
Targeting neuronal dysfunction in schizophrenia with nicotine: 
Evidence from neurophysiology to neuroimaging

Jason Smucny1 and Jason R Tregellas1,2

1Department of Psychiatry, University of Colorado Anschutz Medical Campus, Aurora, CO, USA

2Research Service, Denver VA Medical Center, Denver, CO, USA

Abstract

Patients with schizophrenia self-administer nicotine at rates higher than is self-administered for 

any other psychiatric illness. Although the reasons are unclear, one hypothesis suggests that 

nicotine is a form of ‘self-medication’ in order to restore normal levels of nicotinic signaling and 

target abnormalities in neuronal function associated with cognitive processes. This brief review 

discusses evidence from neurophysiological and neuroimaging studies in schizophrenia patients 

that nicotinic agonists may effectively target dysfunctional neuronal circuits in the illness. 

Evidence suggests that nicotine significantly modulates a number of these circuits, although 

relatively few studies have used modern neuroimaging techniques (e.g. functional magnetic 

resonance imaging (fMRI)) to examine the effects of nicotinic drugs on disease-related 

neurobiology. The neuronal effects of nicotine and other nicotinic agonists in schizophrenia 

remain a priority for psychiatry research.
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Introduction

According to a 2005 meta-analysis, patients with schizophrenia are over five times as likely 

to be cigarette smokers than the general population, with over 70% of male patients and 40% 

of female patients being smokers (de Leon and Diaz, 2005). Smoking prevalence is also 

higher in schizophrenia than any other psychiatric disease (George and Krystal, 2000). 

Furthermore, patients ingest more nicotine per cigarette (Olincy et al., 1997) and smoke 

more cigarettes per day (Olincy et al., 1997) than otherwise healthy smokers.

Researchers have yet to reach a consensus as to why schizophrenia patients smoke at higher 

rates than other populations. Among the hypotheses put forth are to improve cognition, 
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relieve anxiety or withdrawal, relieve boredom, reluctance on the part of clinicians to 

encourage cessation for the aforementioned reasons, various psychosocial factors (e.g. 

socioeconomic disadvantage), and/or poor access to cessation support programs (Winterer, 

2010; Ziedonis et al., 2008). Although these viewpoints are supported by patient 

questionnaires (Barr et al., 2008a; Herran et al., 2000), they are unlikely to fully explain the 

disproportionate percentage of schizophrenia patients who smoke relative to other 

populations. A hypothesis that has gained substantial traction in the previous two decades is 

that nicotinic receptor signaling is fundamentally decreased in the illness, and that patients 

are using the most readily available method for pharmacologically targeting this system in 

an attempt to restore signaling to appropriate levels. Indeed, in addition to acute effects of 

the drug, chronic nicotine is associated with increased nicotinic receptor expression in 

patients (Esterlis et al., 2014; Mexal et al., 2010). Smoking, therefore, may be a way for 

patients to ‘self-medicate’ a pharmacologic deficit.

It should be noted that the ‘self-medication’ hypothesis in the context of this review does not 

necessarily imply improvement of positive or negative symptomatology. Indeed, evidence 

for these effects in the illness is highly inconclusive (Aguilar et al., 2005; Kumari and 

Postma, 2005). Rather, by ‘self-medication’ we specifically refer to physiological and 

functional abnormalities in neuronal processes (including cognitive processes). Evidence for 

this hypothesis is discussed in the proceeding sections following an introduction to the 

pharmacology of nicotinic receptors.

Neuropharmacology of nicotinic receptors

Neuronal nicotinic receptors are ionotropic, ligand-gated channels that consist of 

heteromeric or homomeric arrangements of five α (α2–α10) and/or β (β2–β4) subunits 

(Iversen, 2009). The most ubiquitous arrangements in the central nervous system are the 

α4β2 and α7 (homomeric) subtypes (Iversen, 2009). Ligand-gated activation of a nicotinic 

receptor enables positively charged ions to diffuse across their concentration into the neuron, 

leading to depolarization. This depolarizing current is specifically carried by an influx of 

sodium through the α4β2 receptor subtype, and an influx of calcium through the α7 receptor 

subtype (Role, 1992). Furthermore, calcium influx through presynaptic α7 receptors 

activates second-messenger systems that can induce the release of neurotransmitters into the 

synaptic cleft (Wonnacott et al., 2006). The diversity of nicotinic receptors allows for 

considerable variation in affinity and consequently, differential targeting by pharmacologic 

compounds. For example, nicotine, the exogenous direct agonist found in tobacco products, 

binds with high (nM) affinity to the α4β2 receptor and 100 to 1000-fold lower affinity to the 

α7 receptor (Le Houezec, 1998).

Nicotinic receptor subtypes display a variety of regional, cell-specific, and subcellular 

localizations that convey functional specialization. Brain regions of relatively high 

expression include the cingulate cortex, hippocampus, insula, and subcortical areas, 

depending on receptor subtype (reviewed by Paterson and Nordberg (2000)). Nicotinic 

receptors are expressed in both excitatory cells and inhibitory interneurons, where they exert 

localized control over activity and influence oscillatory firing patterns and synchronization 

across neuronal populations over a range of frequencies. To varying degrees and depending 
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on subtype, receptors may be situated on dendritic arbors, cell bodies, and/or pre/

postsynaptic terminals. Nicotinic receptors are thus situated to influence neuronal input and 

output, and affect brain response on a global and local scale (Picciotto et al., 2012).

Nicotinic receptors in schizophrenia

Multiple lines of evidence suggest that nicotinic cholinergic signaling is fundamentally 

altered in schizophrenia. Single nucleotide polymorphisms (SNPs) in the 5’ upstream 

regulatory region of the α7 nicotinic receptor gene are associated with reduced expression of 

α7 receptors and increased risk for schizophrenia (Freedman et al., 2001; Gault et al., 2003; 

Leonard and Freedman, 2006; Sinkus et al., 2009; Stephens et al., 2009). Decreased 

postmortem α7 receptor expression has been observed in schizophrenia in the hippocampus, 

thalamus and cingulate cortex, among other areas (Freedman et al., 1995). As the α7 

receptor is primarily expressed on interneurons but not pyramidal cells in the adult 

hippocampus, loss of these receptors is hypothesized to predominantly affect inhibitory 

neuronal function (Frazier et al., 1998).

The other prominent nicotinic receptor subtype, the α4β2 receptor, is also implicated in 

schizophrenia. Loss of α4β2 expression has been observed in the illness in a postmortem 

study (Breese et al., 2000) and in vivo (D’Souza et al., 2012; Esterlis et al., 2014). Genes 

that control the expression of α4 and β2 subunits (the CHRNA4 and CHRNB2 genes) are in 

linked in combination to schizophrenia (De Luca et al., 2006). A SNP in the CHRNA4 has 

also been linked to heavy smoking in the disease (Voineskos et al., 2007).

Although genetic factors account for a substantial (>50%) proportion of the risk for 

schizophrenia (Gottesman and Shields, 1967) and significantly influence receptor 

expression, environmental factors play an important role as well. For example, prenatal 

stress, whether brought about by maternal physical factors (e.g. infection, famine) or mental 

illness (e.g. depression) is associated with high risk for schizophrenia in offspring (Brown 

and Derkits, 2010; Fine et al., 2014; Susser et al., 1996). Related to this review, one potential 

effect of stress during pregnancy is that it causes sequestration of choline in the stressed 

mother, which prevents adequate levels of the acetylcholine precursor from reaching the 

fetal brain during development (Freedman and Ross, 2015). Although the effects of stress on 

nicotinic receptor levels in humans are unknown, restraint stress in pregnant mothers has 

been shown to reduce α7 receptor expression in the cortex and hippocampus in their 

newborn pups (Baier et al., 2015). The potential applications of dietary-based interventions 

in the treatment and/or prevention of schizophrenia are currently being investigated or 

considered (Freedman, 2014; Freedman and Ross, 2015; Kimhy et al., 2015).

Nicotine targets P50 gating deficits in schizophrenia

Schizophrenia, with its tripartite symptomatology (positive, negative, and cognitive 

symptoms), is an extraordinarily complex disease. It is not surprising, therefore, that no 

single gene has been discovered that can account for all of its symptoms on a 

pharmacological, cellular, circuit, or neuronal systems level. In the search for genetic 

influences, therefore, researchers have turned towards discovering endophenotypes, or stable 
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phenotypes with clear genetic influences. A primary aim of this research is to identify 

associations between genes that may influence expression of proteins that can in turn disrupt 

simple neuronal circuits associated with electrophysiological abnormalities in the illness.

A prominent example of this approach is the development of P50 gating as a nicotinic 

receptor-associated endophenotype for schizophrenia. The study of P50 gating impairment 

in schizophrenia has its origins from work in the 1960s by McGhie and Chapman (1961) as 

well as Venables (1964), who published extensive patient case reports of perceptual 

abnormalities. Many of these reports described a ‘hypervigilant’ state in which patients were 

unable to ignore persistent distracting noises in the environment. As a result, patients found 

it hard to concentrate on any one stimulus in a noisy environment, such as the voice of a 

single person in a bustling crowd. Hypervigilance was later hypothesized to play a role in 

the emergence of positive symptoms. For example, increased salience of the sounds of 

squealing tires may cause the noises to be reinterpreted as a screaming baby (Freedman et 

al., 1991).

The hypervigilant state found in schizophrenia led Adler et al. (1982) to postulate that 

patients may show a deficit in the ability of the brain to physiologically decrease, or ‘gate’, 

its response to repeated stimuli. This brain response is postulated to play a major role in the 

ability of healthy subjects to subconsciously ignore irrelevant, incessant stimuli in the 

environment such as a clock ticking (Freedman et al., 1991). Based on 

electroencephalographic (EEG) methods developed in the 1960s for studying repetitive 

auditory stimuli (Davis et al., 1966), Adler et al. (1982) observed reduced capacity in 

schizophrenia to diminish early (50 ms post-stimulus, or P50) responses to the second of a 

pair of identical, closely-spaced (~0.5 s) clicks. This phenomenon has since been replicated 

in many laboratories, is predictive of cognitive function in several domains, including 

attention (Cullum et al., 1993; Potter et al., 2006; Smith et al., 2010; Smucny et al., 2013) 

and is one of the most frequently investigated electrophysiological endophenotypes in 

schizophrenia.

After the initial discovery in schizophrenia, Adler et al. (1992) postulated that gating deficits 

had a cholinergic basis, based on findings in rats in which lesions to the septal nucleus (a 

cholinergic input to the hippocampus) disrupted auditory gating (Vinogravoda, 1975). In 

support of this hypothesis, Adler et al. (1993) found that cigarette smoking improves P50 

gating in patients (Figure 1). In another study, Adler et al. (1992) observed that nicotine 

improved gating in unaffected first-degree relatives, suggesting that normalization could 

occur independent of diagnosis and possibly have a genetic component. Nicotinic agonists 

more specific for receptor subtypes (e.g. the α7 partial agonist 3-2,4-dimethoxybenzylidene 

anabaseine (DMXB-A and the α4β2 agonist varenicline) have also been shown to improve 

P50 gating in patients (Hong et al., 2011b; Olincy et al., 2006). Interestingly, in the Olincy et 

al. (2006) trial the low dose of DMXB-A (75 mg followed by a half-dose of 37.5 mg) had 

more robust effects on gating than the high dose (150 mg followed by a half-dose of 75 mg), 

possibly due to receptor desensitization. A genetic linkage between nicotinic receptors and 

P50 gating in schizophrenia was later found in the α7 receptor gene (Freedman et al., 1997), 

and α7 promoter variants predict P50 gating deficits in healthy subjects (Leonard et al., 

2002). Smoking, therefore, may be a method of ‘self-medicating’ an electrophysiological 
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abnormality associated with an intrinsic signaling deficit caused by the loss of nicotinic 

receptors associated with polymorphisms in the α7 gene.

A potentially important factor in regards to drug effects on the P50 and other physiological 

endpoints is the effect of baseline performance. Work by Knott and colleagues has 

demonstrated that nicotine as well as the dietary α7 agonist choline have differential effects 

on P50 gating in healthy subjects depending on baseline levels of P50 suppression (Knott et 

al., 2013, 2014b). Specifically, the researchers found that these compounds improve gating 

in subjects that show poor gating at baseline, but have no effect on moderate ‘gaters’ and 

deleterious effects on subjects with high baseline suppression. Researchers may thus wish to 

take baseline P50 levels into consideration when analyzing the effects of nicotinic and other 

drugs on P50 suppression in patient populations.

Later waveforms: The mismatch negativity and P300

Researchers have also examined the effects of nicotine on event-related potentials that occur 

after the P50 wave in schizophrenia. These potentials represent complex stimulus processing 

and may be related to more advanced cognitive processes (e.g. ‘top-down’ processes).

The N200, or ‘mismatch negativity’ (MMN), is a negative potential that occurs 200 ms post-

stimulus. It is elicited during ‘oddball’ tasks in which a stream of identical stimuli is 

interrupted by a stimulus of a different duration, amplitude, or frequency. It is now well-

established that the MMN is decreased in schizophrenia, with a large effect size (Umbricht 

and Krljes, 2005). Although not well-studied, the effects of nicotine on the MMN in 

schizophrenia show mixed results. One study observed reversal of MMN deficits after 

nicotine in patients during duration but not frequency MMN (Dulude et al., 2010). Other 

studies, however, have reported no effect of nicotine on MMN amplitude in schizophrenia 

(Fisher et al., 2012; Inami et al., 2007). Possible reasons for the discrepancy include 

differences in the probability of the variant occurring (5% in the Dulude et al. (2010) and 

Inami et al. (2007) studies and 17% in the Fisher et al. (2012) study), subject smoking status 

(nonsmokers in the Inami et al. (2007) study and either a mix of smokers/nonsmokers or all 

smokers in the other studies), the dose of nicotine administered (2 mg higher in the Dulude 

et al. (2010) study versus the Fisher et al. (2012) study), and route of administration (patch 

in the Inami et al. (2007) paper and gum in the other studies). Another possibility is that 

nicotinic effects were influenced by differences baseline MMN; nicotine increases MMN 

amplitude in healthy subjects with low baseline MMN but has the opposite effect in healthy 

subjects with high baseline MMN (Knott et al., 2014a). In line with these findings, a similar 

pattern of baseline dependence was observed in healthy subjects given an acute dose of 

choline (Knott et al., 2015). All three patient studies also had relatively low sample sizes (n 
= 10–12) and the effects of nicotine on MMN in schizophrenia are therefore inconclusive.

As its name implies, the P300 is a positive deflection that occurs 300 ms post-stimulus. Like 

the MMN, the P300 is most commonly elicited during oddball tasks, although its amplitude 

is also dependent on attention level and the subject’s level of engagement with the trial. 

Higher levels of engagement (driven, for example, by stimulus unpredictability) produce 

higher P300 amplitudes. Meta-analyses have demonstrated that the P300 is reduced in 
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schizophrenia (Bramon et al., 2004; Jeon and Polich, 2003). To our knowledge, only one 

studied has examined the effects of nicotine on the P300. In a small sample size (n = 14 

patients), Mobascher et al. (2012) reported no effect of the drug on P300 amplitude, 

although it did increase brain response (measuring by functional neuroimaging) correlated 

with the waveform.

Nicotinic agonists modulate brain networks in schizophrenia

The continued development of noninvasive, whole-brain neuroimaging techniques such as 

functional magnetic resonance imaging (fMRI) has enabled researchers to examine the 

neuronal effects of nicotine in schizophrenia with unprecedented specificity and complexity. 

The fMRI is the only noninvasive human neuroimaging technique that allows millimeter-

level resolution and whole-brain coverage of neuronal processes, and therefore is extremely 

useful in providing evidence of target engagement and testing causal hypotheses when used 

to study treatment effects (Borsook et al., 2006). The following sections briefly review 

evidence from fMRI studies that suggest that nicotine and nicotinic agonists may target 

many aspects of brain dysfunction in schizophrenia, including low-level sensory processes, 

intrinsic network connectivity, and finally higher-level cognitive functions.

It is important to note that a synthesis of the present state of clinical trials involving nicotinic 

receptor targeting compounds in schizophrenia is beyond the scope of this review. For this 

information, the reader is encouraged to consult Beinat et al. (2015) and Rowe et al. (2015).

Effects of nicotine on oculomotor networks in schizophrenia

Tregellas and colleagues (2002, 2004, 2005, 2010) have examined neuronal response during 

smooth pursuit eye movements (SPEMs) in a series of studies that were among the first to 

use fMRI to characterize a functional neuronal abnormality in schizophrenia and its 

modulation by nicotinic agonists.

In order to follow important moving objects (such as prey in the wild), mammalian 

carnivores have developed two oculomotor processes: one to rapidly saccade to stimuli of 

interest, and another to slowly track stimuli as they move across the visual field. The latter 

process, known as SPEMs, was first shown to be abnormal in schizophrenia by Diefendorf 

and Dodge (1908) and is now one of the most consistently reported abnormalities of the 

disease (Levy et al., 1993, 2010). SPEM performance is quantified by the relative ability of 

the retina to follow a moving target without shifting its focus to another location, and may be 

a measure of inhibitory dysfunction. Interestingly, a meta-analysis by O’Driscoll and 

Callahan (2008) found that increased intrusive anticipatory saccade rate is the specific 

feature of SPEMs with the largest effect size in schizophrenia (d = 1.31).

Although eye-tracking deficits had been reported in schizophrenia for almost a century, the 

neuronal circuitry involved in the deficit was not known until relatively recently. Tregellas et 

al. (2004) found that schizophrenia patients showed regionalized hyperactivity in the 

hippocampus, fusiform gyrus, thalamus, and parietal eye fields and hypoactivity in the 

frontal eye fields, cingulate gyrus, and occipital gyrus. Subsequent studies have largely 

replicated these findings (Hong et al., 2005; Tu et al., 2006).
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Based on previous findings demonstrating that abnormal intrusive saccades are decreased in 

schizophrenia patients after cigarette smoking (Olincy et al., 1998), the neuronal effects of 

acute nicotine administration (4–6 mg gum) in schizophrenia during SPEMs have also been 

examined (Tregellas et al., 2005). Increased activity after nicotine (versus placebo) was 

observed in the cingulate gyrus, occipital gyrus, and precuneus. Decreased activity was 

observed in the hippocampus and parietal eye fields. Collectively, these results suggest that 

nicotine effectively reversed many of the abnormalities observed in schizophrenia in the 

initial study comparing patients to control subjects. A later study found that 150 mg twice 

daily (b.i.d.) DMXB-A also reduced hippocampal hyperactivity in patients during the SPEM 

task (Tregellas et al., 2010). A lower dose of drug (75 mg b.i.d.) was ineffective.

Effects of nicotine on intrinsic networks: The default network

The fMRI studies have traditionally focused on ‘task-related’ activity (i.e. how local brain 

areas are recruited during sensory stimulation and cognitive functions). These studies 

observed that a network of brain areas was consistently deactivated, reflecting suppression 

during the more cognitively demanding ‘task’ condition compared to the baseline or low-

load condition (Greicius et al., 2003). Due to its tendency to be down-modulated during 

many tasks, and therefore be active as a ‘default’, the network was coined the Default Mode 

Network (DMN).

The primary hubs of the DMN are (1) the precuneus/posterior cingulate cortex (PCC), (2) 

the medial prefrontal cortex (mPFC), and (3) the bilateral inferior parietal lobule (IPL). The 

bilateral hippocampus/medial temporal lobe is considered an accessory hub of the network 

due its being less functionally connected to the other three DMN hubs, on average, relative 

to the primary hubs (Buckner et al., 2008). The DMN is readily and reproducibly detectable 

regardless of the analytic technique used, and irrespective of the cognitive state of the 

individual, be it during an effortful task, rest, or even during sleep (Whitfield-Gabrieli and 

Ford, 2012). The ease of which this network is extracted across states is particularly 

advantageous for patient populations that may be unable to perform complex cognitive 

operations (Smucny and Tregellas, 2013). The network is particularly active during actions 

that are self-referential, such as reflecting on the past, planning for the future, or monitoring 

internal state (Buckner et al., 2008). Abnormally high DMN activity during cognitively 

challenging tasks is associated with poor performance, likely due to competing resource 

allocation towards task-irrelevant thoughts (Gordon et al., 2012).

Soon after the discovery of the DMN, abnormalities in its function were observed in 

schizophrenia. Patients inappropriately recruit the DMN, as evidenced by hyperactivity of 

the network during an auditory oddball task (Garrity et al., 2007), working memory tasks 

(Meyer-Lindenberg et al., 2005; Pomarol-Clotet et al., 2008; Whitfield-Gabrieli et al., 2009), 

and language (semantic priming) tasks (Jeong and Kubicki, 2010). Patients are similarly 

impaired in their ability to deactivate the DMN as task difficulty is increased (Meyer-

Lindenberg et al., 2005; Pomarol-Clotet et al., 2008; Whitfield-Gabrieli et al., 2009). DMN 

abnormalities extend to task-free (resting) states, during which DMN hyperactivity and 

hyperconnectivity have been frequently observed (Jafri et al., 2008; Liu et al., 2012; 

Skudlarski et al., 2010). DMN dysfunction is correlated with the severity of positive 
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symptoms (Garrity et al., 2007), negative symptoms (Bluhm et al., 2007), and impaired 

social cognition (Holt et al., 2011). DMN hyperactivity and hyperconnectivity have been 

reported in unaffected first-degree relatives of schizophrenia patients, albeit to a lesser extent 

(Liu et al., 2012; Whitfield-Gabrieli et al., 2009). These findings suggest that DMN 

pathology has both state-dependent and independent characteristics.

Given that DMN pathology (e.g. hyperactivity) may predict symptoms of schizophrenia as 

well as cognitive function, nicotinic targeting of the DMN may represent a neurobiological 

form of ‘self-medication’. To test the hypothesis that a nicotinic agonist could target DMN 

pathology, Tregellas and colleagues (2011) examined DMN activity in 16 patients after 

chronic (1 month) treatment with the nicotinic agonist DMXB-A. The DMN was extracted 

by independent component analysis of resting state imaging data. The investigators found 

that relative to placebo, 75 and 150 mg b.i.d., DMXB-A reduced DMN activity in its PCC, 

bilateral IPL, and mPFC hubs. Decreased PCC activity was correlated with improved 

symptomatology. Interestingly, the investigators also found that a SNP located on the 

CHRNA7 locus (the α7 gene) predicted response to DMXB-A. If variation in this SNP 

influences receptor expression, this finding suggests that patients with lower levels of α7 

expression may be less responsive to effects of the drug. Overall, these results suggest that 

α7 receptor activation may normalize DMN hyperactivity in schizophrenia and have clinical 

benefit, with the caveat that genetic factors may influence responsiveness to α7 agonists.

To our knowledge, no other studies have examined the effects of nicotinic agonists on DMN 

activity in schizophrenia. Effects of nicotine on DMN function, however, have been reported 

in healthy subjects. Tanabe et al. (2011) found that 7 mg of acute nicotine reduced activity of 

the DMN in nonsmoking participants during the resting state. Hahn et al. (2007) observed 

that nicotine deactivated the DMN during a visuospatial attention task in minimally deprived 

smokers, and that this effect predicted improved performance on the task. In line with these 

findings, Beaver et al. (2011) later reported that nicotine reduced DMN activation in 

deprived smokers during a rapid visual processing task. Future research may examine if 

these effects persist in schizophrenia.

Effects of nicotine on intrinsic networks: The salience network

The brain is constantly inundated by information from external cues and internal stores. In 

order to process what is important, ignore what is irrelevant, and update its internal model of 

the external world – in other words, process saliency – it must have a way of shifting focus 

from self-monitoring to monitoring external information (and vice versa) as needed. In this 

manner, a stimulus that is pleasurable, threatening, or important to a task is given 

precedence. This process is the primary task of a functionally and structurally interconnected 

set of cortical and subcortical areas called the Salience Network (SN).

The SN is anchored by the anterior cingulate cortex (ACC) and bilateral insula. These hubs 

in turn are connected to limbic structures as well as to the PCC and dorsolateral prefrontal 

cortex (DLPFC). Inputs into the insula provide sensory and emotional information (Craig, 

2009). Inputs into the anterior cingulate from the DLPFC provide information regarding 

goals, expectations, and internal representations (Menon, 2011). As a result, the SN 

effectively integrates external and internal information so that a course of action (or 
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inaction) can be chosen. The integrative nature of SN processing may be why the network is 

hypothesized to be important for distinguishing ‘self’ from ‘nonself’ as well as establishing 

a strong sense of identity, purpose, and self-worth (Palaniyappan and Liddle, 2012; Wylie 

and Tregellas, 2010).

The functions of the SN suggest that pathology of the network may be tied to symptom 

etiology in schizophrenia. Hallucinations, for example, occur when patients have difficulty 

distinguishing external stimuli from internal thoughts. Given that separating self from 

nonself is an important function of the SN, dysfunction of the network may thus contribute 

to this positive symptom. Loss of affect and motivation may arise in part due to pathology of 

the network; accordingly, loss of GM volume in the insula is associated with severity of 

negative symptoms (Koutsouleris et al., 2008). Cognitive symptoms may be partially 

explained by a relative inability of the SN to modulate activity in sensory areas according to 

perceptual expectations (Chambon et al., 2011). Patients may thus become overly reliant on 

sensory evidence to interpret their surroundings. As a result, the salience of external stimuli 

is inappropriately enhanced, leading to perceptual abnormalities (Palaniyappan et al., 2012).

Structural and functional neuroimaging evidence suggests that the SN is indeed 

dysfunctional in schizophrenia. Loss of gray matter volume in the insula and ACC are 

among the most striking and consistently replicated structural brain abnormalities in the 

illness (reviewed by Wylie and Tregellas (2010)). Gray matter loss of the insula and ACC is 

present at the first episode of psychosis, but also may be progressive in chronic 

schizophrenia (Chan et al., 2011; Ellison-Wright et al., 2008). Insula and ACC structural 

deficits have been linked to reality distortion, suggesting that SN dysfunction is associated 

with abnormal stimulus processing and positive symptoms (Palaniyappan et al., 2011). 

Functionally, abnormalities in SN activation across a variety of paradigms have been 

observed in schizophrenia, including working memory (Repovs and Barch, 2012), social and 

affective processing (Mitchell et al., 2004; Phillips et al., 1999; Seiferth et al., 2009), and 

error processing (Laurens et al., 2003; Polli et al., 2008). Network analyses have found a 

loss of connectivity between nodes of the SN and other brain areas both at rest (Moran et al., 

2012; Tu et al., 2012) and during tasks (Gradin et al., 2012; Tu et al., 2010; White et al., 

2010) in patients. This loss of connectivity has been proposed to underlie the relative 

inability of patients to adjust DMN activity according to task demands, resulting in 

performance deficits (Menon, 2011).

Like the DMN, immunohistochemical evidence suggests that the SN would be responsive to 

nicotinic modulation. The insula and ACC receive cholinergic input from the basal forebrain 

(Selden et al., 1998), and show enriched nicotinic receptor expression (Breese et al., 1997; 

Paterson and Nordberg, 2000). Reduced α7 receptor expression and increased α4β2 receptor 

expression has been observed in the ACC in patient postmortem brain (Marutle et al., 2001). 

In addition, nicotine administration increases basal cerebral blood flow in the ACC and 

insula (Stein et al., 1998).

Accordingly, Moran et al. (2012) investigated the effects of nicotine administration on 

resting state brain activity in smoking patients with schizophrenia and healthy smokers. 

Overall, Moran and coworkers (2012) found (1) decreased connectivity within the SN in 
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patients, and (2) increased connectivity between the SN and parietal cortex and SN and 

occipital cortex after nicotine administration. No effects of nicotine on connectivity within 

the SN were reported, however. These results suggest that nicotine affects connectivity 

between the SN and other networks, but not within the SN itself in schizophrenia.

Our laboratory has recently expanded upon this work by examining effects of acute nicotine 

on resting state SN connectivity and topology in nonsmoking schizophrenia patients and 

healthy controls (Smucny et al., 2017). The SN was extracted by independent component 

analysis, and peaks from the extracted network used as seeds in a functional connectivity 

analysis. Using a 7-mg patch, we observed a significant treatment (nicotine versus placebo) 

× diagnosis (control versus patient) interaction on connectivity between the anterior 

cingulate and lateral prefrontal/superior parietal cortices. The effect was driven by relative 

hypoconnectivity in patients (versus controls) during placebo administration and reversal of 

this effect in patients after nicotine. The opposite interaction effect was also observed on 

connectivity between the left insula and the middle cingulate cortex. Finally, we found that 

nicotine affected SN topology. Specifically, a treatment × diagnosis interaction was observed 

on between-ness centrality (a measure of global information flow through a region) of the 

anterior cingulate, driven by decreased centrality in patients during placebo and reversal of 

the effect after nicotine. Taken together, these results suggest that nicotine effectively 

reverses abnormalities in intrinsic SN connectivity and functional organization in 

nonsmoking patients with schizophrenia.

Neuroimaging the cognitive effects of nicotine in schizophrenia

The previous section primarily focused on fMRI studies that either examined the effects of 

nicotine on neuronal function in schizophrenia during a simple, low-level task (smooth 

pursuit) or at rest. Previous fMRI studies have also found effects of nicotine during cognitive 

tasks in schizophrenia, although the field remains poorly developed and findings are limited.

Working memory

Working memory (WM), the process by which information is held in short-term storage for 

immediate use and manipulation, is one of the most frequently examined cognitive deficits 

in schizophrenia. Indeed, several WM tasks were recently nominated by the Cognitive 

Neuroscience Treatment Research to Improve Cognition in Schizophrenia (CNTRICS) 

consortium as potential neuroimaging biomarkers (biological indicators of disease state) due 

to their ability to probe the most deleterious aspects of WM in schizophrenia (goal 

maintenance and interference control) (Barch et al., 2012). Given that WM deficits are 

predictive of everyday functioning in schizophrenia (Evans et al., 2003; Shamsi et al., 2011) 

there is great interest in developing interventions that can target this core cognitive deficit.

Previous work suggests that nicotinic agonists improve WM in schizophrenia patients 

(D’Souza and Markou, 2012; Freedman et al., 2008; Mackowick et al., 2014; Radek et al., 

2010; Sacco et al., 2005) and in animal models of schizophrenia (Mackowick et al., 2014; 

Rushforth et al., 2011). Conversely, nicotine deprivation in patient smokers impairs WM 

performance (George et al., 2002; Ghiasi et al., 2013; Sacco et al., 2005), and nicotinic 

receptor blockade impairs WM in rats (Pocivavsek et al., 2006). Nonetheless, surprisingly 
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little work has examined the neuronal effects of nicotinic agents in WM tasks in 

schizophrenia. An early study by Jacobsen et al. (2004) reported enhanced performance in 

abstinent smoking patients given nicotine relative to placebo as well as increased recruitment 

of the anterior cingulate and thalamus during an n-back task. Nicotine also increased 

thalamic connectivity in patients to a greater extent than healthy smokers. The neuronal 

effects of α7 receptor agonists during WM in schizophrenia are unknown.

Attention

Deficits in attention in schizophrenia have been reported and replicated for many years 

across a variety of tasks (Cornblatt and Keilp, 1994; Hahn et al., 2012; Keefe and Harvey, 

2012; Laurent et al., 1999; Mayer et al., 2015; Smith and Cornblatt, 2005; Suwa et al., 2004; 

Verleger et al., 2013). Both sustained attention (the ability to maintain focus on a task over 

time) and selective attention (the ability to focus on task-relevant stimuli among competing 

stimuli) are affected. Due to its ability to predict functional outcomes in schizophrenia, 

attention has been recently recognized by CNTRICS as an important area for future imaging 

biomarker development (Luck et al., 2012).

Nicotinic agonists have also been shown to improve performance on attention tasks in 

schizophrenia. A study by Harris et al. (2004) found that nicotine improved scores on the 

attention index of the Measurement and Treatment Research to Improve Cognition in 

Schizophrenia Consensus Cognitive Battery (MCCB) in nonsmoking patients. Performance 

enhancement after nicotine was also observed in nonsmoking patients during the continuous 

performance task (CPT) in a later study (Barr et al., 2008b). Acute nicotine has also been 

shown to improve performance during the CPT in smoking patients that abstain from 

smoking for 10–24 h (Sacco et al., 2005; Smith et al., 2006). Nicotinic effects on attention in 

schizophrenia may be α7 receptor-dependent, as the α7 receptor partial agonist and α4/β2 

antagonist DMXB-A improved attention scores on the MCCB during the first arm of a 

double crossover phase II trial in nonsmoking patients given either 75 or 150 mg b.i.d. of 

drug (Freedman et al., 2008).

Functional neuroimaging studies have begun to elucidate the neuronal mechanisms that 

underlie nicotine’s effects on attention in schizophrenia. An fMRI study by Hong et al. 

(2011a) showed that in deprived patient smokers, nicotine improved accuracy and reaction 

time during a visual sustained attention task as well as increased activity in the thalamus, 

anterior cingulate, frontal cortex, parietal cortex, and precuneus. No task condition (i.e. task 

difficulty) × drug (nicotine versus placebo), diagnosis (control versus patient) × drug, or 

condition × drug × diagnosis interactions were observed, however, suggesting drug effects 

were nonspecific to the task or diagnostic group.

A more recent study by our lab has examined the effects of acute nicotine on neuronal 

response during a selective attention task (Smucny et al., 2016a). Briefly, the task required 

subjects to respond (button press) to auditory target stimuli (numbers) while ignoring 

distracting environmental noise. The task was designed to simulate noisy situations known 

to be bothersome to schizophrenia patients (e.g. loud parties) (McGhie and Chapman, 1961). 

Using a crossover, placebo-controlled design, a significant diagnosis (control versus patient) 

× drug (placebo versus nicotine) interaction was observed in the ventral parietal cortex 
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(VPC) and hippocampus. The effect was driven by relative hyperactivity in patients under 

placebo administration and reversal of this difference after nicotine. Based on previous 

findings in the VPC (Shulman et al., 2007) and hippocampus (Tregellas et al., 2007, 2009) 

these results were interpreted as evidence for nicotinic targeting of neuronal abnormalities 

associated with sensory flooding and distractibility in the illness.

Related to this last point, the VPC and inferior frontal gyrus make up a functional brain 

network called the Ventral Attention Network (VAN). The VAN is the principle network 

associated with ‘bottom-up’ (stimulus-driven) attention processing, is modulated by shifts in 

attention, and may be a functional index of distractibility (Shulman et al., 2002, 2007). To 

examine the effects of nicotine on VAN connectivity in schizophrenia patients and controls, 

our group analyzed connectivity during the selective attention task described above (Smucny 

et al., 2016b). Using psychophysiological interaction-based modeling, we found that 

nicotine restored functional connectivity of the VAN during the task in schizophrenia. 

Interestingly, nicotine was unable to target abnormal VAN connectivity during the resting 

state in patients, suggesting the drug’s effects may be task-specific. Taken together with the 

findings on nicotinic effects on VPC response, these results suggest that nicotine effectively 

targets abnormalities in neuronal functional associated with selective attention in 

schizophrenia.

Perspectives and future directions

The overall pattern of results presented in this review suggest that high rates of smoking in 

schizophrenia may be explained by a combination of factors, including intrinsic deficits in 

nicotinic signaling, targeting by nicotine of functionally abnormal circuits, and improved 

cognition. It is not surprising, therefore, that a number of clinical trials using investigational 

compounds that target the nicotinic receptor have been completed or are currently being 

conducted in schizophrenia (Freedman et al., 2008; Lieberman et al., 2013; Preskorn et al., 

2014; Shim et al., 2012; Umbricht et al., 2014; Winterer et al., 2013). The results of these 

trials on cognitive endpoints thus far have been mixed, perhaps because the neuronal effects 

of nicotinic agents in schizophrenia (particularly during cognitive tasks) remain poorly 

understood. With the aid of neurophysiological and neuroimaging techniques, the ability of 

these and other investigational compounds to target neuronal dysfunction in schizophrenia 

may become a priority for psychiatry research in the near future.
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Figure 1. 
Graphical summary illustration of the effects of nicotine (cigarette smoking) on P50 gating 

in schizophrenia. S1: event-related potential after presentation of the first auditory stimulus. 

S2: event-related potential after presentation of the second auditory stimulus. Gating is 

measured by the ratio of S2/S1 amplitude. Hash marks indicate the P50 waveform. Before 

smoking, patients show worse P50 gating relative to controls. After smoking, P50 gating is 

restored to control levels in patients. Smoking impaired P50 gating in healthy subjects 

(Adler et al., 1993).
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