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Abstract

Interactions between motivation and cognition are implicated in producing functional impairments
and poor quality of life in psychiatric patients. This interaction, however, is not well understood at
either the behavioral or neural level. We developed a procedure for mice in which a cognitive
measure, sustained attention, is modulated by a motivationally-relevant signal which predicts
reward probability on a trial-by-trial basis. Using this paradigm, we tested the interaction between
motivation and cognition in mice which model the increased striatal D2 receptor activity observed
in schizophrenia patients (D2R-OE mice). In control mice, attention was modulated by signaled-
reward probability. In D2R-OE mice, however, attention was not modulated by reward-related
cues. This impairment was not due to any global deficits in attention or maintenance of the trial-
specific information in working memory. Turning off the transgene in D2R-OE mice rescued the
motivational modulation of attention. These results indicate that deficits in motivation impair the
ability to use reward-related cues to recruit attention, and that improving motivation improves
functional cognitive performance. These results further suggest that addressing motivational
impairments in patients is critical to achieving substantive cognitive and functional gains.
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Introduction

Impairments of motivation (the energizing of behavior in pursuit of a desired goal) and
cognition are symptomatic of psychiatric diseases such as schizophrenia (Barch and Dowd,
2010; Gold, 2004; Heinrichs and Zakzanis, 1998; Kerns et al., 2008; Medalia and Brekke,
2010), and severity of this impairment is a significant predictor of functional outcomes
(Bowie and Harvey, 2006; Green, 1996, 2006; Green and Nuechterlein, 2004; Ho et al.,
1998). Furthermore, it is suggested that motivational impairments could interact with, or
exacerbate, cognitive and functional impairments (Barch and Dowd, 2010; Barch, 2005;
Gard et al., 2007; Nakagami et al., 2008). Thus, studying the neurobiology of the interaction
between motivation and cognition is critical for understanding functional impairments in
psychiatric disease and in the search for treatments.

Although the neurobiology of both motivation and cognition have long been topics of
research interest, the specific functional neurocircuitry by which motivation impacts
cognition has not been widely studied and remains poorly understood. The goal of the
present study was to employ an experimental paradigm which explicitly assesses the
interaction between motivation and cognition. We focused on the interaction between
motivation and attention because attention is a fundamental cognitive process that modulates
many other cognitive processes and is commonly impaired in patients (Heinrichs and
Zakzanis, 1998). To do this, we modified a prefrontal-dependent visual-discrimination task
that assesses sustained attention (Kahn et al., 2012) to signal the probability of reward for
accurate cue detection on a trial-by-trial basis. Conceptually similar studies have been used
in other species. For example, Burton et al. (2013) recently showed that signaling the size of
potential rewards increases accuracy in a two-choice odor-discrimination paradigm in rats.
Being able to assay the impact of motivation by signaling the probability of reward on a
cognitive measure, sustained attention, in mice will allow us, and others, to take advantage
of the methodological manipulations that have been optimized for use in mice to further
investigate the relationship between these psychological processes.

Using this task as a methodological basis, we tested the interaction between motivation and
attention in an animal model of the negative and cognitive symptoms of schizophrenia. We
had earlier found a deficit in anticipatory motivation similar to that described in patients in a
transgenic mouse model created to investigate the consequences of increased striatal D2
receptor activity (D2R-OE mice; Drew et al., 2007; Simpson et al., 2011; Ward et al., 2012),
which is thought to be an important aspect of the pathophysiology of schizophrenia (Abi-
Dargham et al., 2000). Specifically, we found that D2R-OE mice are impaired in their ability
to anticipate the value of future rewards, and that this deficit is associated with poor
cognitive performance (Ward et al., 2012). In addition, we found that the deficit in
anticipatory motivation is reversible as it is rescued when the transgene is turned off. We
therefore applied our behavioral task to test the following hypotheses: 1) this deficit in
anticipatory motivation would compromise the ability of motivationally-significant cues to
modulate attention in D2R-OE mice, and 2) modulation of attention by motivationally-
significant cues would be restored after D2 expression is normalized.
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Adult male mice in all experiments were F1 hybrids of the C57BL/6J and 129Svev (Tac)
background strain. D2R-OE mice overexpress dopamine D2 receptors selectively in the
post-synaptic medium spiny neurons of the striatum. Mice were bred and maintained as
previously described (Drew et al., 2007; Simpson et al., 2011; Ward et al., 2012; Ward et al.,
2009; Kellendonk et al., 2006; see Supplemental Information). All housing, breeding, and
testing was compliant with the local IACUC guidelines.

Operant chambers (Med-Associates, St. Albans, VT; model ENV-307w) were used in all
behavioral testing and have been described previously (Kahn et al., 2012; Ward et al., 2012;
details in Supplemental Information).

Experimental procedures

A table showing all procedures and conditions completed by each cohort of mice is available
in the Supplemental Information. Mice were first trained to consume the liquid reward from
the dipper and to lever press as described previously (Ward et al., 2012). Discrimination
training then occurred in several phases as described in Kahn et al. (2012; see Supplemental
Information). A schematic of the final version of the sustained-attention task is shown in
Figure 1. In this task, mice earn rewards for responding on one of two levers that has been
cued at the beginning of the trial.

Signaled-probability condition with varying cue durations—A cohort of seven
control mice performed the sustained-attention task (Figure 1), but the probability of reward
for a correct choice response (either 1.0 or 0.1) on each upcoming trial was signaled on a
trial-by-trial basis by turning the houselight on or off during the ITI (counterbalanced across
mice such that houselight on signaled high reward probability and houselight off signaled
low reward probability and vice versa). Mice received an equal number of high and low
reward-probability trials per session (34 each). High and low reward-probability trials were
presented pseudorandomly with the constraint that no more than four consecutive trial types
of the same reward probability could be presented in a row. Only one cue duration was
presented on all trials within each session.

Sustained-attention task (across session)—A separate cohort of 10 control and 10
D2R-OE mice performed the sustained-attention task with varying cue-light durations,
presented in decreasing order (10s,5s,25s,15s,0.55s, 0.15), 3 consecutive sessions for each
duration.

Working-memory maintenance task—After completing the sustained-attention task,
this same cohort of mice were retrained to a stable and high level of baseline performance.
Mice were then tested with increasing delay intervals (2s,4s,8s,16s, 245,325, 40 5)
between the cue offset and the lever presentation. Each delay duration was in place for 3
consecutive sessions.
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Sustained-attention task (within session)—A separate cohort of 11 control and 10
D2R-OE mice were tested in the sustained-attention task, but the duration of the cue light
was varied within instead of across session. Cue durations of 10 and 2 s were randomly
chosen each trial with the constraint that each trial type appeared equally often.

Signaled-probability condition with 2-s cue duration in D2R-OE and control
mice—A separate cohort of mice that consisted of 15 D2R-OE and 17 control littermates
were tested in the signaled-probability paradigm for 14 sessions with a cue duration of 2 s.
Data presented below are the average of the last two sessions.

Doxycycline rescue condition—Following the final signaled-probability condition, this
same cohort of mice were treated with doxycycline for 2 weeks, after which they were
retested in the signaled-probability condition for an additional 13 sessions. The data
presented represent the average of the last two sessions.

Data analysis

Results

The main data of interest was the proportion of correct responses. We also analyzed latency
to make a choice response and latency to retrieve rewards during the signaled-probability
conditions. For statistical comparison, repeated-measures analyses of variance with
appropriate factors were conducted, followed by Bonferroni post-hoc tests where
appropriate. Individual means were compared using paired samples t-tests. Latency to
retrieve rewards was compared using a between subjects t-test.

Signaling reward probability impacts discrimination accuracy

We have previously reported on the acquisition of the sustained-attention task in control
mice (Kahn et al., 2012). As in that previous study, by the end of training, discrimination
accuracy of the mice in this experiment was high (>.94 proportion correct). Decreasing cue
duration decreased discrimination accuracy (Figure 2a) until mice performed at near-chance
levels at the shortest cue duration (effect of cue duration; F(5,30) = 56.76, p<0.0001). These
results confirm that this task is sensitive to the increased attentional demand of shorter cues.

In the signaled-probability condition, as in Figure 2a, overall, the accuracy of discrimination
declined with decreasing cue duration (Figure 2b) (effect of cue duration; F(3,24) = 12.17,
p<0.0001). In addition, accuracy was greater on high reward-probability trials than on low
reward-probability trials (effect of reward probability; F(1,24) = 6.06, p=0.02), and there
was no interaction between cue duration and reward probability (F(3,24) = 0.17, p=0.91)).
These data demonstrate that signaling an increase in reward probability improves attention.

To further examine the effects of signaled-reward probability, we calculated choice-response
latencies. Figure 2c shows that, across all cue durations tested, latency to respond was
shorter on high reward-probability trials than on low-probability trials (F(1,24) = 11.71,
p=0.002), perhaps directly reflecting increased motivation to respond when the probability
of reward is high. Latencies were longer with decreasing cue duration (F(3,24) = 3.15,
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p=0.04) and there was no interaction between cue duration and reward probability (F(3,24) =
0.02, p=0.99)).

D2R-OE mice have no deficit in sustained attention or working-memory maintenance

Before exploring whether motivationally-significant cues modulate attention in D2R-OE
mice, we first determined if there was a baseline deficit in sustained attention in D2R-OE
mice. As shown in Figure 3a, sustained attention of both control and D2R-OE mice declined
as cue duration decreased across sessions (F(5,18)=59.76, p<0.0001), but there was no
difference in performance between genotypes (F(1,18)=0.06, p=0.86), with no interaction
(F(5,18)=1.14, p=0.35)). Similar results were obtained when two cue durations were
manipulated within session (Figure 3b), There was a significant effect of cue duration
(F(1,19)=37.91, p<0.0001), but not of genotype (F(1,19)=0.35, p=0.56), with no interaction
(F(1,19)=0.38, p=0.55)). Thus, sustained attention does not differ between D2R-OE and
control mice.

To earn rewards in this task, mice must maintain a representation of the cue that signals the
correct lever during the choice period. A deficit in this ability would complicate the
interpretation of results from the signaled-probability paradigm. We therefore tested
working-memory maintenance in D2R-OE mice. Discrimination accuracy declined in both
control and D2R-OE mice with increasing retention interval (Figure 3c; F(7,18)=132.10,
p<0.0001) reaching a floor at around 24 s, but there was no significant difference between
genotypes (F(1,18)=3.22, p=0.09) and no interaction (F(7,18)=1.07, p=0.39)). These results
indicate that D2R-OE mice are not impaired in maintaining the specific cue information in
working memory that is required in the signaled-probability task.

Attention of D2R-OE mice is not modulated by reward signals

Figure 4a shows that, as we saw in the previous cohort of mice (Figure 2b), signaling the
probability of reward modulated accuracy in control mice, with higher accuracy on high
reward-probability trials than on low reward-probability trials. In contrast, signaling the
probability of reward had little impact on performance of D2R-OE mice (Figure 4a). An
ANOVA found a significant effect of reward probability (F(1,30)=11.26, p=0.002), but not
of genotype (F(1,30)=0.03, p=0.86), with a significant interaction (F(1,30)=5.10, p=0.03).
Post-hoc comparisons showed a significant effect of reward probability on accuracy for
control (t(16)=2.59, p=0.02) but not D2R-OE mice (t(14)=0.60, p=0.56).

Consistent with our previous experiment (Figure 2c¢), we found that choice latency was
significantly decreased in trials with a higher probability of reward (F(1,30)=9.16, p=0.005).
Choice latency was not affected by genotype (F(1,30)=0.89, p=0.35), and there was no
interaction between genotype and reward probability (F(1,30)=3.65, p=0.07). We also
analyzed the percentage of trials in which mice failed to make a choice response
(omissions). Overall, mice completed the vast majority of trials (>95%), but completed
significantly fewer low reward-probability trials (effect of reward probability;
(F(1,30)=24.45, p=0.000)), indicating decreased motivation to participate on these trials.
D2R-OE mice completed significantly fewer trials overall than controls (effect of genotype;
(F(1,30)=4.79, p=0.036)), consistent with our previous reports of decreased motivation in
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these mice. The interaction between reward probability and genotype was not significant
(F(1,30)=2.51, p=0.12)).

Finally, we found no statistically significant difference between control and D2R-OE mice in
the latency to retrieve the dipper reward (t(30)=0.67, p=0.51), suggesting that D2R-OE and
control mice were equally interested in consuming the milk reward.

Turning off transgene expression rescues modulation of attention by reward signals in
D2R-OE mice

To determine if the deficit in modulation of attention by signaled-reward probability in D2R-
OE mice was caused by D2R overexpression, we turned off the transgene by treating the
same cohort of mice with doxycycline for two weeks and then retested them in the signaled-
probability assay. Figure 4b shows that, as in Figures 2b and 4a, signaling the probability of
reward resulted in differential discrimination accuracy in control mice. The modulation of
attention by signaled-reward probability was restored in D2R-OE mice treated with
doxycycline (effect of reward probability; (F(1,30)=14.04, p=0.001)), resulting in no effect
of genotype (F(1,30)=0.00, p=0.997)) and no genotype-probability interaction
(F(1,30)=1.27, p=0.27)). These results were further confirmed by a repeated-measures
ANOVA comparing the discrimination accuracy in the sessions prior to doxycycline
treatment and the discrimination accuracy during the doxycycline treatment (when the
transgene was switched off). This ANOVA found a significant doxycycline-genotype
interaction F(1,30)=5.25, p=0.029)).

Normalization of D2R levels also rescued motivation as indexed by the percentage of trials
omitted. As before, mice omitted significantly more low-reward probability trials
(F(1,30)=32.28, p=0.000), but there was no difference in the percentage of trials omitted
between genotypes (F(1,30)=1.51, p=0.229), with no interaction (F(1,30)=0.10, p=0.76)).

Taken together, the data in Figure 4 indicate that modulation of attention by signaled-reward
probability is impaired in D2R-OE mice, and is rescued when D2R levels (and motivation)
are normalized following doxycycline treatment.

Discussion

In the present study we developed a method to assess the interaction between motivation and
cognition in mice. We found that performance of a sustained-attention task could be
modulated by reward-associated cues. This effect of reward probability in the current study
is similar to that of other manipulations of reward “value” (size of reward or immediacy of
reward delivery) as described for other species including monkeys (Bendiksby and Platt,
2006), pigeons (Brown and White, 2005), and rats (Burton et al., 2013). Therefore, our
paradigm can be used in the mouse, a species for which many new neurobiological methods
have been developed, to explore factors such as circuitry, molecular cell types and
neurotransmitter functions involved in the interaction between anticipation and cognitive
systems.

Behav Neurosci. Author manuscript; available in PMC 2016 May 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward et al.

Page 7

We found no impairment of attention in D2R-OE mice. While impairments in attention
(broadly defined) have been widely reported in schizophrenia (Heinrichs and Zakzanis,
1998; Demeter et al., 2013; Nuechterlein et al., 2004), detailed analysis of the specific nature
of attentional deficits in schizophrenia shows unimpaired selection of highly-salient inputs
for attentional processing (Luck and Gold, 2008; Gold et al., 2006), as in our sustained-
attention task. Instead, patients with schizophrenia are impaired in the executive control of
attention, such as guided searching and resistance to distraction (Luck and Gold, 2008). In
addition, we found no impairment in the ability of D2R-OE mice to maintain information in
working memory. We previously published that D2R-OE mice display a deficit in
performing working memory tasks that involve updating or manipulating information in
working memory, a “win-shift” radial maze task and a “delayed-non-match-to place” T-
maze task (Kellendonk et al., 2006). These results are consistent with the finding that the
working-memory deficit observed in patients with schizophrenia is not due to an inability to
retain information during delay intervals. Instead, working-memory impairments in patients
are due to deficits in manipulation, capacity, or resistance to distraction (Anticevic et al.,
2012; Gold et al., 2010; Lee et al., 2005). Future work would be needed to determine what
other specific aspects of working memory, such as working memory capacity, might be
disrupted in D2R-OE mice. In the case of both attention deficits as well as working-memory
deficits, both are present in medicated patients (Anticevic et al., 2012; Gold et al., 2010;
Gold et al., 2006), illustrating the importance of developing new medications to alleviate
these symptoms.

The failure of reward signals to modulate attention in D2R-OE mice suggests that
compromised DA signaling affected recruitment of attention in response to signaled-reward
probability. Indeed several studies have demonstrated an involvement of dopamine signaling
in the modulation of behavioral performance by signaled-reward probability (Day et al.,
2010; Gan et al., 2010; Fiorillo et al., 2003). Therefore, perturbation of dopamine signaling
could lead to the lack of motivational modulation of attention in D2R-OE mice and perhaps
in patients who evidence this type of deficit.

There are several potential ways that dopamine transmission could be disrupted or
dampened in D2R-OE mice. First, it has been suggested that phasic dopamine signaling is
important in modulation of behavior by cues that signal a high-reward probability (Day et
al., 2010; Gan et al., 2010). This phasic signal may not have sufficient impact because of the
increase in the basal level of postsynaptic D2 receptor activity in the striatum in D2R-OE
mice. Second, increased postsynaptic D2 receptor expression in striatum could impact
presynaptic dopamine function. In fact, in vivo electrophysiology experiments have
determined that the firing patterns of midbrain dopamine neurons are altered in D2R-OE
mice. Specifically, the firing frequency is reduced and there is decreased burst activity in the
VTA. (Krabbe et al. 2015). This significant reduction in activity of VTA dopamine will
result in less release of dopamine at terminal sites, thereby reducing dopamine transmission.
Third, Gold and colleagues recently suggested that failure of performance to be modulated
by increased reward probability could be due to areas of the prefrontal cortex known to
participate in value computation (mPFC, OFC) being compromised in patients (Gold et al.,
2012; 2013). In D2R-OE mice, abnormalities in PFC function, including reduced dopamine
turnover and altered sensitivity to D1 and D2 agonists in the PFC (Kellendonk et al., 2006;
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Li et al., 2011) may also be foundational to the deficit. Further work is needed to localize
specific prefrontal dysfunction in the motivational control of attention.

We found that modulation of attention by reward anticipation was rescued after D2R levels
were normalized in D2R-OE mice (a manipulation that also restores anticipatory motivation;
Ward et al., 2012). There are at least two potential explanations for this behavioral rescue. It
may be that D2R-OE mice are incapable of utilizing the signaled probability to modulate
performance, and this incapacity was resolved by switching off the transgene. Alternatively,
because we tested mice on doxycycline after the initial testing period, it may be that D2R-
OE mice are slower to learn to utilize the signaled probability to modulate performance, and
this is resolved by extended experience with the task. This interpretation is less likely,
however, because an analysis of the data from the doxycycline condition showed that
attention was differentially modulated in D2R-OE mice on the first day of testing after
doxycycline treatment.

The fact that turning off the transgene, and thereby normalizing D2R levels rescued the
motivational modulation of attention here suggests the possibility that both the motivational
and cogpnitive deficits in this model are caused by D2R overexpression. To the extent that
D2R-OE mice model the conditions found in schizophrenia, this result suggests the hopeful
possibility that normalizing D2R function in patients will improve both motivation and
cognition. Unfortunately, treatment with antipsychotic agents, which predominantly target
D2R activity, has no appreciable positive impact on either motivation or cognition in
schizophrenia (Stahl & Buckley, 2007; Bilder et al., 1992; Nielsen et al., 2015) and may
even worsen symptoms (Bilder et al., 1992; Hill et al., 2010). This difference may be
explained by the fact that the D2R-OE model includes the overexpression of D2Rs
selectively in postsynaptic medium spiny neurons of the striatum. Antipsychotic medications
are administered systemically, and they therefore antagonize not only the postsynaptic D2Rs
in striatum, but also the presynaptic D2Rs in the midbrain. Also, doses of antipsychotic
agents that are effective for preventing positive symptoms in patients have been shown to
block 60-80% of D2Rs in rodents (Kapur et al., 2003; Naiker et al., 2006), while turning off
the transgene removes only the approximately 15% excess D2Rs present in our model.
Given that acute blockade of D2Rs produces profound impairments in motivation in rats (see
Salamone et al., 2007 for review), the lack of therapeutic efficacy of D2R blockade in
patients is likely due to the difficulty in targeting only the excess D2R activity. Indeed, we
failed to find any improvement of motivation (instead, the deficit was worsened) in D2R-OE
mice after chronic treatment with haloperidol at a dose that was analogous to clinically
efficacious doses used in patients (Simpson et al., 2011).

In a recent study, acute viral overexpression of D2R in the striatum enhanced motivation in
adult mice (Trifilieff et al., 2013), which is in apparent contradiction to our other studies
(including this one) showing that genetic overexpression of D2R results in decreased
motivation (Drew et al., 2007; Simpson et al., 2011; Ward et al., 2012). These seemingly-
opposing findings likely reflect the several differences between an acute virally mediated
system and a chronic developmental genetic upregulation. In addition to the temporal
difference in D2R overexpression, the cell-type and regional expression pattern within
striatum differ between these models, likely also contributing to the different phenotypes.
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Specifically, it has recently been shown that developmental overexpression of D2Rs results
in increased excitability of indirect pathway neurons (Cazorla et al., 2012), as well as
structural changes in the circuitry connecting striatum with substantia nigra (Cazorla et al.,
2014). Perhaps of most direct relevance, is the recently identified reduction in DA
transmission in D2R-OE mice described above (Krabbe et al., 2015). The fact that
developmental D2R overexpression results in a reduction in DA transmission in adulthood
may explain why D2R-OE mice show deficits in motivation, similar to mice treated with
D2R antagonists, whereas acute overexpression in adulthood results in a hyperdopaminergic
phenotype.

In conclusion, these results highlight the need for further study of the interaction between
cognitive and motivational symptoms in schizophrenia and other psychiatric diseases (Barch
and Dowd, 2010). Here, we have demonstrated that rescuing a motivational deficit restores
the interaction between motivation and cognition, critically implicating motivation in
adaptive cognitive function. Therefore, failure to treat motivational impairments may
contribute to the relative lack of functional improvements observed in patients, in spite of
gains in specific domains of cognitive function following cognitive-remediation therapy
(Hogarty et al., 2004; Medalia and Choi, 2009; Velligan et al., 2006). The present results
suggest the encouraging possibility that by treating motivational impairments, already
debilitating in their own right, we may also be able to meliorate the functional impairment
that results from cognitive dysfunction in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Schematic of the sustained-attention task. Trials began with both response levers retracted

and a variable-duration inter-trial interval (mean = 45 s). Following the ITI, a cue light was
lit above the position of either the left or right lever (p=0.5). Following cue presentation,
choice levers were inserted, and a response on the lever that had been cued at the beginning
of the trial resulted in a presentation of a drop of condensed milk via the dipper. Incorrect
responses had no programmed consequences.
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Figure2.
A. Proportion correct during the sustained attention task as a function of decreasing cue

duration. Cue duration was decreased across sessions. X-axis is on a logarithmic scale. B.
Proportion correct as a function of decreasing cue duration and signaled-reward probability.
C. Latency to make a choice response as a function of decreasing cue duration and signaled-
reward probability. (N=7). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Figure 3.
A. Proportion correct during the sustained-attention task as a function of decreasing cue

duration for control and D2R-OE mice. Cue duration was decreased across sessions. X-axis
is on a logarithmic scale. Control N=10, D2R-OE N=10. B. Proportion correct as a function
of decreasing cue duration (within session) for control and D2R-OE mice. Control N=11,
D2R-OE N=10. C. Proportion correct as a function of increasing delay between cue
presentation and presentation of the choice levers for control and D2R-OE mice. Delay
duration was increased across sessions. Control N=10, D2R-OE N=10. Other details as in
Figure 2.
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A. Proportion correct as a function of signaled-reward probability for control and D2R-OE
mice. B. Proportion correct as a function of signaled-reward probability for control and

D2R-OE mice following doxycycline treatment (see text for details). Control N=17, D2R-
OE N=15. Other details as in Figure 2.
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