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Abstract

Dopamine plays a key role in motivation and reward. Dopaminergic neurons in the ventral 

tegmental area (VTA) signal the discrepancy between expected and actual rewards (i.e., reward 

prediction error, RPE)1-3, but how they compute such signals is unknown. We recorded the 

activity of VTA neurons while mice associated different odour cues with appetitive and aversive 

outcomes. We found three types of neurons based on responses to odours and outcomes: 

approximately half of the neurons (Type I, 52%) showed phasic excitation after reward-predicting 

odours and rewards in a manner consistent with RPE coding. The other half of neurons showed 

persistent activity during the delay between odour and outcome, that was modulated positively 

(Type II, 31%) or negatively (Type III, 17%) by the value of outcomes. While the activity of Type 

I neurons was sensitive to actual outcomes (i.e., when the reward was delivered as expected vs. 

unexpectedly omitted), the activity of Types II and III neurons was determined predominantly by 

reward-predicting odours. We “tagged” dopaminergic and GABAergic neurons with the light-

sensitive protein channelrhodopsin-2 (ChR2) and identified them based on their responses to 

optical stimulation while recording. All identified dopaminergic neurons were of Type I and all 

GABAergic neurons were of Type II. These results show that VTA GABAergic neurons signal 

expected reward, a key variable for dopaminergic neurons to calculate RPE.

Dopaminergic neurons fire phasically (100-500 ms) after unpredicted rewards or cues that 

predict reward1-3. Their response to reward is reduced when a reward is fully predicted. 

Furthermore, their activity is suppressed when a predicted reward is omitted. From these 

observations, previous studies hypothesized that dopaminergic neurons signal discrepancies 

between expected and actual rewards (i.e., they compute RPE), but how dopaminergic 

neurons compute RPE is unknown.
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Dopaminergic neurons make up about 55-65% of VTA neurons; the rest are mostly 

GABAergic inhibitory neurons4-6. Many addictive drugs inhibit VTA GABAergic neurons, 

which increases dopamine release (called disinhibition), a potential mechanism for 

reinforcing the effects of these drugs7-12. Despite the known role of VTA GABAergic 

neurons inhibiting dopaminergic neurons in vitro13, little is known about their role in normal 

reward processing. One obstacle has been the difficulty of identifying different neuron types 

with extracellular recording techniques. Conventionally, spike waveforms and other firing 

properties have been used to identify presumed dopaminergic and GABAergic 

neurons1,2,14,15, but this approach has been questioned recently5,16. We thus aimed to 

observe how dopaminergic and GABAergic neurons process information about rewards and 

punishments.

We classically conditioned mice with different odour cues that predicted appetitive or 

aversive outcomes. The possible outcomes were big reward, small reward, nothing, or 

punishment (a puff of air delivered to the animal’s face). Each behavioural trial began with a 

conditioned stimulus (CS; an odour, 1 s), followed by a 1 s delay and an unconditioned 

stimulus (US; the outcome). Within the first two behavioural sessions, mice began licking 

toward the water-delivery tube in the delay before rewards arrived, indicating that they 

quickly learned the CS-US associations (Fig. 1). The lick rate was significantly higher 

preceding big rewards than small ones (paired t-tests between lick rates for big versus small 

rewards for each session, P < 0.05 for each mouse).

We recorded the activity of VTA neurons while mice performed the conditioning task. All 

95 neurons showed task-related responses (ANOVA, all P < 0.001), thus all recorded 

neurons were used in the following analyses. Observing the temporal profiles of responses 

in trials with rewards, we found neurons that showed firing patterns that resemble those of 

dopaminergic neurons found in non-human primates1,2,15. These neurons were excited 

phasically by reward-predicting stimuli or reward (Fig. 2a, top). We also found many 

neurons with firing patterns distinct from typical dopaminergic neurons. These neurons 

showed persistent excitation during the delay before rewards, in response to reward-

predicting odours (Fig. 2a, middle). Other neurons showed persistent inhibition to reward-

predicting odours (Fig. 2a, bottom). To characterize the responses of the population, we 

measured the temporal response profile of each neuron during big-reward trials by 

quantifying firing rate changes from baseline in 100 ms bins using a receiver operating 

characteristic (ROC) analysis (Fig. 2b, S1). We calculated the area under the ROC curve 

(auROC) at each time bin. Values greater than 0.5 indicate increases in firing rate relative to 

baseline, while values less than 0.5 indicate decreases.

To classify these response profiles, we used principal component analysis (PCA) followed 

by unsupervised, hierarchical clustering. This yielded three clusters of neurons that were 

separated according to (1) the magnitude of activity during the delay between CS and US, 

and (2) the magnitude of responses to the CS or US (Fig. 2c). Forty-nine neurons (52%) 

were classified as Type I, which showed phasic responses. Twenty-nine neurons (31%) were 

classified as Type II, which showed sustained excitation to reward-predicting odours, while 

17 neurons (18%) were classified as Type III, which showed sustained inhibition (Fig. 2d).
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To identify dopaminergic neurons, we expressed ChR2, a light-gated cation channel17,18, in 

dopaminergic neurons (see Methods). We confined expression to dopaminergic neurons by 

injecting adeno-associated virus containing FLEX-ChR2 (AAV-FLEX-ChR2)19 into 

transgenic mice expressing Cre recombinase under the control of the promoter of the 

dopamine transporter (DAT) gene (Fig. S2, S3). For each neuron, we measured the response 

to light pulses and the shape of spontaneous spikes. We observed many neurons that fired 

after light pulses (Fig. 3a,b). We calculated the correlation between the spontaneous spike 

waveform and light-evoked voltage response and plotted it against the energy of light-

evoked responses for each recording (Fig. 3c). This yielded two distinct clusters: one that 

showed significant responses to light pulses and one that did not. To identify dopaminergic 

neurons stringently, we applied the criterion that the light-evoked waveform must look 

almost identical to the spontaneous waveform (correlation coefficient > 0.9). Twenty-six 

neurons met this criterion (filled blue points in Fig. 3c). Consistent with direct light 

activation rather than indirect, synaptic activation, all 26 neurons showed light-evoked 

spikes within a few ms of light onset with small jitter, and followed high-frequency light 

stimulation of 50 Hz (Fig. S4). These properties strongly indicate that these 26 neurons 

expressed ChR2. We therefore designate these 26 neurons as identified dopaminergic 

neurons. All identified dopaminergic neurons were of Type I. Conversely, none of Types II 

or III neurons was activated by light (red and grey points in Fig. 3c).

Next, we asked whether GABAergic neurons could be mapped to Types II or III neurons. 

We recorded from 92 VTA neurons in mice expressing Cre recombinase under the control 

of the endogenous vesicular GABA transporter (Vgat) gene. These mice showed similar 

licking behaviour to DAT-Cre mice (Fig. S5). We applied the PCA parameters from the 95 

neurons from DAT-Cre mice to the 92 neurons from Vgat-Cre mice. This yielded 38 Type I 

neurons, 34 Type II neurons and 20 Type III neurons. Using the same criteria for 

GABAergic neurons as we used for dopaminergic neurons, we identified 17 GABAergic 

neurons (Fig. 3d, S4). All 34 Type II neurons fell in the upper cluster in Fig. 3d. We also 

found Type I neurons that were inhibited by optical stimulation, consistent with local 

GABAergic stimulation (Fig. S6).

Our data set of identified dopaminergic neurons allows us to characterize their diversity. We 

observed that some were excited by reward, some were excited by a reward-predicting CS, 

and some were excited by both (Fig. 4a-c). Although previous studies in non-human 

primates found similar variability20,21 (Fig. S7), this result may suggest that some 

dopaminergic neurons do not strictly follow canonical RPE coding. However, the US 

responses may be due to the delay between CS and US, known to increase the US response 

due to temporal uncertainty20. In addition, this diversity was correlated with the effect of 

training that occurred over several days across the population of dopaminergic neurons, even 

after animals had reached asymptotic behavioural performance (Fig. 1b). Soon after 

reaching a behavioural performance criterion, many dopaminergic neurons showed stronger 

responses to US over CS but the preference gradually shifted to CS over several days (Fig. 

4d; Pearson correlation, r = 0.42, P < 0.05). This is consistent with a previous study in non-

human primates that showed US responses gradually disappear over >1 month of training21. 
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Thus, identified dopaminergic neurons appear to respond to CS and US similarly to those 

reported in non-human primate studies.

Another important response property that supports RPE coding in dopaminergic neurons is 

their decrease in firing rate when an expected reward is omitted1,3. We thus omitted reward 

unexpectedly on 10% of big-reward trials in some sessions. Fifteen of 17 dopaminergic 

neurons showed a decrease in firing rate upon reward omission relative to reward delivery 

(Fig. 4f,g). The two dopaminergic neurons that were not modulated by reward omission 

were excited by big-reward CS, but fired close to 0 spikes/s otherwise; the low firing rate at 

the time of reward left little room to “dip” further. We obtained similar results when we 

compared the firing rate upon reward omission to the baseline firing rate (9/17 neurons P < 

0.05, t-test; mean auROC = 0.407, t16 = 2.56, P < 0.05; Fig. S8a,b). Thus, the majority of 

dopaminergic neurons coded RPE when expected reward was omitted.

GABAergic neurons showed persistent activity during the delay period, which 

parametrically encoded the value of upcoming outcomes (paired t-tests between no-, small- 

and big-reward trials, all P < 0.001 for 16/17 identified GABAergic neurons, Fig. S7a; 

regression slopes, Fig. S10i). This suggests that these neurons encode expectation about 

rewards. If this is the case, one prediction is that the activity of these neurons is not 

modulated by delivery or omission of reward. Indeed, GABAergic (and unidentified Type II) 

and Type III neurons were not significantly modulated by the presence or absence of reward 

itself (Fig. 4f,g, S8), in contrast to identified dopaminergic neurons. None of the identified 

GABAergic neurons, and only two of 17 unidentified Type II neurons, showed significant 

decreases in firing rate relative to when reward was delivered. None of the 11 Type III 

neurons showed significant modulation by reward omission. Thus, the activity of Types II 

and III neurons was modulated predominantly by reward-predicting cues but not actual 

reward.

Recent studies have revealed a diversity of dopaminergic neurons in their responses to 

aversive stimuli: some are excited, others inhibited15. To test whether this diversity exists in 

dopaminergic and GABAergic VTA neurons, we delivered airpuffs in some sessions. 

Identified dopaminergic neurons showed some diversity: while most significant responses 

were inhibition, some were excitation (Fig. 4h,i, S9). In contrast, most Types II and III 

neurons (and 13/14 identified GABAergic neurons) were excited by airpuffs.

Detecting the discrepancy between expected and actual outcomes plays a critical role in 

optimal learning1,22,23. Although phasic firing of VTA dopaminergic neurons may act as 

such an error signal, how this is computed remains largely unknown. Models have 

postulated the existence of value-dependent, inhibitory input to dopaminergic neurons that 

persists during the delay between a CS and US (Fig. S11a)1,23. Our data indicate that VTA 

GABAergic neurons provide such an inhibitory input that counteracts excitatory drive from 

primary reward when the reward is expected. In addition, these neurons were excited by 

aversive stimuli, potentially contributing to suppression of firing in some dopaminergic 

neurons in response to aversive events (Fig. 4). Previous work showed that VTA 

GABAergic neurons receive inputs from prefrontal cortex and subcortical areas that could 

provide reward-related signals24-29. Phasic excitation of VTA GABAergic neurons could be 

Cohen et al. Page 4

Nature. Author manuscript; available in PMC 2012 August 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



driven by inputs from lateral habenula neurons that are phasically excited by aversive 

stimuli29. These habenular neurons do not show sustained activity between CS and US, so it 

is unlikely that they provide reward expectation signals to VTA GABAergic neurons. 

Instead, these signals may come from the pedunculopontine nucleus25 or orbitofrontal 

cortex27 (Fig. S11b). VTA GABAergic neurons synapse preferentially onto dendrites of 

dopaminergic neurons28, while other inhibitory inputs synapse onto their somata29. 

Dendritic inhibition is thought to be weaker than somatic “shunting” inhibition28 but appears 

well suited for deriving graded outputs by “arithmetically” combining excitatory and 

inhibitory inputs.

A major effect of drugs of addiction is inhibition of VTA GABAergic neurons7,8. If VTA 

GABAergic neurons are involved in computation of RPE, inhibition of GABAergic neurons 

by addictive drugs could lead to sustained RPE even after the learned effects of drug intake 

are well established, thereby resulting in sustained reinforcement of drug taking30. 

Understanding local circuits in VTA in the context of learning theory may thus provide 

crucial insights into normal as well as abnormal functions of reward circuits.

Methods summary

All surgical and experimental procedures were in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and approved by the Harvard 

Institutional Animal Care and Use Committee. We injected DAT-Cre and Vgat-Cre mice 

with adeno-associated virus carrying FLEX-ChR2 into the VTA and implanted a head plate 

and a microdrive containing six tetrodes and an optical fiber. While mice performed a 

classical conditioning task, we recorded spiking activity from VTA neurons. We delivered 

pulses of light to activate ChR2 and classified neurons as dopaminergic, GABAergic or 

unidentified. Following experiments, we performed immunohistochemistry to localize 

recording sites amid dopaminergic neurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Odour-outcome association task in mice
a, Licking behaviour from a representative experimental session. Black bars indicate CS and 

US delivery. Shaded regions around lick traces denote SEM. b, Mean ± SEM licks during 

the delay between CS and US as a function of days of the experiment across animals.
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Figure 2. VTA neurons show three distinct response types
a, Responses of example neurons. b, Responses of all neurons. Yellow: increase from 

baseline, cyan: decrease from baseline. Each row represents one neuron. The similarity order 

of the three main clusters is arranged to match the order presented in (a). c, Top, the first 

three principal components of the auROC curves. Points are coloured based on hierarchical 

clustering from the dendrogram. Bottom, classification of neurons based on response 

differences between big-reward and no-reward trials during the delay versus during the CS 

or US. d, Average firing rates from Types I - III neurons.
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Figure 3. Identifying dopaminergic and GABAergic neurons
a, Voltage trace from 10 pulses of 20 Hz light stimulation (cyan bars). Two light-triggered 

spikes are shown below. b, Response from this neuron to 20 Hz (left) and 50 Hz (right) 

stimulation. Ticks represent spikes. c, Quantification of light-evoked responses and mapping 

of response types in DAT-Cre mice. Blue, Type I; red, Type II; grey, Type III neurons. 

Identified dopaminergic neurons are indicated by filled circles. Abscissa: energy (integral of 

the squared voltage values, ∫v2dt) of the light-evoked response from each neuron. Ordinate: 

cross-correlation between the mean spontaneous spike and the light-evoked response. 

Example neurons are shown to the right (black, spontaneous spikes; cyan, light-evoked 

voltages). d, Light-evoked responses in Vgat-Cre mice. Conventions are the same as in (c).
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Figure 4. Response variability based on CS-US preference, reward omission and air puffs
a, Response of a dopaminergic neuron during big-reward trials. b, Firing rate (mean ± SEM) 

vs. reward size (left) and in response to big-reward-predicting CS and big-reward US for 

each dopaminergic neuron (right). c, Histogram of CS-US index for dopaminergic neurons. 

d, CS-US index vs. day after the behaviour was learned. e, Average responses of 

dopaminergic and GABAergic neurons. f, Responses of a dopaminergic and GABAergic 

neuron for reward present (solid) and unexpectedly absent (dashed) on big-reward trials. g, 

Histograms of differences in firing rates during the outcome period (2-2.5 s) between 

rewarded and reward-omitted trials for dopaminergic (top) and GABAergic (bottom) 

neurons. Values are represented using auROC (<0.5, rewarded < omitted; 0.5, no difference; 

>0.5, rewarded > omitted). Significant values are filled (t-test, P < 0.05). h, Responses of a 

dopaminergic and GABAergic neuron during punishment trials. i, Histograms of auROC 

values during the airpuff (2-2.5 s) relative to baseline (<0.5, decrease; >0.5, increase from 

baseline).
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