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Abstract

Effective treatment of the cognitive symptoms of schizophrenia has remained an elusive goal.
Despite the intense focus on treatments acting at or via cholinergic mechanisms, little remains
known about the dynamic cholinergic abnormalities that contribute to the manifestation of the
cognitive symptoms in patients. Evidence from basic neuroscientific and psychopharmacological
investigations assists in proposing detailed cholinergic mechanisms and treatment targets for
enhancement of attentional performance. Dynamic, cognitive performance-dependent
abnormalities in cholinergic activity have been observed in animal models of the disorder and
serve to further refine such proposals. Finally, the potential usefulness of individual groups of
cholinergic drugs and important issues concerning the interactions between pro-cholinergic and
antipsychotic treatments are addressed. The limited evidence available from patient studies and
animal models indicates pressing research needs in order to guide the development of cholinergic
treatments of the cognitive symptoms of schizophrenia.
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1. Introduction

There is wide agreement in psychiatric practice and the literature that treatment with
dopamine D2 receptor antagonists benefits the positive symptoms of a majority of patients
with schizophrenia (Agid et al., 2006; Kapur et al., 2005; Kapur and Mamo, 2003; Kinon et
al., 2010a, 2010b). However, the cognitive impairments, which are present in all patients,
albeit at highly variable degrees of severity (Fioravanti et al., 2005; Heinrichs and Zakzanis,
1998), and which greatly limit the patient's ability to interact with the world and engage in a
productive life (e.g., Green, 1996), are only minimally or not at all improved by
antipsychotic drug treatment (for review see van Os and Kapur, 2009).

Treatments targeted at the cholinergic system are currently intensely studied candidates for
addressing the cognitive deficits that remain after antipsychotic treatment and in remission.
We will argue in this review that much of the current reasoning about cholinergic

neuropsychopharmacology is based on a back-translation of the hypothesized mechanisms
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of acetylcholinesterase inhibitor treatments. Perhaps even more importantly, current drug
development and theoretical work often treats the cholinergic system in a rather generic and
static way, and does not consider the situational or temporal dynamics of its involvement in
cognitive function. As will be discussed below, it is very likely that acetylcholine plays a
role in the attention deficits of schizophrenia. However, we believe that a real and detailed
understanding of what that role might be is still at the earliest stages. If drug development is
to be effective, there is a strong need for truly mechanistic research that takes the
complexities and interactions of the cholinergic system's functions in attention into account,
and details which aspects are dysfunctional in both the active and remitted states of the
disease (Sarter et al., 2009a).

For more than two decades, basic neuroscience research in animals as well as
psychopharmacological studies in humans, including studies employing pharmaco-fMRI
approaches, have confirmed that forebrain cholinergic systems, specifically the cortical
cholinergic input system, are a major and indeed necessary modulator of the brain's fronto-
parietal attention system (e.g., Deco and Thiele, 2009; Giocomo and Hasselmo, 2007; Hahn
etal., 2007; Hasselmo and Sarter, 2010; Sarter et al., 2005). Cholinergic treatment
approaches for the cognitive symptoms of schizophrenia have often started from a static
hypothesis predicting a role for both abnormally low and high levels of cholinergic
neurotransmission in the expression of cognitive symptoms (e.g., Money et al., 2010; Stip et
al., 2005; Tandon and Greden, 1989). Recent research has begun to describe the multiple
time scales that characterize the cholinergic mediation of attentional processes and
capacities (Parikh et al., 2007; Parikh and Sarter, 2008) and thereby indicate new challenges
and opportunities for the development of cholinergic therapies of attentional impairments.
We begin with a review of the current literature, before giving a more detailed description of
these new findings and their potential implications.

2. Attentional symptoms in schizophrenia and role of cholinergic systems

Among the domains of cognitive functions impaired in schizophrenia, considerable research
has focused on the ability to sustain attention, specifically in situations which require that
internal representations are employed in order to maintain attentional orienting toward the
target location, target type, and/or the timing of targets (e.g., Gold et al., 2007; Grillon et al.,
1990; Jazhec et al., 2007; Nuechterlein et al., 2009). Several reasons justify such a focus.
Chronic impairments in the ability to detect and select relevant targets interfere with the
ability to learn about the world and to update memory with realistic relationships between
cues, actions and outcomes. Moreover, impairments in the management of attentional
resources further weaken the patient's ability to employ experience, expectations and
outcome to guide attention toward selected targets. These impairments are not attenuated in
a clinically remitted state and thus are not secondary to other symptom clusters or acute
clinical illness. Attentional impairments therefore have been postulated to serve as
“neurocognitive rate-limiting factors” (Green, 1996) and consequently have remained a
primary target for the development of therapies aiming at improving the cognitive status of
schizophrenic patients.

The attentional performance of schizophrenic patients has been consistently demonstrated to
be vulnerable to the detrimental effects of distractors (Grillon et al., 1990; Oltmanns, 1978;
Oltmanns and Neale, 1975; Rappaport, 1967; Spring et al., 1989). Our own studies, using
the human version of the sustained attention task (SAT) and its distractor condition (dSAT;
see Demeter et al., 2008, 2011 for validation and neuroimaging data), found that exposure to
the distractor condition produced robustly larger performance decline in schizophrenic
patients than in age-matched, healthy controls. Importantly, this effect was not due to
distractor-evoked impairments in perceptual mechanisms (Demeter et al., 2010). Our
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findings are consistent with the general hypothesis that patients are specifically impaired in
employing cognitive control mechanisms to guide attention (Gold et al., 2007; Jazbec et al.,
2007; Luck and Gold, 2008).

Given the evidence indicating an essential role of the cholinergic system for attention
(Hasselmo and Sarter, 2010; Sarter et al., 2005), the cognitive symptoms of schizophrenia
have long been hypothesized to be mediated, at least in part, by a dysregulated forebrain
cholinergic system (e.g., Davis et al., 1975). Such dysregulation may reflect primary
abnormalities in the organization or regulation of cholinergic neurons, as suggested by
evidence indicating abnormalities in the expression of muscarinic and nicotinic
acetylcholine receptors (m/nAChRs; Adler et al., 1998; Crook et al., 2000, 2001; De Luca et
al., 2006; Freedman et al., 1997), and/or may be secondary to structural abnormalities that
affect the functions of telencephalic-limbic circuits that converge on cholinergic neurons in
the basal forebrain and/or cholinergic terminals in cortical and hippocampal target regions
(Alexander et al., 2009; Floresco et al., 2009).

A potential role of cholinergic abnormalities in the manifestation of the symptoms of
schizophrenia was first deduced from observations indicating that accidental or experimental
exposure to irreversible acetylcholine esterase (AChE) inhibitors can induce or activate
symptoms of psychosis in healthy humans and schizophrenic patients, respectively (Gershon
and Shaw, 1961; Rowntree et al., 1950). However, direct evidence indicating abnormally
enhanced, lowered, or abnormally responsive levels of neurotransmission in patients has
remained extremely difficult to obtain. Postmortem neurochemical assessment of
cholinergic neurotransmission levels continues to be a challenging objective, in part because
the abundance of soluble acetylcholinesterase (AChE) rapidly hydrolyzes acetylcholine
(ACh) in extracted tissues (hence the need for rapid microwave irradiation of the head in
older neurochemical studies in animals; Bluth et al.,1980). Neither one of the two key
enzymes of the cholinergic system, choline acetyltransferase (ChAT) or AChE, limit the rate
of synthesis or metabolism, respectively. Therefore, decreases in the activity or density of
ChAT or AChE indicate the loss of cholinergic neurons or terminals but are less likely to
reveal more dynamic dysregulation in cholinergic neurotransmission. Likewise, the ex vivo
assessment of the density of the choline transporter (CHT) density in synaptic plasma
membrane, which is a rate-limiting factor in the synthesis of ACh, requires substantial
amounts of fresh, unfrozen tissue and thus has been attempted extremely rarely (Bissette et
al., 1996; Ferguson et al., 2003). Thus, it is perhaps unsurprising that alterations in the
density of cholinergic neurons or of the morphological characteristics of cholinergic neurons
in brains of schizophrenic patients have rarely been reported and are widely considered not
to be present (Haroutunian et al., 1994; Powchik et al., 1998).

While the status of the presynaptic component of cholinergic neurotransmission in patients
has remained unsettled, research focusing on cholinergic receptors has been informative.
Several studies, including one SPECT study conducted in unmedicated patients and
controlling for effects of smoking (Raedler et al., 2003) demonstrated that the density and
expression of muscarinic M1 and M4 receptors are reduced in telencephalic regions of
schizophrenic patients (Crook et al., 2000, 2001; Deng and Huang, 2005; Mancama et al.,
2003; for review see Raedler et al., 2007). The presence of a subgroup of schizophrenic
patients, characterized by a particularly marked decrease in cortical M1 receptor density, has
been proposed (Scarr et al., 2009). The cognitive phenotype of this subgroup remains
unclear, as does the impact of a potentially compensatory upregulation of M1 second-
messenger signaling (Salah-Uddin et al., 2009). Finally, nAChR polymorphisms and
decreased expression of the a7 and a3/a5 subunit-containing nAChRs were demonstrated
(De Luca et al., 2006; Petrovsky et al., 2010).
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Studies aiming at demonstrating the displacement of labeled ligands for nicotinic or
muscarinic acetylcholine receptors (n/fmAChRs) are potentially capable of revealing putative
alterations in the synthetic capacity of cholinergic neurons, or even more dynamic, cognitive
activity-dependent cholinergic dysregulation. Although several ligands for these receptors
and other markers of cholinergic terminal function have been developed for use in positron
emission tomography (PET) or single photon computerized emission tomography (SPECT;
e.g. Bohnen and Frey, 2007; Frey et al., 1992; Horti and Villemagne, 2006; Mach et al.,
1997; Mulholland et al., 1998; Nobuhara et al., 2000, 2001; Tsukada et al., 2001), to our
knowledge, there are no studies that employed these ligands to determine potentially
abnormal displacement rates in schizophrenic patients performing cognitive tasks (for a
demonstration of the feasibility of such studies, in the context of aging research, see Cohen
et al., 2006).

Collectively, and with the exception of a reduced availability of m/nAChRs in telencephalic
regions, the status of cholinergic neurotransmission in schizophrenic patients, specifically
the potential dysregulatory characteristics that are hypothesized to contribute to cognitive
symptoms, is not well understood. As was the case for the “dopaminergic hypothesis,”
where the empirical demonstration of abnormally regulated dopaminergic neurotransmission
during acute disease periods came many decades after the original proposal (Laruelle et al.,
1999), PET studies to demonstrate altered cholinergic neurotransmission during cognitive
performance in schizophrenia appear technically feasible, but to our knowledge have not yet
occurred.

As we will discuss next, evidence from basic research, including research in animal models,
may provide clues as to the potential cholinergic regulatory abnormalities in schizophrenia.
This includes evidence indicating a tight link between mesolimbic dopaminergic and basal
forebrain cholinergic activity (Neigh et al., 2001, 2004) and suggests that potential
cholinergic dysregulation in schizophrenia involves complex interactions between multiple
modes of neurotransmission (tonic/phasic) and the timing, rise time and/or decay rates of the
phasic (or transient) increases in cholinergic activity (on the scale of seconds). These
transients mediate essential attentional operations (below) but for now may remain below
the temporal and spatial resolution of current human neuroimaging methods.

3. Cholino-cognitive dynamics: what could go wrong and why?

3.1. Basic methodological and conceptual issues

In this section we will focus on evidence indicating how the forebrain cholinergic system,
specifically the cortical cholinergic input system, mediates attentional performance and
describe the implications of evidence from animal models of schizophrenia for the
generation of hypotheses about the role of the cholinergic systems in schizophrenia's
cognitive symptoms. An initial clarification of two important methodological and conceptual
issues will assist in illuminating a complex array of evidence from neurochemical studies.

Different neurochemical methods employed to monitor ACh release in task-performing
animals generate data at vastly different temporal resolutions. Depending on the individual
method, data points indicating extracellular concentrations of ACh may be based on
collections over several minutes and even tens of minutes (microdialysis), to seconds and
milliseconds (amperometric measures using enzyme-coated microelectrodes).

Importantly, this issue is not merely a technical one. Current evidence and circuitry models
suggest that cholinergic inputs to prefrontal regions consist of two populations of neurons,
each with distinct transmission modes, tonic versus phasic, which associate with different
aspects of the cholinergic regulation of attention (Hasselmo and Sarter, 2010). One
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population of cholinergic neurons tonically influences the gain of glutamatergic inputs from
the thalamus (see dark red neuron in Fig. 1). In these neurons, cholinergic activity levels
fluctuate over minutes. In functional terms, these cholinergic inputs enhance the general
responsiveness of cortical circuitry for thalamic input processing.

In contrast, the terminals of separate cholinergic neurons are the target of these glutamateric
inputs and generate the short, second-based cholinergic transients (bright red cholinergic
neuron in Fig. 1a) that mediate the actual cue detection process. These transients are
indirectly modulated by the tonic cholinergic component, which as described above
enhances glutamatergic inputs from thalamus. These glutamatergic inputs in turn influence
the amplitudes of the cholinergic transients (Parikh et al., 2008, 2010). Electrochemical
recordings outside the thalamic input layers have failed to indicate the presence of detection-
mediating cholinergic transients (Howe and Sarter, 2010; unpublished results).

Measurements of ACh release using microdialysis studies do not differentiate between the
release from these two populations. However, neuropharmacological studies indicate that
drug treatments can lead to opposite effects on release measured by microdialysis versus the
amplitudes of transients measured amperometrically (Howe et al., 2010; Paolone et al.,
2010), suggesting that measures generated by microdialysis selectively indicate the tonic
component of cholinergic neurotransmission. Conversely, the amperometric method is
optimized for measuring transients. Furthermore, changes in tonic levels of cholinergic
neurotransmission may occur simultaneously across large regions of the cortex; in contrast,
cue detection-mediating transients appear to be restricted to prefrontal regions (Parikh et al.,
2007). Thus, schizophrenia-related abnormalities in cholinergic neurotransmission could
occur on either or both time scales of cholinergic neurotransmission.

The issue of cognitive context, and in particular the demands placed on the cognitive
system, is important when assessing cholinergic neurotransmission and potential disease-
related abnormalities in the system (Sarter et al., 2007). Tonic levels of performance-
associated cortical ACh release covary with demands on attention, rather than levels of
attentional performance (Kozak et al., 2006; Passetti et al., 2000; Sarter et al., 2006).
Increasing the demands on top-down control of attention, for example by presenting a
distractor, impairs attentional performance but at the same time further increases cortical
levels of cholinergic neurotransmission (see release levels of control subjects in Fig. 2a and
b). Moreover, results from a recent study indicated a highly significant relationship between
distractor-evoked augmentation of performance-associated cholinergic activity and the
severity of the performance decline (E. Demeter et al., unpublished results). This
relationship suggests that higher levels of cholinergic activity more effectively protect
against distractor-induced decline in attentional performance, consistent with the hypothesis
that tonic levels of cortical cholinergic indicate the degree of top-down control deployed to
support attentional performance.

As our experiments on the regulation of performance-associated tonic cholinergic activity in
animal models of schizophrenia consistently found that baseline (or pre-task) ACh release
levels remained normal and did not predict the abnormalities in performance-associated
cortical ACh release, this review we will not address studies that were limited to measures
of basal ACh release. Instead, we will describe hypotheses that address how different
demands on attentional performance, specifically on top-down control, may reveal complex
and diverging abnormalities in cholinergic neurotransmission in schizophrenia.
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3.2. Attentional performance-associated tonic and phasic cholinergic neurotrans-mission
in intact animals

Measures of tonic ACh release in the cortex of attentional task-performing animals revealed
increases reaching 120-160% over baseline (e.g., Fig. 1b). Such increases are not seen in the
cortex of animals performing behavioral control procedures devoid of explicit demands on
attention (Arnold et al., 2002; Dalley et al., 2001; Himmelheber et al., 1997, 2001; Kozak et
al., 2006, 2007). While more evidence is needed, it seems that such increases can be
observed not just in prefrontal regions but also in parietal and posterior parietal regions (R.
Kozak and M. Sarter, unpublished data). Fronto-parietal increases in tonic cholinergic
neurotransmission may support overlapping mechanisms involved in cue detection and
distractor filtering in prefrontal and parietal regions (Broussard et al., 2006, 2009; Gill et al.,
2000).

Attentional performance can be challenged by manipulations of task parameters, specifically
the presentation of distractors or by pharmacological challenges. In motivated subjects, these
manipulations recruit (top-down) mechanisms designed to limit the impact of these
challenges and to enhance the detection of cues (for a review of neuronal mechanisms
mediating such effects see Sarter et al., 2006). As a result of such challenges, and while
performance remains below baseline and recovers only slowly, ACh release levels are
substantially higher than during standard task performance (Fig. 2; Kozak et al., 2006;
Passetti et al., 2000). These augmented increases of tonic cholinergic activity are
hypothesized to result from activation of prefrontal-mesolimbic circuitry, specifically
involving the nucleus accumbens, which projects to basal forebrain neurons (Zmarowski et
al., 2005, 2007). Such distractor-induced activation of prefrontal-mesolimbic circuitry may
be evoked by prediction errors, possibly involving activation of dopaminergic inputs to
prefrontal, mesolimbic as well as basal forebrain regions (Pessiglione et al., 2006; Pezze et
al., 2007, 2009; Valentin and O'Doherty, 2009).

As already mentioned, increases in cholinergic neurotransmission over seconds
(“transients”) in prefrontal regions mediate, and are necessary for, the incorporation of cues
into ongoing cognitive activity. The rise time and peak time of these transients are precisely
orchestrated and sensitive to variations of cue-reward intervals, but they are not evoked by
reward-related behavior (Parikh et al., 2007; see Fig. 1a).

3.3. Altered cholino-cognitive dynamics in animal models of schizophrenia

Evidence addressing this issue was generated by studying an animal model that focused on
the long-term attentional consequences of prior administration of an escalating-dose
amphetamine regimen to attentional task-performing animals (Kozak et al., 2007; for
discussion of the face and construct validity of this model see Sarter et al., 2009a).
Furthermore, as low-dose psychostimulant exposure can evoke acute disease periods in
schizophrenic patients (Davis, 1974; Yui et al., 1999), the model exhibits construct validity
in that the disrupted behavior observed during acute disease periods was provoked by low-
dose challenges of amphetamine. Performance under normal conditions, without the
addition of the additional amphetamine challenge, has been considered a model of the
remitted state, whereas performance after such challenge is thought to model the acute
disease state.

3.3.1. Tonic cholinergic activity—When in the “remitted” state, these animals'
attentional performance under standard, non-distracting conditions does not differ from that
of control subjects. However, prefrontal ACh release is robustly higher than in control
animals, reaching levels seen in control animals only in response to performance challenges
(Fig. 2a; Kozak et al., 2007). This suggests that standard attentional performance in these
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animals may require an abnormal degree of top-down control. In intact animals, highly
practiced attentional performance may largely be based on a combination of default
responses in the absence of signals (correct rejections) and signalevoked — bottom-up
switches out of this default behavior to report a hit. In contrast, maintaining high
performance by the animals modeling the disease may require control mechanisms akin to
those evoked by distractors in controls, including the filtering of noise as implicit distractor,
enhanced processing of signals, and perhaps mechanisms enhancing the animals' ability to
constrain behaviors to those that are task-relevant and sustain monitoring of the signal state.
Abnormal regulation in larger, specifically prefrontal-mesolimbic circuits that converge on
the cholinergic basal forebrain (Alexander et al., 2009) likely is involved in the cholinergic
and cognitive mediation of attentional performance in the animal model.

When these animals were given a low-dose amphetamine challenge, conceptualized as a
model for triggering an acute disease period, performance was characterized by near random
lever selection. Correspondingly, ACh release levels did not rise from pre-task, baseline
levels (Fig. 2b). Additional data, described in Kozak et al. (2007) suggests that the
attenuation of performance-associated ACh release was not merely a correlate of, or
secondary to, the disruption of performance. Rather, the “freezing” of ACh release at
baseline levels may have prevented above-chance performance.

The results from these experiments indicate an abnormal regulation of the tonic component
of cholinergic neurotransmission as a function of the demands on top-down regulation.
Abnormally high levels of cholinergic neurotransmission support standard task performance
in the animal model. These high levels may limit an effective response to additional
demands on attentional control mechanisms.

3.3.2. Phasic cholinergic activity—There are not yet data on cue detection-mediating
cholinergic transients in this animal model. We may speculate that such transients are less
precisely orchestrated than in intact controls and that they exhibit highly variable rise and
peak times and decay rates (see Fig. 3). Furthermore, it seems likely that such transients are
generated spontaneously or in response to task events other than target signal presentation,
such as to a cue or extending levers indicating the onset of a response period. Such false
transients would begin to explain the propensity of patients and animal models to generate
false alarms (Fig. 3). Clearly, the neuronal mechanisms, locally in the PFC and involving
larger circuits, that generate and modulate these transients in intact animals and animal
models of schizophrenia, remain poorly understood.

4. Specific cholinergic treatment strategies

In this section, we consider the implications of the dynamic and demand-dependent aspects
of the cholinergic system's involvement in attention for the major classes of cholinergically-
targeted treatments that are either in use or under active development. For each, we describe
the demonstrated or likely effectiveness in terms of the circuitry model described above, and
indicate what evidence may further establish and refine their clinical utility.

4.1. Acetylcholinesterase inhibitors

Cholinergic treatment strategies in schizophrenia have focused on cholinesterase inhibitors,
largely because of the availability of donepezil and galantamine for safe, clinical trials and
the hypothesis that there are commonalities between the status of cholinergic
neurotransmission in patients with schizophrenia and patients with dementia (e.g., Barak,
2009). The potential efficacy of galantamine has been of particular interest as this
compound, in addition to blocking the AChE, also modulates nAChRs (Samochocki et al.,
2003), although the clinical relevance of such modulation remains unclear. Beneficial
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cognitive, including attentional effects of AChE inhibitors have occasionally been
documented in clinical studies (e.g., Schubert et al., 2006). However, the collective evidence
does not convincingly suggest that AChE inhibitors are useful adjunct treatment for
improving the patients' cognitive abilities (Buchanan et al., 2008; Chouinard et al., 2007;
Dyer et al., 2008; Erickson et al., 2005; Friedman et al., 2002; Keefe et al., 2008; Kohler et
al., 2007; Lindenmayer and Khan, 2010).

It is conceivable that these compounds' broad effects on extracellular ACh concentrations,
including the ACh release-inhibiting effects of stimulation of presynaptic mAChRs, do not
assist in optimizing the tonic component of cholinergic activity and even interfere with the
generation of transients. Furthermore, if it is the case that cognitive performance-associated
levels of tonic cholinergic activity are already elevated in patients (see also Tandon and
Greden, 1989), it would not be clear how further increasing cholinergic activity would
benefit the modulation of cortical target circuitry.

With respect to effect on phasic cholinergic neurotransmission, the effects of AChE
inhibitors uncouple postsynaptic activity from presynaptic mechanisms and thus may not
benefit the precisely orchestrated generation of cholinergic transients. In particular,
inhibition of presynaptic ACh release as a result of mostly M2 receptor stimulation is
expected to prevent the generation of precisely timed transients. Furthermore, the amplitudes
of cholinergic transients are relatively small and a dampening of those release events as a
result of presynaptic autoreceptor stimulation would not be consistent with a prediction of
enhancement of attentional performance.

However, it is important to acknowledge that our understanding of the compartmentalized
regulation of the proteins capable of hydrolyzing ACh remains extremely poor (Darvesh et
al., 2003; Meerson et al., 2010; Meshorer and Soreq, 2006), that the pharmacological
profiles of individual AChE-inhibitors differ considerably, and that therefore the potential
usefulness of these compounds, specifically for patients with defined pharmacogenetic
profiles (e.g., O'Brien et al., 2003) needs to be further studied (see also Ribeiz et al.).
Finally, as will be further discussed below, smoking in patients may mask potentially more
efficacious beneficial as well as detrimental effects of AChE inhibitors.

4.2. a4B2* nAChR agonists

Agonists at a4p2* nAChRs are thought to mimic the tonic effects of ACh at glutamatergic
thalamic inputs, thereby amplifying the cortical representation of cues (Fig. 1a). In
functional terms, the effects of such compounds may be described in relatively traditional
terms as enhancing the general readiness for input processing or cortical arousal.
Irrespective of such conceptualizations, these compounds enhance attentional performance
in animals, selectively increasing the animals' detection rate and in interaction with
performance challenges or poor performance levels (Grottick et al., 2003; Howe et al., 2010;
McGaughy et al., 1999; Mohler et al., 2010). The circuitry model we have described for the
effects of such compounds (Hasselmo and Sarter, 2010; Sarter et al., 2009b) correctly
predicts that enhanced attentional performance as a result of treatment with a4p2* nAChR
agonists is ultimately due to augmented amplitudes of cholinergic transients.

a4f2* nAChR agonists appear to represent a promising class of drugs for treating
specifically the persistent cognitive impairments that are revealed by demands on top-down
control and that are likely associated with attenuated levels of tonic cholinergic activity
(above). While pilot studies on the cognitive effects of such compounds in patients with
ADHD reported promising results (Wilens et al., 1999, 2006) we are not aware of clinical
trials of such compounds in schizophrenic patients, except for a press release indicating that
in a Phase Ilb study, ispronicline (AZD3480; TC-1734) “did not meet the trial's criteria for
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statistical significance on the primary outcome endpoints, improvement on various cognitive
domains measured by the IntegNeuro computerized test battery” (Press Release by
AstraZeneca and Targacept Inc., Dec 8, 2008; taken from www.astrazeneca.com/
pressrelease). This Press Release further indicates that patients “were active smokers”; it is
therefore possible that high levels of nicotine competed directly with the efficacy of this
compound at a4p2* nAChRs and, perhaps more importantly, that the effects of nicotine at
other nAChRs limited the efficacy of the selective agonist (Howe et al., 2010). High
smoking levels of schizophrenic patients may represent a variable that generally limits the
efficacy of nAChR agonists (10 cigarettes or more sustain >5 ng nicotine per ml serum;
Lawson et al., 1998). On the other hand, treatment with a4p2* nAChR agonists may allow a
concomitant reduction in smoking in patients (Evins and Goff, 2008; Smith et al., 2009).

4.3. a7 nAChR agonists

Inhibitory sensory gating deficits exhibited by schizophrenic patients have been linked to
mutations in the gene for the a7 nAChR. Furthermore, nicotine was shown to attenuate
gating deficits (Adler et al., 1998; Freedman et al., 1997). Additional research indicated
decreased a7 nAChR densities in thalamic and telencephalic regions of schizophrenic
patients (Freedman et al., 1995; Marutle et al., 2001). Collectively, this evidence elevated
the a7 nAChR to a primary target for treatment of the cognitive, specifically attentional
impairments of schizophrenia (see also Olincy and Stevens, 2007). However, evidence from
animal studies did not consistently support the hypothesis that stimulation of this receptor
benefit attention (Grottick and Higgins, 2000; Hahn et al., 2003). Furthermore, the partial a7
NAChR agonist GTS-21 did not enhance cognition in a Phase |1 trial (Freedman et al.,
2008). Furthermore, animal studies have shown that the beneficial attentional effects of
nicotine are unrelated to effects at this receptor (Blondel et al., 2000). In our experiments,
the beneficial attentional effects of nicotine were statistically robust when its effects at the
a7 nAChR were blocked (Howe et al., 2010). Such blockade allowed nicotine to evoke
cholinergic transients that rose much more rapidly and were cleared much more rapidly
when compared with transients evoked by nicotine in the absence of a7 nAChR blockade.
These findings are consistent with the hypothesis that cue detection is more effectively
mediated by “sharper” transients than by transients that are less precisely locked to the cue
(Howe et al., 2010; Parikh et al., 2007). It would be of interest to determine whether
pharmacological blockade of the a7 nAChR augments the pro-attentional effects of nicotine
in healthy (Hahn et al., 2009, 2007) and schizophrenic patients (Barr et al., 2008; Hong et
al., 2009).

Owing to its profound calcium influx and thus effects on a wide array of cellular pathways
(e.g., Bitner et al., 2007), stimulation of a7 nAChR would be expected to produce lasting
structural neuronal and behavioral effects. It is more difficult to see how such a mechanism
may normalize the abnormal processing of information in forebrain circuits that support
trial-to-trial based performance. It seems more likely that such compounds are of potential
interest for treating broader and more severe cognitive impairments resulting from more
severe structural decline of neuronal circuitry.

4.4. mAChR agonists

We know surprisingly little about the specific roles of mMAChRs in attentional performance,
in part because of the past lack of selective ligands for these receptors and our extremely
limited understanding of the distribution and functions of mAChR subtypes (e.g., Cea-del
Rio et al., 2010; Jeon et al., 2010). Even the detrimental effects of non-selective mAChR
antagonists such as scopolamine or atropine are difficult to interpret as the substantial
increases in ACh release that result from blocking presynaptic mAChRs would excessively
stimulate NAChRs (Hasselmo and Sarter, 2010). Generally, stimulation of postsynaptic
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MAChRs is assumed to contribute to the recruitment of postsynaptic circuitry that mediates
the execution of the detection process (Nelson et al., 2005). Various mAChR agonists have
been proposed for treatment of the cognitive symptoms of schizophrenia (Bradley et al.,
2010; Brady et al., 2008; Leach et al., 2010; Shekhar et al., 2008).

4.5. Interactions with antipsychotic drugs

The preclinical and clinical development of compounds for the treatment of the cognitive
symptoms of schizophrenia is burdened by the complexities that arise from the presumably
compulsive co-treatment with first- or second-generation antipsychotic drugs. First, the
selection of antipsychotic compounds for such studies involves an enormous array of issues,
ranging from the receptor profile of individual compounds (e.g., concerns about interfering
effects of muscarinic receptor antagonism; Raedler et al., 2000) to clinical antipsychotic and
pro-cognitive efficacy (Riedel et al., 2007, 2010). Second, antipsychotic drug dosing issues
need to be clarified in view of evidence indicating that low-dose treatment with anti-
psychotic drugs may lead to beneficial cognitive effects (Green et al., 2002; Keefe et al.,
2006; Mishara and Goldberg, 2004) while higher doses may exacerbate cognitive
impairments (Castner et al., 2000; Uchida et al., 2009). In this context, antipsychotic drug
doses and the administration regimen used in preclinical studies designed to characterize
treatment combinations will need to be carefully selected and justified (Kapur et al., 2003).

Third, and most relevant in the present context, the cholinergic mechanisms of putative
cognition enhancers will need to be studied in the presence of D2 receptor blockade (Kapur
and Mamo, 2003). For example, how would concurrent D2 receptor blockade modulate ACh
release in naive animals (Ichikawa et al., 2002), assuming that such effects generalize to
animal models of the disorder and contexts in which demands on attention actually recruit
cholinergic activity? How would D2 blockade modulate the enhancement of cue detection-
mediating cholinergic transients by potential treatments and what might be the predictive
validity of such data? Such evidence appears important for proposing compounds for
clinical development and to begin conducting translational psychopharmacological research
on treatments for cognitive symptoms.

5. Conclusions

Efforts to find and develop treatments for the cognitive symptoms of schizophrenia remain
intensely focused on drugs acting at cholinergic mechanisms (e.g., Conn et al., 2009; Leach
et al., 2010; Lieberman et al., 2008; Money et al., 2010). As discussed above, such a focus
seems well-justified based on basic neuroscientific and, specifically with respect to nAChR
agonists and psychopharmacological research in animal models and healthy humans.
However, the nature of cholinergic dysregulation in patients and its impact on cognitive,
including attentional, functioning remains poorly understood. In order to define drug-
development targets, cognitive-psychopharmacological and pharmaco-fMRI studies in
patients should make close contact with the available evidence from neuroscientific and
psychopharmacological studies in animals and healthy humans. To this end, the use of a task
for the measurement of attentional functions that exhibit face and construct validity in
laboratory animals and humans, including schizophrenic patients (Demeter et al., 2008,
2010, 2011; Nuechterlein et al., 2009) represents an important necessity as it assures that all
these levels of analysis address similar cognitive operations. For example, as we learn more
about the pharmacological manipulation of cholinergic transients by nicotinic receptor
ligands, including the impact of altered transients for on attentional performance (above),
the use of a task with cross-species validity will enable arguably more useful predictions
about how different compounds will modify performance in healthy humans. The need for
these cross-species task and the general challenges of investigations that cross disciplines
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and species boundaries are not unique to the discovery and evaluation of cholinergic
treatments (e.g., Barnett et al., 2010).

Our discussion of the nature of the abnormalities of tonic and phasic cholinergic
neurotransmission in schizophrenia is necessarily hypothetical. These speculations were
derived in part from available evidence from an animal model. Considering that levels of, or
demands on, cognitive performance yield different predictions about the nature of
cholinergic dysregulation, and that these predictions may entail variation in the timing and
slope of rise and decay rates of transients, one may conclude that these complexities render a
rational development of cholinergic cognition enhancers to be a rather challenging goal.
However, this is not the point of this discussion. These complexities indicate that potential
treatments will need to be characterized across the range of measures of tonic and phasic
cholinergic neurotransmission, and that cognitive activity will need to be treated as an
independent variable, not just an outcome measure. These complexities do not, however,
inform about the usefulness, or lack thereof, of a particular pharmacological target
mechanisms. For example, it is plausible that a rather simple mechanism, such as
manipulation of a receptor subtype of the cholinergic or GABAergic systems, would
normalize the timing of the transient onset or enhance a rapid attenuation of such a transient.
We hope to enhance awareness of the complex nature of cholinergic neurotransmission in
order to advance the predictive validity of preclinical research on cognition enhancers.
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Schematic illustration of the main elements of prefrontal (PFC) circuitry mediating the
detection of cues and of the tonic (dark red cholinergic neuron) and phasic (bright red
cholinergic neurons) components of cholinergic neurotransmission (a). In the cortex,
cholinergic transients are generated in part by the stimulation of ionotropic glutamate
receptors and by glutamate released from mediodorsal thalamic (MD) afferents (Parikh et
al., 2008, 2010). Mediodorsal inputs and thus glutamatergic transients are modulated by
tonic (changes occurring on the scale of minutes) cholinergic stimulation of a4p2* nicotinic
acetylcholine receptors (nAChRs). This allows levels of motivation and the subjects's
readiness for utilizing external cues to influence the probability and efficacy of cue
detection. An example of such tonic cholinergic activity measured by using microdialysis is
shown in b, illustrating tonic prefrontal ACh before, during, and after four blocks of 8-min
trials of sustained attention performance (data adopted from Paolone et al., 2010). In the
PFC, glutamatergic and cholinergic transients interact to recruit efferent circuitry for the
generation of the behavioral response. Figure ¢ shows prefrontal glutamatergic and
cholinergic transients recorded during cued trials yielding hits (the onset of the cue and the
times of lever extension and correct lever presses are indicated below the abscissa). Note
that the timing of detection-indicating behavior is related to the timing of the initial rise in
transient cholinergic activity, as opposed to transient peak time (Howe and Sarter, 2010;
Parikh et al., 2007).
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Illustration of hypotheses about attentional performance-associated abnormalities in the
regulation of tonic cholinergic activity in controls and schizophrenia. Although reflecting
the evidence described in Kozak et al. (2007), the data shown represent a paradigmatic
scenario. In the absence of a challenge on top-down control (a), performance-associated
increases in cholinergic activity remain relatively stable during the performance period in
control subjects as well as the disease model. However, while unchallenged performance
does not differ significantly between the animal model and healthy controls, robustly higher
levels of cholinergic activity mediate the performance in the animal model. This finding has
been discussed in terms of reflecting inordinate requirements on cognitive control in order to
support performance even in the absence of challenges, in part because levels of cholinergic
activity in the animal model and the absence of challenges were found to correspond with
the elevated levels observed after a top-down challenges in healthy subjects (b). In control
subjects, manipulations that evoke top-down control of attentional performance, including
the presentation of a distractor, moderately impair attentional performance, followed by
(partial) performance recovery toward the end of the session. In these subjects, cortical
cholinergic activity levels during the distractor period exceed the levels seen during standard
task performance. In contrast, the more severe disruption of performance in the animal
model is associated with, and perhaps caused by (for evidence supporting a causal
relationship see Kozak et al., 2007), a rapid loss and return to pre-task levels of task-
associated cholinergic activity.
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Attentional performance-associated abnormalities in the regulation of transient cholinergic
activity in controls and schizophrenia. Cholinergic transients are shown during hit (a) and
miss trials (c) and during intertrial intervals (b), in control subjects and, speculatively, in
schizophrenia. The hit-related cholinergic transient as well as the absence of such transients
is based on evidence from intact animals (Howe and Sarter, 2010; Parikh et al., 2007). As
discussed in the main text, cues that are detected by patients, albeit likely with lower
probability and longer response latencies than in healthy controls. Such performance may be
mediated via transients that rise later and exhibit slower and less linear rise rates, peak at
lower levels and more variable time points, and decay less rapidly than in healthy control
subjects (a). Indeed, slower decay rates, indicative of ongoing and slowly diminishing
release, were demonstrated to be associated with less effective attentional performance
(Howe et al., 2010). The attentional performance of animal models and patients is
characterized in part by an increased rate of false alarms, specifically in response to
performance challenges. As cholinergic transients are required for detection, we can
speculate that such transients, although relatively poorly organized, occur sporadically
during blank trials (c). Finally, in the absence of performance, transient cholinergic activity
is speculated to fluctuate more markedly (b), indicative of a less effective and stable state of
the prefrontal detection network. These speculations serve to illustrate that normalization of
cholinergic neurotransmission are less a subject of simple corrections of levels of
neurotransmitter activity but presumably require restoring the timing and rise and decay
dynamics of such transients.
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