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Abstract 6 

Motivational deficits characterized by an unwillingness to overcome effortful costs are a common feature of 7 

neuropsychiatric and neurological disorders that are insufficiently understood and treated. Dopamine (DA) 8 

signaling in the nucleus accumbens (NAc) facilitates goal-seeking, but how NAc DA release encodes 9 

motivationally-salient stimuli to influence effortful investment is not clear. Using fast-scan cyclic voltammetry 10 

(FSCV) in male and female mice, we find that NAc DA release diametrically responds to cues signaling 11 

increasing cost of reward, while DA release to the reward itself is unaffected by its cost. Because 12 

endocannabinoid (eCB) signaling facilitates goal-seeking and NAc DA release, we further investigated 13 

whether repeated augmentation of the eCB 2-arachidonoylglycerol (2-AG) with a low dose of a 14 

monoacylglycerol lipase (MAGL) inhibitor facilitates motivation and DA signaling without the development of 15 

tolerance. We find that chronic MAGL treatment stably facilitates goal-seeking and DA encoding of prior 16 

reward cost, providing critical insight into the neurobiological mechanisms of a viable treatment for 17 

motivational deficits.  18 

19 
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Significance Statement 20 

Decades of work has established a fundamental role for dopamine neurotransmission in motivated behavior 21 

and cue-reward learning, but how dopaminergic encoding of cues associates with motivated action has 22 

remained unclear. Specifically, how dopamine neurons signal future and prior reward cost, and whether this 23 

can be modified to influence motivational set points is not known. The current study provides important insight 24 

into how dopamine neurons encode motivationally-relevant stimuli to influence goal-directed action and 25 

supports cannabinoid-based therapies for treatment of motivational disorders.  26 
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Introduction 27 

Dopamine (DA) release in the nucleus accumbens (NAc) controls the propensity to overcome effortful costs 28 

during reward seeking (Salamone & Correa, 2012). Accumbal DA release is proposed to signal reward ‘value’ 29 

by differentially responding to rewards and their associated cues according to expected and experienced 30 

reward magnitude or predictability (Schultz, 2002, 2015). Yet, ‘value’ is ultimately defined by how much a 31 

consumer is willing to pay for a good or service in units of currency. But how DA release in the NAc signals 32 

the willingness to pay for rewards is unclear (Walton and Bouret, 2019). Notably, a reluctance to overcome 33 

effortful costs (i.e., apathy) is a common feature of multiple psychiatric and neurological disorders that affect 34 

DA function, including Parkinson’s and Huntington’s diseases, depression, schizophrenia, and multiple 35 

sclerosis (Covey et al., 2016; Le Heron et al., 2019). Yet motivational deficits that severely impact daily 36 

functioning and quality of life for numerous patients and their caregivers remain insufficiently understood and 37 

treated.  38 

The endocannabinoid (eCB) system controls goal-directed behavior and DA neuron function, making it a 39 

promising target for pharmacotherapies aimed at treating motivational disorders (Covey et al., 2017; Peters 40 

et al., 2020). The eCB 2-arachidonoylglycerol (2-AG) orchestrates DA neuron excitability via terminal 41 

regulation of ventral tegmental area (VTA) inputs (Sagheddu et al., 2015). 2-AG binding onto the cannabinoid 42 

type 1 receptor (CB1) in the VTA increases DA neuronal firing and DA release in the NAc, and facilitates 43 

reward-seeking (Cheer et al., 2007; Oleson et al., 2012; Wang et al., 2015; Covey et al., 2018). But whether 44 

targeting 2-AG signaling to facilitate DA function and motivated behavior represents a viable, long-term 45 

treatment option is unclear. First, chronic inhibition of 2-AG degradation using the monoacylglycerol lipase 46 

(MAGL) inhibitor JZL184 (JZL) can produce rapid CB1 receptor desensitization and behavioral tolerance 47 

(Baggelaar et al., 2018). Second, how eCB manipulations influence goal-directed behavior by shaping 48 

DAergic encoding of value-related stimuli is yet to be determined.   49 

Here, we trained mice on a trial-based, chain schedule of reinforcement during which reinforcer cost 50 

increased on each trial according to a progressive ratio (PR) schedule, and recorded sub-second accumbal 51 

DA dynamics in response to cues signaling reward cost, and reward receipt. We further investigated how 52 

chronic augmentation of 2-AG signaling with JZL influences dopaminergic encoding of value-related stimuli. 53 

We find that cue-evoked DA release in the NAc diametrically and preferentially encodes upcoming and 54 

experienced cost across the PR session, but not reward receipt. Moreover, chronic augmentation of 2-AG 55 

stably invigorates effortful responding and potentiates DAergic encoding of reward cost across multiple 56 

sessions, suggesting a viable treatment option for a neurobiological substrate of motivational deficits.   57 



 

5 

 

Materials and Methods 58 

Animals. Male (n = 14) and female (n = 16) C57/BL6 mice (20–30 g) were received from Jackson 59 

Laboratories (Bar Harbor, ME) and housed in a temperature-controlled room maintained on a reverse 12 h 60 

light/dark cycle (0700-1900h). Following surgery, mice were group-housed and allowed ad libitum access to 61 

water and food. Mice were then restricted to 85-90% bodyweight for the duration of behavioral measures. All 62 

experiments were conducted in the animal’s light cycle. Animal care and experimental procedures conformed 63 

to the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by 64 

the Institutional Animal Use and Care Committee (IACUC) at University of Maryland, Baltimore. 65 

Surgery. Mice were anesthetized with isoflurane in O2 (4% induction and 1% maintenance) and implanted 66 

with a chronic voltammetry electrode targeting the NAc (+1.2 AP, +1.1 ML, -3.7 DV relative to Bregma) and 67 

a Ag/AgCl reference electrode in the contralateral superficial cortex. All components were permanently 68 

affixed with dental cement (Grip Cement Dentsply). 69 

In vivo fast-scan cyclic voltammetry. FSCV was used to monitor DA concentration changes by applying 70 

a triangular waveform (-0.4 V to +1.3V at 400 V/s) at 10 Hz to implanted carbon fiber microelectrodes. FSCV 71 

is able to extract changes in faradaic current due to redox reactions at the carbon fiber surface, and this 72 

change in current is proportional to the concentration of electroactive analytes. Here, we report all FSCV 73 

measures in current (nA) as this is the unit of measurement that serves as an estimate of the change in 74 

concentration. Principal component regression (PCR) analysis was used to statistically extract the DA 75 

component from the voltammetric recording during the 3 s period following stimulus onset (see Below) (Heien 76 

et al., 2005). Training sets were created using non-contingent optogenetically-evoked DA signals obtained 77 

following a recording session and a standard set of five basic pH shift voltammograms. 78 

Apparatus. Mice were tested in operant chambers (21.6 cm x 17.6 cm x 14 cm; Med Associates, St Albans, 79 

VT) housed within sound-attenuating enclosures. Each chamber was equipped with two retractable levers 80 

(located 2 cm above the floor) and one LED stimulus light located above each lever (4.6 cm above the lever). 81 

An external food magazine delivered sucrose pellets (14 mg; Bio-Serv, Frenchtown, NJ) to a dispenser 82 

centrally located between the two levers. A houselight and a white-noise speaker (80 dB, masking noise 83 

background) were located on the opposite wall.  84 

Behavior. Two weeks following surgery, mice were trained to lever press for sucrose pellet reinforcement on 85 

a trial-based chain schedule of reinforcement (Figure 1). The first group of mice (n = 6 males, n = 5 females) 86 

were used to validate the behavioral task and did not receive drug treatment. The second group of mice (n = 87 

8 male, n = 11 female) received JZL-184 and VEH treatment. All mice were trained in the same manner. The 88 

behavioral task consisted of two phases: (1) upon reaching the response requirement on one lever (‘seeking’ 89 

lever, Lev
S
), (2) a single press on the opposite lever (‘taking’ lever, Lev

T
) delivered a single sucrose pellet. 90 

Training began with 30 min sessions of a fixed-ratio one (FR1) schedule on Lev
T
. FR1 session onset was 91 

signaled by illumination of the cue light (‘taking’ cue, Cue
T
) above Lev

T
 and presentation of a tone (white 92 
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noise or 2.5 kHz tone, counterbalanced), followed 3-6 s later by extension of both levers. For each event, 93 

stimulus-entrained DA release was quantified during the first 3 s following stimulus presentation. Following a 94 

correct response, a single sucrose pellet was delivered, both levers were retracted, and Cue
T
 turned off for 95 

a variable timeout period (30-90s) before the next trial began. In all subsequent sessions, the response 96 

requirement on Lev
T
 remained at one. After stable responding (>80% active presses and < 5 trial omissions, 97 

typically between 5-10 sessions), mice proceeded to the next stage during which trial onset was signaled by 98 

illumination of the cue light over the opposite lever (Lev
S
) and presentation of the opposite tone (‘seeking’ 99 

cue, Cue
S
), followed 3-6s later by extension of Lev

S
. A single response on the ‘seeking’ lever led to retraction 100 

of both levers, Cue
S
 turned off, and Cue

T
 was presented, followed 3-6s later by extension of the Lev

T
. One 101 

correct response led to delivery of a single sucrose pellet, lever retraction, and Cue
T
 turned off for a variable 102 

timeout period (30-90s) before the next trial began. Following stable responding (>90% ‘seeking’ lever 103 

presses and < 2 trial omissions for 2 consecutive sessions, typically between 2-8 sessions), the response 104 

requirement on the Lev
S
 increased to an FR5 schedule for one session, after which the response requirement 105 

switched to a progressive ratio (PR) schedule.  During the PR schedule, the number of lever presses required 106 

to earn each reward (i.e., response ratio) increased exponentially across successive trials (response ratio = 107 

[5 × e(0.2 × reward number) – 5]), yielding ratios of 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, etc. after 108 

rounding to the closest integer (Hodos,1961; Covey et al., 2018). The final ratio attained (i.e., breakpoint) is 109 

considered a metric of inherent motivation to expel effort to gain reward. Sessions terminated after 20 min 110 

passed without reward delivery. Following stable responding on the PR task (typically 4-8 sessions), FSCV 111 

recordings were performed every other session.  112 

Sucrose consumption and open-field locomotion. JZL effects on overall motor function and sucrose 113 

consumption were assessed on two consecutive days following treatment with JZL (8 mg/kg, i.p.) or VEH 114 

120 minutes before session onset. Sucrose pellets were placed in a plastic cup in the center of a 1 x 1 m 115 

arena and locomotion was monitored for 30 min using a digital video camera, positioned overhead. 116 

Locomotion was analyzed using EthoVision XT (Noldus) and sucrose consumption was calculated as the 117 

weight consumed during this period.  118 

Pharmacology. Mice in the drug treatment group were randomly assigned to receive a low (8 mg/kg) 119 

intraperitoneal (i.p.) dose of the MAGL inhibitor JZL or VEH for six consecutive sessions, and then the 120 

opposite treatment for six consecutive sessions. VEH and JZL treatment occurred 120 minutes prior to 121 

session onset (Long et al, 2009). JZL was dissolved in the 1:1:18 VEH consisting of emulphor, ethanol, and 122 

saline, respectively.  123 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS.  124 

Behavior and voltammetric measures were analyzed using a One- or two-way repeated measures (RM) 125 

ANOVA, or unpaired t-tests. Significance was set at P < 0.05 and Holm-Sidak post-hoc test was used to 126 
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correct for multiple comparisons when appropriate. Statistical analyses were performed in Prism (Version 6, 127 

GraphPad). Statistical details for each experiment are presented in figure legends. The n for each experiment 128 

is presented in the figure legends or Methods Details section above.   129 
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Results 130 

In vivo recording of DA release during a PR chain schedule of reinforcement  131 

A carbon fiber microelectrode was implanted in the NAc to probe sub-second DA concentration changes 132 

using fast-scan cyclic voltammetry (FSCV) and mice were trained to respond on a modified progressive ratio 133 

(PR), chain schedule of sucrose reinforcement. The behavioral task, training and recording schedule, and 134 

representative data from one mouse across consecutive PR sessions is shown in Figure 1. The instrumental 135 

sequence on each trial is shown in Fig 1A. Mice first responded on one of two levers (the ‘seeking’ lever, 136 

Lev
S
) following presentation of the seeking cue (Cue

S
), which occurred after a variable timeout (VTO) period 137 

so that the opportunity to work for reward was unpredictable and salient. A random duration for Cue
S
 (range: 138 

3-6s) was used to mitigate the effects of timing on DAergic encoding of reward expectation (Oleson et al., 139 

2013; Soares et al., 2016; Howard et al., 2017). To assess motivation, the response requirement 140 

exponentially increased on each trial according to a PR schedule (Hodos, 1961; Covey et al 2016). Upon 141 

reaching the response requirement, both levers retracted and the ‘taking’ cue (Cue
T
; range: 3-6s) signaled 142 

that a single response on the opposite, ‘taking’ lever (Lev
T
) would earn one sucrose pellet. Thus, the effortful 143 

and temporal cost of reward increased on each trial, while the moment of reward delivery remained 144 

predictable. This approach allowed us to differentiate how DA neurons respond to cues signaling increasing 145 

cost of reward versus the reward itself.  146 

Figure 1 displays measures from a representative mouse across consecutive sessions (Fig 1c-d, i-j) and 147 

consecutive trials within each session (Fig 1e-h, k). As reinforcer cost increased across the PR session, the 148 

latency to initiate responding on each trial (Fig 1e) and time to complete each trial (Fig 1f) increased, while 149 

response rate (lever presses per second) initially increased and then declined during high cost trials (Fig 1g). 150 

Latency to press Lev
T
 – which remained at an FR1 requirement on each trial – did not change across the 151 

session (Figure 1h). DA release – averaged across the entire session – signaled the opportunity to work for 152 

reward (Cue
S
) and experienced (Cue

T
) cost of reward, respectively, but did not change in response to 153 

eventual reward (‘Rew’) delivery (Fig 1i-j). Trial-by-trial measures show that cue-evoked DA release changed 154 

in a diametric fashion as reward cost increased (Fig 1k), decreasing or increasing at trial onset or offset, 155 

respectively, as a function of escalating reward costs.  156 

Figure 2 highlights that DA release – averaged across the entire session for all animals – is similar for Cue
S
 157 

and Cue
T
 (Fig 2a,b), but these signals change in the opposite manner over time, when comparing the first 158 

versus second half of the session (Fig 2c,d). Gross behavioral measures (breakpoint, reward count, and total 159 

active lever presses) did not vary according to Session (Two-way RM ANOVA; All P > 0.89) or Sex (Two-160 

way RM ANOVA; All P > 0.16). We therefore collapsed values across sessions and sex for subsequent 161 

analyses.  162 
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To more specifically assess DAergic encoding of motivation, we focused on later trials when cost is greatest 163 

by analyzing the final ten trials of each animal’s PR session, normalized according to individual breakpoints 164 

(Figure 3; Wanat 2010; Covey 2016; 2018). Latency to initiate responding increased on each trial (Fig 3a) – 165 

as cost increased – and the response rate decreased (Fig 3b), both contributing to a greater time to complete 166 

the response requirement on each trial (Fig 3c). In contrast, the latency to take reward, once available, did 167 

not change (Fig 3a). Stimulus-entrained DA release also differentially tracked reinforcer cost. DA release 168 

following Cue
S
, which signaled a greater future cost on each subsequent trial, declined, while DA release to 169 

Cue
T
, which signaled completion of subsequently greater response requirements, increased, and DA release 170 

to eventual reward delivery did not change (Fig 2d). Across terminal trials of each session, there was a strong 171 

correlation between the response ratio and DA release to Cue
S
 (r = -0.79, P < 0.001) and Cue

T
 (r = 0.93, P 172 

< 0.001). There was also a negative correlation between the latency to initiate reward seeking by pressing 173 

Lev
S
 and DA release to Cue

S
 (r = -0.76, P < 0.01) and Cue

T
 (r = 0.89, P < 0.001), while the latency to press 174 

Lev
T
 weakly correlated with DA release to Cue

S
 (r = -0.28, P = 0.40) and Cue

T
 (r = -0.15, P = 0.70). 175 

Collectively, as cost increases on each trial, the propensity to initiate reward seeking and DA release at trial 176 

onset declined, while release increased following completion of greater effortful investments, but reward cost 177 

did not influence DA release to the reward itself. 178 

Repeated inhibition of 2-AG degradation consistently increases motivation and DA function  179 

Our prior work demonstrates that increasing tissue levels of 2-AG following acute treatment with a high dose 180 

of the MAGL inhibitor JZL (18-40 mg/kg, i.p.) augments motivation to work for reward (Covey et al., 2018; 181 

Oleson et al., 2012). Because repeated treatment with high dose JZL (16 mg/kg, i.p.) produces rapid CB1 182 

receptor desensitization and behavioral tolerance (Baggelaar et al., 2018), it is critical to determine if a lower 183 

dose of JZL remains effective over time. To assess whether repeated inhibition of 2-AG degradation supports 184 

prolonged increases in motivation, we administered low dose JZL (8 mg/kg, i.p.) for six consecutive sessions 185 

(Fig 4a). JZL significantly and consistently increased reward seeking (Fig 4b-d). To determine if prior 186 

treatment with JZL influenced future behavior, we compared the final breakpoint on the first day of drug 187 

treatment (i.e., sessions 1 and 7) and found a significant effect of drug (Two-way RM ANOVA: Drug, F(1,34) = 188 

9.90, P < 0.01), but no effect of session (P = 0.182) or interaction (P = 0.552), indicating that treatment order 189 

did not influence drug effect. Gross behavioral measures (breakpoint, reward count, and total active lever 190 

presses) also did not vary according to sex (Sex, All P > 0.16; Sex X Drug, All P > 0.28). We therefore 191 

collapsed values across sessions and sex for subsequent analyses. Moreover, we assessed whether JZL 192 

indiscriminately increased lever pressing by comparing Lev
T 
presses during the ‘seeking’ phase. The number 193 

of Lev
T 
presses per trial during the ‘seeking’ phase – total Lev

T
 presses divided by total trial number to correct 194 

for increased trial count following JZL treatment – remained low following both VEH (2.40 ± 0.22) and JZL 195 

(2.88 ± 0.23) treatment, and no difference was observed between treatment groups (t(36) = 1.33, P = 0.19). 196 
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Figure 5 highlights that DA release – averaged across all animals – exhibited a similar pattern in VEH and 197 

JZL treatment groups across the entire session (Fig 5a,b). A similar pattern to that described above (Fig 2) 198 

was observed when comparing the first versus second half of the session (Fig 5c,d). Specifically, DA release 199 

preferentially responds to predictive cues versus reward delivery, but does so in an opposite manner, 200 

decreasing in response to Cue
S
 while increasing in response to Cue

T
. Moreover, JZL treatment selectively 201 

augments DA release to Cue
T
. To further assess the behavioral actions contributing to increased PR 202 

performance and their DAergic correlates, we analyzed behavior and DA measures across the final trials of 203 

each PR session, as mice reached their respective breakpoints (Figure 6). JZL increased the propensity to 204 

initiate reward seeking following presentation of Cue
S
 (Fig 6a,b) and attenuated the decline in response rate 205 

(Fig 6c,d), while the latency to access reward, once available, did not change (Fig 6e,f). Although JZL 206 

decreased the latency to initiate reward seeking on each trial, DA release at trial onset (i.e., Cue
S
) was not 207 

altered (Fig 6g,h). Yet, given that the response requirement was greater during terminal trials following JZL 208 

treatment, DA release per future unit cost was greater following JZL treatment. In contrast, JZL increased DA 209 

release to Cue
T
 as a function of the prior response requirement (Fig 6i,j), while DA release to reward delivery 210 

remained low in both groups (Fig 6k,l).  211 

Finally, to determine if JZL facilitated effortful responding by increasing appetite or acting as a 212 

psychostimulant, we monitored ‘free-access’ sucrose consumption and open-field locomotion (Figure 7). JZL 213 

treatment did not alter sucrose intake (Fig 7a), distance traveled (Fig 7b), or movement velocity (Fig 7c), 214 

indicating a selective invigoration of goal-directed action.    215 
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Discussion 216 

Apathy is characterized by diminished willingness to overcome effortful costs, independently of changes in 217 

motor function, cognitive impairment, or mood (Friedman et al., 2007; Levy and Dubois, 2006; Salamone et 218 

al., 2017; Stahl, 2002). Motivational deficits are generally treated with antidepressants such as selective 219 

serotonin reuptake inhibitors, but these have been found ineffective at improving effort-related aspects of 220 

motivation (Cooper et al., 2014), and often worsen symptoms of apathy by diminishing the hedonic impact of 221 

rewards (Hoehn-Saric et al., 1990; Yohn et al., 2016). Alternatively, DA transporter inhibitors, such as 222 

bupropion, D-amphetamine, or methylphenidate, facilitate motivated behaviors, but possess undesirable 223 

motoric side effects and high abuse liability (Salamone et al., 2016). Therefore, pharmacological strategies 224 

are required that promote effortful action without altering normal reward processing. An important step in this 225 

process is identifying how potential treatments alter individual components of reward-directed action 226 

sequences and their neural correlates.  227 

The general consensus is that cue-evoked accumbal DA release and phasic DA neuron firing preferentially 228 

signal the expected reward size, delay, and probability (Cohen et al., 2012; Covey and Cheer, 2019; Eshel 229 

et al., 2015; Hollon et al., 2014; Wanat et al., 2010; Pasquereau and Turner, 2013), but not cost (Hollon et 230 

al., 2014; Gan et al., 2010; Wanat et al., 2010; Pasquereau and Turner, 2013). However, other reports find 231 

that accumbal DA release scales directly according to effortful cost (Schelp et al., 2017). Here, we provide 232 

further support that accumbal DA release signals reward cost. We used a chain schedule of reinforcement 233 

and PR response requirement to decipher how behavior and DA function change in response to distinct 234 

stimuli that signal future and prior reward cost versus reward receipt. We observed diametric DAergic 235 

encoding of cues signaling effort initiation and completion in the NAc (Fig 2). DA release at trial onset (‘Cue
S
’) 236 

declines as cost increases, potentially dissuading the subject to work for reward (Eban-Rothschild et al., 237 

2016), as reflected by an increased latency to initiate responding and decreased response rate across the 238 

trial. Diminished DA release may reflect the exponential decrease in expected reward value (price per unit) 239 

on each trial. If decreasing DA release to Cue
S
 reflects discounted reward value due to increasing future cost, 240 

then JZL treatment may diminish perceived cost and facilitate task engagement (i.e., latency to initiate 241 

pressing) by maintaining DA release to Cue
S
 at a greater relative levels per future cost. However, additional 242 

work is clearly required to understand how DA release precisely influences cost perception.   243 

In contrast, the gradual increase in DA release evoked by trial completion (‘Cue
T
’) may reflect a positive 244 

prediction error. While reward value declines according to the increased cost and delay (McClure et al., 2004), 245 

cues that resolve uncertainty about future reward availability can serve as powerful conditioned reinforcers 246 

that drive information-seeking (Bromberg-Martin and Hikosaka, 2009). As the delay from trial onset increases 247 

on each trial (Fig 2C), if and when reward will become available, becomes more uncertain. Accordingly, Cue
S
 248 

becomes a worse predictor of reward availability, while Cue
T
 becomes more informative. The degree to which 249 
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increasing DA release reflects salience or uncertainty that arises from either a greater delay to reinforcement 250 

versus the amount of exerted effort is unclear, as these metrics are highly correlated. However, the behavioral 251 

task structure allowed us to determine that increased DA release at trial completion, observed here and in 252 

prior work (Wanat et al., 2010; Wanat et al., 2013; Covey et al., 2016; Covey et al., 2018), is not due to DA 253 

neurons assigning greater value to a reward that is earned following greater work requirements, as previously 254 

suggested (Wanat et al., 2010). Rather, accumbal DA release preferentially responds to cues that signal 255 

increasing future and prior cost of a reward versus reward receipt itself.   256 

The eCB system serves a prominent role in controlling motivated behavior and DA neurotransmission, and 257 

may represent a viable target for disorders of motivation. Our prior work demonstrates that increasing tissue 258 

levels of 2-AG with JZL facilitates the motivation to work for reward and NAc DA release (Covey et al., 2018). 259 

MAGL inhibitors such as JZL likely represent a superior therapeutic strategy compared to direct CB1 receptor 260 

agonists such as delta-9-tetrahydrocannabinol (Grabner et al., 2017; Mulvihill & Nomura 2013), as direct CB1 261 

receptor agonists reduce effortful behaviors (Fatahi and Haghparast, 2018; Fatahi et al., 2018). In contrast 262 

to agonists that indiscriminately target CB1 receptors throughout the brain, MAGL inhibitors indirectly 263 

increase CB1 receptor binding by amplifying ongoing 2-AG signaling. Within the VTA, 2-AG mobilization 264 

suppresses inhibitory inputs onto DA neurons via activation of presynaptic CB1 receptors, increasing cell 265 

firing and downstream accumbal DA release (Wang and Lupica, 2014). However, the therapeutic potential 266 

of JZL for disorders of motivation requires that repeated augmentation of this circuit consistently facilitates 267 

effortful responding and DA function. Notably, repeated treatment with high dose JZL (40 mg/kg) produces 268 

rapid tolerance to its behavioral actions and downregulation of CB1 receptors (Schlosburg et al., 2010). Here, 269 

we used a lower dose of JZL (8 mg/kg) and observed a stable, non-desensitizing, increase in behavioral 270 

output and NAc DA release across all sessions. Our findings corroborate prior work demonstrating that 271 

chronic, low dose JZL (≤ 8 mg/kg) does not lead to tolerance under other experimental conditions (Ghosh et 272 

al., 2013; Sumislawski et al., 2011).  Importantly, JZL did not function as a locomotor stimulant and failed to 273 

alter sucrose consumption when feely available (Fig 7). Additionally, JZL does not exhibit rewarding or 274 

aversive properties in place conditioning assays (Gamage et al., 2015; Muldoon et al., 2015). Therefore, 275 

cannabinoid receptor-based therapies such as MAGL inhibition may represent a viable treatment for 276 

motivational dysfunctions that are a hallmark of numerous psychiatric and neurological disorders.    277 
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Figure 1. Experimental design and representative data. (a) Schematic of behavioral sequence on each trial of 
the chain schedule. Values beneath each event represent the range across all animals (n = 32). (b) Behavioral 
training and fast-scan cyclic voltammetry (FSCV) recording schedule. (c)-(k) Representative metrics from one 
mouse. (c) Total presses on the Active and Inactive lever, (d) final Breakpoint and total number of Rewards earned 
across consecutive sessions. Trial-by-trial changes on consecutive sessions (S1-S4) in (e) latency to initiate 
pressing during the ‘Seeking phase’, (f) time to complete response requirement, (g) response rate during the 
‘Seeking phase’, and (h) latency to press during the ‘Taking phase’. (i) Mean (±SEM) dopamine concentration 
change (∆[DA]) relative to stimulus onset (vertical line). Horizontal line represents the reference point (i.e., 0 nA) for 
quantifying ∆[DA]. (j) Mean (±SEM) peak ∆[DA] across all sessions. (k) Trial-by-trial peak ∆[DA] relative to each 
stimulus. 

 

Figure 3. Diametric encoding of reward cost. In all panels, left panel displays overall mean (±SEM) across the 
final 10 trials; right panel displays individual values on trial ‘-9’ and ‘last trial (bars display overall mean and lines 
display value for each mouse). (a) Latency to initiate pressing following trial onset (Cue

S
) and after reaching response 

requirement (‘Cue
T
; Two-way RM ANOVA: Trial X Cue, F(9,450) = 10.77, P < 0.001), (b) response rate (One-way RM 

ANOVA: F(9,225) = 17.45, P < 0.001), (c) time to complete response requirement (One-way RM ANOVA: F(9,225) = 
121.80, P < 0.001) (right panel), and (d) ∆[DA] relative to stimulus onset (Two-way RM ANOVA: Trial X Stimulus, 
F(18,675) = 8.58, P < 0.001) varied according to cost threshold. Post-hoc paired t-test, ***P < 0.001, ‘-9’ versus ‘Last’ 
trial.  

 
 

Figure 4. Chronic augmentation of eCB signaling increases motivation. (a) Experimental design. In (b)-(d), left 
panel displays mean (±SEM) value on each session, compared using a Two-way RM ANOVA; right panel displays 
the overall (bars) and individual (lines; blue: female, red: male) mean collapsed across sessions, compared using a 
paired t-test (**P < 0.01).  JZL increased (b) breakpoint (Drug, F(1,36) = 9.30, P < 0.01; Session, F(5,180) = 1.64, P = 
0.151; Drug X Session, F(5,180) = 1.29, P = 0.269), (c) total rewards earned (Drug, F(1,36) = 11.61, P < 0.01; Session, 
F(5,180) = 1.64, P = 0.177; Drug X Session, F(5,180) = 0.89, P = 0.487), and (d) total lever presses (Drug, F(1,36) = 8.99, 
P < 0.01; Session, F(5,180) = 1.96, P = 0.103; Drug X Session, F(5,180) = 1.23, P = 0.296).  

 
 

Figure 2. Stimulus- and time-specific changes in dopamine release. (a) Mean (+SEM) dopamine concentration 
change (∆[DA]) relative to stimulus onset (vertical line) across all mice and sessions. Horizontal line represents the 
reference point (i.e., 0 nA) for quantifying ∆[DA]. (b) Mean (±SEM) peak ∆[DA] across all sessions (One-way ANOVA; 
F(2,1719) = 33.03, ***P < 0.001) and (c, d) separated into bins representing one-half of the total trials, relative to each 
stimulus (Two-way RM ANOVA, Time x Stimulus: F(4, 570) = 70.44). Post-hoc comparison of ∆[DA] relative to each 
stimulus, ***P < 0.001. 
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Figure 5. JZL alters stimulus-specific changes in dopamine release. (a) Mean (+SEM) dopamine concentration 
change (∆[DA]) relative to stimulus onset (vertical line) across all mice and sessions following VEH or JZL treatment. 
Horizontal line represents the reference point (i.e., 0 nA) for quantifying ∆[DA]. (b) Mean (±SEM) stimulus-evoked 
∆[DA] across all sessions and treatments (Two-way ANOVA, Stimulus: F(2,2514) = 15.20, P < 0.001; Drug: F(1,2514) = 
7.98, P < 0.01) and (c, d) separated into bins representing one-half of the total trials, relative to each stimulus. 
Separate Two-way RM ANOVAs revealed a significant effect of time for ∆[DA] Cue

S
 (F(1, 419) = 12.12, P < 0.001) and 

∆[DA] Cue
T
 (F(1, 419) = 66.14, P < 0.001), but not ∆[DA] Rew  (F(1, 419) = 0.90, P = 0.34). A significant treatment effect 

was only observed for ∆[DA] Cue
T
 (Two-way RM ANOVA, Drug: F(1, 419) = 8.94, P < 0.01). Post-hoc comparison of 

∆[DA] relative to VEH, *P < 0.05, **P < 0.01. 

 

Figure 6. Chronic augmentation of eCB signaling invigorates reward seeking and dopamine function. In all 
panels, left panel displays mean (±SEM) across terminal trials on each session 1-6 (S1-S6); right panel displays the 
overall (bars) and individual (lines) mean, collapsed across sessions. Data sets in the left and right panel were 
compared using a two-way RM ANOVA. (a) Latency to press after trial onset (‘Cue

S
’) increased across trials (VEH, 

Trial, F(9,162) = 29.04, P < 0.001; Session, F(5,90) = 2.07, P = 0.077; Trial x Session: F(45,972) = 1.09, P = 0.328; JZL, 
Trial, F(9,162) = 25.20, P < 0.001; Session, F(5,90) = 1.90, P = 0.102; Trial x Session: F(45,972) = 1.23, P = 0.149) and (b) 
JZL attenuated this increase (Trial X Treatment, F(1, 36) = 6.96, P  = 0.012). (c) Response rate decreased across trials 
(VEH, Trial, F(9,162) = 57.01, P < 0.001; Session, F(5,90) = 0.45, P = 0.813; Trial x Session, F(45,972) = 0.71, P = 0.922; 
JZL, Trial, F(9,162) = 40.29, P < 0.001; Session, F(5,90) = 1.96, P = 0.092; Trial x Session: F(45,972) = 1.47, P = 0.026) 
and (d) JZL attenuated this decrease (Trial X Treatment, F(1, 36) = 4.97, P  = 0.032). (e) Latency to press on the 
‘Taking’ lever (‘Cue

T
’) did not change across trials (VEH, Trial, F(9,162) = 1.17, P = 0.318; Session, F(5,90) = 1.74, P = 

0.167; Trial x Session: F(45,972) = 0.99, P = 0.452; JZL, Trial, F(9,162) = 2.27, P = 0.064; Session, F(5,90) = 2.40, P = 
0.063; Trial x Session: F(45,972) = 1.05, P = 0.407) and (f) was unaffected by JZL (Trial X Treatment, F(1, 36) = 0.002, 
P  = 0.964). (g) ∆[DA] Cue

S
 decreased across trials (VEH,Trial, F(9,162) = 3.09, P < 0.01; Session, F(2,54) = 0.52, P = 

0.605; Trial x Session: F(18,486) = 1.49, P = 0.099; JZL,Trial, F(9,162) = 3.07, P < 0.01; Session, F(2,54) = 0.95, P = 0.408; 
Trial x Session: F(18,486) = 0.97, P = 0.503), but was (h) unaffected by JZL (Trial: F(1, 36) = 63.11, P  < 0.001; Treatment: 
F(1, 36) = 1.16, P  = 0.288; Trial X Treatment, F(1, 36) = 0.71, P  = 0.407). (i) ∆[DA] Cue

T
 increased across trials (VEH, 

Trial, F(9,162) = 11.89, P < 0.001; Session, F(2,54) = 0.13, P = 0.880; Trial x Session: F(18,486) = 0.50, P = 0.956; JZL, 
Trial, F(9,162) = 9.74, P < 0.001; Session, F(2,54) = 1.24, P = 0.306; Trial x Session: F(18,486) = 1.08, P = 0.378) and (j) 
JZL augmented this increase (Trial: F(1, 36) = 119.50, P  < 0.001; Treatment: F(1, 36) = 12.50, P  < 0.01; Trial X 
Treatment, F(1, 36) = 2.37, P  = 0.133). (k) ∆[DA]Rew did not change across trials (VEH, Trial, F(9,162) = 0.79, P < 0.585; 
Session, F(2,54) = 0.26, P = 0.775; Trial x Session: F(18,486) = 0.58, P = 0.912, JZL, Trial, F(9,162) = 1.24, P = 0.292; 
Session, F(2,54) = 0.82, P = 0.451; Trial x Session: F(18,486) = 1.02, P = 0.362) and (l) was unaffected by JZL (Trial: F(1, 

36) = 0.13, P  = 0.662; Treatment: F(1, 36) = 1.93, P  = 0.173; Trial X Treatment, F(1, 36) = 0.19, P  = 0.662). Post hoc t-
tests; ***P < 0.001, **P < 0.01. 
 
 

Figure 7. MAGL inhibition does not alter consumption or locomotion. JZL (8 mg/kg, i.p.) treatment across two 
consecutive sessions (S1, S2) did not alter (a) ‘free-access’ sucrose consumption (Two-way RM ANOVA; 
Treatment: F(1,34) = 0.52, P  = 0.475) or open-field locomotion measured by (b) distance traveled (Two-way RM 
ANOVA; Treatment: F(1,34) = 1.42, P  = 0.249) and (c) movement velocity (Two-way RM ANOVA; Treatment: F(1,34) 
= 1.42, P  = 0.249). Post-hoc comparison following significant main effect of time; S1 v S2, ***P < 0.001 

 
 
















