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Abstract
Attention can be readily measured in experimental animal models. Animal models of attention
have been used to better understand the neural systems involved in attention, how attention is
impaired, and how therapeutic treatments can ameliorate attentional deficits. This review focuses
on the ways in which animal models are used to better understand the neuronal mechanism of
attention and how to develop new therapeutic treatments for attentional impairment. Several
behavioral test methods have been developed for experimental animal studies of attention,
including a 5-choice serial reaction time task (5-CSRTT), a signal detection task (SDT), and a
novel object recognition (NOR) test. These tasks can be used together with genetic, lesion,
pharmacological and behavioral models of attentional impairment to test the efficacy of novel
therapeutic treatments. The most prominent genetic model is the spontaneously hypertensive rat
(SHR). Well-characterized lesion models include frontal cortical or hippocamapal lesions.
Pharmacological models include challenge with the NMDA glutamate antagonist dizocilpine
(MK-801), the nicotinic cholinergic antagonist mecamylamine and the muscarinic cholinergic
antagonist scopolamine. Behavioral models include distracting stimuli and attenuated target
stimuli. Important validation of these behavioral tests and models of attentional impairments for
developing effective treatments for attentional dysfunction is the fact that stimulant treatments
effective for attention deficit hyperactivity disorder (ADHD), such as methylphenidate (Ritalin®),
are effective in the experimental animal models. Newer lines of treatment including nicotinic
agonists, α4β2 nicotinic receptor desensitizers, and histamine H3 antagonists, have also been
found to be effective in improving attention in these animal models. Good carryover has also been
seen for the attentional improvement of nicotine in experimental animal models and in human
populations. Animal models of attention can be effectively used for the development of new
treatments of attentional impairment in ADHD and other syndromes in which have attentional
impairments occur, such as Alzheimer’s disease and schizophrenia.
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Introduction
Attention stands at the forefront of cognition. To optimize learning and remembering an
environmental stimulus or event, one must first attend to it. Attentional impairments are seen
in a variety of conditions, obviously including attention deficit hyperactivity disorder
(ADHD), but also schizophrenia and Alzheimer’s disease, which have pronounced
attentional impairments as a component of the syndrome. Cognitive enhancement to reverse
the deficits in these syndromes refers to improvement of learning, memory and attention.

This article reviews the principal rodent models of attention and how they are used to
discover and characterize novel treatments for attentional impairment. It follows upon
previous reviews in this area, which provide important coverage of the neurobiology of
attention, the value and drawbacks of various animal models and the effects of specific
classes of drugs on attention (Bushnell, 1998; Bushnell et al., 2000; Chudasama and
Robbins, 2004). This review is intended to provide insight into animal models for
developing potential therapeutic treatments for attentional deficits. Some treatments may be
useful only in counteracting a specific mechanism causing attentional impairment while
others may have a more general improvement in a variety of attention deficit models and
even in the unimpaired subject. Thus, it is important to have a variety of models to test
specificity vs. generality of effect. This variety can help both with developing new effective
therapeutic treatments and with improving understanding of the neurobehavioral
mechanisms of attention.

Varieties of Attention and Methods for Assessing them in Animals
Attention is a hypothetical construct that is conceived to underlie processing information
about the environment and its relation to the individual. It is not measured directly, but is
inferred from behavior in controlled environments. Over the past century there has been
considerable research concerning attention using a wide variety of paradigms and models.
There is an enormous literature concerning attention with a variety of conceptualizations and
ways to subdivide it. In this review we have kept to much more practical issues of how
different animal models shed light on the neural systems involved in attention and how they
point to promising avenues for therapeutic drug development.

To this end, we consider just two of the many possible “varieties” of attention (James, 1890,
reprinted in 1950), which can be categorized as “selective” and “sustained”. Selective
attention is thought to be engaged when an animal faces multiple stimuli and chooses among
them; this choice is defined by the animals’ observed behavior. Novelty plays an important
role in determining the subsequent behavior of the animal and hence its attentional selection.
Sustained attention, by contrast, is thought to be engaged when an animal’s behavior is
controlled by a single stimulus that occurs unpredictably in time or space. For example, a
light flash or auditory chirp may signal the availability of food and guide the animal’s choice
of responses required to obtain that food.

There are several commonly used methods of assessing selective and sustained attention in
rodents (Bushnell and Strupp, 2009). Sustained attention is frequently assessed using the 5-
choice serial reaction time test (5-CSRTT) (Carli et al., 1983) and an operant signal
detection task (SDT) (Bushnell, 1999; Bushnell et al., 1994; McGaughy and Sarter, 1995a;
Rezvani and Levin, 2003b). Selective attention can be assessed using a novel object
recognition test (Grayson et al., 2007) or a sand-digging task (Birrell and Brown, 2000).
They each have particular advantages and drawbacks.

Tests of sustained attention employ operant techniques in which animals are trained to
perform the task and are then given daily multiple-trial test sessions in which a critical
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stimulus is presented unpredictably in time and/or space. Thus, the animal must sustain
attention to that stimulus to earn food or water, by responding correctly to the presence or
absence of the stimulus. The 5-choice serial reaction time test (5-CSRTT) utilizes stimuli
that vary spatially and can also be varied in terms of intensity and temporal unpredictability.
The 5-CSRTT tests attentiveness to multiple locations over time and thus requires both
sustained and selective attention. Whereas they are not independent in this task, the two
components can be manipulated separately to preferentially “load” one function or the other.
For example, sustained attention can be stressed by increasing the temporal unpredictability
of the stimulus, and selective attention can be emphasized by increasing the number of
locations at which the stimulus may occur. The task has the advantages of a rich literature
base and multiple measures of performance that reflect attention and response speed. As
described below, there are many studies, which have assessed effects of drugs acting on a
variety of neurotransmitter receptors. The principal drawbacks of the task are the extensive
training needed to attain a stable baseline of attentional performance, and the fact that the
timing of trials is under the control of the subject, rather than of the experimenter.

The SDT described here (Fig. 1) was devised by Bushnell (Bushnell et al., 1994) to assess
effects of solvents on sustained attention; McGaughy and Sarter (McGaughy and Sarter,
1995a) provided parametric and pharmacological manipulations in an early characterization
of behavior in the task. The SDT uses a signal that varies only in time and intensity, and has
the advantages of providing separate measures of hits, misses, false alarms and correct
rejections as well as measures of response latency and response omissions. Stimulus
modality, intensity and duration can be varied to provide parametric tests of attentiveness
and sensory threshold. Rats and humans behave similarly in this task (Fig. 2), with rats
(Bushnell et al., 2003) responding similarly to changes in several parameters known to affect
sustained attention in humans (Parasuraman, 1984). There have been a moderate number of
studies using this task. As reviewed below, drugs acting on a variety of neurotransmitter
systems and other chemical exposures have been assessed using the SDT. As with the 5-
CSRTT task, its principal drawback is the considerable training required to achieve the
stable behavioral baseline necessary for assessment of attention.

Selective attention may be assessed with the novel object recognition (NOR) test and the
sanddigging (S-D) test (Birrell and Brown, 2000). These tasks rely on unconditioned
behaviors of rodents that are elicited by presentation of novel stimuli. The principal
advantage of the NOR test is the rapid testing sequence. There is no training necessary other
than the initial exposure session. This test has been used frequently in the pharmaceutical
industry for rapid assessment of candidate nootropic drugs, although much of this
information is not in the open literature due to the confidential nature of the drugs tested.
Nevertheless, results are available for enough studies to evaluate the method. The main
drawback of the NOR test is that its specificity for assessing attention is more limited than in
the operant methods previously described. Other factors such as changes in novelty
preference, sensory function, or memory must be independently evaluated to determine
whether changes in performance can be ascribed to altered attention.

There are other tasks, which have not been as extensively developed, but could be useful in
future research. For example, the S-D test has been used to assess selective attention in
terms of set-shifting (Birrell and Brown, 2000). Based on the Wisconsin card-sorting test
(Milner, 1963), this method evaluates an animal’s attention to a stimulus dimension and the
facility with which this attending can be shifted to another dimension. For example, the
critical cue attended to could shift from odor to texture of the stimulus object. This method
has the advantage of being procedurally similar to tests of attention used in clinical studies.
However, the degree to which set shifting as measured in the S-D task models selective
attention is debatable. As the field progresses new tests of animal attention continue to be
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developed which are more efficient and have better validity for predicting efficacy of
treatments for attentional impairments in humans.

Animal Models of Attentional Impairment
A wide variety of animal models of attentional deficits have been described (Davids et al.,
2003). These include genetic models, lesion models, pharmacological models and behavioral
models. Each model has particular advantages and disadvantages (Davids et al., 2003). Each
has a place in the effort to better understand the neurobehavioral bases of attentional
function and dysfunction and development of more efficacious therapeutic treatments. The
models of attentional impairment are described in this section and the efficacy of drug
treatments in reversing the attentional impairments in the following section on therapeutic
treatments.

Genetic Models
The most extensively used genetic model is the spontaneously hypertensive rat (SHR)
(Berger and Sagvolden, 1998; Sagvolden, 2000; Sagvolden et al., 1992). Originally
developed and widely used for hypertension research, SHR rats develop hypertension in
later adulthood. Before they develop hypertension, these rats show symptoms of ADHD,
including attentional impairment as measured by the set shifting task and a lateralized
reaction time task (Jentsch, 2005; Kantak et al., 2008). SHR are not impaired in spatial
learning and memory as such, but appear to have more difficulty in relating motivational
state to choice behavior, that is they did not associate a conditioned cue to their response as
well as controls (Clements et al., 2007; Clements and Wainwright, 2007) and controlling
impulsivity (Adriani et al., 2003). Reductions in nicotinic receptor number may be in part
responsible for the cognitive impairments of SHR rats (Gattu et al., 1997a; Gattu et al.,
1997b). Nicotinic receptors in SHR rats were hypo-responsive to up-regulation with chronic
nicotine administration (Hohnadel et al., 2005).

Lesion Models
Loss of telencephalic cholinergic innervation has been postulated to play a significant role in
cognitive function associated with aging and dementia. Manipulations of corticopetal
cholinergic projections from the basal forebrain have revealed bidirectional control of
sustained attention in rats. Partial loss of these cortical cholinergic inputs induced by
infusion of 192 IgG-saporin into the basal forebrain of rats decreased the relative number of
hits while the relative number of correct rejections (and false alarms) remained unaffected
(McGaughy et al., 1996), suggesting that cholinergic input to the cortex facilitates responses
to environmental targets. Because behaviorally-stimulated ACh release from the basal
forebrain is augmented by activation of glutamatergic pathways, cortical cholinergic activity
is enhanced by NMDA activity in the basal forebrain. This interaction provides a way to
manipulate task-dependent cholinergic activity in the cortex. In an elegant application of this
system, Turchi and Sarter (Turchi and Sarter, 2001) showed that intrabasalis infusions of
NMDA increased the false alarm rate without affecting hits, whereas infusions of the
competitive NMDA antagonist DL-2-amino-5-phosphonovaleric acid (APV) increased the
hit rate without affecting false alarms. A similar dissociation was obtained when effects of
intrabasalis infusions of 192 IgG-saporin were compared to effects of infusions of iobotenic
acid, which reduced the GABA-mediated inhibition of the cholinergic neurons in the
nucleus basalis (Burk and Sarter, 2001). Thus, increasing the cholinergic input to the cortex
appears to increase the animal’s responses for signals (shifting the animal’s bias toward
reporting hits) and decreasing the cholinergic input to the cortex appears to have the
opposite effect. Nevertheless, none of these manipulations actually increased the accuracy of
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signal detection, but rather impaired it by creating a bias to respond either “signal” or
“blank”, depending upon the direction of change in cholinergic tone.

Thus, sustained attention appears to be optimal in intact animals whose corticopetal
cholinergic inputs are appropriately balanced. Attentional impairments associated with aging
or neurodegeneration may reflect a loss of balance in the cholinergic innervation of the
cortex. Changes in bias in such individuals may be useful for identifying the nature of the
imbalance. However, pharmacological treatment of such imbalances is not likely to be
simple. For example, systemic administration of ABT-418, a nicotinic acetylcholine receptor
agonist, increased the relative number of hits in control rats but not in animals whose
detection of signals was impaired by intrabasalis infusions of 192 IgG-saporin (McGaughy
et al., 1999).

Pharmacological Models
A wide variety of transmitter receptor antagonists have been shown to reversibly impair
choice accuracy on attentional tasks. Extensive work with a variety of systemically-
administered drugs in the 5-CSRTT was summarized by Robbins (Robbins, 2002). In brief,
this review suggests the following conclusions. The ascending adrenergic systems appear to
maintain arousal, modulate “response vigor”, and reduce the influence of distracting events,
although inconsistent effects of manipulations of these systems do not afford firm
conclusions. Attenuation of striatal dopaminergic systems primarily slows responding, with
little effect on accuracy; however, dopaminergic lesions restricted to the prefrontal cortex
impair accuracy without response latency effects. Loss of cortical acetylcholine exerts
profound effects on response accuracy, as has also been observed in the SDT, consistent
with the lesion work described above, and pharmacological manipulations to follow. Finally,
reduced serotonergic tone is generally associated with increases in premature responding,
which has been interpreted as impulsiveness.

A subsequent review (Chudasama and Robbins, 2004) related these experimental findings to
potential pharmacological therapies for schizophrenia, as screened with the 5-CSRTT,
including treatment with dopamine D1 and D2 agonists, adrenergic α1 agonists, 5HT1A
agonists and 5HT2A antagonists, nicotine, and physostigmine. In particular, evidence from a
variety of sources points to abnormalities in the function of α7 nicotinic receptors as a key
mechanism in the cognitive impairments of schizophrenia, and new α7 nicotinic agonists
have shown promise for treatment of the attentional impairment of schizophrenia (Martin et
al., 2004).

As discussed above, acetylcholine has been shown to play key roles in sustained attention, in
both the 5-CSRTT and the SDT. Regarding the latter test, both the muscarinic cholinergic
antagonist scopolamine (Bushnell et al., 1997b; McGaughy and Sarter, 1995b; Rezvani et
al., 2009b) and the nicotinic cholinergic antagonist mecamylamine (Rezvani et al., 2002;
Rezvani et al., 2009b) substantially impair accuracy. Changes in adrenergic and cholinergic
tone appear to affect sustained attention in a parallel manner. Thus, reduced tone (induced
by clonidine, mecamylamine or scopolamine) lowered signal detection accuracy by reducing
hits and increasing false alarms, whereas elevated tone (induced by idazoxan, nicotine or
pilocarpine) reduced hits without affecting false alarms Fig. 3). The effects of cholinergic
antagonists scopolamine and mecamylamine are generally consistent with the results of
manipulations of corticopetal cholinergic projections from the nucleus basalis described
above) with regard to hit accuracy but not with regard to false alarms. As is often the case
with cognitive function, there appears to be a level of activation of cholinergic and
adrenergic systems that optimizes attention, while increases or decreases both impair
function. It should be noted that clonidine, acting on postsynaptic adrenergic receptors, can
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have a net stimulatory effect on noradrenergic systems and has been found in some studies
to improve attention in ADHD (Sallee, 2010).

Sustained attention in the SDT also depends on glutamatergic and GABA-ergic pathways.
For example, dizocilpine (MK-801), an NMDA glutamate antagonist, substantially impairs
signal detection behavior (Rezvani et al., 2009b; Rezvani et al., 2008) (Fig. 4).
Chlordiazepoxide, a benzodiazepine agonist that potentiates the effects of GABA at GABA-
ergic receptors, impairs performance of the SDT in young and old rats (McGaughy and
Sarter, 1995b), but may do so by affecting visual thresholds rather than impairing attention
(Bushnell et al., 1997a). Alcohol and many organic solvents, which among other things
potentiate chloride flux through GABA-mediated ion channels and inhibit activity at
glutamatergic ion channels, impair sustained attention in this task (Bushnell, 1997; Bushnell
et al., 2007; Rezvani and Levin, 2003a). Antipsychotic drugs such as clozapine, risperidone
and haloperidol, which block a variety of receptors including dopamine, serotonin,
norepinephrine, histamine and cholinergic receptors, also impair sustained attention in rats
(Rezvani and Levin, 2004b). The deficits in attention caused by these drugs serve as good
pharmacological models of impaired attentional performance against which to evaluate
potential therapeutic effects of novel attention improving drugs.

Behavioral Models
The primary behavioral models of attentional impairment involve attenuating the target
stimuli, varying their predictability, and imposing distracting stimuli, all of which have been
used to challenge sustained attention. Target stimuli have been attenuated both by reducing
their intensity and duration. Manipulating the duration of the stimulus is more frequently
done, because automated test systems typically used for this work do not enable software
control of the voltage to the stimulus lamp or loudspeaker. Nevertheless, varying the
intensity of the stimulus provides a means to detect the influence of sensory threshold shifts
as well as deficits in attention (Bushnell et al., 1997a). Reducing the duration of the stimulus
is thought to increase the “attentional load” of the task (Muir et al., 1993), by reducing time
that the stimulus is present and thus the probability of its detection.

Distracting stimuli can be effective in impairing sustained attention (Johnson and Burk,
2006; McGaughy and Sarter, 1995a; Newman and McGaughy, 2008), although the timing of
the presentation of the distractors is critical, and animals adapt to their occurrence
(Himmelheber et al., 2000). Finally, the rate at which target stimuli are presented, regardless
of their predictability, affects the accuracy of detection, in both rats and humans (Bushnell,
1999; Bushnell et al., 2003).

Therapeutic Medications
Stimulants

Drugs that have proven to be therapeutically useful in the treatment of attentional deficits in
humans are quite useful for validating the animal models of attentional impairment. This is
true both for the behavioral tasks and the source of impairment, whether it is in genetics,
transmitter receptor blockade, lesion or behavioral challenge. Predictive validity of the
animal model would be shown by a therapeutically useful drug reversing an impairment in
the model. In the operant SDT, methylphenidate (Ritalin®) has been shown to reverse the
impairments caused by the NMDA glutamate antagonist dizocilpine, the muscarinic
acetylcholine antagonist scopolamine, and the nicotinic acetylcholine antagonist
mecamylamine (Rezvani et al., 2009b) (Fig. 4). This reversal of pharmacologically-induced
attentional impairment with a proven treatment for ADHD serves as a good validation of
this model of ADHD. Methylphenidate also eliminated impairments of attention and
memory in SHR rats (Kantak et al., 2008; Paule et al., 2000). Methamphetamine (0.3 mg/kg)
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has been shown to shorten the choice reaction time in rats; however it also increases the
number of lever presses (Mishima et al., 2002). Also, methylphenidate has been shown to
improve performance in a multi-trial attention task in juvenile rats (Zhu et al., 2010).
Activating noradrenergic α1 receptors enhanced the attentional processing, while blocking
these receptors impaired attention (Mishima et al., 2002).

Cholinergic systems have been shown to be important for several aspects of cognitive
function including attention, learning and memory (Levin et al., 2006). Both nicotinic and
muscarinic acetylcholine receptors have been found to be involved. In particular cholinergic
projections to the hippocampus and frontal cortex play key roles in cognitive function
(Bartus et al., 1987).

Neuronal nicotinic systems have been shown in both laboratory animals and humans to play
major roles in cognitive functions such as learning and memory and attention (Grilly, 2000;
Levin et al., 2006; Mirza and Bright, 2001; Mirza and Stolerman, 1998; Muir et al., 1995;
Rezvani et al., 2002; Rezvani and Levin, 2003b; Stolerman et al., 2000). Because of the
efficacy of nicotine in improving attention, a variety of nicotinic analogs have been
developed as possible treatments for cognitive impairment. Nicotinic analog treatments have
been shown to improve attention. Terry et al. (Terry et al., 2002) found that the nicotinic
agonist SIB-1553A significantly improves performance of rats on 5-CSRTT, but only when
accuracy was reduced pharmacologically by injecting the rats with dizocilpine, an NMDA-
sensitive glutamate receptor antagonist or behaviorally with a distracting stimulus.

Nicotine also has been shown to improve accuracy of intact rats in the operant SDT
(Rezvani et al., 2002; Rezvani et al., 2006; Rezvani and Levin, 2004a; Turchi et al., 1996).
Nicotine also effectively reversed impairment induced by dizocilpine (Rezvani et al., 2008;
Rezvani and Levin, 2003b) and alcohol (Rezvani and Levin, 2003a).

The involvement of α7 nicotinic receptors in attentional processes remains unclear. The α7
nicotinic agonist ARR17779 was not found to significantly affect attentional performance in
the 5-CSRTT (Grottick and Higgins, 2000; Hahn et al., 2003), however, the α7 nicotinic
agonist R3487/MEM3454 significantly improved attentional function as measured by the
operant SDT (Rezvani et al., 2009a). Furthermore, the α7 nAChR antagonist
methyllycaconitine (MLA) given systemically did not significantly attenuate the effects of
nicotine on attention (Blondel et al., 2000).

The α4β2 nAChRs appear to be critically involved in cognitive function. The α4β2 nAChR
agonist SIB 1765F has been shown to significantly improve accuracy in the 5-CSRTT
(Grottick and Higgins, 2000). Recently, it has been demonstrated that similar to α4β2
nAChR agonists, sazetidine-A, a novel nicotinic partial agonist that desensitizes these
receptors (Xiao et al., 2006; Xiao et al., 2008), reverses dizocilpine and scopolamine-
induced impairment in the SDT (Rezvani et al., 2011). This finding indicates an important
role for α4β2 nAChRs in sustained attention.

Other Compounds
Other drugs with more complex actions have been shown to reverse attentional impairments.
The antipsychotic drug clozapine reversed the attentional impairment caused by dizocilpine
(Rezvani et al., 2008). Interestingly, it also blocks nicotine-induced attenuation of
dizocilpine-induced attentional impairment. This effect is also seen with the 5HT2
antagonist ketanserin, which indicates that the 5HT2 antagonist effects of clozapine are key
in the clozapine-induced blockade of nicotine effects on attention (Rezvani and Levin,
2004b). Clozapine also has been shown to reverse the attentional impairment caused by
chronic PCP as measured by the novel object recognition task (Grayson et al., 2007).
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Adenosine receptor antagonist treatment: It has been demonstrated that pre-training
administration of caffeine (1–10 mg/kg, i.p.), the selective adenosine receptor antagonists
DPCPX (8-cyclopenthyl-1,3-dipropylxanthine; Adenosine 1 antagonist, 5 mg/kg, i.p.) and
ZM241385 (Adenosine 2A antagonist, 1.0 mg/kg, i.p.), or the comination of ineffective
doses of DPCPX (3 mg/kg) and ZM241385 (0.5 mg/kg), improved the performance of
spontaneous hypertensive rats in the object-recognition task. These findings suggest that
adenosinergic antagonists might represent potentially interesting drugs for the treatment of
ADHD (Aspide et al., 2000). Caffeine has been found to improve learning in a rat model of
ADHD the spontaneously hypertensive rat (Prediger et al., 2005), however, clinical studies
have not yet shown provide clinically effective attenuation of ADHD symptoms with
caffeine (Lara, 2010).

The histamine H3 receptor has been suggested as an attractive target for the treatment of
cognitive disorders (Esbenshade et al., 2008). Preclinical data suggest that potent and
selective H3 antagonists may offer a novel therapeutic approach for the treatment of
cognitive dysfunction in ADHD, Alzheimer’s Disease and schizophrenia. A number of H3
receptor antagonists including thioperamide, ABT-239, GT-2331, and ciproxifan have been
shown to be efficacious in five-trial inhibitory avoidance in spontaneously hypertensive
pups (for review see (Esbenshade et al., 2008)). The H3 antagonist ciproxifan was shown to
significantly reduce the accuracy impairment in the 5-CSRTT when signals of short duration
were used (Ligneau et al., 1998). H3 receptors in the brain have been shown to promote the
release of acetylcholine as well as monoaminergic transmitters dopamine, norepinephrine
and histamine (Esbenshade et al., 2008). Thus, blockade of these receptors by H3 antagonist
may improve attention by affecting a variety neurotransmitter systems. However, the
efficacy of H3 antagonist treatment for reduction of attentional impairment in the clinic have
been mixed with further study needed to determine what place H3 antagonists may have in
the spectrum of therapeutic agents for attentional impairment (Brioni et al., 2011).

Discussion
Animal models of attention are being actively used in the development of treatment for
attention deficits. Their utility for this purpose will be determined by their effectiveness in
identifying novel drugs which later prove to be effective for reversing attentional
impairments in people. The demonstration of the efficacy of drugs such as methylphenidate,
which is known to be therapeutically useful in treating attentional deficits in humans,
provides important validation of the behavioral tasks and models of attentional impairment
used in the experimental animal literature. Deficit models provide valid tools with which to
test the effectiveness of new treatments for combating attentional impairment.

Dose-effect functions need to be carefully assessed in testing drug effects on attentional
function in animal models because all drugs which improve attention have an inverted U-
shaped dose-effect function in which either lower or higher than optimal doses are less
effective. In fact, for many drugs there is an inverted J-shaped dose-effect function in which
higher doses can impair attention. The combination of this characteristic non-monotonic
dose-effect function with the fact that there is often considerable individual variability in
drug sensitivity can complicate detection of beneficial responses to attention-improving
drugs. With clinical medicine, the standard practice is to adjust doses upward or downward
to achieve the best possible therapeutic effect with minimal side effects. This approach
would be good to use in the development of drug treatments for attentional improvement
especially given the typical inverted U-shaped dose-effect curve of attention-enhancing
drugs and inevitable individual differences in response.
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Care needs to be taken however, in the interpretation of the results of the models for
predicting effects in humans. Some of this is due to limitations of the animal models in
precisely replicating the complexities of the human syndromes of attentional impairment.
But some of the problems in extrapolation from animal models to humans arise from
uncertainties of the human conditions. A recent review (Nestler and Hyman, 2010) has
discussed in detail how difficulties arise in developing animal models of psychopathology
because of nebulous clinical categorizations of the different types of psychopathology.
Clinical diagnosticians do their best to cope with the reality that often human disease in
general and psychopathology in particular is a complex process with multiple etiologies and
multiple means of expression. It is not just the boundaries of diagnostic conditions that are
fuzzy, that is, who is included vs. excluded in the condition; the fuzziness pervades the
entire set of people in each category. This arises from the fact that each category of
psychopathology is a syndrome with a variety of symptoms and impairments, in which each
has its spectrum of severity. More fundamental to the vagueness of clinical categorization is
the fact that similar functional impairments can arise from quite different physiological
mechanisms, such as seen with aging-related dementia resulting from Alzheimer’s disease
and multiple small infarcts. This diversity is key to developing effective therapeutic
treatments. The heterogeneity within each of the human syndromes of attentional
impairment limits even the best animal model for completely capturing the human condition.
In addition, human conditions of attentional impairment are very often accompanied by co-
morbidities, psychosis predominantly in schizophrenia, but also often in Alzheimer’s
disease, memory impairment in schizophrenia and increased rates of drug abuse (primarily
tobacco smoking) in schizophrenia and ADHD. Also, concurrent drug treatment for other
aspects of the disease or life stage in schizophrenia and Alzheimer’s disease and finally,
impaired behavioral control in ADHD, schizophrenia and Alzheimer’s disease make
extrapolation from animal models to human conditions challenging. Despite these potential
impediments, animal models of attentional impairment and therapeutic treatment have
proven to be quite useful in modeling different aspects of human conditions and devising
new treatments. Animal models are especially useful in understanding the variety of
neurobehavioral mechanisms of impairment and how treatments can help counteract or work
around these disordered mechanisms.

There are several ways by which experimental animal models of attentional function can be
improved for development of new drug therapies. One way would be incorporating
individual differences in dose-effect functions in the evaluation of efficacy for improving
attention. This could be easily accomplished by using the “best dose” test method proposed
by Bartus (Bartus, 2000) and pioneered in drug development research by Buccafusco and
Terry (Buccafusco and Terry Jr, 2001). With this method there are two phases of testing.
The first phase of testing is to determine the most effective dose for improving attention for
each subject (best dose). The second phase of testing evaluates the effect of the best dose vs.
control treatment. The use of the best dose assessment more accurately reflects the clinical
practice of medicine in which the physician titrates the dose to achieve the most effective
clinical outcome. This is particularly important with treatments of cognitive dysfunction,
which often show non-monotonic dose effect functions.

The impact of polypharmacy should also be considered. Drug treatments to improve
attentional function in schizophrenia certainly need to be tested in conjunction with
antipsychotic medications since the use of attention-improving drugs would be given in
conjunction with antipsychotic drugs in this population. In fact, we found that co-
administration of the antipsychotic drug clozapine significantly attenuated the attentional
improvement caused by nicotine (Rezvani et al., 2008). Polypharmacy should also be
considered in modeling use of attention-improving drugs for Alzheimer’s disease. In this
elderly population, there is most often a variety of other drugs being taken. Those which
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may interact with attention-improving therapies would be antihypertensive β-adrenergic
blockers, antidepressants, benzodiazepines and antipsychotic drugs given for behavioral
control in Alzheimer’s disease patients.

To mimic human conditions, when assessing the possible efficacy of drugs for treating
attentional impairment, it is important to test their efficacy in reversing attentional deficits,
not just improvements in normal baseline performance. Also, the nature of the impairment
should be considered. Some impairments, which are temporary, such as acute blockade of
transmitter receptors, may be useful for initial studies, but for further analysis it is important
to model chronic impairments in attention such as are seen in the diseases for which the
drugs are being developed. There are many neural system accommodations that take place in
the chronic deficit situation that would not be present with the acute deficit. Along with
chronic deficits, it is critical to test chronic efficacy of the drug being tested to determine
possible tolerance development or induction of a persisting effect. Animal models of
attention are valuable tools in developing novel attentional improving drugs and will
become more valuable as the models continue to improve.
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Figure 1.
Diagram of operant signal detection attention task. This task comprised two types of trials,
signal and blank, which differed only in that a signal was presented in each signal trial and
omitted in blank trials. In each trial, the rat pressed either of two retractable levers to report
that a signal had or had not occurred in that trial. Four possible outcomes result: hit, miss,
false alarm and correct rejection. Hits and correct rejections were followed by delivery of
food; misses and false alarms by a 2 sec “time out” period without food. An increase in hit
and or correct rejection indicates improvement in sustained attention and a decrease in these
parameters indicates impairment in attentional performance. VI stands for variable intervals
for pre- and post-signal during the signal trial (Bushnell, 1998; Bushnell et al., 2003;
Bushnell et al., 1997b; Rezvani et al., 2002; Rezvani et al., 2011; Rezvani et al., 2009a;
Rezvani et al., 2009b; Rezvani et al., 2008).
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Figure 2.
Attentional performance of rats and humans on signal detection Tasks (SDTs) on
proportions of hits relative to the total signal trial responses [P(hit]) and false alarms relative
to the total blank trial responses [P(fa)] as a function of the signal intensity (Bushnell et al.,
2003). The effect of the rate of trial presentation (trials per minute or TPM) was assessed.
Both rats and humans showed a specific TPM for optimal attentional accuracy.
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Figure 3.
Effects of cholinergic and alpha2-adrenergic drugs on proportions of hits relative to the total
signal trial responses P(hit) and false alarms relative to the total blank trial responses [P(fa)]
as a function of the signal intensity. In each panel, the upper curves show values of P(hit)
and lower curves P(fa). The values on the abscissa indicate the intensities of the 300-msec
signals as increments in intensity above a background illumination of 1.20 lux. In the key,
Saline refers to vehicle; Low, Medium and High refer to the three doses of each drug
administered. Doses were as follows: Pilocarpine: 1.0, 1.8, and 3.0 mg/kg; Scopolamine:
0.030, 0.056, 0.10 mg/kg; Nicotine: 0.083, 0.25, and 0.75 mg/kg; Mecamylamine: 1.8, 3.0,
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and 5.6 mg/kg; Clonidine: 0.003, 0.010, 0.030 mg/kg; and Idazoxan: 1.0, 3.0, and 10.0 mg/
kg. Values are means; the error bars indicate SEM above and below the means.
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Figure 4.
Methylphenidate attenuated the percent correct rejection impairment (Rezvani et al., 2009b;
Rezvani et al., 2008) on the operant signal detection attention task in rats caused by:

A. The muscarinic cholinergic antagonist scopolamine;

B. The nicotinic antagonist mecamylamine; and

C. The NMDA glutamate antagonist dizocilpine: percent correct rejection (mean±sem)
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