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Abstract

Increasing motivation can positively impact cognitive performance. Here we employed a cognitive 

timing task that allows us to detect changes in cognitive performance that are not influenced by 

general activity or arousal factors such as the speed or persistence of responding. This approach 

allowed us to manipulate motivation using three different methods; molecular/genetic, behavioral 

and pharmacological. Increased striatal D2Rs resulted in deficits in temporal discrimination. 

Switching off the transgene improved motivation in earlier studies, and here partially rescued the 

temporal discrimination deficit. To manipulate motivation behaviorally, we altered reward 

magnitude and found that increasing reward magnitude improved timing in control mice and 

partially rescued timing in the transgenic mice. Lastly, we manipulated motivation 

pharmacologically using a functionally selective 5-HT2C receptor ligand, SB242084, which we 

previously found to increase incentive motivation. SB242084 improved temporal discrimination in 

both control and transgenic mice. Thus, while there is a general intuitive belief that motivation can 

affect cognition, we here provide a direct demonstration that enhancing motivation, in a variety of 

ways, can be an effective strategy for enhancing temporal cognition. Understanding the interaction 

of motivation and cognition is of clinical significance since many psychiatric disorders are 

characterized by deficits in both domains.
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Introduction

Deficits in incentive motivation, the energizing of behavior in pursuit of a goal, occur in 

several psychiatric disorders including schizophrenia and some affective disorders. Such 

deficits in motivation significantly impact functional outcome (Barch, Treadway, & Schoen, 

2014; Green, Hellemann, Horan, Lee, & Wynn, 2012) and in the case of schizophrenia, 

interact with cognitive deficits (Fervaha et al., 2014; Mann, Footer, Chung, Driscoll, & 

Barch, 2013). Therefore, developing methods to enhance motivation (Randall et al., 2015; 

Thomsen, 2015) could result in improvements in cognitive function and quality of life for 

psychiatric patients.

Here we examine the effect of motivation on temporal information processing. We chose 

this domain both because of its relevance to psychiatric disorders (Droit-Volet, 2013; Ward, 

Kellendonk, Kandel, & Balsam, 2012) as well as for what is known about the underlying 

neurobiology of temporal information processing and motivation. There is overlap between 

neural circuits involved in timing and those regulating motivation. Cortical-striatal circuits 

that are directly involved in encoding and use of temporal information (Buhusi & Meck, 

2005; Rao, Mayer, & Harrington, 2001) overlap with those regulating motivation (Berridge 

& Kringelbach, 2013; Hart, Leung, & Balleine, 2014; Salamone & Correa, 2012). 

Dopaminergic modulation of these circuits affects both timing (Coull, Hwang, Leyton, & 

Dagher, 2012; Maricq, Roberts, & Church, 1981) and motivation (Berridge & Kringelbach, 

2013; Salamone & Correa, 2012; Simpson, Waltz, Kellendonk, & Balsam, 2012). More 

specifically, dopamine D2 receptors (D2Rs) are important mediators of the dopaminergic 

modulation of timing (Drew, Fairhurst, Malapani, Horvitz, & Balsam, 2003; Maricq & 

Church, 1983; Meck, 1986) and it is well known that D2R also play an important role in 

motivation (Drew et al., 2007; Nowend, Arizzi, Carlson, & Salamone, 2001; Salamone & 

Correa, 2012; Simpson et al., 2011; Ward, Simpson, et al., 2012). There are also a few 

studies indicating that manipulation of reward can affect temporal information processing 

(Balcı, 2014; Galtress & Kirkpatrick, 2010; Ward, Avlar, & Balsam, 2015; Ward et al., 

2009)

It is within this context that we explored the interaction of motivation and cognition. We 

manipulated motivation using three different methods; molecular/genetic, behavioral and 

pharmacological. We found that altering dopamine D2R expression, increasing the reward 

magnitude, and administering a motivationally enhancing drug all improved timing. 

Therefore, we here provide a concrete demonstration that enhancing motivation is an 

effective strategy for enhancing temporal cognition and might well be an effective strategy 

for enhancing other cognitive domains.

Experiment 1: D2R expression and timing

For the molecular manipulation we used a transgenic line of mice that we previously 

generated to model the increase in occupancy of D2Rs observed in patients with 

schizophrenia (Kellendonk et al., 2006). These mice selectively and reversibly overexpress 

D2Rs in post-synaptic medium spiny neurons in the striatum (D2R-OE mice). D2R-OE mice 

display cognitive motivational phenotypes similar to those observed in patients including 
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deficits in timing (Drew et al., 2007; Ward et al., 2009) and motivation (Drew et al., 2007; 

Simpson et al., 2011). In D2R-OE mice this motivational deficit is rescued in adulthood by 

switching the transgene off (Drew et al., 2007; Ward, Simpson, et al., 2012). We previously 

reported an interval timing deficit in the D2R-OE mice using a peak interval procedure in 

which animals are reinforced for pressing after a specific target time has elapsed since the 

presentation of a cue (Drew et al., 2007) and that turning off the transgene resulted in a 

partial rescue of timing deficits. In a peak interval procedure, accuracy and precision of 

timing is evidenced by increased rate of responding close to the target duration and followed 

by a decline in rate after the expected time of reinforcement on long duration test trials in 

which no reward is presented (called peak trials). While D2R-OE mice displayed a reduced 

rate of responding and relatively flat response gradients, D2R-OE mice in which the 

transgene was switched off by treatment with doxycycline (D2R-OE-Dox mice) had higher 

response rates and timing accuracy, but only partially improved in timing precision (Drew et 

al., 2007). A limitation of the peak interval procedure, however is that the measure of timing 

depends on the animal's response rate. Consequently it is difficult to separate timing deficits 

from motivational factors. To overcome this problem in the current experiments, we used a 

temporal discrimination task, which only requires a single response on each trial and is thus 

independent of the subject's response vigor. In this task, referred to as a temporal bisection 

task, a subject is reinforced for successfully discriminating between two sample stimuli, 

which differ only in duration. In our experiments mice were presented with either a long 

(24s) or short (6s) tone, followed by the presentation of two choice levers. A single response 

on one of the two levers was rewarded conditional on the duration of the tone presented (e.g. 

after a short tone a left lever press was reinforced and after a long tone a right lever press 

was reinforced). Following this discrimination training, 5 logarithmically spaced 

intermediate sample durations (7.6-s, 9.5-s, 12-s, 15.1-s, and 19-s) were presented on half of 

the trials. As detailed in the methods section, psychometric functions of the animals' 

responses to these intermediate durations was used to determine accuracy (how close the 

animal is to normatively perceiving and responding to the exact duration of the cues) as well 

as precision (each subject's intrinsic variability in making temporal judgments). We tested 

D2R-OE and D2R-OE mice that were fed with doxycycline as well as control mice (half fed 

doxycycline, half not).

Methods and Materials

Subjects—A detailed description of the generation of the transgenic model can be found in 

previous publications (Kellendonk et al., 2006). Mice expressing the human D2 receptor 

under control of the tet operator (tetO_hD2R mice) were maintained on a congenic C57BL/

6(J) background and mice expressing the tetracycline transactivator transgene under the 

calcium/calmodulin- dependent kinase IIα promoter (tTA-CaMKIIα mice) (Mayford et al., 

1996) were maintained on 129SveV(Tac) congenic background. F1 animals obtained from 

intercrossing these two lines were used for all experiments. To specifically test the effect of 

transgenic D2R overexpression, double transgenic mice (D2R-OE) were compared to 

control mice that included single-transgenic and wild type littermates

Mice were genotyped at weaning by triplex polymerase chain reaction (PCR) using primers 

specific for tTA, tet-O and a fragment of an unrelated endogenous gene (Sim1), to provide a 
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positive control for the PCR. All genotypes were re-confirmed using the same method after 

the termination of all experiments.

To regulate tet-O-driven gene expression, mice were fed doxycycline-supplemented chow 

(40 mg/kg; Mutual Pharmaceutical, Philadelphia, PA) beginning approximately 16-20 weeks 

of age. Two weeks after commencing doxycycline feeding, behavioral testing was started. 

Experimental protocols were approved by the Institutional Animal Care and Use 

Committees of both the New York State Psychiatric Institute and Columbia University. 

Mice were maintained and bred under standard conditions, consistent with NIH guidelines.

The following groups of female mice were used in the first experiment described: Double 

transgenic mice fed a regular diet (Isopro RMH 3000 complete mouse diet) that overexpress 

the D2R transgene (D2R-OE) (n = 12), double transgenic mice fed a doxycycline 

supplemented diet (doxycycline-supplemented chow), to switch off the transgene in 

adulthood, (D2R-OE-Dox) (n=13), control mice fed a regular diet (Control) (n=13) and 

control mice fed a doxycycline supplemented diet (Control-Dox) (n =13). Mice used in this 

study had restricted daily access to food (1 hour and 30 minutes) in order to motivate them 

to earn rewards during behavioral testing. Water was available ad libitum.

Apparatus—In the present experiments, eight matching experimental chambers (model 

env-307w; Med- Associates, St. Albans, VT) equipped with liquid dippers were used. Each 

chamber was located in a light- and sound-attenuating cabinet equipped with an exhaust fan. 

The internal dimensions of the experimental chamber were 22×18×13 cm, and the floor 

consisted of metal rods placed 0.87cm apart. A feeder trough was centered on one wall of 

the chamber. An infrared photocell detector 4 mm from the trough opening was used to 

record head entries. Raising the dipper located inside the feeder trough provided 0.01 cc of 

evaporated milk as a reward. Two retractable levers located 5 cm on either side of the feeder 

trough could be inserted into the chamber. A house light (model 1820; Med Associates) 

located at the top of the chamber provided illumination throughout all sessions. An audio 

speaker was positioned 8.5 cm above the floor on the wall opposite the feeder trough. This 

speaker delivered a brief tone (90 db, 2500 Hz, 250 ms) to signal that the liquid dipper was 

raised.

Operant lever press training—During dipper training, mice were trained to consume 

the liquid reward from the dipper. Initially, mice were placed inside the experimental 

chamber while the dipper was in the raised position. The dipper was retracted 10 s after a 

head entry into the feeder trough was detected. Subsequent dipper presentations were 

separated by variable duration intertrial intervals which averaged 45 s. The session ended 

after 30 min or 20 dipper presentations. On the following day, mice received another session 

similar to the first, except that the dipper remained up for 8 s and then lowered whether or 

not mice had made a head entry. Dipper training continued until a mouse made head entries 

at least 20 of 30 dipper presentations in a session. During all behavioral testing of this 

experiment, sessions occurred once per day, 7 d per week.

During bar press training, mice were required to press a lever to earn the liquid reward. For 

the first lever press training session, mice were put in the experimental chamber for 8 h. At 
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the beginning of the session, both levers were extended into the chamber, and lever presses 

were reinforced on a continuous reinforcement schedule. In this and all subsequent sessions 

(except the reward magnitude manipulation phase), the reward consisted of raising the 

dipper for 5 s. After 20 reinforcements, the lever was retracted to familiarize mice with the 

retraction and extension of the lever. The lever was extended again following a variable 

delay averaging 45s and the cycle was repeated. Mice had to earn 100 reinforcements in a 

session. If they did not, the procedure was repeated the next day. Two days after the first 

successful lever press training session, mice received a session which began with the lever 

extended. The lever was retracted after every two reinforcements and then re-extended after 

an intertrial interval that averaged 45 s. The session ended when the mouse earned 40 

reinforcements or 1 h elapsed. Mice continued receiving sessions like this until they earned 

40 rewards in one session.

Temporal Discrimination Training—A detailed explanation of temporal discrimination 

training can be found in (Ward et al., 2009) (see temporal bisection procedure). Briefly, a 

tone was presented either for a short or long duration. Once the sample terminated, two 

levers were inserted into the chamber. A single response to one of the two levers was 

rewarded conditional on the duration of the preceding sample. For half of the mice, the left 

lever was designated as the correct following a 6-s (short) duration tone and the right lever 

was designated as the correct following a 24-s (long) duration tone. This rule was reversed 

for the remaining mice. Following lever training, 5 logarithmically spaced (7.6-s, 9.5-s, 12-s, 

15.1-s, 19-s) intermediate sample durations were presented on half of the trials. Correct 

responses to the anchor durations were continued to be reinforced but responses on the trials 

of intermediate duration were never reinforced. Each daily session was consisted of 60 trials 

separated by the 45 s variable ITI. Mice earned a single reward for correct responses on both 

short (6 s) and long (24 s) sample trials. Each subject received 12 days of test sessions and 

the final 5 days were used in the data analysis for this part of the study.

Data Analysis—The basic datum of these experiments is the psychometric functions 

obtained by plotting the proportion of long lever choices as a function of sample duration. 

Multilevel binomial logistic regressions were conducted using the R (R Development Core 

Team) statistical software with the lme4 mixed model package to obtain fits of the 

psychometric data.

The point of subjective equality (PSE) is the duration that subjects are equally likely to 

classify as long or short. Past research has shown that the PSE for time is usually at the 

geometric mean of the anchor durations (Church & Deluty, 1977; Wearden & Ferrara, 

1995). Consequently, for all experiments, the regressions were conducted on the logarithms 

of sample durations centered with respect to the logarithm of the geometric mean of the 

anchor durations. The goodness of fit was determined by comparing the change in the 

deviance from the null model (intercept only) to the full model (with all fixed effects) 

(Nelder & Wedderburn, 1972). The Bayesian Information Criterion was used to take model 

complexity into account when comparing models (Schwartz, 1978). The Bayesian 

Information Criterion values and residual deviance were significantly lower in the full 
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model than in the null model for all of the experiments (p<.000) in the present study, 

therefore the full model was utilized.

The multilevel logistic model for estimating the probability of choosing the long lever, 

P(long) is based on the standard logistic function that relates a sample duration X to P(long) 

and is given by

(1)

where the beta coefficients, β0 and β1 are the constant and slope parameters of the model, 

and here represent indexes of the accuracy and the precision of timing, respectively. The 

point of subjective equality (PSE) can be obtained from these two parameters (-β0 / β1).

These coefficients derive from model estimates at each level of the multilevel analysis. In 

different experiments the model estimates represent the fixed effects of different 

experimental groups, reward magnitudes, and drug manipulations. We specified the model 

to allow slope and intercept to vary randomly by individual mouse (Bolger & Laurenceau, 

2013). For each experiment, fixed effects estimates are calculated by

(2)

(3)

(4)

(5)

Where F denotes each of the fixed effects used in the three experiments, the index j 

represents an individual mouse, the index i stands for trials, and Xij represents log durations 

for each trial and individual mouse. Finally, u0j and u1j represent the error terms for the 

constant and the slope parameters in the model.

Estimates of γ0 and γ1 in the model correspond to the unit change (in log-odds units) for 

different fixed effects on the constant and the slope, respectively. β0 and β1 were estimated 

by summing the contribution of each fixed effect to produce the composite constant (β0) and 

slope parameters (β1) for each group. Negative and positive values of the β0 indicate 

response bias for short and long lever choices at the geometric mean of the sample 

durations. Because previous research has shown that normal timing accuracy is 

characterized by PSE's at the geometric mean (Church & Deluty, 1977; Wearden & Ferrara, 

1995), a β0 value that is closer to zero indicates better timing accuracy. A flatter 

psychometric function is indicative of a lack of discrimination between different durations. 
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Consequently, higher values of the β1 (slope) corresponds to more precise temporal 

discriminations, referred to in this study as greater precision.

In the first experiment normalizing D2R expression in D2R-OE mice, relationships of the 

predictor variables; group (Control, Control-Dox, D2R-OE, and D2R-OE-Dox) and sample 

duration, to the probability of choosing the long lever were assessed. We analyzed trial-by-

trial choices for each animal over the last five days of training. Control and Control-Dox 

groups were not different in any of the dependent measures (p>.05), so they were pooled 

into a single control group.

For the other manipulations, predictor variables of reward magnitude, drug and sample 

duration were analyzed to model the change in the probability of choosing the long lever. In 

both these experiments, we centered the genotype variable to zero to be able to observe the 

main effects of the manipulations. If an interaction with genotype was found in this initial 

analysis, we performed separate post-hoc analyses for each genotype.

Results and Discussion

Normalizing D2 Receptor Overexpression Improves Temporal Discrimination
—D2R-OE mice had flatter timing functions than control mice, generally performing at 

chance when cue durations were longer than the geometric mean of the anchor durations 

(Figure 1A). D2R-OE-Dox displayed a sharper temporal discrimination compared to D2R-

OE mice but did not completely recover the level of discrimination observed in the control 

mice (Figure 1A). To characterize the timing performance of individual mice in more detail, 

we fit a multilevel binomial logistic function to the data. Unit changes (Δ) in estimates of 

slope (γ1) and constant (γ0) coefficients from Control (baseline) values to D2R-OE and 

D2R-OE-Dox values (in log-odds) are given in Table 1 and model fits for each group are 

presented in Figure 1B. There was no significant difference between groups in timing 

accuracy (γ0 estimates) but the timing precision was significantly altered: the slope 

parameter (γ1) of the logistic function was -0.76 log-odds units (p<.01) lower in D2R-OE 

group in comparison to Control group. There was no significant difference between the 

Control and the D2R-OE-Dox mice (-0.40, p>.05), suggesting that switching off the 

transgene with doxycycline reduced or eliminated the source of impairment.

In a separate analysis comparing D2R-OE and D2R-OE-Dox groups, the timing precision 

was not significantly different between these two groups either (γ1 = 0.37, SE=0.32, z-

value=1.13, p>.05). Figure 1C shows the composite accuracy and precision coefficients for 

all groups.

Overall, the logistic regression indicates that normalizing D2R expression levels rescues 

timing accuracy and rescues precision at least partially, results similar to those we obtained 

in the peak interval procedure (Drew et al., 2007). However here, because of the alternate 

testing method, we are confident that the rescue in cognitive performance was not simply 

due to an increase in the animal's speed or vigor of responding.
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Experiment 2: Reward magnitude and timing

One factor that might have mediated the improvement in performance in D2R-OE-Dox mice 

in experiment 1 is the increase in motivation that accompanies the normalization of striatal 

D2Rs when transgenic mice are treated with doxycycline (Simpson et al., 2011). Though 

motivation and timing were initially considered independent of one another (Roberts, 1981) 

more recent studies have found that motivational factors may alter timing precision and/or 

accuracy (Galtress & Kirkpatrick, 2010; Ward et al., 2009; Ward, Simpson, et al., 2012). For 

example, in a temporal bisection task similar to the one we employ here, Galtress & 

Kirkpatrick (Galtress & Kirkpatrick, 2010) increased the magnitude of reward either for 

short or long durations and found that this manipulation changed the slope of the 

psychophysical function and PSE values. In experiment 1, we found that the D2R-OE mice 

had a specific deficit in accurately classifying long durations. To see whether an explicit 

manipulation of motivation would also sharpen temporal control of behavior in D2R-OE 

mice, we increased the reward magnitude associated with the long response. In the first 

phase of training, D2R-OE and Control mice earned a single reward for all correct 

responses. In phase 2, we doubled the reward magnitude for correct long responses and in 

the final phase of the experiment all subjects received a single reward for correct responses 

to both durations.

Method

Subjects—10 D2R-OE and 11 Control subjects from experiment 1 were subjects in 

experiment 2.

Procedure—In the first phase (low reward) of the reward magnitude manipulation, 

subjects earned a single reward for correct responses on both short (6 s) and long (24 s) 

sample trials for 12 daily test sessions. In phase 2 (high reward) we doubled the reward 

magnitude on long trials and tested mice for an additional 12 sessions. During these sessions 

when a reward was earned the dipper was raised for 5s and then lowered back into the liquid 

well and an additional milk reward was immediately presented by raising the dipper for 

another 5s. In the third phase (low reward), which lasted for 9 sessions, mice again received 

a single dipper presentation for correct responses to both the 6 and 24-s samples. All other 

aspects of the procedure were the same as in experiment 1. Again, data from the final five 

sessions of each phase were analyzed.

Results and Discussion

Increasing Reward Magnitude Improved Timing Precision in both Groups and 
Accuracy in Control Mice—In phase 2, we doubled the reward magnitude for correct 

long responses and the temporal discrimination sharpened in both groups (Figure 2A) 

relative to performance in the first phase when only one pellet could be earned for correct 

responses. The precision of timing was improved in both D2R-OE and Control subjects. 

Table 2 shows the unit changes (Δ) in estimates of slope (γ1) and constant (γ0) coefficients 

from low reward to high reward magnitude (in logodds) and model fits for each group are 

presented in Figure 2B. There was a significant main effect of increasing the reward 

magnitude on the slope of the logistic curve (p<.05). There was no main effect of increasing 
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the reward magnitude on the timing accuracy; however, the interaction between reward 

magnitude and genotype for this parameter of the logistic regression was significant (p<.01; 

Table 2 and Figure 2B). In two separate, within subject, post-hoc analyses, increasing 

reward magnitude was found to improve timing accuracy in Control mice, albeit a modest 

but consistent shift in accuracy (γ0 = 0.20, SE=0.05, z-value= 3.6, p<.001); accuracy of 

D2R-OE was not improved (γ0 = -0.06, SE=0.06, z-value= -1.05, p>.05; Figure 2C). In 

summary, increasing the reward magnitude improved the timing precision in both Control 

and D2R-OE mice, but accuracy of timing was only improved in the Control mice.

A Downshift in Reward Magnitude Reduced Timing Accuracy in both Groups 
and Reduced Timing Precision in D2R-OE mice—To further understand the effect of 

altering the reward value on timing performance, mice were returned to the lower and equal 

payoffs for each anchor cue in the final phase of this experiment. Multilevel logistic 

regression contrasting phase 2 and phase 3 (see table 2) indicated a significant main effect of 

returning to the lower reward condition on timing accuracy (p<.01), without any significant 

interaction between genotype and phase on the accuracy parameter (p>.05) (Figure 2A). In 

the analysis of timing precision, there was no main effect of repeating the lower reward 

condition on the slope parameter (p>.05) but, there was a significant genotype × phase 

interaction (p<.05). Post-hoc analyses indicated that the source of the interaction was that 

decreasing reward magnitude produced a trend toward decreasing timing precision in D2R-

OE (γ0 = -0.14, SE=0.12, z-value= -1.20, p>.05; Figure 2C) and an increasing trend in 

timing precision for Control mice (γ0 = 0.17, SE=0.05, z-value= 1.62, p>.05). The slope of 

the D2R-OE group was significantly lower than the Control group (γ1 =-.31, SE=0.16, z-

value=-1.98, p<.05) following the reward downshift. The results show that the downshift in 

reward magnitude during phase 3 lowered the timing accuracy and that the downshift 

resulted in a significantly lower timing precision in the D2R-OE group relative to the 

controls.

In summary, in Control mice increasing reward magnitude for the long duration anchor 

stimulus increased accuracy, and decreasing reward magnitude (returning to equal payoffs) 

decreased accuracy, demonstrating that cognitive performance can be bi-directionally 

affected by the value of the rewards available. Furthermore, in control mice precision of 

timing increased with each phase. We cannot rule out the possibility that the latter result is 

produced by the continued training of the mice. However, in other studies (Ward et al., 

2009) and in experiment 1 of this paper we did not observe continued increases in precision 

beyond about a week of training on this task. In contrast, the timing accuracy of D2R-OE 

mice was not improved when the reward magnitude was increased, yet it still worsened after 

the reward magnitude downshift in phase 3. This is suggestive that overexpression of the 

D2R may create an asymmetry in motivation: lower sensitivity to positive changes in reward 

value than to negative shifts in reward value.

Experiment 3: Impact of a selective serotonin 2C receptor ligand on timing

Increasing the payoff selectively for correct responses to the long anchor duration generally 

improved timing in control mice but in D2R-OE mice timing accuracy did not improve. In 

the current experiment we used a pharmacological manipulation to produce a more global 
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change in motivation. Previously, Simpson et al. (2011) found that administration of 

SB242084, a functionally selective ligand at the 5-HT2C receptor, increased the motivation 

to work for rewards. Additionally, the drug alleviated the motivational deficits of D2R-OE 

mice. Specifically, a dose of 0.75 mg/kg was sufficient to restore the D2R-OE mice's 

willingness to work to earn rewards to the level of control subjects when tested on a 

progressive ratio schedule in which the number of responses required to earn each 

successive was doubled. The purpose of experiment 3 was to determine whether SB242084 

treatment would also alleviate the timing deficits observed in D2R-OE mice.

Method

Subjects—All mice from experiment 2 were used as subjects in experiment 3.

Procedure—All features of the procedure were identical to experiment 1 except that, four 

days of saline were followed by four days of drug injections. The 5-HT2C selective ligand 

SB24280 (Sigma Aldrich) was dissolved in 0.9% saline and injected, intraperitoneally 20 

minutes before behavioral testing, as our previous studies demonstrated that this dose and 

timing was effective in alleviating the motivational deficit (Simpson et al., 2011). Data from 

all days of drug and saline injections were included in the analysis.

Results and Discussion

Interval Timing Performance is Improved by Modulation of the 5-HT2C 
Receptor in both Groups—Administration of SB 242084 resulted in improvement of 

temporal discrimination performance in both Control and D2R-OE mice. (See Table 3; 

Figure 3A). There was a main effect of the drug on both timing accuracy and precision. For 

accuracy, there was also a significant interaction between drug and genotype. Separate post-

hoc analyses showed that the drug improved accuracy in both Control (γ0 =0.53, SE=0.06, 

z-value=8.14, p<.001) and D2R-OE groups (γ0 =0.23, SE=0.07, z-value=3.25, p<.01). 

Composite accuracy and precision coefficients for all groups in saline and drug phases are 

shown in Figure 3C. Overall, SB242084 improved the timing accuracy and precision in both 

groups showing that a global increase in motivation can produce quite general 

improvements in cognition.

General Discussion

We demonstrated that increasing motivation can enhance cognitive performance using 

several different methods of altering motivation. We show that in Control mice, accuracy 

and precision of timing were modulated by reward magnitude as well as by a global increase 

in motivation produced by a 5-HT2C selective ligand (SB242084) previously shown to 

increase motivation (Simpson et al., 2011). Additionally, we showed that mice that 

overexpress D2 receptors in the striatum have a deficit in temporal discrimination in 

addition to a deficit in incentive motivation (Simpson et al., 2011). In these mice, we found 

that cognitive performance could be improved by using three methods to increase 

motivation. First, we normalized receptor levels by switching off the transgene with 

doxycycline and produced a partial rescue of the timing deficit. As in our previous study that 

employed a different assay of timing behavior (Drew et al., 2007), normalizing the D2R 
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overexpression, resulted in a recovery of accurapcy and partial rescue of precision of timing. 

To explore the effect of reward magnitude, we altered the levels of motivation by first 

increasing the reward magnitude selectively for the longer anchor cue duration. This 

improved timing precision but not accuracy in D2R-OE mice. Finally, we used the 5-HT2C 

selective ligand to increase motivation and found that this drug improved both the precision 

and the accuracy of timing. Taken together, these results demonstrate that increasing 

motivation can improve the discrimination and use of time to guide actions.

Because our study involved modulation of motivation by 3 different methods, and our 

temporal cognition assay allowed us to quantify two different performance metrics 

(precision and accuracy), our results allow us investigate how different components of 

motivation may impact specific aspects of timing performance.

Good temporal discrimination depends on both attention to and perception of time, updating 

of working memory as time elapses, long-term recall of which particular actions are 

rewarded after different amounts of time and the proper selection of the rewarded actions 

(Ward et al., 2015; Ward, Kellendonk, et al., 2012). Consideration of what we have 

previously learned about D2R-OE mice gives us some clues as to which processes might 

have been modulated by motivation in the current studies. We previously found no deficit in 

sustained attention in D2R-OE mice, as well as intact maintenance of working memory 

stimuli (Ward, Winiger, Higa, Kahn, Kandel, Balsam, and Simpson, in press). D2R-OE 

mice also show normal accuracy as well as normal precision in timing on a temporal 

bisection task with shorter anchor durations (2s and 8s) than the ones we used here (6s and 

24s) (Ward et al., 2009). Thus, the deficit in D2R-OE mice does not appear to be the result 

of impaired attention, maintenance of working memory or timing perception, per se. Good 

performance with short duration cues also indicates that the D2R-OE mice have intact long-

term memory about which actions are rewarded after different amounts of time. Thus we are 

left with the hypothesis that the deficit involves the updating of working memory with new 

information. Either a compromised facility with updating memories or a lowered working 

memory capacity might limit the ability of D2R-OE mice to accurately accumulate 

information about elapsing time during longer intervals. Patients with schizophrenia also 

show intact maintenance of working memory stimuli (Gold et al., 2010) and instead have 

deficits in the aspects of working memory that involve the updating and manipulation of 

information (Kim, Glahn, Nuechterlein, & Cannon, 2004) as well as in the capacity of 

working memory (Gold et al., 2010). Consequently, our results suggest that these alterations 

in cognitive function may arise from altered D2R signaling found in many patients 

(Kuepper, Skinbjerg, & Abi-Dargham, 2012) and may, at least in part, be caused by the 

impact of altered D2R signaling on motivation. Consequently, though we have only 

demonstrated an effect of motivation on temporal information processing here, our results 

suggest that motivation may more generally modulate the updating and/or capacity of 

working memory and imply that enhancing motivation to use this specific aspect of 

cognitive function might be of considerable value to patients.

Just as temporal discrimination involves multiple component processes (attention, 

perception, working memory etc.); motivation is a similarly complex construct involving 

several different elements. For a subject to be motivated toward a particular goal, they must 
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like the goal (it must elicit a positive hedonic reaction), want the goal (be willing to work for 

it), be able to represent the hedonic value of future rewards and they must also understand 

the relationship between the effort required and the value of the possible outcome. 

Disruption to any of these processes may result in a deficit in motivation. In the specific case 

of the D2R-OE mice, our previous work indicates that overexpression of D2Rs in the 

striatum results in a deficit in representing the value of positive outcomes as well as a deficit 

in assessing the tradeoff between the costs and benefits of their actions (Simpson et al., 

2011; Ward, Simpson, et al., 2012). When we increased reward magnitude in the current 

study, Control mice demonstrated an improvement in both accuracy and precision in the 

temporal discrimination assay, which may reflect an increase in both attention as well as 

working memory. In contrast, D2R-OE mice showed no improvement in accuracy when the 

reward magnitude was increased, which may reveal another interesting aspect of how 

reward processing may be changed by D2R overexpression. As in the previous study (Ward, 

Simpson, et al., 2012), the D2R-OE mice were less sensitive to an increase in reward value. 

However, D2R-OE mice were not less sensitive to a decrease in reward value because when 

the magnitude of reward was shifted back to the smaller reward, the accuracy of timing in 

D2R-OE mice declined, as it did for controls.

The pattern of a greater sensitivity to a reduction or loss in reward value and a lowered 

sensitivity to increases in reward value of the D2R-OE mice is similar to the deficits in 

reward processing that has been described in patients (Gold et al., 2012; Waltz, Frank, 

Robinson, & Gold, 2007; Waltz, Frank, Wiecki, & Gold, 2011). As previously suggested 

(Simpson et al., 2012), this asymmetry may arise from a general deficit in the capacity to 

represent the value of future positive rewards in D2R-OE mice (Ward, Simpson, et al., 

2012) and in patients with schizophrenia (Barch & Dowd, 2010; Strauss, Wilbur, Warren, 

August, & Gold, 2011; Ziauddeen & Murray, 2010). The results of the current study along 

with the similar characterization of reward processing deficits in patients suggests that the 5-

HT2C receptor might be a novel therapeutic target to consider for meliorating specific 

deficits in processing positive rewards.

Moreover, our study suggests that modulation of the 5-HT2C receptor may be a useful 

therapeutic target for generally improving both motivation and cognition. Our earlier work 

demonstrates that SB242084 increases motivation as reflected in the willingness to expend 

effort to obtain rewards (Simpson et al., 2011). Our current results provide the first 

demonstration that 5-HT2C receptor modulation increases both timing precision and 

accuracy. Previously, modulation of the 5-HT2C receptor with SB242084 has been found to 

improve cognitive function in a rodent assay of cognitive flexibility when delivered 

systemically, (Boulougouris, Glennon, & Robbins, 2008) or selectively to the orbitofrontal 

cortex (Boulougouris & Robbins, 2010). SB242084 has also been found to have 

antidepressant related effects in rodent models with a faster onset than traditional 

serotonergic antidepressant drugs (Opal et al., 2013). These studies suggest that targeting the 

5-HT2C receptor may have very general effects on motivation and cognition and thus might 

be efficacious for a number of psychiatric disorders. It is therefore important to consider the 

mechanisms by which SB242084 enhances motivated behavior and cognition.
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SB242084 is one of several compounds known to display functional selectivity at the 5-

HT2C receptor, having a mixed effect of signal transduction pathways downstream of the 

receptor. Specifically, in vitro studies have determined that SB242084 acts as an inverse 

agonist for PLA2 and Gαi, and as an agonist for PLC (De Deurwaerdere, Navailles, Berg, 

Clarke, & Spampinato, 2004). It is unclear how the drug impacts these signaling pathways in 

vivo. However, several studies suggest that this compound exerts its behavioral effect 

through an interaction with the mesolimbic dopamine system. In the anesthetized rat, 

systemic injection of SB242084 at 0.64 - 1.0mg/kg (i.e. similar to the dose used in our 

studies) increases the rate of firing of VTA DA neurons (Di Matteo, Di Giovanni, Di 

Mascio, & Esposito, 1999) and also augments pharmacologically stimulated dopamine 

release (Hutson et al., 2000; Navailles, De Deurwaerdere, Porras, & Spampinato, 2004). The 

enhanced increase in extracellular dopamine (DAex) was observed in the nucleus accumbens 

(NAc), an area of the mesolimbic DA projection from the VTA that is involved in the 

dopaminergic regulation of motivated behaviors. Thus at least some of the behavioral impact 

of 5-HT2C receptor modulation may be mediated by DA in the NAc.

It seems plausible that altered dopamine signaling would be central to the general interaction 

of motivation and cognition. First, dopamine plays a pivotal role in reward processing (Liu, 

Hairston, Schrier, & Fan, 2011; Markou et al., 2013; Salamone & Correa, 2012) through a 

network that computes a cost and benefit calculations when expected reward magnitude and 

effort are manipulated (Croxson, Walton, O'Reilly, Behrens, & Rushworth, 2009). Second, 

altering dopamine related circuitry and baseline DA levels in frontal cortices and striatum is 

a determinant of cognitive processes such as working memory (Abi-Dargham et al., 2002), 

attention (Boulougouris & Tsaltas, 2008; Nieoullon, 2002) and timing (Coull, Cheng, & 

Meck, 2011). Interestingly this relation is bidirectional. Not only does cognition depend on 

dopamine signaling but cognitive training also alters dopamine function. In fact, working 

memory training for 5 weeks altered the D1R binding potential in prefrontal and parietal 

cortices (McNab et al., 2009) and D2R binding potential in the striatum (Backman et al., 

2011).

One limitation of the current work arises from our sole use of female subjects. We did this 

because our prior work on motivation was also done with females (Drew et al, 2007; 

Simpson et al., 2011). It is well known that there are many differences in both serotonin 

(Rubinow, Schmidt, & Roca, 1998) and dopamine (Becker, 1999; Munro et al., 2006) 

systems in males and females. Consequently, it will be important to test the generality of our 

findings in males.

In conclusion, cognition and motivation are inseparable mental operations that are required 

for everyday functioning. We demonstrate here that the accuracy and precision of timing is 

altered by changes in motivation. These alterations in timing likely depend on the impact of 

motivation on working memory updating and/or capacity. Since timing and working 

memory are such an integral part of so many functional behaviors, an altered interaction 

between motivation and these processes in patients may contribute significantly to 

functional deficits in a very broad range of activities including academic pursuits, 

maintaining a job and relationship, and even in the basic activities of daily living. More 

generally, our results suggest that patients have two difficulties to overcome to improve their 
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daily functioning; motivational and cognitive impairments. Whatever deficits exist in 

cognition may be exacerbated by a low level of motivation and conversely, whatever deficits 

exist in motivation may be aggravated by cognitive deficits. Our experiments demonstrate 

that altering motivation can improve temporal cognition. Similarly, it has been found that 

increasing intrinsic motivation in patients enhances arithmetic skills (Choi & Medalia, 

2010). Therefore, using behavioral and pharmacological strategies to increase motivation in 

patients may not only improve motivationally relevant symptoms but may also significantly 

improve cognitive functions.
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SB242084 (Chemical 
Name)

6-Chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-

pyridinyl)oxy]-3-pyridinyl]-1H-indole-1-carboxyamide 

dihydrochloride
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Figure 1. 
Performance of Control, D2R-OE and D2R-OE-Dox Mice in the Temporal Bisection Task.

A) Mean proportion of responses to the lever associated with the ‘long’ sample duration as a 

function of sample duration (seconds) in control mice (black circles and lines), D2R-OE 

mice (light gray diamonds and lines) and D2R-OE mice fed with doxycycline, D2R-OE-

DOX (dark gray squares lines). B) Data fit by binomial logistic regression is superimposed 

with the mean proportion of long responses per sample duration for Control (black circles 

and lines), D2R-OE (light gray diamonds and lines) and D2R-OE-DOX (dark gray squares 

and lines) mice. C and D) Model coefficients for each group after addition of fixed effect 

estimates: C) the accuracy coefficient (β0±SE), D) the slope coefficient (β1±SE).
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Figure 2. 
Performance of Control and D2R-OE Mice in the Temporal Bisection Task with Changes in 

Reward Magnitude.

The top row of graphs show mean proportion of responses to the lever associated with the 

‘long’ sample duration as a function of sample duration (seconds) in 3 phases (phase1-low 

reward = black circles and lines, phase2-high reward = dark gray squares and lines, and 

phase3-low reward = light gray diamonds and lines). A) Control mice, B) D2R-OE mice. 

The middle row of graphs show data fit by binomial logistic regression superimposed with 

the mean proportion of long responses per sample duration for C) Control mice and D) D2R-

OE mice in each phase (Same phase symbols as A and B). The lower row of graphs show 

model coefficients for each group after addition of fixed effect estimates: E) the accuracy 

coefficient (β0±SE), F) the slope coefficient (β1±SE). Control = black circles, D2R-OE= 

gray diamonds. Note that SE is based on the between subject variability, the statistical 

results in the text are based on a within subject analysis.
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Figure 3. 
The Effect of SB242084 on the Performance of Control and D2R-OE Mice in the Temporal 

Bisection Task.

The top row of graphs show mean proportion of responses to the lever associated with the 

‘long’ sample duration as a function of sample duration (seconds) in saline (black circles 

and lines) and drug (gray squares and lines) phases for A) control mice and B) D2R-OE 

mice. The middle row of graphs show data fit by binomial logistic regression superimposed 

with the mean proportion of long responses per log sample duration for C) Control mice and 

D) D2R-OE mice in each phase (saline = black circles and lines, drug = gray squares and 

lines). The lower row of graphs show model coefficients for each group after addition of 

fixed effect estimates: E) the accuracy coefficient (β0±SE), F) the slope coefficient (β1±SE). 

Control = black circles, D2R-OE = gray diamonds, Note that SE is based on the between 

subject variability.
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