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Abstract

The identification and characterization of drugs for the treatment of cognitive disorders has been
hampered by the absence of comprehensive hypotheses. Such hypotheses consist of (a) a precisely
defined cognitive operation that fundamentally underlies a range of cognitive abilities and capacities
and, if impaired, contributes to the manifestation of diverse cognitive symptoms; (b) defined neuronal
mechanisms proposed to mediate the cognitive operation of interest; (c) evidence indicating that the
putative cognition enhancer facilitates these neuronal mechanisms; (d) and evidence indicating that
the cognition enhancer facilitates cognitive performance by modulating these underlying neuronal
mechanisms. The evidence on the neuronal and attentional effects of nAChR agonists, specifically
agonists selective for a4p2* nAChRs, has begun to support such a hypothesis. NAChR agonists
facilitate the detection of signals by augmenting the transient increases in prefrontal cholinergic
activity that are necessary for a signal to gain control over behavior in attentional contexts. The
prefrontal microcircuitry mediating these effects include a4p2* nAChRs situated on the terminals
of thalamic inputs and the glutamatergic stimulation of cholinergic terminals via ionotropic glutamate
receptors. Collectively, this evidence forms the basis for hypothesis-guided development and
characterization of cognition enhancers.
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1. Introduction

Drug-induced improvement of the cognitive capacities of patients suffering from
schizophrenia, age-related cognitive decline, neurodegenerative disorders, or even of healthy
subjects, has remained an elusive goal. For example, the renewed focus on the role of the
cognitive impairments of schizophrenic patients for their ability to function in real-life settings
stands in sobering contrast to the limited success of preclinical and clinical
psychopharmacological research to develop cognition enhancers for co-treatment of this
disorder [1-5].

During the last two decades a relatively large number of compounds have been suggested to
enhance cognitive functions and capacities. However, clinical trials quite consistently failed
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to show robust efficacy of these compounds in healthy humans or patients. Our prior analysis
of this situation blamed a research strategy that is characterized by a largely atheoretical
collection of presumably beneficial cognitive effects. Moreover, preclinical research often
employed a range of behavioral tests with only limited validity in terms of measuring the
cognitive function(s) of interest. Likewise, the validity of animal models, such as the
scopolamine model or the use of aged animals, in terms of reproducing clinically relevant
cognitive impairments, was rarely clarified [6-8]. Tests that are well known for producing a
high number of false-positives, such as testing anti-scopolamine effects on spontaneous
behaviors, continue to be extensively used in this research (e.g., [6,7,9-12]). As an alternative
to the collection of putatively beneficial effects, hypothesis-guided research would allow this
field to break away from the rather non-productive reiteration of past research strategies. Such
hypotheses are now emerging, specifically in the context of cognition enhancement produced
by nicotinic acetylcholine receptor (nAChR) agonists (below).

Generally, hypothesis-guided approaches to research on drug-induced cognition enhancement
may include the following components and goals:

- identification of the basic cognitive operation(s) that is (are) facilitated by a putative
cognition enhancer

- determination of the behavioral and cognitive variables that reveal drug-induced
enhancement of a defined cognitive operation

- determination of the neurobiological mechanisms that mediate the cognitive operation
of interest

- demonstration that the putative cognition enhancer beneficially modulates these
neurobiological mechanisms

- determination of the neuropharmacological mechanisms mediating the drug’s effects

- demonstration that in performing animals the administration of the putative cognition
enhancer facilitates the processing of the target cognitive operation(s) by enhancing
underlying neurobiological mechanisms.

The available evidence on the effects of nAChR agonists, particularly agonists acting at
a4B2* nAChR, begins to support such a hypothesis. This hypothesis suggests that the beneficial
cognitive effects of NAChR agonists can be attributed to the facilitation of the neuronal
mechanisms that underlie cue detection (defined below), that cue detection is mediated by cue-
evoked increases in cholinergic activity in the prefrontal cortex (PFC), that nAChR agonists
augment such cholinergic transients, and that they do so via a local glutamatergic-cholinergic
microcircuit. This hypothesis is consistent with the larger theory that pre-attentionally
processed cues gain behavioral control via cholinergic modulation.

Importantly, this hypothesis may not explain the entire range of pro-cognitive effects that were
demonstrated for nicotine and selective nNAChR agonists. However, it explains how these
compounds enhance fundamental attentional functions and attention-dependent cognitive
processes including executive control capacities and learning and memory. In other words, the
hypothesis described below is a reductionist approach that is capable of guiding future research
efforts designed to develop even more efficacious treatments for cognitive impairments.

2. nAChR agonists enhance attention in healthy humans, patients and

animals

Nicotine is likely one of the most extensively studied drugs in humans and its effects on
cognitive abilities have been extensively reviewed (e.g., [13,14]). The following brief synopsis
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of this literature serves to reiterate the view that the beneficial cognitive effects of nicotine as
well as the newer nAChR subtype-selective agonists are associated with, and may even be
primarily attributed to, the enhancement of basic attentional operations. Furthermore,
compared to selective nAChR agonists, the effects of nicotine generally are less robust and
often more difficult to demonstrate - an issue that will require a neurobiological explanation
(below).

In healthy, non-smoking or non-deprived smoking humans, acute or chronic administration of
nicotine has been extensively demonstrated to facilitate attentional performance (e.g., [15-
20]). Nicotine also benefits learning and memory performance, primarily by enhancing the
attentional processing of items during encoding or rehearsal (e.g., [21-24]). However, the
magnitude of the beneficial attentional effects of nicotine in healthy humans is limited and
occasionally has failed to reach significance (e.g., [25,26]). The effects of nicotine were
suggested to be larger when assessed by using laboratory tasks (such as the Stroop task) and
less robust when tested using real-life tests involving multiple and competing demands on
attentional performance [27]. These beneficial, albeit limited cognitive effects of nicotine in
healthy humans (see also [28]) appear to generalize to effects in patients with impaired
cognitive abilities, including patients with Alzheimer’s disease [29-35], schizophrenia [36,
37] and ADHD [38-40].

Although the number of clinical studies on the efficacy of nAChR subtype-selective
compounds has remained small, the beneficial cognitive effects of the a4p2* nAChR agonists
ABT-418 [41], ispronicline [42] and ABT-089 [43], in patients with Alzheimer’s disease, age-
associated memory impairment, or ADHD, respectively [44-46], appear more somewhat more
robust than those of nicotine and, compared with the effects of nicotine, may manifest in
interaction with lower demands on attentional effort (defined in [47]). As will be pointed out
next, the greater efficacy of a4p2* nAChR agonists in humans is consistent with evidence from
animal experiments.

Stolerman and colleagues extensively studied the effects of nicotine on the performance of rats
in the 5-choice serial reaction time task. The demonstration of beneficial effects of nicotine
depends on the setting of task parameters such as the duration of the intertrial interval [48] and
the presence of performance-impairing distractors [49]. As is the case in healthy humans, the
magnitude of the enhancing effects of nicotine in intact animals remains relatively limited
[50] and varies across studies over multiple, repeated tests and following repeated
administration ([51,52]; but see [53,54]).

We employed an operant sustained attention task (SAT; see Figure 1C) that differs from the
5-choice serial reaction time task primarily by the integration of explicit non-signal trials,
thereby generating not just hits and misses but also correct rejections and false alarms (each
response based on an active lever press). As will be pointed out further below, the random
sequence of signal and non-signal trials was found to be key to understanding the functions of
the cortical cholinergic input system and the mechanisms via which nAChR agonists affect
attentional performance. (For details concerning the operant procedures, measures of
performance, a version of the task developed for research in humans, and validity in terms of
measuring sustained attention performance, see [5,55]). Although the acute administration of
nicotine did not consistently produce significant enhancement of the performance by intact
animals ([56]; Kozak, Howe, & Sarter, unpublished data), administration of the a4p2* nAChR
agonist ABT-418 robustly and dose-dependently (bell-shaped dose-response curve) increased
the animals’ hit rate [57]. Importantly this enhancement manifested in animals performing the
standard SAT and did not require interactions with the performance-lowering effects of a
distractor. Furthermore, and relevant for the hypothesized cholinergic mediation of the
attentional effects of nAChR agonists (below), the enhancement of attentional performance
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produced by ABT-418 required the presence of an intact cortical cholinergic input system
[57].

Taken together, the evidence on the cognitive effects of NAChR agonists in humans and animals
supports the view that these drugs act primarily by enhancing attentional processes and
capacities, and that the effects of a4p2* nAChR agonists appear to be more robust than those
of nicotine. The evidence concerning o7 NAChR agonists remains limited and conflicting and
will not be addressed (e.g., [58-61]).

3. Transientincreases in cholinergic activity mediate attentional performance

Following the validation of the immunotoxin 192-1gG-saporin as a tool for selectively
removing the cortical cholinergic input system [62], several experiments demonstrated that
such deafferentation selectively impairs the detection of signals in the SAT and similar tasks
[63,64]. “Detection” is defined as a cognitive operation consisting of “...the entry of
information concerning the presence of a signal into a system that allows the subject to report
the existence of the signal by an arbitrary response indicated by the experimenter” [65].
Importantly, the animals’ ability to correctly reject non-signal events was unaffected (see
Figure 1C for a schematic illustration of the task). Deafferentation-induced decreases in hits
did not recover over several months of daily task practice. As will be discussed further below,
the most recent evidence from electrochemical recordings of second-based changes of
cholinergic activity in task-performing animals explains the selective effect of these cholinergic
lesions on signal trial performance.

Studies using microdialysis to measure performance-associated ACh release in the cortex
consistently demonstrated that attentional performance, as opposed to performing various
operant control procedures that do not explicitly tax attentional processes, was associated with
increases in frontal and parietal cortical ACh release. Furthermore, these studies suggested that
performance-associated levels of ACh release do not indicate the level of attentional
performance but rather the demands on attentional performance. Indeed, highest levels of
performance-associated ACh release were observed as animals regained normal performance
levels subsequent to behavioral or pharmacological performance challenges [66-71].

Because of their low temporal resolution (on the scale of minutes), measures of ACh release
using microdialysis do not readily reveal the precise cognitive operations that are modulated
or initiated by neurotransmitter release. However, the evidence from these studies confirmed
the conclusions derived from the experiments on the attentional effects of cortical cholinergic
denervation. Collectively, these studies demonstrated that cortical cholinergic activity,
particularly in (right) prefrontal regions (see also [72-74]), mediates performance in tasks
taxing attentional processes and resources. Furthermore, the contribution of the cholinergic
system to attentional performance is associated specifically with the ability to detect signals.

Using enzyme-coated microelectrodes for the amperometric measurement of ACh release at a
sub-second resolution [75,76] we demonstrated that the actual detection process is mediated
via a transient increase in cholinergic activity in the medial PFC [77]. In our earlier studies we
utilized a relatively simple cued appetitive response task in which the cue occurred rarely and
predicted reward delivery at one out of two sites. As illustrated in Figure 1a, cue detection was
defined based on cue-evoked behavior, while a miss was indicated by the failure of cues to
evoke disengagement from ongoing behavior, typically grooming. Cues that elicited a transient
increase in cholinergic activity were detected (Figure 1b). Conversely, cues that failed to evoke
a cholinergic transient were missed. Importantly, in trials where cues were missed, reward was
delivered, triggering port approach and reward delivery. However, reward-related behaviors
were not associated with cholinergic transients. Based on these results and additional evidence
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described in Parikh et al., including the effects of prefrontal cholinergic deafferentation [77],
we concluded that cue (or signal) detection requires a prefrontal cholinergic transient.

These findings also suggested that the striking increase in misses in SAT-performing animals
that is caused by cholinergic deafferentation of the cortex is due to the lesion-induced absence
of cholinergic transients. More recent evidence indicates an informative complication of this
straight forward hypothesis [78]. As would be expected, in animals performing the SAT (Figure
1c), signals that fail to evoke cholinergic transients result in misses. However, unexpectedly,
only about 70% of the signals that yielded hits evoked such cholinergic transients. The solution
to this puzzle has been revealed by taking into account the preceding trial type. Signals resulting
in hits evoke a cholinergic transient if the prior trial was a factual non-signal trial (a non-signal
event resulting in a correct rejection) or a perceived non-signal trial (a signal trial that resulted
in a miss). However, if the prior trial was a signal/hit then the subsequent signal does not evoke
a cholinergic transient (Figure 1d). Collectively, these findings form the basis for a theoretical
description of the cognitive operations that are mediated via cholinergic activity in the PFC.

4. Transient increases in cholinergic activity mediate cue detection: a target
mechanism for cognition enhancers

The findings described above indicate that rather than mediating the actual process of detection,
cholinergic transients support a processing mode shift. Non-signal trials do not require the
detection of a signal and thus the execution of responses to non-signal events is dependent
upon “intrinsic” or “associational” processing. In contrast, the process of detection requires
that PFC circuitry elevates the processing of a pre-attentional representation of a signal to the
level at which the signal is capable of influencing and even controlling ongoing cognitive and
behavioral activity. The evidence suggests that a transient increase in cholinergic activity shifts
the PFC network from mediating intrinsic processing, or from a processing state characterized
by the absence of a specific task or demands on stimulus selection and stimulus processing
(called the default-mode network; [79]), to a processing mode that fosters the integration of
external signals into ongoing activity and thus detection (henceforth termed “up-shift”; see
also [80]). Toreiterate, if the network is already in the detection mode, as a result of a preceding
hit, no additional cholinergic transient is required in order to generate a hit during the
subsequent trial. Alternatively, if such a transient is required but does not occur, the response
to the subsequent signal will be a miss. As deduced from this hypothesis, a post hoc analysis
of the effects of cholinergic deafferentation on SAT performance indicated that the probability
for a miss in (signal) trials that were preceded by non-signal/correct rejection trials is three
times higher than the probability for a miss in trials preceded by a hit (Howe & Sarter,
unpublished observations). In other words, the removal of cortical cholinergic inputs impairs
attentional performance by reducing the probability for processing mode up-shifts.

The hypothesis that cholinergic transients permit upshifts and thus foster signal detection
requires more comment. As the signal (or cue) evokes the cholinergic transient we need to
propose an additional mechanism that, in the case of a miss, interferes with the cue-evoked
orchestration of a cholinergic transient and thus fails to trigger an upshift. We found that misses
were more likely if, prior to the signal, “background” cholinergic activity increased steadily
[77]. Interestingly, human imaging data likewise indicated that pre-stimulus increases in the
activity of the default network, perhaps reflecting a shift of attention toward intrinsic mentation,
increased the likelihood for errors and attentional lapses [81-83].

Taken together, our evidence indicates the prefrontal cholinergic transients foster the shift from
an intrinsic or default state of prefrontal neuronal activity to a mode that allows signals to be
detected and to control behavior. Impairments in detection, reflecting failures to switch
between default and detection networks or, in other words, to disengage from intrinsic
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processing, essentially contribute to, or even underlie, the cognitive impairments of
schizophrenia, ADHD, aging, and other neuropsychiatric and neurodegenerative disorders
(e.g., [84-89]). Thus, improving the probability for processing mode up-shifts is expected to
directly enhance attentional performance and, benefit the overall cognitive status of patients.
Mechanistically, drugs are hypothesized to enhance signal detection by augmenting the
probability and/or magnitude of cue-evoked cholinergic transients. As will be described further
below, the cognitive and cholinergic effects of NAChR agonists, particularly a4p2* nAChR
agonists, are hypothesized to enhance cue detection by augmenting the amplitude of signal-
evoked cholinergic transients.

5. Circuitry model for signal detection: prefrontal glutamatergic-cholinergic

interactions

The following section describes major components of a parsimonious neuronal network model
that explains how a preattentionally-processed cue evokes a cholinergic transient and thereby
supports an up-shift. We will also address potential mechanisms responsible for misses and
discuss the effects of nAChR agonists on this network further below.

The glutamatergic projections from the mediodorsal thalamus (MD) to the PFC [90] are not
thought to “import” a primary sensory representation of the signal but rather a signal-evoked
“attentional searchlight”. Attentional searchlight is a term that refers to a narrowing of the
“place demanding attention” ([91]; see also [92]). As illustrated in Figure 2, the topographic
projections from sensory regions to the thalamic reticular nucleus (TRN), which in turn contacts
MD neurons, form essential components of the PFC afferent circuitry that “imports” pre-
attentionally processed signals into the PFC [93-96]. The finding that attentional orienting is
impaired following lesions of the TRN [97] is predicted by this scenario. The TRN receives
cholinergic and non-cholinergic (not illustrated) inputs from the basal forebrain [98,99],
thereby presumably enhancing the thalamic input in order to assist detection performance in
the presence of distractors.

We know from our mechanistic studies that the generation of cholinergic transients in the
medial PFC requires glutamate release and the stimulation of presynaptic ionotropic glutamate
receptors that are presumably localized on cholinergic terminals [100]. Thus, consistent with
the electrochemical recordings in performing animals (above), the neuronal representation of
the pre-attentionally processed stimulus may evoke a cholinergic transient via such a
glutamatergic-cholinergic interaction in the PFC, thereby allowing the stimulus to gain control
over ongoing cognitive and behavioral activity and produce a hit response.

The signal duration-dependent hit rate in animals and humans performing the SAT task [55]
may be explained by such a feed-forward mechanism, assuming that a more salient signal
generates a greater glutamatergic transient and thus more likely a robust transient increase in
cholinergic activity. However, explanations that would begin to indicate the mechanisms
underlying misses of salient signals, the detection of signals in the absence of cholinergic
transients as observed in signal trials preceded by hits (above), and the performance under
distractor conditions, necessitate incorporation of additional pieces of evidence and
assumptions.

As discussed above, our observation that increases in cholinergic activity prior to the
presentation of a signal increase the likelihood for a miss may be related to the potentially
interfering effects of increases in activity in the default-mode network (references above). It
is not clear whether the activation of GABAergic interneurons [101] by multiple afferents,
including inputs from other cortical regions [102], reflecting the departure of the network from
the default-mode state, could interfere with signal-evoked recruitment of glutamatergic-

Biochem Pharmacol. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sarter et al.

Page 7

cholinergic interactions (Figure 2). Indeed, the available evidence predicts that GABA release,
likely from fast-spiking interneurons, silences cortical pyramidal as well as non-pyramidal
cells (e.g., [103]) and inhibits ACh release from cholinergic terminals [104-106]. Although
these effects would suffice to prevent the prefrontal circuit from up-shifting into the detection
mode, activation of other neuromodulators, reflecting a departure from the default-mode state
during the intertrial interval, also likely contributes to the suppression of cue-evoked
glutamatergic-cholinergic activity [107]. Finally, we need to acknowledge that extremely little
is known about the contribution of non-cholinergic afferents from the basal forebrain; these
GABAergic and presumably glutamatergic projections may be recruited separately from the
cholinergic system and may strongly influence the state of the detection-mediating circuitry in
the PFC (e.g., [108,109]).

While this model explains the signal-duration-dependency of misses and inspires hypotheses
concerning the mechanisms underlying failures to detect even rather salient stimuli, we can
only speculate about the mechanisms that are responsible for the observation that during hit-
hit sequences, the second signal does not require a cholinergic transient to be detected. Perhaps
other afferent neuromodulators, particularly the noradrenergic input system, maintain the
network in the detection mode as a result of a prior hit (e.g., [110-112]).

Finally, we know that performance challenges such as distractors increase levels of ACh release
above those seen during standard SAT performance, and that such cholinergic activity broadly
increases the activity of PFC neurons [66,113]. Again, the model illustrated in Figure 2 suggests
that activation of GABAergic mechanisms may be involved in the effects of distractors on
performance. Furthermore, based on our evidence on the mesolimbic regulation of the
cholinergic inputs to the PFC [114-116], the model suggests that in response to erroneous
performance, the prefrontal projections to mesolimbic regions, particularly the nucleus
accumbens and the ventral tegmentum, both of which project to the basal forebrain, are capable
of mobilizing the cholinergic system in response to the detection of errors and non-reward, in
order to support residual performance and performance recovery [47]. However, we do not
presently know how such mechanisms might affect the characteristics of cholinergic transients
and/or the more tonic levels of cholinergic activity.

6. NAChR agonists evoked and modulate cholinergic transients

Administration of brief pulses of nAChR agonists into the medial PFC generates cholinergic
transients that mirror, in terms of amplitude and decay rate, the transients observed in animals
performing tasks involving detection processes [100]. Moreover, administration of a4p2*
nAChR agonists evokes substantially sharper signals when compared with those evoked by
nicotine (Figure 3). The slower decay rate of cholinergic transients evoked by nicotine appears
to be due in part to the stimulation of a7 NnAChR [100] and local dopamine release (Ward,
Parikh, Sarter, unpublished data; see also [117]).

The mechanisms via which nAChR agonists, particularly a4p2* nAChR agonists, evoke
cholinergic transients map well onto the circuitry model shown in Figure 2. a4p2* nAChRs
are situated on the terminals of thalamic afferents [101,118]. a4p2* nAChR agonists evoke
glutamatergic transients which, via presynaptic NMDA and AMPA receptor stimulation,
generate cholinergic transients [100]. Blockade of a4p2* nAChRs attenuates nicotine-evoked
glutamatergic and cholinergic transients [100]. Furthermore, local blockade of these ionotropic
glutamate receptors prevents nAChR agonists from evoking cholinergic transients [100].

As discussed in the Introduction, when compared with nicotine, a4p2* nAChR agonists more
robustly improve attentional performance of animals and humans. Given the key role of
a4p2* nAChRs in the generation of cholinergic transients (Figure 2), we hypothesize that the
greater potency, in terms of amplitude, of selective a4p2* nAChR agonist-evoked
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glutamatergic and cholinergic transients [100] underlies their greater cognitive efficacy (see
also below). We also speculate that the slower decay rate of nicotine-evoked cholinergic
transients may not support the detection process as optimally as the high-amplitude, “sharp”
cholinergic transients evoked by selective a4p2* nAChR agonists [100]. However, this latter
point remains to be demonstrated.

The effects of systemically administered nicotine on detection performance and the amplitude
of simultaneously recorded cholinergic transients constitute the final piece of evidence in
support of the present hypothesis. The evidence illustrated in Figure 4 indicates that nicotine-
induced increases in detection rate and decreases in response times are associated with
positively modulated cholinergic transients (Howe, Sarter, & Parikh, in preparation). Thus, in
the presence of nicotine, the amplitudes of cholinergic transients are greater and therefore the
detection process is more efficacious and faster (see also [119-122]). Forthcoming research
will clarify whether the additional slowing of the decay rate of cholinergic transients produced
by nicotine (Figure 4) contributes to the limitations of the beneficial effects of nicotine and,
conversely, whether “sharper” transients, as produced by a4p2* nAChR agonists, more
robustly enhance attentional performance.

7. Conclusions, gaps and generalizations

The ability to select and discriminate stimuli and to advance their processing so that they gain
control over ongoing cognitive and behavioral activity represent fundamental components of
attentional performance. Failures to detect and/or to shift out of the default-processing mode
contribute to the decline of attentional performance and attention-dependent cognitive
processes, including learning. Accumulating evidence indicates that prefrontal glutamatergic-
cholinergic interactions represent an essential mechanism for detection and processing mode
shifts. If cholinergic transients are not allowed to manifest, signals will be missed. Agonists at
nAChR enhance the probability and amplitude of signal-evoked cholinergic transients and
thereby facilitate attentional performance. Selective a4p2* nAChR agonists appear more
efficacious, owing to the presence of a4p2* nAChRs on the terminals of thalamic inputs.
Importantly, repeated stimulation of these receptors may lead to their up-regulation [123,
124], perhaps explaining why several experiments found more robust beneficial cognitive
effects of nicotine following chronic treatment [54].

Collectively, this evidence begins to form the basis for a hypothesis describing how nAChR
agonists enhance cognition. This hypothesis consists of the following components. First, it
describes a defined cognitive operation that is the target of enhancement (signal detection and
associated processing mode up-shift). Second, the hypothesis postulates a neurobiological
mechanism that mediates this operation (a transient increase in cholinergic activity). Third, it
suggests that a group of compounds facilitate these operations (selective a4p2* nAChR
agonists). Fourth, the hypothesis is supported by evidence indicating that these compounds
enhance signal detection and attentional performance by augmenting cholinergic transients
that mediate this cognitive operation (Figure 4).

Important aspects of this hypothesis remain unsettled, including the question of whether the
slow decay rates of cholinergic signals evoked by nicotine are detrimental, limiting the
beneficial effects of non-selective nAChR agonists. Furthermore, the potential presence and
role of more tonic increases (based on minutes) in cholinergic activity remain unclear.
Additional issues requiring research concern the mechanisms underlying misses of salient
signals, the effects of distractors, and the maintenance of the detection mode during signal trials
preceded by hits. Although these are important gaps, the available evidence appears sufficient
to guide the development of nAChR agonists as cognition enhancers.

Biochem Pharmacol. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sarter et al.

Page 9

Given current research efforts concerning cortical a7 nAChRs, we need to reiterate that
conclusive knowledge about the cognitive and neurobiological effects of these compounds
presently remains too limited to generate hypotheses or integrate the effects of these
compounds into the current model (Figure 2; but see [125]). At this point our evidence suggests
primarily that the slower decay rate of cholinergic transients evoked by nicotine is largely due
to stimulation of a7 nAChRs [100] but, again, the functional implications of this effect remain
speculative.

The hypothesis that cholinergic transients mediate detection processes and processing mode
shifts, and that nAChR agonists enhance these cognitive operations, is likely to generalize to
other types of shifts between cognitive operations. For example, cortical cholinergic
deafferentation also impairs the performance in a cross-modal divided attention task. The
detrimental effects of the deafferentation were restricted to a component of the task in which
the modality of the next stimulus was unpredictable while animals’ performance was
unaffected during blocks of trials consisting of stimuli from just one modality [126]. These
findings indicate that modality shifts in attentional contexts likewise require cholinergic
activity and thus are potentially subject to nAChR-induced enhancement. Moreover, it will be
of interest to determine whether task switching performance, using paradigms that have
become productive instruments in research on cognitive aging (e.g., [127]), likewise benefit
from stimulation of nAChRs [128].

Although beneficial attentional effects of nAChR agonists have been extensively documented,
the specific cognitive operation and underlying neuronal mechanisms that are enhanced by
these drugs are only now becoming clear. The hypothesis described above predicts that drugs
that stimulate a432* nAChR in the prefrontal cortex activate a glutamatergic-cholinergic
mechanism that enhances the detection of signals in attentional contexts. This hypothesis
indicates neurobiological and behavioral measures that therefore can be employed to search
for and characterize new nAChR ligands for the treatment of a wide range of cognitive
disorders.
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Figure 1.
Prefrontal cholinergic transients mediating signal detection and attentional processing mode
shifts. (@) Employing a cued appetitive response task, animals were trained to detect a rarely
occurring cue that predicted reward delivery at one out of two reward ports (for details see
[77]). Cue detection (as defined in the main text; [65]) was indicated by disengagement from
ongoing behavior (typically grooming), orientation to and monitoring of the reward ports (see
“detected cue”). As shown in (b) cues that were detected produced transient increases in
cholinergic activity. No such transients were found in trials in which cues were missed.
Importantly, reward was also delivered in such trials and thus animals eventually shifted from
grooming behavior to port approach and reward retrieval. However, this was not associated
with a cholinergic transient (for additional evidence and the effects of removal of prefrontal
cholinergic inputs see [77]). (c) Main events of the sustained attention task (SAT). The task
consists of a random sequence of signal and non-signal trials. Two seconds following an event
the levers are extended, prompting the animal to report the presence or absence of a signal.
Depending on the trial type, responses are classified as hits or misses and correct rejections or
false alarms, respectively (see the color-coded response arrows in the outcome matrix). (d)
Currents indicating ACh release in the prefrontal cortex during signal trials that yielded a hit
(arrows indicate the time of signal presentation, lever extension, and correct lever press).
Cholinergic transients were evoked by signals if the prior trial was a factual non-signal trial or
a perceived non-signal trial (that is, a signal trial yielding a miss), but not if the prior trial also
ended with a hit. Signals that resulted in misses never evoked transients, irrespective of the
prior trial type (not shown; [78]) Collectively, these results indicate that prefrontal cholinergic
transients mediate the shift from intrinsic or default-mode state-based activity to a state
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fostering signal detection. (a and b were reprinted from Neuron, Vol. 56, Parikh, V., Kozak,

R., Martinez, V., Sarter, M., Prefrontal acetylcholine release controls cue detection on multiple
time scales, p. 143 and 144. Copyright (2007) with permission from Elsevier.
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Figure 2.

Model describing the main components of the prefrontal cortex (PFC) circuitry mediating
signal detection and processing mode up-shifts. The model combines well-documented
evidence with parsimonious assumptions required to explain our electrochemical and
performance data (see main text for details). The glutamatergic (GLU) inputs to the PFC,
originating from the mediodorsal thalamic nucleus (MD) “import” a preattentionally processed
representation of the signal into the PFC. MD neurons are part of a network that includes the
thalamic reticular nucleus (TRN) and its topographic afferents from sensory cortical regions,
and has been proposed to generate a signal-associated “attentional searchlight”, a term that
refers to a pre-attentional narrowing of the “place demanding attention”. The signal-evoked
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glutamatergic transient in the cortex generates a cholinergic transient, via stimulation of
ionotropic presynaptic glutamate receptors [100]. The cholinergic transient mediates the actual
detection process or, depending on the task, a processing mode shift that fosters detection
[77,78]. Prefrontal output neurons are presumed to be stimulated by ACh primarily via
muscarinic (m)AChRs [129], thereby organizing the behavioral responses that indicate
successful detection. The terminals of the MD inputs to the PFC are equipped with a4p2*
nAChRs and nAChR agonists enhance detection performance and processing mode shifts
primarily by positively modulating GLU release and thereby augmenting the amplitudes of the
cholinergic transients that are essential for detection. While this glutamatergic-cholinergic
interaction is sufficient to explain the presence of signal salience-dependent hit rates, it does
not account for occasional misses of salient stimuli or the acute, detrimental effects of
distractors and subsequent performance recovery. We speculate that as a result of, for example,
task-unrelated increases in activity of this network prior to the presentation of signals, detection
interference results from GABAergic inhibition of cholinergic terminals [105]. The cholinergic
receptors situated on GABAergic interneurons are not clear but likely involve *$2* subunit
containing NAChRs and also mAChRs [130,131]. These interneurons are also innervated by
other cortical neurons (as symbolized by the connection from the neurons on top of the figure)
and thus potentially allow increases in activity of the default-mode network to inhibit
cholinergic terminals [132].

Biochem Pharmacol. Author manuscript; available in PMC 2010 October 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Sarter et al.

a nicotine (4 nmol)

choline (2 uM)
—

peak amplitude (uM) @)
£y L] (=]
1 1 ]

%]
1

I I ) 1
100 zuoT 300 400
time (s)

I nicotine
. ABT-089

40 pmol 200 pmol 4 nmol 20 nmol

Figure 3.

b ABT-089 (4 nmol)

choline (2 pM)
—

Page 21

80

60

t50 (s)

40 H

20

I 1 I
100 200 300 4
time (s)

N nicotine
. ABT-089

40 pmol 200 pmol 4 nmol

Cholinergic transients evoked by local, prefrontal application (pressure ejections) of nicotine
and the a4pB2* nAChR agonist ABT-089. (a, b) Self-referenced traces depicting cholinergic
transients produced by two pressure ejections (see arrows on the abscissa for timepoints) of
nicotine or ABT-089. Compared with the transients evoked by nicotine, ABT-089 was more
potent with respect to the amplitudes of the cholinergic transients (c). Furthermore, decay rates
of cholinergic transients produced by nicotine were strikingly higher and dose-dependent when
compared with ABT-089 (for additional, mechanistic data see [100]). The “sharper” and larger
signals of a4p2* nAChR agonists are hypothesized to underlie the more robust beneficial
attentional effects of these compounds. (Reprinted from the Journal of Neuroscience, Parikh
et al. 2008, with permission of the Journal of Neuroscience/Society for Neuroscience).
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Figure 4.

Effects of systemic administration of nicotine on the detection of cues in a cued appetitive
response task and on cholinergic transients mediating cue detection [77,133]. The figure shows
self-referenced traces indicating acetylcholine release in animals performing a cued appetitive
response task (see Figure 1a), during trials involving cue detection (upper pair) and in which
the cue was missed (lower pair). Administration of 0.4 mg/kg nicotine augmented the amplitude
of detected cue-evoked cholinergic transients and also slowed the decay rate of these transients.
Nicotine did not affect the flat traces recored during trials with missed cues. Nicotine increased
the number of trials in which the cue was detected (see Figure 1) by 33%. Furthermore, the
latency from cue detection to reward retrieval was reduced from 3.4+0.75 s (saline) to 2.4+0.8
s (nicotine).
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