software, power analysis determined that to 

obtain a power of 80% a total sample of 22 was required to detect significant drug 

effects. This is assuming a substantial within-subject correlation of 0.5 and a modest 

effect size (f = 0.25). This sample is similar to previous pharmacogenetic studies which 

have shown effects with total samples as small as N = 18. As dropout rates in these 

repeated measures, acute dose (singe dose) studies with patients in our lab are ~ 10%, I 

attempted to recruit a total sample of 24 patients. This sample size is generally consistent 

with human EEG psychopharmacological challenge studies in healthy populations. In the 

end, a sample of 23 patients was recruited for this study from the SZ Outpatient Program 

at the Royal Ottawa Mental Health Centre. Three participants dropped out of the study 

before completing the 4 sessions leaving the final sample size at 20. Both males (n = 18) 

and females (n = 2) between the ages of 18 – 65 were recruited. The mean age of the 

final sample was 42.85 (SE ± 2.72). All participants reported normal hearing, normal or 

corrected to normal vision, and were right-handed. Smokers and non-smokers were 

recruited with non-smoker being defined as those reporting having smoked less than 100 

cigarettes in their lifetime and no cigarette use over the past year. 
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For study participation, patients were required to meet the criteria outlined in the 

DSM-5 for the diagnosis of SZ, be clinically stable over the past 3 months, as assessed by 

Dr. Alain Labelle director of the Royal Ottawa SZ Outpatient Program with the Positive 

and Negative Symptom Scale (PANSS; see Appendix A), and have no changes in 

medication dosage in the preceding 4 weeks. The Structured Clinical Interview for DSM 

Disorders Clinical Version (SCID-CV, see Appendix B) was used to evaluate SZ 

diagnosis (First, Spitzer, Gibbon, & Browne, 1996) while the PANSS (Kay & Fiszbein, 

1987) was used to assess clinical symptoms. Patients were excluded if they meet the 

diagnosis requirements for a disorder other than SZ. This included a current or recent 

history of alcohol or substance abuse. Patients were also excluded if they demonstrated 

clinically significant medical illness (based on medical history), a recent head injury with 

loss of consciousness (< 6 months), a major learning disability, and/or a hearing 

impairment (audiometrically assessed at 100 Hz, 500 Hz, and 1000 Hz; all of the above 

were verified using an inclusion/exclusion criteria questionnaire; see Appendix C).  

All participants were required to sign an informed consent form (see Appendix D) 

prior to participation in the study, which was approved to the Research Ethics board of 

Carleton University and the Research Ethics Board of the Royal Ottawa Mental Health 

Center. Patients received $25.00 (CAD) for completion of the screening session and 

$50.00 (CAD) for each completed treatment session, totaling $225.00 (CAD) for 

completion of the whole study.  

Study Design 

Participants completed four test sessions and one screening session. The test 

sessions were organized in a randomized, double-blind, placebo-controlled, cross-over 
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design. A placebo and three doses of CDP-Choline (500 mg, 1000, mg, 2000 mg) were 

administered using a Latin Square design (4 randomization orders, with 6 participants per 

order in each group) allowing for the identification of any potential order effects. Test 

sessions were separated by a minimum of 7 days to allow for washout. This 

accommodated the relatively long half-life of CDP-Choline (~3.0 hrs).  

The rationale for using a within-subjects design versus a between-subjects design 

included reduction of variance attributable to between-subject effects, increased 

sensitivity to detect treatment effects, and reduced sample size requirements. The 

possible negative consequences of this type of design included practice effects, carry-

over, and order effects. We controlled for these issues by alternating the versions of 

cognitive assessment material used (CogState Schizophrenia Battery (CSB)), adhering to 

an appropriate inter-condition washout period, and randomizing the order of drug 

administration.  

Drug 

CDP-Choline. CDP-Choline was administered to participants orally in three 

doses: 500 mg (1 x 500 mg), 1000 mg (2 x 500 mg), and 2000 mg (4 x 500 mg). In 

previous studies clinically effective CDP-Choline has been administered orally and by 

injection with doses ranging from 500 to 4000 mg/day. Generally efficacy has not 

substantially improved beyond 2000 mg/day (Agut, Font, Sacristán, & Ortiz, 1983). 

When it is administered orally, it is absorbed almost completely with bioavailability 

being 92 – 94% and approximately the same as when administered intravenously (Agut et 

al., 1983).  Plasma CDP-Choline doses peak Tmax at 3 – 5 hrs (Wurtman et al., 2000). In 

studies with CDP-Choline administered over 12 months, it showed excellent tolerability 
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and safety with few transient (never severe) adverse effects (e.g., stomach pain, diarrhea) 

(Conant & Schauss, 2004; Fioravanti & Buckley, 2006; Saver, 2008).  

Placebo. Placebo (cellulose) was contained in capsules matched physically to the 

active drug capsules. A “double dummy” procedure was utilized with participants given 4 

capsules at each session so that both participants and the experimenters remained blind 

(e.g., 3 placebo capsules and 1 x 500 mg capsules will be given during the 500 mg CDP 

Choline test sessions).  

In order to maintain the double-blind, a research assistant from the Clinical 

Electrophysiology and Cognitive Research Laboratory at the Royal Ottawa Mental 

Health Center prepared all medications (packaging the drugs and completing the 

randomization). A second research assistant ran all testing sessions and dispense the 

medication to the patients.  

Study Procedure  

Screening Session. The session was conducted in the morning (beginning 

between 9:00 am – 11:00 am) and took ~ 2 hours for completion. Participants were 

required to abstain from drugs, medications (except those prescribed by their psychiatrist 

and/or physician), alcohol, caffeine, cigarettes, and food beginning at midnight of the 

previous day. Once patients arrived at the lab for their screening session, following 

procurement of informed consent, they completed an audiometric assessment, 

inclusion/exclusion criteria questionnaire, and the Psychotic Symptoms Rating Scales 

(PSYRATS; see Appendix E) (Haddock, McCarron, Tarrier, & Faragher, 1999). 

Following this, EEG electrodes were applied. This session was used to expose the 

participants to the ERP paradigm. Recordings were conducted in a dimly lit, sound-
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attenuated chamber. Participants were seated in a comfortable chair facing a computer 

monitor. During this session the participant was given a practice run on the cognitive test 

battery to reduce novelty effects. A lap desk was placed in front of them with a computer 

mouse. Instructions for each test were visually displayed on the computer screen as well 

as read out loud by the experimenter. Participants were instructed to make their responses 

as quickly and as accurately as possible. 

Test Sessions. Test sessions followed a similar procedure. Patients were required 

to abstain from drugs, medications (expect those prescribed by their psychiatrist and/or 

physician), alcohol, caffeine, cigarettes, and food beginning at midnight of the previous 

day. Once the patient arrived at the lab for the test session, they were given the 

randomized, double blind dose assigned to that session. Three hours were allowed for the 

dose to reach blood level (Tmax). During this time the patient was allowed to watch a 

movie and relax in the laboratory. Shortly before Tmax was reached EEG electrodes were 

applied. Afterwards, the test session began and P50 data was collected. During the 

completion of the P50 paradigm patients were instructed to view a muted movie with 

subtitles and to ignore the auditory stimuli presented.  Afterwards, cognitive testing was 

conducted using the CSB.. At the end of each test session, vital signs were assessed and a 

physical symptoms checklist was completed to assess adverse events (see Appendix F). 

No participants demonstrated any adverse events in response to CDP-Choline 

administration.  

Task Stimuli 

P50 Paradigm. P50 task stimuli were presented according to previously 

published methodology (Buchanan et al., 2011; Knott et al., 2011, 2010a). Testing was 
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completed in a closed sound-attenuated chamber. Patients sat upright in a comfortable 

position with their eyes open. They were instructed to remain as still as possible with a 

pair of headphones covering their ears. Once the patient was prepared, the paradigm 

began. During the completion of this paradigm patients were instructed to view a muted 

movie with subtitles and to ignore the auditory stimuli being presented through the 

headphones to the best of their abilities. The P50 paradigm consisted of 96 paired clicks 

inline with the necessary number of trials to insure significant reliability of P50 measures. 

The first click was denoted as S1 and the second was denoted as S2. Clicks were 

presented binaurally through headphones with intensity levels at 80 dB, inter-click 

interval at 500 ms, and inter-pair intervals at 10 s.  

CogState Schizophrenia Battery. Cognition was evaluated with computerized 

tests using the CSB. This battery of tests measures the 7 cognitive domains (i.e., 

processing speed, attention, working memory, visual learning, verbal learning, problem 

solving, and social cognition). The test paradigms used are the Identification Task (visual 

attention), the Detection Task (processing speed), the Groton Maze Learning Task 

(executive function), the International Shopping List Task (verbal learning & memory), 

the One Back Task (attention/working memory), the Two Back Task (attention/working 

memory), and the Social-Emotional Cognition Task (social cognition).  Use of the CSB 

for the measurement of cognitive domains nominated by the MATRICS project as the 

main targets for treatment development has been validated in a comparisons study (Lees 

et al., 2015). Medium to large correlations have been demonstrated between the CogState 

and MATRICS on measures of processing speed, attention, working memory, verbal 

learning, visual learning, problems solving, and social cognition (Lees et al., 2015; 
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Pietrzak et al., 2009). CogState test-retest reliability was also established though an initial 

practice session is suggested to ameliorate any practice effects (Lees et al., 2015).  

ERP Recordings 

 ERPs were derived with Ag+/AgCl electrodes placed at 16 scalp sites (F1, F2, Fz, 

C1, C2, Cz, P1, P2, Pz, O1, O2, Oz, Mastoid1, Mastoid2) referenced to the nose site. 

Additional electro-oculograph electrodes were placed around the orbital regions to 

monitor horizontal and vertical eye movements. All recordings were carefully monitored 

to verify that electrical impedances were maintained below 5K ohm. All recordings were 

obtained using a Brain Vision V-Amp® amplifier and analyzed offline with Brain Vision 

Recorder® software (Brain Products GmbH, Munich, Germany) as described in previous 

established research (Boutros et al., 2004). Bandpass filter setting for amplifiers were set 

to 0.1 – 100 Hz and digital sampling was 500 Hz.  

Epochs were segmented (150 ms total, 50 ms pre-stimulus onset). From these, 

P50 amplitudes were identified using a semi-automatic procedure. P50 peaks were 

identified as the second of two positive peaks in the post-stimulus latency range of 15 – 

80 ms as well as proceeding an earlier positive peak in the 15 – 40 ms range. The Cz 

scalp site was used primarily as it has been shown to be the best indicator of gating 

(Clementz, Blumenfeld, & Cobb, 1997) though other central scalp sites (C3 or C4) were 

used to verify P50 peak location. Further processing applied to the data included filtering 

(10 – 50 µV), ocular correction, artifact rejection and baseline correction. Selective 

averaging of the epochs was conducted for the creation of grand average waveforms. S2 

P50 response suppression was measured relative to S1 P50 amplitude using 2 methods: 

gating ratios (rP50: S2 P50/ S1 P50) and difference scores (dP50: S1 P50 – S2 P50).  P50 
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amplitudes, used to calculate ratio P50 scores, were measured relative to the participant’s 

pre-stimulus baseline. Peak to baseline measurements were utilized opposed to peak to 

trough measurements due to its associated greater reliability (Dalecki, 2015).  

Other Measures 

 In addition to all of the above-mentioned paradigms and questionnaires, blood 

pressure, heart rate, and self-reported adverse events were collected at the end of each 

session.  

Statistical Analysis 

All statistical analyses were performed using the Statistical Package for the Social 

Sciences software (SPSS, IBM Corporation). P50 endpoint measures were subjected to 

separate repeated-measures analysis of variance (ANOVA) with drug dosage (4 levels) as 

a within-subject factor. Planned comparisons were applied to reveal treatment effects 

relative to the placebo session. Additional ANOVAs were performed on measures related 

to the P50 ERP (i.e., S1 amplitude, S2 amplitude, S1 latency, and S2 latency). Given 

previous findings suggesting that CDP-Choline may exert baseline gating dependent 

effects and the variable nature of the symptomology of SZ, our sample was also stratified 

into two groups based on their baseline suppression. Using the rP50 scores (S2/S1) from 

the participant’s placebo session, the sample was stratified into two subgroups consisting 

of those participants demonstrating an rP50 score within the range commonly attributed 

to healthy individuals (n = 14) and those demonstrating an rP50 score indicative of 

deficient suppression (n = 6). Previous research has indicated a strong association 

between dP50 scores and the S1 P50 amplitude while rP50 scores show a stronger 

association with the S2 P50 amplitude (Chang, Arfken, Sangal, & Boutros, 2011). As the 
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primary purpose of this study is the analysis of sensory gating changes measured by S2 

P50 suppression, rP50 scores opposed to dP50 scores were used to stratify the sample. In 

a meta analysis analyzing rP50 characteristics in normal controls and schizophrenia 

patients mean rP50 scores were calculated using date from 84 studies (Patterson et al., 

2008). Mean p50 scores for the schizophrenia samples reported in this study ranged from 

.56 – 1.58 (M = .79, SD = .24) while the mean rP50 scores for normal controls ranged 

from .09 – .73 (M = .38, SD = .15). In line with these mean rP50 scores for the creation of 

suppression subgroups normal suppression was defined as a rP50 score below .70 and 

deficient suppression was defined as a rP50 score above .70. This cutoff is clinically 

relevant as it falls within 1 SD of the mean rP50 score attributed to schizophrenia patients 

and therefore is indicative of a sensory gating deficit. Each subgroup’s normally 

distributed suppression measures (i.e., rP50 & dP50) and P50 measures (i.e., S1 

amplitude, S2 amplitude, S1 latency, and S2 latency) were analyzed using a mixed design 

ANOVA. The between group factor was the baseline gating subgroups (2 levels: normal 

suppressors, deficient suppressors; based on rP0 placebo session scores) and the within 

subject factor consisted of the drug dosage (4 levels: Placebo, 500 mg, 1000 mg, 2000 

mg).  

All cognition data was uploaded to the CogState server. Outcome data for each 

cognitive task was calculated using the CogState custom software. All experimenters 

maintained the blind to the dose being administered at each test session throughout this 

process. CogState has identified primary outcome measures that optimally detect changes 

in cognitive performance in clinical trials. These measures, identified as primary 

measures, were used for the statistical analysis. Primary measures for each task are as 
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follows: Identification Task – log10 transformed average reaction speed, Detection Task 

– log10 transformed average reaction time, Groton Maze Learning Task – total errors, 

International Shopping List Task – Total correct responses, One Back Task – arcsine 

proportion of the correct responses, Two Back Task – arcsine proportion of the correct 

response, Social Emotional Cognition Task – arcsine square root of the proportion of 

correct responses. Acute effects of CDP-Choline on cognitive performance were also 

analyzed in separate repeated-measures ANOVAs with drug (4 levels) as a within-subject 

factor. Planned comparisons were applied to analyze any significant treatment effects 

relative to placebo.  To explore possible baseline gating dependent effects a mixed design 

ANOVA was conduced with the sample stratified by rP50 scores into normal suppressors 

and deficient suppressors. The between group factor again was the baseline gating 

subgroup (2 levels: normal suppressors, deficient suppressors) and the within subject 

factor consisted of the drug dosage (4 levels: Placebo, 500 mg, 1000 mg, 2000 mg). 

Finally, to explore possible relationships between changes in P50 indexed sensory gating 

performance and changes in cognitive domain performance, correlation analyses were 

conducted. Difference scores relative to placebo for each treatment level were calculated 

and analyzed using the Pearson correlation coefficient. Similar mixed ANOVAs were 

used to analyze blood pressure, heart rate, and adverse events data.  

Results 

Vital Signs and Adverse Events 

 No main, between group, or interaction effects were observed related to blood 

pressure and heart rate measures. No participants demonstrated serious adverse reactions 

to the doses of CDP-Choline. No patients were unable to complete a test session due to 
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adverse events associated with the treatments. No significant treatment or interaction 

effects were observed in relation to the self-reported adverse events data.  

Demographic and Psychometric Measures 

 Table 1 contains the average age, GAF, PANSS score (positive scale, negative 

scale, general psychopathology scale, and total score), and PSYRATS score of the 

sample as a whole and divided between the suppression subgroups. No significant 

differences between the groups were observed in relation to the above measures. A 

Pearson chi square analysis demonstrated that our two suppression subgroups did not 

differ significantly in smoking status or treatment with either a first or second-generation 

antipsychotic.  

 

Table 1. Mean (± SE) Demographic and Psychometric Scores for Whole Sample and 
Stratified as Normal Suppressors and Deficient Suppressors  

 
 

 
Demographic 

& 
Psychometric 

Measures 

 Total  
Sample 

Normal 
Suppressors 

Deficient 
Suppressors 

Age 42.85 (2.73) 42.00 (3.74) 44.83 (2.90) 
GAF 51.25 (3.06) 51.07 (2.85) 51.67 (8.33) 
PANSS Total 51.60 (2.19) 52.43 (2.23) 49.67 (5.44) 
Positive Scale 12.75 (.91) 13.50 (1.04) 11.00 (1.71) 
Negative Scale 13.20 (.91) 12.93 (1.01) 13.83 (2.02) 
General Scale 25.30 (1.08) 25.50 (1.25) 24.83 (2.33) 
PSYRATS 13.25 (3.07) 13.71 (3.41) 12 (6.97) 

Note. The Positive Scale, Negative Scale, and General Scale are all subscales of the 
PANSS; GAF: General Assessment of Function; PANSS: Positive and Negative 
Symptom Scale; PSYRATS: Psychotic Symptom Rating Scale 

 

CDP-Choline Effects on Sensory Gating  

Grand average placebo session S1 and S2 P50 ERP waveforms representing the 

whole sample and each subgroup (i.e., normal suppressors & deficient suppressors) are 
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shown in Figure 2. Mean (± SE) gating indices (rP50 and dP50), and stimuli amplitude 

(S1 and S2) for each subgroup at each CDP-Choline dose are displayed in Table  

Figure 2. Grand average waveforms representing P50 response to S1 and S2 during 

placebo session for the total sample of participants and for each gating stratification 

group (i.e., normal suppressors and deficient suppressor). The mean P50 response to S2 

in the deficient suppressor group failed to be significantly greater than the P50 response 

to S2 in the normal suppressor group (p = .052). 
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Table 2. Mean (± SE) Suppression Measures and Stimulus Measures at each CDP-
Choline dose for Total Sample and Stratified as Normal Suppressors and Deficient 
Suppressors Based on Placebo rP50 Scores.  

 Total Sample 
 Placebo 500 mg 1000 mg 2000 mg 
rP50  .50 (.06) .51 (.08) .47 (.12) .66 (.11) 
dP50 (µV) 1.36 (.25) 1.26 (.26) 1.35 (.28) .89 (.27) 
S1 Amplitude (µV) 2.57 (.33) 2.47 (.31) 2.60 (.32) 2.08 (.29) 
S2 Amplitude (µV) 1.22 (.19) 1.22 (.20) 1.24 (.17) 1.19 (.16) 

 Normal Suppressors 
rP50  .35 (.05) .59 (.08) .49 (.09) .61 (.16) 
dP50 (µV) 1.79 (.28) 1.05 (.27) 1.50 (.34) 1.00 (.37) 
S1 Amplitude (µV) 2.76 (.44) 2.39 (.38) 2.63 (.38) 1.98 (.40) 
S2 Amplitude (µV) .97 (.23) 1.34 (.25) 1.13 (.18) .98 (.19) 

 Deficient Suppressors 
rP50  .86 (.06) .34 (.17) .42 (.38) .77 (.12) 
dP50 (µV) .35 (.15) 1.75 (.56) .99 (.52) .64 (.28) 
S1 Amplitude (µV) 2.13 (.31) 2.66 (.51) 2.49 (.64) 2.30 (.30) 
S2 Amplitude (µV) 1.78 (.24) .91 (.30) 1.50 (.37) 1.66 (.19) 
Note. rP50: ratio P50  scores (S2/S1); dP50: difference P50 scores (S1-S2). 

 

P50 Suppression: Total Sample.  Analysis of the main treatment effects for the 

whole sample did not yield a significant effect. Planned comparisons were still analyzed. 

No significant differences where observed between the drug doses whether suppression 

was measures by ratio P50 scores or difference P50 scores.  

P50 Suppression: Stratified Sample. Significant group effects were observed, as 

expected with our intentional stratification method, between the normal suppressors and 

deficient suppressors using both rP50 scores (F (1,18) = 34.41, p < .001) and dP50 scores 

(F (1,18) = 10.34, p = .005) during placebo session. Figure 3 below displays the mean 

P50 ratio and difference scores for each suppressor group and drug dose. Suppression 

was shown to be significantly greater in the normal suppressor group (rP50: M = .35, SD 
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= .19, dP50: M = 1.79 µV, SD = 1.06) compared to the deficient suppressor group (rP50: 

M = .86, SD = .14, dP50: M = .35 µV, SD = .37) for both sensory gating measures.   

Treatment effects in relation to rP50 scores demonstrated variation based on 

suppression subgroup. Deficient suppressors exhibited a significant (p = .008) decrease in 

rP50 scores (improved sensory gating) in response to the 500 mg dose of CDP-Choline 

(placebo: M = .86, SD = .14; 500 mg CDP-choline: M = .34, SD = .41). The deficient 

suppressor group’s rP50 scores in response to the 1000 mg dose also showed gating 

improvement (M = .42, SD = .94) but did not reach significance (p = .095).  

Treatment effects when using dP50 scores demonstrated a similar baseline 

sensory gating dependent effect. The deficient suppressor group showed a significant 

increase (p = .021) in dP50 scores (improved sensory gating) in response to the 500 mg 

dose (placebo: M = .35 µV, SD = .37; 500 mg CDP-choline: M = 1.75 µV, SD = 1.38).  

The normal suppressor group demonstrated a significant (p = .007) reduction of dP50 

scores (decreased sensory gating) in response to the 2000 mg dose of CDP-Choline (M = 

1.00 µV, SD = 1.37).  
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Figure 3. Mean (± SE) P50 ratio (S2/S1) and difference (S1 –S2) scores recorded at the 

Cz scalp site for both suppressor groups in response to each CDP-Choline dose. * p < 

0.05. 
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P50 Amplitude: Total Sample. Analysis of main effects for the total sample did 

not demonstrate a significant main treatment effect. Planned comparisons were carried 

out. No significant treatment effects were observed for either the S1 or the S2 P50 

amplitude 

P50 Amplitude: Stratified Sample. Grand average waveforms representing the 

significant treatment effects on stimulus P50 amplitudes within each suppression 

subgroup are in Figure 4. No significant differences were observed between the 

suppressor groups in relation to S1 P50 amplitude at the placebo session while both 

groups came close to demonstrating a significant difference (F (1,18) = 4.31, p = .052; 

Normal Suppressor group, M = .97 µV, SD = .87; Deficient Suppressor Group, M = 1.78 

µV, SD = .58) from one another in relation to S2 P50 amplitude at the placebo session 

though it did not reach significance. Significant drug effects related to S1 P50 amplitude 

were only observed in the normal suppressor group. When compared to placebo, the 2000 

mg dose of CDP-Choline significantly (p = .002) reduced S1 P50 amplitude (Placebo: M 

= 2.76 µV, SD = 1.67, 2000 mg CDP-Choline: M = 2.39 µV, SD = 1.45; see Figure 4). 

No significant effects were observed in the deficient suppressor group in relation to S1 

P50 amplitude. Drug effects related to S2 P50 amplitude were observed in both 

suppressor groups. The deficient suppressor group demonstrated a significant (p = .016) 

reduction in S2 P50 amplitude when compared to placebo in response to the 500 mg dose 

of CDP-Choline (Placebo: M = 1.78 µV, SD = .58, 500 mg CDP-Choline: M = .91 µV, 

SD = .73; see Figure 5).  

P50 Latency. Statistical analysis of S1 and S2 P50 latencies did not result in any 

significant effects associated with stimulus, group, drug dosage, or interaction. 
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Figure 4. A) Grand average waveform representing the P50 amplitude difference in 

response to S1 for the normal suppressor group during their placebo and 2000 mg CDP-

Choline session. The 2000 mg dose of CDP-choline significantly reduced S1 amplitude 

compared to placebo (p = .002). B) Grand average waveform representing the P50 

amplitude difference in response to S2 for the deficient suppressor group during their 

placebo and 500 mg CDP-Choline session. The 500 mg dose of CDP-Choline 

significantly reduced the S2 amplitude compared to placebo (p = .016).  
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Figure 5. Mean (± SE) stimulus amplitude (S1 and S2) scores recorded at the Cz scalp 

site for both suppressor groups in response to each CDP-Choline treatment dose  *p < 

0.05
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CDP-Choline Effects on Cognition 

 Mean (± SE) scores for CogState cognitive measures for each treatment level are 

in Table 3.  

Cognition: Total Sample. Main effect analysis for each cognitive measure did 

not demonstrate any significant results. Planned comparisons were carried out. No 

significant treatment effects for each drug dose level relative to placebo were observed in 

relation to any of the cognitive measures.  

Cognition: Stratified Sample. Analysis of cognitive measures demonstrated a 

baseline dependent effect with the normal suppressor group demonstrating treatment 

effects. Cognitive measures were not systematically different between the suppressor 

groups during the placebo session. A significant (p = .049) decrease in performance was 

observed between the 2000 mg dose session and the placebo session in the normal 

suppressor group’s performance on the identification task measure of attention (Placebo: 

M = 2.72, SD = .08; 2000 mg CDP-Choline: M = 2.74, SD = .08). A significant effect 

was also observed in relation to the one back measure of working memory in the normal 

suppressor group. The 1000 mg dose of CDP-Choline was shown to significantly (p = 

.043) decrease performance in the normal suppressor group (Placebo: M = 1.22, SD = 

.16; 1000 mg CDP-Choline: M = 1.13, SD = .25). No other significant effects were 

observed.  
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Table 3. Mean (± SE) CogState Test Scores at Each CDP-Choline Dose for Total Sample 
and Stratified as Normal Suppressors and Deficient Suppressors Based on Placebo rP50 
Scores.  
  Total Sample 
  Placebo 500 mg 1000 mg 2000 mg 
Identification Task 2.73 (.02) 2.73 (.02) 2.73 (.02) 2.75 (.02) 
Detection Task 2.55 (.03) 2.56 (.03) 2.59 (.03) 2.58 (.03) 
Groton Maze 
Learning 

67.24 (6.95) 73.94 (7.69) 70.94 (6.72) 69.88 (8.78) 

Shopping List Task 30.00 (18.35) 19.53 (1.47) 18.00 (1.32) 17.52(1.55) 
One Back Task 1.21 (.04) 1.21 (.05) 1.15 (.05) 1.23 (.05) 
Two Back Task 1.12 (.04) 1.08 (.05) 1.07 (.05) 1.07 (.05) 
Social Emotion Task 1.00 (.05) 1.02 (.05) 1.01 (.05) 1.01 (.05) 
 Normal Suppressors 
Identification Task 2.71 (.02) 2.74 (.03) 2.71 (.02) 2.75 (.02) 
Detection Task 2.55 (.03) 2.57 (.03) 2.61 (.03) 2.60 (.03) 
Groton Maze 
Learning 

70.58 (9.43) 77.25 (10.09) 72.41 (8.61) 71.91 (11.50) 

Shopping List Task 18.08 (1.51) 19.25 (1.75) 17.50 (1.59) 16.75 (1.80) 
One Back Task 1.21 (.04) 1.22 (.05) 1.13 (.07) 1.24 (.05) 
Two Back Task 1.12 (.05) 1.06 (.06) 1.05 (.06) 1.03 (.06) 
Social Emotion Task .96 (.06) 1.01 (.06) .98 (.06) .98 (.06) 
 Deficient Suppressors 
Identification Task 2.76 (.05) 2.72 (.03) 2.75 (.03) 2.74 (.04) 
Detection Task 2.53 (.05) 2.51 (.04) 2.53 (.04) 2.52 (.03) 
Groton Maze 
Learning 

59.20 (6.79) 66.00 (10.42) 67.40 (11.00) 65.00 (12.91) 

Shopping List Task 19.00 (2.35) 20.20 (3.02) 19.20 (2.50) 19.40 (3.16) 
One Back Task 1.18 (.10) 1.20 (.10) 1.21 (.05) 1.21 (.10) 
Two Back Task 1.10 (.04) 1.11 (.08) 1.13 (.05) 1.14 (.10) 
Social Emotion Task 1.08 (.08) 1.04 (.08) 1.05 (.05) 1.05 (.05) 
 

Discussion 

 This study, to the best of my knowledge, is the first to examine the effects of 

CDP-Choline, a dietary choline supplement, on P50 indexed sensory gating and cognitive 

performance in chronic SZ patients. The results demonstrated a baseline and dose 

dependent effect of CDP-Choline on sensory gating measures and cognitive function. The 



CHOLINE	AND	SENSORY	GATING	DEFICITS	IN	SCHIZOPHRENIA	 58	

findings of this study not only offer insight about the possible treatment of sensory gating 

deficits commonly associated with SZ but also provide further support for the facilitating 

role of nAChR dysfunction in the expression of sensory gating deficits and the 

importance of individualized treatment development stemming from baseline ability for 

improved efficacy.  

Sensory Gating 

Despite the breadth for research supporting a SZ associated sensory gating deficit 

some studies have failed to replicate it (Arnfred et al., 2003; de Wilde et al., 2007; 

Domján et al., 2012; Light et al., 2012). When analyzed as a whole, our sample failed to 

demonstrate a mean P50 ratio score within 1 SD (24.3) of the common clinical average (~ 

79%) observed in patients with SZ (Patterson et al., 2008). When stratified though, our 

normal and deficient suppressor subgroups mimicked P50 ratio scores commonly 

associated with healthy controls (Fuerst et al., 2007) and clinical samples (Patterson et 

al., 2008), respectively. Significant differences were observed between the groups 

whether measured by rP50 or dP50. Furthermore, our deficient suppressor group 

demonstrated a sensory gating deficit specifically due to a reduced inhibitory response 

rather than an overall reduced excitability of the brain regions responsible for the sensory 

gating process. This reduced inhibitory response replicates the pattern of a suppression 

deficit commonly observed in SZ samples demonstrating a sensory gating deficit. 

 In line with the hypotheses, the deficient suppressor subgroup demonstrated 

improved sensory gating in response to the lowest (500 mg) dose of CDP-Choline while 

sensory gating was reduced in the normal suppressor group in response to the highest 

(2000 mg) dose. These results are inline with previous studies analyzing the effects of 
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selective α7 nAChR agonists and the broad spectrum agonist nicotine (Adler et al., 2005; 

Knott et al., 2013; Knott, Fisher, & Millar, 2010b; Koike et al., 2005; Olincy & Stevens, 

2007). Furthermore, these results parallel previous acute CDP-Choline dose studies using 

a sample of healthy volunteers (Knott et al., 2014). Each of these studies has supported an 

inverted U pattern of cognitive changes in response to nAChR stimulation (i.e., optimal 

effects are observed with low doses). The results of this study, the dual action of CDP-

Choline, mirror this inverted U shape pattern of effects through its increasing and 

decreasing sensory gating in deficient and normal suppressors, respectively.   It has been 

suggested before, and supported by our sample, that not all SZ patients demonstrate the 

same degree of sensory gating deficit with some demonstrating normal gating. These 

results support the selective treatment of SZ patients with α7 nAChR agonists as an add-

on treatment based on their baseline sensory gating ability with pro-sensory gating effects 

only associated with SZ patients exhibiting significant suppression deficits.  

It is likely that the mechanism underlying CDP-Choline’s normalization of the 

sensory gating deficit represents a selective increase of the inhibitory process necessary 

for successful sensory gating. Previous nAChR agonist studies have suggested that a 

selective decrease in S2 P50 amplitude is indicative of the selective increase of the α7 

interneuron-mediated inhibitory process (Frazier et al., 1998; Knott et al., 2014; Miller & 

Freedman, 1995). A similar selective increase in S2 P50 response suppression was 

demonstrated in our deficient suppressor group in response to the 500 mg dose of CDP-

Choline. An overall suppression of both the S1 and S2 P50 responses would suggest that 

the effects of CDP-Choline are being expressed through an overall decrease in the 

excitability of the regions associated with the sensory gating process (Simosky, Stevens, 
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Kem, & Freedman, 2001). Instead, the selective decrease of the S2 P50 response suggests 

that CDP-Choline is selectively increasing the inhibitory process involved in sensory 

gating.  

The dose dependent characterization of CDP-Choline’s effects may reflect the 

desensitization of the α7 nAChRs. Both the 500 mg and 1000 mg dose of CDP-Choline 

increased the suppression of the S2 P50 response in the deficient suppressor group 

though the 500 mg dose was the only one to reach significance. This reduced efficacy as 

dosage level increases could reflect a desensitization of the α7 nAChRs. Compared to the 

α4 β2 receptor subtype, the α7 nAChRs demonstrate slower receptor desensitization in 

response to sustained activation. It has been demonstrated though that higher and more 

sustained agonist concentrations do result in faster receptor desensitization (Hahn, Gold, 

& Buchanan, 2013) offering a possible explanation for the decreased benefit as dosage 

increases. Increased receptor desensitization could also explain the detrimental effects 

associated with the 2000 mg dose of CDP-choline in the normal suppressor group. Brain 

choline levels and receptor activation/expression are functioning at optimal levels 

resulting in the normal suppression of the S2 P50 response. As dosage levels increased 

receptor desensitization increased as well resulting in no suppression benefit but instead a 

consistent reduction in the suppression of the S2 P50 response with the 2000 mg dose 

reaching significance.  

Given the documented association between the sensory gating inhibitory process 

and the level of availability of the α7 nAChRs (Ichikawa et al., 2002) the baseline 

dependent variability in treatment effect may well represent underlying neural differences 

between the groups related to α7 nAChR expression and sensitivity. Genetic differences 
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between deficient and normal suppressors has been linked to the expression of the 

CHRNA7 promoter with deficient suppressors on average demonstrating a variant 

(Leonard et al., 2002). It should be noted though that this association has not always been 

replicated (Liu et al., 2013). In addition, base brain choline levels in the schizophrenic 

brain have been shown to be reduced (Kraguljac et al., 2012).  The genes responsible for 

the expression of the human choline transporter and its variations have been associated 

with cognition (Sarter & Parikh, 2005) and corticolimbic reactivity (Neumann et al., 

2006). Variability associated with this gene expression may underpin observed 

differences in baseline sensory gating performance and the individual’s response to α7 

nAChR agonist treatment.  

Cognition 

Research in the past has shown CDP-Choline to improve cognition in healthy 

individuals demonstrating relatively poor cognitive performance and to reduce cognitive 

performance in individuals demonstrating relatively normal performance. Significant 

improvements have been associated with lower doses (< 2000 mg) (Knott, de la Salle, 

Choueiry, et al., 2015). In addition, studies have demonstrated an association between 

sensory gating performance and attention dependent cognitive tasks. As such we 

hypothesized a baseline sensory gating performance dependent improvement (i.e., 

cognitive performance improvement in our deficient suppressor group) on cognitive tasks 

in response to the lower doses of CDP-Choline (i.e., 500 mg and 1000 mg). Notably, the 

results of this study do support a baseline dependent effect associated with α7 nAChR 

stimulation but do not replicate the same cognitive improvements observed in healthy 

volunteer relatively low cognitive performers. It is very possible that the lack of 
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improvements observed is directly related to our study being underpowered due to our 

small sample size. It is possible that we simply did not have the power to demonstrate a 

beneficial effect. Despite this possibility, we will attempt to offer a discussion of 

alternative explanations for the results we observed. .  

The results from our analysis suggest that treatment with CDP-Choline does not 

offer a benefit to cognitive performance in SZ patients. In a sample of healthy volunteers 

demonstrating relatively low cognitive performance, improvements associated with 

processing speed, working memory, executive function, verbal learning and memory 

were observed (Knott, de la Salle, Choueiry, et al., 2015). The results of our study did not 

replicate the same cognitive performance improvements. Instead, the only treatment 

effects reaching significance demonstrated a reduction in cognitive performance in the 

normal suppressor group in relation to the measures of attention (Identification Task) and 

attention/working memory (One Back Task). The heterogeneous nature of SZ’s 

symptomology in relation to cognitive deficits has been demonstrated previously (Keri & 

Janka, 2004). Not all SZ patients demonstrate the same level of cognitive deficits. A 

possible explanation for the lack of observed cognitive improvements could relate to the 

fact that our sample of SZ patients did not consistently demonstrate cognitive task 

performance in the range of scores commonly associated with SZ patients (Pietrzak et al., 

2009). Consistently, benefits associated with CDP-Choline treatment have been evident 

only with poor baseline cognitive performers. It is possible that our sample represented 

an unconventionally high sample of cognitive performers, which prevented a CDP-

Choline associated benefits from being observed. With a larger SZ sample of verified low 

cognitive performers it is possible CDP-Choline might have a significant benefit.  
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Previous studies analyzing both CDP-Choline and other α7 nAChR agonists have 

demonstrated a dose dependent effect. Studies specifically analyzing CDP-Choline 

demonstrated a varied dose dependent effect with certain cognitive domains showing 

maximal benefit in response to the 500 mg dose and others the 1000 mg dose (Knott, de 

la Salle, Choueiry, et al., 2015). Other α7 nAChRs agonists have shown lasting benefits 

in response to ultra low doses in animal models (Buchanan & Schwarcz, 2011). It is 

possible that the analysis of CDP-Choline’s treatment effect at an ultra low dose may 

reveal beneficial effects not produced at the dosage levels analyzed in this study.  

The baseline dependent treatment effects observed may be moderated by the 

availability/expression of the α7 nAChRs. Since the only significant effects observed 

were in the normal suppressor group, the increase of choline levels in the brain are 

possibly reducing the functioning of an already optimal α7 nAChR system. The increased 

choline concentrations may lead to faster receptor desensitization resulting in reduced 

performance in cognitive domains associated with α7 nAChR function (Hahn et al., 

2013). Choline administration has also been shown to affect the dopamine and 

norepinephrine neurotransmitter systems (Secades, 2011). Therefor, it is also possible 

that the reduced cognitive performance associated with the 2000 mg dose of CDP-

Choline is being facilitated by associated changes in these neurotransmitter systems and 

not specifically the α7 nAChR system.  

In implementing our stratification method based on P50 ratio scores, we 

attempted to analyze whether or not ratio scores could be used to identify individuals who 

would be more likely to demonstrate cognitive benefits associated with CDP-Choline 

treatment. It is important to note that this stratification method failed to identify 
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significant differences between the suppressor groups at placebo for any of the cognition 

measures. Therefore, the lack of beneficial effects observed in relation to CDP-Choline 

treatment could reflect our stratification method’s inability to identify the low cognitive 

performers. Despite the previous studies which have demonstrated an association 

between attention and sensory gating performance (Potter et al., 2006; Smith et al., 2010) 

our results suggested no such association. Further analysis of the effects of CDP-Choline 

on cognition in a sample of SZ patients stratified based on their cognitive performance on 

each task could reveal alternative results with low cognitive performers demonstrating an 

improvement.  

Limitations 

 This study’s design contained many strengths including the use of blinded, 

randomized treatment administrations, the use of multiple dosage levels to identify dose 

dependent effects, the inclusion of both smokers and non smokers, and the use of a cross 

over repeated measure design. However, certain limitations were evident. Power analysis 

suggested that our necessary sample size equaled 22 participants. Unfortunately, due to 

the nature of clinical studies we struggled to reach this number of participants resulting in 

a final sample size somewhat less than optimal. This may have resulted in a reduction in 

power. Though the inclusion of both males and females allowed for increased 

generalizability of the study’s results this may have introduced potential variance 

associated with the menstrual cycle.  The inclusion of smokers increases the 

generalizability of the results but may have limited our ability to specifically attribute 

positive changes to treatment with CDP-Choline. Treatment benefits with a nAChR 

agonist could be interpreted as a reversal of nicotine withdrawal-induced cognitive 



CHOLINE	AND	SENSORY	GATING	DEFICITS	IN	SCHIZOPHRENIA	 65	

impairment in SZ smokers. Control for treatment with medications exerting an 

anticholinergic effect was also not implemented. The inclusion of participants currently 

being treated with medications that interact with the cholinergic system may have limited 

the treatment effects we observed. It is possible that we would observe greater benefits in 

an unmedicated sample, though ethical and practical issues stand in the way of this. An 

alternative would be testing a younger sample of patients diagnosed with First Episode 

Schizophrenia (FES). This would limit the samples exposure to confounding medications 

and possibly increase treatment effects. Though this study incorporated multiple CDP-

Choline doses ranging from low to high, allowing for the analysis of dosage dependent 

effects, the effects of more extreme doses were not analyzed. Animal studies utilizing α7 

nAChR agonists have demonstrated long lasting benefits at ultra low doses. It is possible 

similar sustained beneficial treatment effects could have been observed in response to an 

ultra low does (e.g., 250 mg) in SZ patients (Buchanan & Schwarcz, 2011). CDP-Choline 

increases citicoline levels within the brain. Citicoline has been shown to exert a number 

of effects throughout the brain including an increase in the biosynthesis of phospholipids, 

an increase in brain metabolism, and the increase in levels of dopamine and 

norepinephrine (Secades, 2011). Since our study did not measure these changes it is 

possible that the beneficial effects observed were moderated or influenced by changes to 

these brain functions and/or neurotransmitter systems. Stratification of our sample was 

carried out based on P50 ratio scores recorded at the placebo session. This session’s data 

was included in the statistical analysis and therefor may have contributed to a ‘regression 

to the mean’ effect though this possibility is lessened by the fact that the placebo session 

was equally distributed throughout the four sessions. In the future, a drug free and 
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placebo free session may be incorporated at the beginning of testing to assess P50 ratio 

scores purely for stratification purposes and not to be included in the analysis. 

To build upon the current findings future research should seek to analyze certain 

variables not incorporated into this study. The analysis of treatment benefits in relation to 

such patient characteristics as disease duration, disease onset, symptom severity and 

expression would allow for the possible identification of a further heterogeneous sample 

of SZ patients who are most likely to beneficially respond to an α7 nAChR agonists add 

on treatment. This study analyzed the acute effects of CDP-Choline on sensory gating 

and cognition. Since all sessions were spaced out by 7 days the effects of repeated dosing 

were without allowing for washout was not identified. This would have allowed for the 

analysis of receptor desensitization to observe whether or not benefits are sustained over 

time. This is an essential next step in the examination of CDP-Choline as a novel therapy 

candidate as other nAChR agonists have failed to demonstrate sustained benefits 

following continuous treatment (e.g., nicotine, following long-term exposure, reduces 

sensory gating) (Brinkmeyer et al., 2011).  Finally, the possible contribution of neural 

plasticity could be analyzed by comparing the current effect of CDP-Choline in a chronic 

SZ sample to a sample of FES patients. It is possible that younger patients demonstrating 

greater neural plasticity may demonstrate greater and more sustained benefits associated 

with CDP-Choline treatment.  

Conclusions 

 The MATRICS project has identified the α7 nAChRs as a possible target with 

great potential for the treatment of sensory and cognitive impairments in SZ. The 

neurophysiological findings of this study support previous neurobiological, pre-clinical, 
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and clinical evidence that has suggested that α7 nAChR activation offers beneficial 

effects to sensory gating dysfunction associated with SZ (Freedman, 2014). The 

observation that low doses (500 mg) of CDP-Choline improved sensory gating in the 

patient sample demonstrating deficient suppression of the S2 P50 response supports the 

use of dietary choline as a treatment strategy, the targeting of the α7 nAChRs, and the use 

of rP50 as a marker to identify individuals who demonstrate the most CDP-Choline 

treatment benefit in relation to sensory gating performance. CDP-Choline may offer a 

novel treatment strategy for the alleviation of sensory gating deficits in a SZ subgroup 

that demonstrates deficient suppression of the S2 P50 response. The lack of beneficial 

effect associated with cognitive deficits observed in this study suggests that P50 

suppression scores may not offer an effective means of identifying a homogenous SZ 

subgroup that would likely demonstrate cognitive domain improvements in response to 

choline administration. Despite this, further studies are necessary to identify the dose and 

possibly baseline cognitive performance dependent effects of CDP-Choline on varying 

cognitive domains. Further studies are also necessary to examine whether chronic 

administration of CDP-Choline will result in sustained sensory gating and cognitive 

improvements to verify its effectiveness as a clinically meaningful add-on treatment 

strategy targeting for SZ.
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