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ABSTRACT 

Striatal dopamine (DA) plays a central role in reward-related learning and behavioral adapta-
tion to changing environments. Recent studies suggest that rather than being broadcast as 
a uniform signal throughout the entire region, striatal DA shows noticeably different release 
dynamics in different functional units of the striatum. In a previous study, we showed that 
phasic DA release patterns in the ventromedial striatum (VMS) rapidly adapt to a reversal of 
response-reward contingencies. However, it is unknown how DA dynamics in the dorsolater-
al striatum (DLS) are modulated during such adaptive behavior. Here, we used fast-scan cyclic 
voltammetry to measure phasic DA release in the DLS during spatial reversal learning. In the 
DLS, we observed minor DA release to a cue signaling reward availability, but pronounced 
DA release around the time of the lever press, both in rewarded and non-rewarded trials. 
These release dynamics (minor DA to the predictive visual stimulus, prominent DA during the 
operant response) did not change following a reversal of response-reward contingencies. 
Notably, the DA increase to the lever press did not reflect a general signal related to the ini-
tiation of a motor response, as we did not observe DA release when rats initiated nose pokes 
during inter-trial intervals. This suggests that DA release in the DLS occurs selectively during 
a learned operant response initiated to obtain a reward.

Together with our previous results obtained in the VMS, these findings reveal distinct 
phasic DA release patterns during adaptation of established behavior in DLS and VMS. The 
VMS DA signal, which is highly sensitive to reversal of response-reward contingences, may 
provide a teaching signal to guide reward-related learning and facilitate behavioral adap-
tation, whereas DLS DA reflects a ‘performance signal’ independent of outcome, that may 
enable initiation and execution of previously learned operant responses or the motivation 
to perform them.
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INTRODUCTION

Corticostriatal circuits are important for the regulation of motivated behavior and cognitive 
functioning. These circuits consist of converging input from different cortical areas and mid-
brain dopamine (DA) neurons to projection neurons in the striatum. The projections from 
cortex to the striatum are organized topographically, where sensory and motor cortical areas 
dominate inputs to the dorsolateral striatum (DLS) and limbic areas constitute the majority 
of the cortical projection to the ventromedial striatum (VMS) (Webster, 1961; McGeorge and 
Faull, 1989). DA is an essential neuromodulator that regulates activity in corticostriatal circuits. 
Loss of the modulatory role of DA in these circuits leads to impairments in motor performance, 
motivated behavior and executive functioning (Cools et al., 2001; Sawamoto et al., 2008). One 
of the executive functions that is affected by compromised DA function is cognitive flexibility, 
the ability to adapt behavior in response to changes in the environment (Klanker et al., 2013). 

Successful adaptation of behavior requires the use of negative feedback to switch behavior 
and sensitivity to positive feedback to acquire a new response. Previously, we showed that 
DA signaling in the VMS is associated with positive feedback during reversal learning (Klanker 
et al., 2015), consistent with the idea of a quantitative reward prediction error (Schultz et al., 
1997; Steinberg et al., 2013).  However, several studies suggest that DA in the dorsal striatum 
might also be important for the regulation of this type of behavior. For example, dorsal DA is 
not just involved in the acquisition and performance of operant actions and habit formation 
(Faure et al., 2005; Amalric and Koob, 1987; Beninger and Ranaldi, 1993; Robbins et al., 1990; 
Robinson et al., 2007), but also in cognitive flexibility (Cools et al., 2001; Sawamoto et al., 
2008; Clarke et al., 2011). In other words, dorsal striatal DA may invigorate both flexible and 
inflexible behavior. 

Although classic electrophysiological studies suggest that all midbrain DA neurons behave 
similarly during conditioning tasks (Schultz et al., 1997), more recent findings reported dif-
ferences between the characteristics of the VMS and DLS DA systems (Bromberg-Martin 
et al., 2010; Lerner et al., 2015). However, not only are VMS and DLS innervated by separate 
populations of DA neurons (Beckstead et al., 1979; Bjorklund and Dunnett, 2007), that are 
under excitatory influence of somewhat distinct afferent projections (Lerner et al., 2015; 
Watabe-Uchida et al., 2012), these regions also differ in DA receptor density (Dubois and 
Scatton, 1985; Savasta et al., 1986), DA uptake kinetics (Garris et al., 1994; Missale et al., 1985; 
Stamford et al., 1988) and local mechanisms influencing DA release (Rice et al., 2011). Togeth-
er, these factors induce regionally distinct release patterns in striatal subregions during the 
execution of goal-directed behavior (Brown et al., 2011; Cacciapaglia et al., 2012; Shnitko and 
Robinson, 2015; Willuhn et al., 2012). However, while a large body of work investigated VMS 
DA during reward-related learning, it is unclear how phasic DA release in the DLS is modu-
lated during performance of instrumental actions, as previous work produced inconsistent 
findings (Brown et al., 2011; Shnitko and Robinson, 2015). It is also unknown how DLS DA dy-
namics are modulated during adaptation of response behavior to a reversal of response-re-
ward contingencies. Our previous results showed that DA signaling in the VMS rapidly adapts 
to reversed response-reward contingencies and that updating of cue-evoked DA following 
positive feedback predicts performance of reversal learning (Klanker et al., 2015). Here, we 
extend these findings by describing DA release dynamics in the DLS during reversal learning.



503280-L-bw-Klanker503280-L-bw-Klanker503280-L-bw-Klanker503280-L-bw-Klanker

88

4

  P
A

RT
 I 

– 
D

A
er

gi
c 

co
nt

ro
l o

f c
og

ni
tiv

e 
fle

xi
bi

lit
y  

MATERIAlS AND METHODS

All experiments were approved by the Animal Experimentation Committee of the Royal 
Netherlands Academy of Arts and Sciences and were carried out in agreement with Dutch 
laws (Wet op de Dierproeven, 1996) and European regulations (Guideline 86/609/EEC). 

Animals
Male Wister rats (Charles River, n=13) were housed socially under a reversed day-night sched-
ule (lights on from 7 p.m. – 7 a.m.). During behavioral training, rats were food-restricted (16 
grams/animals/day) with water available ad libitum. The day before and 3-4 days after surgery, 
unlimited access to food and water was provided. Rats were individually housed after surgery. 

Surgery
Rats (weighing ~300 grams) were anaesthetized with Isoflurane (induction: 3%, mainte-
nance:1.8-2.5%) and received subcutaneous Metacam® (Meloxicam, 1 mg/kg, Boehringer-In-
gelheim, Germany) as analgesic. Body temperature was maintained by a temperature con-
troller and heating pad. Rats were placed in a stereotactic frame and implanted with a guide 
cannula (custom made, NIN mechanical workshop) above the DLS (anterioposterior +1.2 mm, 
lateral ±3.3 mm relative to bregma (Paxinos and Watson, 2007) and an Ag/AgCl reference 
electrode in the contra-lateral hemisphere. A bipolar stimulation electrode (Plastics one, Ro-
anoke, VA, USA) was placed into the medial forebrain bundle (MFB; AP -3.6 mm, ML ± 1.8 mm, 
DV -8.5 mm from skull). The guide cannula and electrodes were fixed to the skull with screws 
and dental cement. The cannula was closed with a removable stylet after surgery.  

Apparatus
All experiments were performed in a custom-made operant chamber (40x40x40 cm, NIN me-
chanical workshop) with Med Associates components (Med Associates, Sandown Scientific, 
Hampton, UK). The operant chamber was connected to a Med-PC interface and controlled 
by Med-PC software (Med Associates, Sandown Scientific, Hampton, UK). One wall of the op-
erant chamber contained two retractable levers placed left and right from a food dispenser, 
with a cue light above each lever. An infrared sensor detected nose-pokes made to retrieve 
sucrose pellets (dustless precision pellets®, 45 mg, Bio-Serv) from the food dispenser. 

Behavioral training
Rats were habituated to the operant chamber and sucrose pellets before behavioral train-
ing (also see methods in Klanker et al, 2015). During lever-press training, rats were randomly 
presented with either the left or the right cue light. After a 2 sec delay, the corresponding 
lever was presented. If a lever-press was made within 30 sec, the lever was retracted, the cue 
light switched off and a sucrose pellet was delivered in the food dispenser. Failure to respond 
within 30 sec ended cue light illumination and lever presentation and the trial was scored 
as omission. Sessions consisted of 32 trials, with variable inter-trial intervals (10/20 sec). Rats 
received up to 3 training sessions per day with 2-3 hours between the sessions. 

During discrimination and reversal sessions, rats were presented with both cue lights 
simultaneously, and 2 sec later both levers were presented. During discrimination session, le-
ver presses on one side were always rewarded, whereas lever presses on the other side were 
never rewarded. Thus, the task was spatial: cue lights did not signal which side was rewarded, 
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but indicated the potential availability of a reward. The rewarded side was counterbalanced 
between rats. Discrimination and reversal sessions consisted of 120 trials, with a variable 
inter-trial interval (15/25/35/45 sec). In case of an omission, cue light and lever presentation 
ended after 10 sec.

During the reversal session, response-reward contingencies reversed between the 16th 
and 32nd trial in the session, so that a response to the previously rewarded lever was no longer 
rewarded and a response to the previously unrewarded lever was now rewarded. The rever-
sal of response-reward contingencies was unexpected for the animals; they had to use the 
change in feedback to adapt responding. 

Fast-scan cyclic voltammetry
Glass-enclosed carbon fibers (sensing tip of the electrode: diameter 7 μm, length ~150 μm) 
were inserted into a custom-made micromanipulator (NIN mechanical workshop). The mi-
cromanipulator was then inserted in the guide cannula and attached to a head-mounted 
amplifier. The electrode was gradually lowered into the DLS (DV ~4-5 mm from skull). A rest-
ing potential of -0.4V was applied to the carbon fiber electrode (vs the reference electrode). 
Every 100 msec (sampling rate 10 Hz), the resting potential changed to 1.3 V and back to rest-
ing potential in a triangular waveform (duration 8.5 msec). At specific applied potentials in 
the waveform, changes in current can be measured due to redox reactions of DA molecules 
(~0.6 V oxidation, ~-0.2 V reduction) close to the electrode surface. After the experiment, 
MFB stimulation (6-30 pulses, 30 Hz frequency, 125 μA intensity, biphasic, 2 msec per phase) 
was performed to evoke DA release in the DLS. Chemometric analysis was used to identify DA 
and distinguish it from other electro-active species (Heien et al., 2004; Keithley et al., 2009). 

After the final experiment, rats were deeply anaesthetized with an overdose of pentobar-
bital (Erasmus MC pharmacy, Rotterdam, The Netherlands) and the final recording location 
was marked by passing a 100 μA direct current through a stainless steel lesion electrode 
inserted to the depth of the last recording. Then, rats were decapitated and brains were re-
moved and frozen. Coronal sections (40 μm) sections were cut on a cryostat and stained with 
cresyl violet for verification of electrode placement.

Data analysis and statistics
We analyzed the following behavioral measures: number/percentage of responses to the 
rewarded and non-rewarded lever as well as latency to lever press. Repeated measures ANO-
VAs were used to analyze behavioral data. 

All FSCV data was smoothed with a 0.5 s moving average. To analyze changes in DA sig-
naling during reversal learning, trials were averaged across a behavioral session for each rat 
and then averaged across rats.  For cue-evoked responses, we averaged the 2 sec following 
cue presentation (in this time window the cue light is illuminated, and the levers are not yet 
presented) and compared to baseline (average of 2 sec immediately preceding cue presenta-
tion). For lever press DA release, we averaged the 2 sec following lever press and compared 
that to baseline (average of 2 sec before cue presentation). In addition, we analyzed separate 
1-sec bins following lever press and compared these to baseline. For nose poke DA release, 
we compared the 2 sec following a nose poke to baseline (average 2 sec immediately preced-
ing the nose poke). Similarly, for response to unexpected food reward, the average of the 
two seconds following reward presentation was compared to baseline (average 2 sec before 
reward presentation). 
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Changes in DA release compared to baseline were analyzed with paired t-tests. Changes in 
DA release during discrimination and reversal learning were analyzed with repeated meas-
ures ANOVA’s. Bonferroni-corrections were applied for post-hoc t-tests when appropriate. 
Greenhouse-Geisser corrections were applied when the assumption of sphericity was vio-
lated. 

Comparison DA release DLS and VMS
In a previous paper (Klanker et al., 2015), we showed phasic DA release patterns in the VMS 
during reversal learning. To be able to directly compare our current findings in the DLS to the 
release patterns in the VMS, we re-analyzed the VMS in the same way as described here for 
the DLS (see above). 

Data was analyzed with repeated measures ANOVA’s. Bonferroni-corrections were ap-
plied for post-hoc t-tests when appropriate. Greenhouse-Geisser corrections were applied 
when the assumption of sphericity was violated.

RESUlTS

Subjects
Four animals were excluded from analysis because they did not show spontaneous DA re-
lease, no release to food rewards or stimuli presented, and no release to electrical stimulation 
of the MFB (no voltammograms indicating DA release before or during recordings). Of the an-
imals included in the analysis, two did not show DA release after electrical stimulation of the 
MFB. However, this was likely due to 
stimulation electrode misplacement 
because these animals did show DA 
release during the session. Thus, they 
were included in the analysis. Re-
cording sites in the DLS of all animals 
included in the analysis are depicted 
in Figure 1. Final group size was n=9. 

Behavioral performance 
Behavioral performance during rever-
sal learning is shown in Fig 2A. The 
rewarded lever was switched at an 
unexpected time point in the rever-
sal session (between trial 16-32). The 
reversal was not cued to the animals: 
rats had to use the change in reinforc-
ing feedback (previously rewarded 
lever no longer rewarded and vice 
versa; grey bar in Fig 2A represents 
time of reversal) to adjust responding. 
To better visualize the development 
of behavior after reversal, we divid-
ed the session in 12 blocks of 8 trials 

Bregma +2.3 mm

Bregma +1.6 mm

Bregma +1.3 mm

Figure 1 Histological verification of electrode placement in the 
dorsolateral striatum (DLS). Each circle represents electrode posi-
tion for a single animal (n=9).
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(grey bar indicates time of reversal, Fig 2A). In the pre-reversal phase of the session (Fig 2A, 
block 1 & 2), rats showed a clear preference for the rewarded lever. After reversal, response 
to the rewarded lever declined, whereas responses to the non-rewarded lever increased 
(reversal*reward interaction F(1,16)=171.746, p<0.001). After reversal, lever press behavior 
to the rewarded or non-rewarded lever was different over time (block*reward interaction 
(F(2.74; 43.88)=8.453, p<0.001). The number of rewarded responses differed between blocks 
(main effect of block F(10,60)=2.949, p=0.004; but no significant simple contrasts compared 
to first block after reversal). Non-rewarded responses steadily decreased (main effect of block 
F(9,72)=6.192, p<0.001, simple contrasts vs first block after reversal: significant differences last 
5 blocks). On average, rats made 16.5 ± 6.8 % rewarded responses after reversal. However, as 
we showed previously (Klanker et al., 2015), behavioral performance during reversal learning 
can vary substantially between animals: one group of animals (‘learners’, n=4) made 34.3 ± 
7.9 % responses (range 22.0-58.3%), whereas ‘non-learners’ (n=5) made 1.6 ± 0.9 % rewarded 
responses (range 0-4.4%) on all trials after reversal. 

Phasic DA changes in the DLS during pre-reversal discrimination 
Figs 2B&C show DA fluctuations in the DLS during reversal learning. Before reversal, cue stim-
ulus presentation induced a small increase in DA (0.09 ± 0.03 nA) in the DLS. Cue-evoked DA 
release was significantly higher than baseline (t(13)=-3.278, p=0.006). A subgroup of animals 
(n=5) was trained longer on the spatial discrimination task (data not shown). Cue-evoked DA 
release did not differ between animals that were trained longer (750 ± 30 trials, receiving 658 
± 45 food pellets) or shorter (327 ± 56 trials, receiving 242 ± 32 food pellets) on the spatial 
discrimination task (data not shown), suggesting that the cue-evoked DA signal is not influ-
enced by extended training. 

Two seconds after cue presentation, two levers were presented. A lever press on the re-
warded lever resulted in retraction of the levers and immediate delivery of a food reward, 
whereas a lever press on the non-rewarded lever resulted in lever retraction only. In contrast to 
the small cue-evoked signal, we observed more pronounced DA release around the time of le-
ver-press (rewarded trials: 0.23 ± 0.05 nA; non-rewarded trials: 0.17 ± 0.07 nA). DA to lever-press 
was significantly higher than baseline for rewarded trials (t(8)=-4.142, p=0.003), but not for 
non-rewarded trials (t(4)=-2.123, p=0.101). Thus, when performing a well-learned discrimina-
tion, DA release in the DLS is centered around the lever press; cue-evoked DA release is minor. 

DA release in DLS does not change after reversal
At an unexpected moment in the session, the rewarded lever was switched and rats had to 
reverse responding in order to get food reward. As in the pre-reversal phase, cue-evoked DA 
release after reversal was small (0.09 ± 0.03 nA), but increased relative to baseline (t(14)=-
4.144, p=0.001, Fig 2C). In trials where rats made an omission, no cue-evoked DA was ob-
served (t(4)=1.063, p=0.348, Fig 2E). 

Similar to the DA release pattern before reversal presentation, the most prominent DA 
release was observed around the time of lever press (rewarded trials: 0.29 ± 0.05 nA; non-re-
warded trials: 0,17 ± 0.03 nA, Fig 2C) – DA release to lever press was significantly higher than 
baseline for rewarded (t(5)=-4.985, p=0.004) and non-rewarded trials (t(8)=-4.457, p=0.002) 
after reversal. DA release to lever press is slightly higher on rewarded compared to non-re-
warded trials. Unexpected food reward presentation (before the behavioral session) induced 
DA release in the DLS (0.31±0.06 nA, Fig 2D) that was significantly higher than baseline (t(8)=-
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Figure 2 Phasic dopamine (DA) release in the DLS during spatial reversal learning (n=9). A. Behavioral performance 
during reversal learning session. Blue lines represent percentage rewarded responses per block of 8 trials, red lines 
represent percentage non-rewarded responses. The grey bar indicates the time point of the reversal of response-re-
ward contingencies. B. Individual example trials of DA release in the DLS during reversal learning. The left panel shows 
DA release on a rewarded trial, right panel shows DA release during a non-rewarded trial. DA release was observed 
both in rewarded and non-rewarded trials around the time of lever press. Red bar indicates presentation of the cue 
light, gray bar indicates lever extension and black triangles indicate nose pokes into the food receptacle in order to 
collect the reward. Lever press is made when gray and red bars end. C. DA release is predominantly observed when 
rats perform an operant response. Changes in DA release averaged per trial across all trials of the reversal session. 
Left – before reversal presentation, similar DA release is observed around the time of lever press on both rewarded 
and non-rewarded trials. Right – after presentation of reversal, DA release is still observed on both rewarded and 
non-rewarded trials around the time of lever press. Blue lines represent rewarded trials, red lines represent non-re-
warded trials, red bar indicates average duration of cue light presentation, black arrow indicates time of lever press. D. 
Unexpected delivery of a food reward (before the reversal session) evokes DA release in the DLS. Black arrow indicates 
time of reward delivery. E. During omission trials, cue and lever presentation do not evoke DLS DA release. Black arrow 
indicates time of cue presentation. F. Nose pokes into the food receptacle made in the absence of food reward, and 
in the absence of the cue or levers, are not associated with DLS DA release. Black arrow indicates time of nose poke.
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Figure 3 Comparison of phasic DA release in DLS (panels A,C,E,G) and VMS (panels B,D,F,H) during reversal learning. 
Black (DLS) and grey (VMS) bars - quantification of DA release on rewarded trials, white bars – quantification of DA 
release on non-rewarded trials. A. Cue-evoked DA release in DLS is small and does not change after reversal presenta-
tion. B. In VMS, cue-evoked DA release is more prominent, and decreases after reversal presentation. C. DLS DA release 
significantly increases around the time of lever press in both rewarded and non-rewarded trials. D. In VMS, DA release 
around the time of lever press is not significant before reversal presentation. After reversal, reward delivery evokes 
strong DA release (significantly higher than baseline), whereas no release was observed on non-rewarded trials as 
expected. E. Development of DA release during lever press/reward delivery over time (4 consecutive secs following 
lever press, asterisks indicate significant difference from baseline), shows DA release to rewarded and non-rewarded 
lever presses in DLS (not significantly different), whereas in VMS (F), there is a bidirectional DA signal on rewarded and 
non-rewarded trials (significantly different). DA increases above baseline on rewarded trials, and decreases below 
baseline on non-rewarded trials (asterisks indicate significant difference from baseline). G. Unexpected reward deliv-
ery evokes DA in DLS. H. Unexpected reward delivery evokes DA in VMS.
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5.234, p=0.001), suggesting that the trend towards higher DA release on rewarded trials may 
be explained by an additive effect of DA release to food pellet release. 

We separately analyzed DA release to nose pokes that were not made in temporal prox-
imity to cue presentation or lever press (no cue or lever press present in the 10 seconds be-
fore or after the nose poke; first nose poke after lever press always excluded). One animal was 
excluded from analysis because no nose pokes meeting these criteria were registered. Such 
nose pokes made in the food receptacle were not associated with DA release (t(7)=0.204, 
p=0.844, Fig 2F). This indicates that nose pokes that are made without a food reward being 
present in the food receptacle do not induce DA release in the DLS. 

Different DA release patterns during reversal learning in VMS and DLS
Previously, we characterized DA release patterns in the VMS during reversal learning (Klanker 
et al., 2015). In the following section, we compare our current findings to the results described 
previously (see Fig 3). In the DLS, cue-evoked DA was similar before and after reversal (rever-
sal*reward interaction, F(1,9)=0.592, p=0.461; main effect of reversal, F(1,9)=0.981, p=0.348; 
main effect of reward, F(1,9)=0.101, p=0.758; Fig 3A). In the VMS, cue-evoked DA was higher 
before than after reversal (main effect of reversal, F(1,32)=18.823, p<0.001; Fig 3B, left panel), 
but did not differ between trials with rewarded or non-rewarded responses (reversal*reward 
interaction F(1,32)=0.095, p=0.760; main effect of reward, F(1,32)=0.505, p=0.482). 

In the DLS, DA release following lever press was similar before and after reversal, and 
was not different for rewarded and non-rewarded responses (reversal*reward interaction, 
F(1,9)=0.257, p=0.624; main effect of reversal, F(1,9)=0.012, p=0.914; main effect of reward, 
F(1,90=3.826, p=0.082; Fig 3C). Also, DA release on rewarded and non-rewarded trials showed 
a similar development in the seconds after lever press, in both types of trials DA increased 
above baseline (main effect of time, F(2.107,27.386)=17.622, p<0.001; main effect of reward, 
F(1,13)=4.572, p=0.052; time*reward interaction, F(2.107,27.386)=1.934, p=0.162; Fig 3E). DA 
release was slightly, but not significantly, higher on rewarded than on non-rewarded trials. In 
contrast, in the VMS, DA release differed depending on trial-type and reversal phase: before 
reversal, DA release was not observed to reward delivery, whereas reward delivery did induce 
DA release after reversal  (reversal*reward interaction F(1,33)=17.998, p<0.001; main effect of 
reversal F(1,33)=3.254, p=0.08; main effect of reward F(1,33)=2.648), p=0.113; Fig 3D). Analysis 
of consecutive time bins after lever press showed a bidirectional VMS DA release on rewarded 
and non-rewarded trials (time*reward interaction, F(2.058,76.135)=10.313, p=<0.001; main ef-
fect of time, F(2.058,76.135)=6.670, p=0.002, main effect of trial, F(1,37)=23.931, p<0.001; Fig 3F). 
In rewarded trials, VMS DA increased above baseline (main effect of time F(1.869,31.776)=7.376, 
p=0.003; simple contrasts vs baseline significant for all time points) and in non-rewarded tri-
als, DA decreased below baseline (main effect of time F(2.288,45.762)=9.046, p<0.001; simple 
contrast vs baseline: significant for sec 3 and sec 4 after lever press).

Unexpected presentation of a food reward induced DA release that was significantly 
higher than baseline in both DLS (t(8)=-5.234, p=0.001) and in VMS (t(18)=-5,951, p<0.001) (Fig 
3G,H). Together, these findings show dynamic changes in DA release patterns in the VMS dur-
ing reversal learning, whereas in the DLS, DA release appears to be constant over the session.  
A visual representation of the differences in DA release patterns in VMS and DLS is shown 
in Fig 4. These heat plots show DA release averaged across animals per trial. Data is syn-
chronized to presentation of the cue stimulus. The approximate latency of the lever press 
response is indicated by white dots. These heat plots show different release patterns in DLS 
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and VMS across the session of reversal learning: DA release in DLS is mostly associated with 
the lever-press response, whereas DA release in VMS is evoked by cue presentation.  In both 
DLS and VMS, DA release can be observed throughout the session in learners, whereas DA 
signaling gradually extinguishes when animals cease responding (non-learners). In the DLS, 
release patterns are constant throughout the session of reversal learning and presentation of 
the reversal does not change the DA release patterns.  In the VMS cue-evoked DA temporarily 
decreases, but is rapidly reinstated once animals adapt their response behavior. Together, 
these findings show distinct release patterns in DLS and VMS during adaptation of estab-
lished response behavior. 

Figure 4 Comparison of phasic DA release in DLS and VMS over the course of the reversal session. In the DLS (top two 
heat plots), DA release is predominantly associated with the performance of an operant response. The white dots 
indicate the approximate latency of lever press in each trial. In animals that learn to adapt behavior to a reversal of 
response-reward contingencies (learners: top left panel), DA release that peaks during the lever press is observed 
throughout all trials of the session. In DLS non-learners (top right panel), DA release extinguishes when rats cease to 
press the levers. In the VMS (bottom two heat plots), DA release is predominantly associated with presentation of the 
cue light. In VMS learners (bottom left panel), DA release patterns adapt to reversed response-reward contingencies: 
Before reversal, only cue presentation evoked DA release, whereas after reversal, DA release is also observed follow-
ing reward delivery (which in the group average is most visible in towards the end of the reversal session). In VMS 
non-learners (bottom right panel), cue-evoked DA gradually diminishes when rats extinguish lever press responding. 
For each trial, data was averaged over animals. Black arrow indicates presents presentation of cue stimulus. White dots 
indicate approximate latency of lever press (in case rats did not make a lever press, 10 sec was taken as latency value). 
White horizontal line indicates reversal trial. 
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DISCUSSION

We recorded DA release in the DLS in rats performing a spatial discrimination and reversal 
learning task. In a well-learned discrimination between two operant levers, a phasic increase 
of extracellular DA was observed during the performance of the lever press, whereas only a 
small increase was seen following presentation of the non-discriminative cue light signaling 
trial onset. Reversing the response-reward contingencies of the levers did not alter the pat-
tern of DA release in the DLS: Cue-evoked DA release remained small whereas greater DA 
release was evoked around the time of lever press. DA release around the time of lever press 
was observed in both rewarded and non-rewarded trials, demonstrating a dissociation of DA 
dynamics and trial outcome. These results contrast our previous observations on DA release 
in the VMS where cue-induced release predominates during (well-learned) discrimination, 
and temporarily switches to the time of reward delivery during early reversal learning. 
Together, these findings demonstrate that phasic DA release in the DLS is predominantly 
associated with the performance of an operant response, and that DLS DA release does not 
rapidly adapt to changes in reinforcing feedback, as reported for the VMS. 

Functional differences in DA release in the striatum
Rapid processing of information about response-reward contingencies is essential to acquire 
goal-directed behavior and adapt that behavior to changes in the environment. DA neuron 
activity provides a neural substrate for reinforcement learning: DA neurons show burst firing 
to unexpected reward and reward-associated stimuli, and are inhibited when an expected 
outcome is omitted (Schultz et al., 1997; Pan et al., 2005). However, the relation between 
changes in firing rate of DA neurons and extracellular DA concentration in projection regions 
of these neurons is not always proportional. Thus, to learn more about regional DA function, 
measurements of DA release directly at the terminal level (rather than recording from the 
cell body) are required in relation to reward-oriented behavior. Consistent with reports of DA 
firing activity, DA release in the ventral striatum increases in response to natural rewards and 
reward-predicting stimuli (Roitman et al., 2004) and these release patterns change during 
learning (Stuber et al., 2008; Day et al., 2007). However, recent findings indicate that these 
release patterns may not be uniformly present throughout the striatum (Brown et al., 2011; 
Cacciapaglia et al., 2012) and it is less clear how phasic DA in the dorsal striatum is modulated 
during learning and behavioral adaptation (Brown et al., 2011; Shnitko and Robinson, 2015; 
Willuhn et al., 2012). Previously, we characterized phasic DA release in the VMS during reversal 
learning, and showed that these signals rapidly adapt to changing response-reward contin-
gencies (Klanker et al., 2015), consistent with a reward-prediction error signal (Schultz et al., 
1997). Here, we demonstrate that phasic release patterns in the DLS, a region that receives 
input predominantly from sensory and motor cortices and is strongly implicated in habit for-
mation, are fundamentally different from those observed in the VMS during reversal learning.  

DLS DA is mainly associated with the performance of operant behavior 
In our experiment, non-discriminative cues signaled trial onset. Thus, whenever the cues 
were presented the animals had an opportunity to gain rewards, provided they made a 
correct lever press. Cues were presented prior to lever extension/lever press in order to sep-
arate DA release signals related to these different task components. We found that during 
performance of the well-learned discrimination, cue presentation evoked only a small DA 
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signal in the DLS. Previously, Brown et al (2011) did not find such phasic release to a cue that 
specifically predicted reward in an operant box, whereas Howe et al (2013) showed transient 
DA signals in the DLS to a discriminative cue indicating trial onset (often superimposed on a 
slower ramping signal) during a maze running task, yet it only occurred infrequently . Thus, 
cue-related DA signals are often absent or small in the DLS, although this may also depend 
on the specific task demands. 

It has been hypothesized that the relative contribution of dorsal striatal subregions to 
the control of motivated behavior varies with how well the behavior is established, whereby 
activity in the DLS dominates during the execution of more established behavior, when stim-
ulus-response associations drive responding (Yin et al., 2009; Segovia et al., 2012; Hernandez 
et al., 2006; Kimchi et al., 2009). Therefore, we hypothesized that the cue-evoked signal in the 
DLS might develop later on in the training of our task, during strengthening of stimulus-re-
sponse associations. We trained a sub-group of animals for a longer period of time in the dis-
crimination task, but observed no difference in cue-evoked signaling. Together, this suggests 
that conditioned cues do not acquire a strong propensity to induce DA release in the DLS. 

In contrast to the small cue-evoked signal, we observed pronounced DLS DA release 
when animals executed the lever press to obtain food reward, consistent with previous find-
ings (Brown et al., 2011). In an instrumental discriminative learning task, a rise that occurred 
several seconds after presentation of a discriminative cue was reported previously, but this 
rise was not significantly different from baseline (Brown et al., 2011). However, DA measure-
ments in that study were not specifically time-locked to the lever press, but used a general 
epoch following cue presentation, which may explain the differences with our results. 

In trials where rats did not press the lever (omission trials), we detected no DA release 
around the time of cue presentation or lever extension, strongly suggesting that DA release 
relates to performance of an action, and not to presentation of conditioned stimuli. The ques-
tion arises whether this increase is associated with the execution of the lever press or the sub-
sequent reward delivery, as those two task components occurred in close temporal proximity. 
Although we observed DA release in the DLS to delivery of an unexpected food reward, it is 
extremely unlikely that reward delivery during the behavioral session is unexpected, as the 
animals induce pellet delivery themselves. The idea that DA release to reward delivery cannot 
fully explain the DA release to lever press, is further supported by the fact that DA was also 
present in non-rewarded trials (see below). Importantly, the increase in DA around the time 
of lever press most likely does not represent a general signal for the initiation of motor re-
sponses per se, as nose pokes made in the food receptacle during inter-trial intervals (no food 
reward present) were not associated with DA release in DLS. Howe et al (2013) concluded that 
gradually increasing DA concentrations in the DLS may be important to maintain and direct 
motivation during goal-directed actions, for example during reward uncertainty (Howe et al., 
2013). Although partially consistent, the non-discriminative character of the DLS DA signal 
(present irrespective of receipt of reward) that we now report (see below) suggests that DLS 
DA release is partially outcome-independent. This suggests a role for DLS DA in motivation 
for, but also in initiation of, an operant response that is intended to produce a reward.  

DLS DA release dynamics do not adapt during reversal learning
At an unexpected moment in the session, response-reward contingencies were reversed, 
and rats had to modify their established response pattern in order to receive rewards. Re-
markably, DA release patterns in the DLS did not adapt to this reversal of response-reward 
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contingencies. Instead, cue-evoked release was similar before and after reversal and was not 
influenced by the receipt of positive feedback. DA release increased around the time of lever 
press on rewarded as well as on non-rewarded trials. Similarly, Shnitko and Robinson (2015) 
also reported DA release to lever press on rewarded as well as non-rewarded trials during 
sucrose self-administration. However, release on rewarded trials was higher in their task, 
most likely due to combined presentation of a reward-predicting cue and reward delivery 
immediately following the lever press. After reversal, we found a trend towards higher DA re-
lease around the time of lever press on rewarded compared to non-rewarded trials. This may 
be explained by reward-induced DA because when rats adapt their response pattern after 
reversal, the initial reward deliveries following a lever press on the newly rewarded side may 
be unexpected. Previous reports on reward-induced DA release in the DLS were inconsistent 
(Brown et al., 2011; Natori et al., 2009; Shnitko and Robinson, 2015). In our rats, presentation 
of an unexpected food reward before the behavioral session did evoke DA release (albeit 
considerably smaller than in the VMS), suggesting that DA release to reward delivery after 
reversal may have an additive effect on the release to lever press. However, the observed DA 
release around the time of lever press on non-rewarded trials, and the absence of DA release 
related to nose pokes, suggests that DLS DA release is not solely related to reward delivery 
or motor performance, but might instead be related to the cross section of the two: The 
performance of a previously learned operant response to obtain a reward. 

To conclude, DA release in the DLS is predominantly associated with operant performance 
and less with specific task-related events such as presentation of a reward-predicting cue or 
reward delivery. These findings extend and corroborate previous data suggesting that DA in 
the DLS is primarily associated with behavioral responses rather than with the presentation 
of reward-related cues (Young et al., 1998; Ito et al., 2002; White and Rebec, 1993; Fanelli et 
al., 2013). Moreover, when animals adapt their response behavior during reversal learning, 
DLS DA release patterns do not adapt to reversed contingencies but remain stable. Together, 
these findings suggest that DLS DA may reflect a ‘performance signal’, enabling the initiation 
of operant responses or the motivation to perform them. This signal, which is  is selectively 
present in the DLS and relatively insensitive to the outcome of the response, may underlie 
the important role of this area in the formation and execution of habits, operant responses 
that are performed irrespective of the outcome. 

Different DA release patterns in DLS and VMS during reversal learning
Several lines of evidence suggest that there is no uniform DA signal that is broadcasted 
throughout the brain. Indeed, we observed remarkably distinct phasic DA release patterns in 
VMS and DLS during performance of spatial discrimination and when rats adapt responding 
to reversed response-contingencies. DLS DA is predominantly associated with the perfor-
mance of an operant response that is initiated to obtain a reinforcer, whereas DA release to 
presentation of a cue stimulus is almost absent and occurs infrequently. These release dy-
namics do not change when animals adapt behavior to a reversal of response-reward contin-
gencies. Such dynamics are in stark contrasts to the highly adaptable DA release patterns in 
the VMS, where DA release switches from the time of cue presentation to the time of reward 
delivery and back to the cue when animals modify their response behavior. 

Several factors that influence DA release in striatal subregions may be responsible for 
regional differences in DA release. First, there is separation in the DA cell groups that project 
to either DLS (projections originating in substantia nigra) or VMS (projections originating in 
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ventral tegmental area; (Bjorklund and Dunnett, 2007). These cell groups receive different 
proportions of afferent input from other brain regions (Watabe-Uchida et al., 2012), which 
may result in heterogeneous firing responses to reinforcers, reward-predicting stimuli and 
salience signals (Bromberg-Martin et al., 2010; Lerner et al., 2015). Second, sensitivity of DA 
release in response to tonic or phasic firing patterns of DA neurons may differ between 
projection regions (Cragg et al., 2002; Trout and Kruk, 1992; Zhang et al., 2009). Third, mod-
ulation of release by excitatory input to DA terminals as well as other mechanisms influenc-
ing DA release locally can induce distinct release patterns in striatal subregions (Rice et al., 
2011). Finally, different uptake DA rates/kinetics in DLS and VMS influence the duration of 
the DA signal (Garris et al., 1994; Stamford et al., 1988; Missale et al., 1985). Together, these 
factors contribute to complex and heterogeneous DA release patterns to natural rewards, 
reward-related stimuli and during operant behavior throughout the striatum (Brown et al., 
2011; Shnitko and Robinson, 2015; Zhang et al., 2009; Cacciapaglia et al., 2012). In line with 
this, we now show distinct DA release patterns in DLS and VMS that are differently modulated 
during reversal learning.   

The observed differences between DLS and VMS DA dynamics during the performance 
of behavior are consistent with the suggested dissociation between the involvement of sen-
sorimotor circuits (associated with the DLS) and limbic circuits (associated with VMS or me-
dial striatum) in the control of behavior (Voorn et al., 2004; Yin and Knowlton, 2006). The DLS 
and its associated circuitry are essential to initiate an action that is driven by a reward-related 
stimulus, whereas limbic circuitry is associated with learning about the relation between ex-
pected and received rewards following a certain response and the stimuli predicting reward 
(Corbit and Janak, 2007; Yin et al., 2008). 

CONClUSION

Together, these findings show different release patterns in VMS and DMS during the perfor-
mance of reversal learning: Stable release patterns in the DLS and highly adaptable DA release 
patterns in the VMS. The VMS DA signal, which rapidly adapts to reversal response-reward 
contingencies and is sensitive to positive feedback, may provide a teaching signal and rep-
resent motivational properties of the stimulus to promote reward seeking actions (Berridge 
et al., 2009; Flagel et al., 2011; Montague et al., 1996; Schultz et al., 1997; Steinberg et al., 2013; 
Waelti et al., 2001). In contrast, the stability of DLS DA patterns during adaptation of behavior 
suggests that DLS DA is not consistent with a teaching signal, but instead is associated with 
the execution of operant responses or the motivation to perform them (Howe et al., 2013). 
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