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Abstract Serotonin is implicated in mood and affective disorders. However, growing evidence
suggests that a core endogenous role is to promote flexible adaptation to changes in the causal
structure of the environment, through behavioral inhibition and enhanced plasticity. We used long-
term photometric recordings in mice to study a population of dorsal raphe serotonin neurons,
whose activity we could link to normal reversal learning using pharmacogenetics. We found that
these neurons are activated by both positive and negative prediction errors, and thus report
signals similar to those proposed to promote learning in conditions of uncertainty. Furthermore, by
comparing the cue responses of serotonin and dopamine neurons, we found differences in learning
rates that could explain the importance of serotonin in inhibiting perseverative responding. Our
findings show how the activity patterns of serotonin neurons support a role in cognitive flexibility,
and suggest a revised model of dopamine-serotonin opponency with potential clinical implications.
DOI: 10.7554/eLife.20552.001

Introduction

Serotonin (5-HT) is classically known to be implicated in mood and affective disorders (Dayan and
Huys, 2009; Cools et al., 2011; Li et al., 2012), but it also plays a fundamental role when organisms
need to adapt to sudden changes in the causal structure of an environment, such as during extinc-
tion and reversal learning paradigms (Clarke et al., 2004, 2007; Boulougouris and Robbins, 2010;
Bari et al., 2010; Brigman et al., 2010; Berg et al., 2014). These studies have shown that 5-HT
depletion, particularly in the orbitofrontal cortex (OFC) of primates, causes perseverative errors,
that is, difficulties in stopping responses to previously rewarded stimuli which are no longer rein-
forced, without affecting learning of new associations or retention of learned associations
(Clarke et al., 2007). Such results seem to stem from two functions of endogenous 5-HT activation:
inhibiting learned responses that are not currently adaptive (Soubri€, 1986; Bari and Robbins,
2013) and driving plasticity to reconfigure them (Maya Vetencourt et al., 2008; Jitsuki et al.,
2011; He et al., 2015). These mirror dual functions of dopamine (DA) in invigorating reward-related
responses (Niv et al., 2007; Panigrahi et al., 2015) and promoting plasticity that reinforces new
ones (Tsai et al., 2009; Kim et al., 2012, Steinberg et al., 2013). However, while DA neurons are
known to be activated by reward prediction errors (Schultz et al., 1997, Cohen et al., 2012;
Eshel et al., 2015), consistent with theories of reinforcement learning (Sutton and Barto, 1998;
Schultz et al., 1997), the reported firing patterns of 5-HT neurons (Liu et al., 2014; Cohen et al.,
2015; Li et al., 2016) do not accord with any existing theories (Daw et al., 2002; Boureau and
Dayan, 2011; Cools et al., 2011; Nakamura, 2013). Indeed, 5-HT neurons have been proposed to
signal worse-than-expected outcomes by being activated by negative reward prediction errors in
the reinforcement learning framework (Daw et al., 2002; Boureau and Dayan, 2011), but there is
little experimental evidence for such a signal in 5-HT neurons (Cohen et al., 2015; Hayashi et al.,
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elLife digest Serotonin is a molecule that plays various roles in the human body. In the brain, it
is involved in regulating mood and emotions. Growing evidence suggests that serotonin also helps
animals - including humans — adapt their behavior to changes in their environment. To allow for such
behavioral flexibility, serotonin might promote changes in the underlying brain structures and
activity.

In a type of learning known as ‘reversal learning’, for instance, it is necessary to adapt to a
sudden change in a previously familiar environment. For example, if there were a road closure on a
person’s way to work, they might want to learn to stop following their usual route and learn a new
and better one. Previous research has shown that when serotonin signaling is reduced, people
persevere. That is, they will keep following the old route even if it is no longer the best choice. How
this process works is still largely unknown.

To start unraveling these mechanisms, Matias et al. trained mice in a reversal learning task while
manipulating and recording the activity of the neurons that produce serotonin. The results showed
that when the activity in serotonin neurons was experimentally blocked, the mice tended to keep
looking for a reward that was no longer available. Then, by recording the activity of serotonin
neurons, Matias et al. found that it was the surprise of discovering a change in a previously familiar
environment that activates serotonin neurons. It did not matter whether the change was better or
worse than expected. The findings suggest that together with dopamine, another molecule involved
in learning from rewards, serotonin could play an important role during reversal learning.

One next step will be to determine if serotonin mainly stops perseverance in its tracks, or
whether it works by helping to unlearn the old behavior, or a combination of both. In the future, this
could further our understanding of depression, which can be viewed as a disorder characterized by
patients being unable to adapt to adverse situations, leaving them trapped to repeat behaviors and
thoughts that are not beneficial. Future studies could also build on these findings to guide the
development of new treatments for depression that involve serotonin.

DOI: 10.7554/eLife.20552.002

2015; Li et al., 2016) and 5-HT activation does not appear to drive aversive learning processes
(Dugué et al., 2014, Liu et al., 2014; McDevitt et al., 2014, Qi et al., 2014, Miyazaki et al., 2014,
Fonseca et al., 2015) the way DA drives appetitive learning (Tsai et al., 2009; Kim et al., 2012,
Steinberg et al., 2013).

To investigate how 5-HT neurons could be involved in cognitive and behavioral flexibility in
changing environments, we recorded their activity over several days in mice engaged in a reversal
learning task in which the associations between neutral odor cues and different positive and negative
outcomes are first well-learned and then suddenly changed. We reasoned that the scarcity of predic-
tion error-like responses in previous recordings of identified 5-HT neurons (Liu et al., 2014;
Cohen et al., 2015; Li et al., 2016) or unidentified raphe neurons (Ranade and Mainen, 2009,
Hayashi et al., 2015) might be due to inadequately strong prediction errors. In these studies, the
omission of rewards in a small fraction of trials was used to generate prediction errors. While increas-
ing the variability of the outcome, this results in expected uncertainty. In contrast, in a reversal task,
there is an abrupt violation of previously stable predictions and a step increase in the frequency of
the prediction errors, termed unexpected uncertainty. Expected and unexpected uncertainty may
differentially activate neuromodulatory systems (Yu and Dayan, 2005).

Results

Pharmacogenetic inactivation of DRN 5-HT neurons slows negative
reversal learning

We first sought causal evidence that 5-HT neurons were linked to reversal learning in mice engaged
in such a task by using a pharmacogenetic approach to silence 5-HT neurons (Ray et al., 2011;
Teissier et al., 2015; Armbruster et al., 2007). Transgenic mice expressing CRE recombinase under
the 5-HT transporter promoter (Gong et al., 2007) (SERT-Cre, n = 8) were transduced with a Cre-
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dependent adeno-associated (AAV.Flex) virus expressing the synthetic receptor Di (DREADD,
hM4D) (Armbruster et al., 2007) injected in the dorsal raphe nucleus (DRN), the major source of 5-
HT to the forebrain (Figure 1A). These mice and their wild-type littermates (WT, n = 4) were trained
in a head-fixed classical conditioning paradigm in which one of four odor cues (conditioned stimuli,
CSs) was randomly presented in each trial. After a fixed 2 s trace period, each odor was followed by
a tone and a specific outcome, or unconditioned stimulus (US) (Figure 1B top). For two odors the
US was a water reward, and for the other two it was nothing (that is, only the tone was played). After
training, mice showed learning of the odor-outcome contingencies, as indicated by differences in
the anticipatory lick rate (Figure 1B bottom).

To test the impact of inhibiting DRN SERT-Cre expressing neurons (hereafter simply ‘5-HT neu-
rons’) we used a within-animal cross-over design in which each mouse experienced two reversals
(Figure 1C top), receiving the DREADD ligand clozapine-N-oxide (CNO) during one and vehicle dur-
ing the other; WT mice, which always received CNO, served as additional controls (Figure 1—figure
supplement 1A). As expected, mice adjusted their anticipatory licking according to the new
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Figure 1. Inhibition of DRN 5-HT neurons causes perseverative responding. (A) Injections of Cre-dependent
hM4Di-mCherry (right) in the dorsal raphe nucleus (DRN) of SERT-Cre mice (left). (B) Trial structure of the task (top)
and mean lick rate of an example session along the four trial types (bottom). (C) Reversal procedure (top) and
example of adaptation in mean anticipatory licking (baseline lick rate subtracted) across trials around reversals
(bottom, gray), with exponential fits to the reversed odors (red and black traces). Gray shade represents the trials
of sessions after CNO injection. (D) Mean exponential fits of anticipatory licking for each group of mice after
reversal. (E) Mean time constants for the groups in (D) (one-way ANOVA, F, ;o = 6.28, p=0.008 for negative
reversal, F21, = 0.34, p=0.715 for positive reversal; multiple comparisons indicated in the figure). *p<0.05.

DOI: 10.7554/eLife.20552.003

The following figure supplement is available for figure 1:

Figure supplement 1. Anticipatory licking is more perseverative when DRN 5-HT neurons are inhibited.
DOI: 10.7554/eLife.20552.004
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associations in both reversals (Figure 1C bottom, gray traces). For worse-than-expected outcomes
(negative reversals), the kinetics of adaptation to the new contingencies were significantly slower in
hM4D mice receiving CNO, compared to hM4D no-CNO controls and WT controls (Figure 1C,D,E;
Figure 1—figure supplement 1B,C). In contrast, for better-than-expected outcomes (positive rever-
sals), there was no significant difference between treatment and control groups (Figure 1D, E).

This experiment shows that a population of 5-HT neurons in the DRN contributes to inhibiting
perseverative responding, suggesting an anatomical and genetic substrate for previous results
obtained with pharmacological and lesion experiments (Clarke et al, 2004,
2007, Boulougouris and Robbins, 2010; Bari et al., 2010; Brigman et al., 2010). These findings
also defined an access point to assess how the net activity of a specific population of 5-HT neurons
could account for its effects on reversal learning.

Photometric monitoring of DRN 5-HT activity patterns in a reversal task
To obtain a broad view of DRN 5-HT activity and compare our results to other DRN recording stud-
ies (Hayashi et al., 2015; Cohen et al., 2015), for the next series of recording experiments we used
a second reversal task in which mice learned to associate four odors with four different outcomes: a
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Figure 2. Behavior of head-fixed mice trained in a reversal task. (A) Schematics of the trial structure in the classical
conditioning task (before reversal) with four different outcomes. In each trial, one of four odors was randomly
selected and presented for 1 s after a variable foreperiod (Forep). The associated outcome was delivered after a 2
s trace period, together with a tone (same tone for all trial types). Mice were presented with 140 to 346 interleaved
trials (mean + SD: 223 + 30) per session (day). (B) Top: Mean lick rate of SERT-Cre mice in this task (n = 10) along
the duration of each trial type. For each mouse, three sessions of the classical conditioning task where initial
associations had already been learned were averaged. Bottom: Mean eye movement of SERT-Cre mice (n = 6)
along the duration of each trial type. Shaded areas represent s.e.m. (C) Reversal of CS-US contingencies (negative
reversal: CS 1 and 2; positive reversal: CS 3 and 4). (D) Anticipatory licking (mean of 500-2800 ms after odor onset,
after subtracting the baseline) across mice for sessions around reversal, showing that the lick rate triggered by the
presentation of each odor is adjusted after reversal (n = 8, two-way ANOVA with factors day (days —2 and —1 are
considered together) and mouse, main effect of day: F4 2597 = 722.14, p<0.001 for odor 1, Fy 2554 = 355.53, p<0.001
for odor 2, F4 2513 = 104.93, p<0.001 for odor 3, Fy4 2550 = 381.55, p<0.001 for odor 4). Colors follow odor identity as
in (A). ***p<0.001.

DOI: 10.7554/¢eLife.20552.005
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large water reward, a small water reward, nothing (neutral) and a mild air puff to the eye
(Figure 2A). After approximately two weeks of training, mice showed robust CS-triggered anticipa-
tory licking correlated to the reward value of the associated USs (large water > small water > neutral
=~ air puff) and eye-blink responses to the delivery of air puffs (Figure 2B). We then reversed the
CS-US associations in pairs, such that the CSs associated with the large and small rewards now pre-
dicted the air puff and neutral outcomes, respectively, and vice versa (Figure 2C). Upon this reversal,
mice experienced strong violations of CS-based expectations (unexpected uncertainty), both posi-
tive and negative in value, when the unexpected USs were delivered. Anticipatory licking measure-
ments showed that mice adapted to reversal of contingencies over 1-3 additional sessions
(Figure 2D).

To record the population activity of 5-HT neurons across days around the time of the reversal, we
used photometry to monitor the activity of these DRN 5-HT neurons through an implanted optical
fiber (Tecuapetla et al., 2014) (Figure 3A). SERT-Cre mice were infected in the DRN using two
AAV.Flex viruses containing the genetically-encoded calcium indicator GCaMPés (Chen et al., 2013)
and the activity-insensitive fluorophore, tdTomato (Figure 3B,C). We verified the specificity of
GCaMPés expression to DRN 5-HT neurons using histological methods (Figure 3—figure supple-
ment 1). We used a regression-based method to decompose the dual fluorescence signals into a
GCaMPés-specific component, reflecting activity-dependent changes, and a shared component,
reflecting general fluorescence changes (for example, movement artifacts; see Methods and Fig-
ure 3—figure supplement 2). We validated the effectiveness of this approach in control mice
(n = 4) infected in the DRN with yellow fluorescent protein (YFP; replacing GCaMP) and tdTomato
(Figure 3—figure supplements 1 and 2).

Before reversal, photometric 5-HT responses were similar to previous electrical (Liu et al., 2014;
Cohen et al., 2015) and photometric (Li et al., 2016) recordings of identified 5-HT neurons: 5-HT
neurons were activated by reward-predicting CSs and air puffs (Figure 3D, Figure 3—figure supple-
ment 3). YFP control mice implanted and recorded in the same manner showed no photometric
responses to these events (Figure 3—figure supplement 4). To compare directly how DA neurons
respond in the same paradigm, we infected TH-Cre mice and targeted neurons in either the poste-
rior lateral ventral tegmental nucleus (VTA) or the substantia nigra pars compacta (SNc) (Figure 3E,
Figure 3—figure supplement 5). DA photometry responses in these two areas were similar and
were therefore combined. As expected, DA neurons were activated by reward-predicting cues, and
showed small responses to predicted rewards (Figure 3F).

DRN 5-HT neurons respond to both positive and negative US prediction
errors

To understand the pattern of 5-HT neural activity that could underlie adaptation to reversal of con-
tingencies, we first analyzed US responses, which could contribute to or modulate reinforcement
learning. In general, we found that the abrupt reversal of cue-outcome associations caused immedi-
ate changes in 5-HT and DA US responses, much more so than in reward omission tests
(Ranade and Mainen, 2009; Cohen et al., 2015; Hayashi et al., 2015; Li et al., 2016), consistent
with sensitivity to the sudden increase in uncertainty that occurred upon reversal after extensive
training.

We first examined the case of positive reversals. 5-HT neurons showed little or no response to
large water rewards before reversal when they were predicted by the preceding CS, but responded
robustly to the same events when they were unpredicted, after reversal (Figure 4A,B). Thus, 5-HT
neurons showed an excitatory response to a better-than-expected outcome, or positive reward pre-
diction error (RPE). The response to the small reward was also modulated by reward expectation
(Figure 4—figure supplement 1), although to a lesser degree, perhaps due to the presence of a
small response even after extensive training (Figure 3—figure supplement 3B). Like 5-HT neurons,
DA neurons also showed stronger excitatory responses to water rewards immediately after
reversal when they violated cue-based predictions, as opposed to before reversal when they
occurred as predicted (Figure 4C, Figure 4—figure supplement 1C). Therefore, both 5-HT and DA
neurons showed an increase in activity in response to positive RPEs, and both showed a larger
response for the larger magnitude RPE.

We next examined the response to the neutral USs. Before reversal, this US elicited little response
from either 5-HT or DA neurons. After reversal, the neutral US was presented when a small water
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Figure 3. Responses of 5-HT and DA neurons before reversal. (A) Fiber photometry with movement artifact
correction in head-fixed mice. L: laser; PMT: photomultiplier tube; D.M: dichroic mirror; Ex: excitation; Em:
emission; F: filter. (B) Cre-dependent fluorophores used. (C) Coronal section showing expression of GCaMPés and
tdTomato in the DRN of a SERT-Cre mouse (scale bar: 200 um). PAG: periaqueductal gray; Ag: Aqueduct. (D)
Mean responses of 5-HT neurons to the four CSs and USs during an example session of a mouse before reversal.
Shaded areas represent 95% confidence interval (Cl). (E) Coronal section showing expression of GCaMPés and
tdTomato in the ventral tegmental area (VTA) of a TH-Cre mouse (scale bar: 200 um). RLi: rostral linear nucleus of
the raphe; RPC: red nucleus, parvicellular part; IPR: interpeduncular nucleus. (F) Mean responses of DA neurons to
the four CSs and USs during an example session of a mouse before reversal. Shaded areas represent 95% Cl.
DOI: 10.7554/eLife.20552.006

The following figure supplements are available for figure 3:

Figure supplement 1. Expression of GCaMPés and of tdTomato in DRN 5-HT neurons.

DOI: 10.7554/eLife.20552.007

Figure supplement 2. Linear regression approach to eliminate movement artifacts from neuronal photometric
data.

DOI: 10.7554/eLife.20552.008

Figure supplement 3. Responses of DRN 5-HT neurons to odor cues and to predicted outcomes.

DOI: 10.7554/eLife.20552.009

Figure supplement 4. Fluorescence changes to odor cues and to predicted outcomes in YFP control mice.

DOI: 10.7554/eLife.20552.010

Figure supplement 5. Responses of midbrain DA neurons before reversal.

DOI: 10.7554/eLife.20552.011

reward was predicted. Therefore, it represented a reward omission or negative RPE. Interestingly, 5-
HT neurons showed a robust excitatory response to the neutral US after reversal (Figure 5B). In con-
trast, DA neurons showed an inhibitory response to the same event (Figure 5C).

Taking the neutral and rewarding USs together, the results show that midbrain DA neurons
respond to positive and negative RPEs with modulation of the opposite sign, as reported previously
in reward omission paradigms (Cohen et al., 2012; Schultz et al., 1997), but see Matsumoto and
Hikosaka (2009); Lammel et al. (2011); Kim et al. (2016); Matsumoto et al., 2016). On the other

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 6 of 24


http://dx.doi.org/10.7554/eLife.20552.006
http://dx.doi.org/10.7554/eLife.20552.007
http://dx.doi.org/10.7554/eLife.20552.008
http://dx.doi.org/10.7554/eLife.20552.009
http://dx.doi.org/10.7554/eLife.20552.010
http://dx.doi.org/10.7554/eLife.20552.011
http://dx.doi.org/10.7554/eLife.20552

LIFE

Neuroscience

A
Following the large
reward US:
Reversal
CS us us
®
cs1 | &
®
cs4 é

5-HT DA
B Large Reward C Large Reward
AF/F SERT1 AF/F - TH1
2s 2s
o 2.5%
of L L AR L Tl bl
T MW
Day -2 1 0 1 2 3 Day -2 1 0 1 2 3
Hkk * n=8 *kk kkk n=3
® 2 ® 2
<} <}
(&) [&]
- 2 4 /\.\
N - N AN ""
w w 4
I i
<2 )
2 1 0 1 2 3 2 -1 0 1 2 3
Day from reversal Day from reversal

Figure 4. US responses of 5-HT and DA neurons to the large reward during reversal. (A) Schematic of the reversal procedure following the large reward
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DOI: 10.7554/eLife.20552.012

The following figure supplement is available for figure 4:

Figure supplement 1. US responses of 5-HT and DA neurons to small reward during reversal.

DOI: 10.7554/eLife.20552.013

hand, SERT-positive DRN 5-HT neurons show excitatory responses to both positive and negative
RPEs. Thus, DRN 5-HT responses to rewards and reward omissions resemble an ‘unsigned RPE’ or
‘surprise’ signal (see Discussion).

Finally, we examined the response of 5-HT and DA neurons to predicted and unpredicted air
puffs. In contrast to other USs, DRN 5-HT neurons were mildly activated by air puff USs, even after
extensive training (Figure 3; Figure 3—figure supplement 3B). Upon reversal, despite the fact that
the air puff US now represented a large negative RPE (since the large water reward was predicted),
5-HT neurons showed no significant response (Figure 5—figure supplement 1B). Midbrain DA neu-
rons, on the other hand, showed no response to the air puff US after training, but showed a small
but significant inhibitory response after reversal (Figure 5—figure supplement 1C).

The results for all USs are summarized in Figure 6. Overall, midbrain DA responses adhered
closely to the model of a ‘signed RPE’, including for the air puff, whereas the DRN 5-HT neurons
resembled an ‘unsigned RPE’ with respect to rewards and reward omissions, but they diverged from
this model for air puff responses (see Discussion for further interpretation). Thus, 5-HT and DA neu-
rons are both sensitive to violations of expectation that occur during an abrupt reversal, with the
two systems responding in the same way to better-than-expected outcomes but in opposite ways to
worse-than-expected outcomes.

DRN 5-HT neurons are activated by out-of-context delivery of USs

To further investigate the idea that 5-HT neurons might report prediction errors, we examined
responses to USs delivered outside of the normal context. For this, five days after reversal, on a
small fraction (20%) of trials, a randomly-selected US was delivered at the time that a CS was nor-
mally presented (Figure 7A). We found that water rewards produced larger 5-HT responses when
they were presented in this way, compared to when preceded by a well-learned cue (Figure 7B). Of
particular interest was that even neutral tones produced an excitatory response when an odor was
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Figure 5. US responses of 5-HT and DA neurons to neutral outcome during reversal. (A) Schematic of the reversal procedure following neutral US. (B)
Top: Mean neutral US responses of an example mouse (SERT1) across days around reversal (shaded areas represent 95% Cl); Bottom: change in mean
neutral response amplitude (z-scored across days): gray dots represent individual mice (n = 8), black dots average ( s.e.m.) of mice (two-way ANOVA
with factors day and mouse, the main effect of day F4 2535 = 10.71, p<0.001; multiple comparisons with the two days before reversal, corrected using
Scheffé’s method, are indicated in the figure). (C) Same as (B) for DA neurons (n = 3 mice): F4 843 = 4.54, p=0.001. *p<0.05, ***p<0.001.

DOI: 10.7554/elife.20552.014

The following figure supplement is available for figure 5:

Figure supplement 1. US responses of 5-HT and DA neurons to air puff during reversal.

DOI: 10.7554/elife.20552.015

expected (Figure 7B; Figure 7—figure supplement 1). Therefore, 5-HT neurons were activated by
the substitution of one neutral stimulus with another. DA neurons also responded strongly to uncued
rewards, as previously reported (Schultz et al., 1997, Cohen et al., 2012), but little to other uncued
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Figure 6. Responses of 5-HT and DA neurons to outcomes are differentially modulated by expectations. (A) Mean
(& s.e.m.) response of 5-HT neurons, across mice, to the four USs before (day —1, filled bars) and right after (day 0,
open bars) reversal (n = 8 mice, two-way ANOVA with factors mouse and day, the main effect of day Fq 764 = 84.36,
p<0.001 for large reward, Fi 745 = 3.49, p=0.062 for small reward, F1 75, = 38.17, p<0.001 for neutral, Fy 764 = 2.79,
p=0.095 for air puff). (B) Same as (A) for midbrain DA neurons (n = 3 mice, Fy 249 = 67.9, p<0.001 for large reward,
F1 277 = 8.49, p=0.004 for small reward, Fy 278 = 10.95, p=0.001 for neutral, F1 550 = 12.74, p<0.001 for air puff.

*5<0.01, ***p<0.001.
DOI: 10.7554/eLife.20552.016
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Figure 7. DRN 5-HT neurons respond more to uncued outcomes. (A) Behavioral task diagram. (B) Mean (+ s.e.m.)
response of DRN 5-HT neurons across mice to the four USs when they are predicted (filled bars) and when they
are unpredicted (open bars) (n = 4 mice, two-way ANOVA with factors type (predicted or unpredicted) and mouse,
the main effect of type: large reward F 923 = 45.17, p<0.001, small reward Fy 944 = 8.42, p=0.0038, neutral

F1,924 = 5.36, p=0.0208, air puff Fy 924 = 0.61, p=0.4331). (C) Same as (B) but for midbrain DA neurons (n = 3 mice,
large reward F g42 = 175.05, p<0.001, small reward F; sgo = 17.53, p<0.001, neutral F; ¢73 = 0.52, p=0.4707, air puff
F1 601 = 0.34, p=0.5598). *p<0.05, **p<0.01, ***p<0.001.

DOI: 10.7554/¢elife.20552.017

The following figure supplement is available for figure 7:

Figure supplement 1. Responses of 5-HT and DA neurons to predicted and unpredicted outcomes.
DOI: 10.7554/¢elife.20552.018

USs (Figure 7C) (Matsumoto et al., 2016). Thus, consistent with the responses following CS-US
reversal, this experiment also showed that, with respect to water rewards and reward omissions, 5-
HT neurons respond in the same manner to unexpected events, whether negative, neutral or posi-
tive, whereas DA neurons are primarily sensitive to unexpected events that have some reward value.

CS responses of 5-HT neurons have slower kinetics after reversal than
DA neurons’

US responses are appropriate to drive learning across trials, but occur too late within a given trial to
inhibit CS-driven behavioral responses directly. If it is to intervene in time to prevent a response,
behavioral inhibition should be triggered by predictive CS cues. We therefore examined the CS
responses of 5-HT and DA neurons carefully, to test how they might contribute to reversal learning.

Before reversal, both 5-HT and DA neurons showed CS responses that correlated with the relative
value of the US predicted by the CS (large reward > small reward > neutral = air puff) (Figure 3,
Figure 3—figure supplements 3 and 5). After the reversal, both adjusted to the new contingencies
such that, by three days post-reversal, the CS responses reflected their new US associations (Fig-
ure 8). Thus, despite small differences in their relative magnitudes, and in contrast to their distinct
US responses, DA and 5-HT neurons showed CS responses that were remarkably similar, both before
and after reversal learning. If DA and 5-HT have opposing direct effects on behavior (for example,
Cools et al., 2011), these results suggest that they would simply cancel one another out.

However, when we analyzed the time course of the adaptation of the CS responses, we found
that 5-HT CS responses had a markedly slower rate of adaptation to the new contingencies than did
DA CS responses (Figure 9A,B, Figure 9—figure supplements 1 and 2). The difference in the time
constant of CS adaptation was significant for both negative and positive reversals, and was not due
to differences in learning rates between groups of mice (Figure 9C). We also tested whether US
responses, which presumably reflect, in part, CS-related learning, also show a difference in the time
course of adaptation. However, because the US signals showed a smaller signal-to-noise ratio than
the CS signals, reliable time courses could not be extracted.

A potentially important consequence of the difference in CS learning time constants is that it
implies an asymmetry between DA and 5-HT systems in positive and negative reversals
(Solomon and Corbit, 1974). During a positive reversal, because the adaptation of 5-HT cue
responses is much slower than that of DA cue responses, the net signal will be transiently biased
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Figure 8. 5-HT and DA CS responses are relearned after the reversal. (A) Mean (+ s.e.m.) response of 5-HT
neurons across mice to the four CSs before reversal (filled bars) and after adaptation to the reversed contingencies
(open bars) (n = 8 mice, two-way ANOVA with factors day and mouse, the main effect of day: large reward

F1.906 = 17.35, p<0.001, small reward Fy g0, = 14.87, p<0.001, neutral Fy gg, = 0.13, p=0.72, air puff F 914 = 17.12,
p<0.001). (B) Same as (A) for midbrain DA neurons (n = 3 mice, large reward Fy 294 = 15.35, p<0.001, small reward
F1336 = 71.72, p<0.001, neutral Fq 28, = 3.45, p=0.06, air puff Fq 312 = 6.56, p=0.01). *p<0.05, ***p<0.001.

DOI: 10.7554/elife.20552.019

towards the effects of DA (Figure 9D, right). Conversely, during a negative reversal, because 5-HT
cue responses persist longer than those of DA, the difference will be biased towards the effects of
5-HT (Figure 9D, left). This suggests a novel mechanism by which 5-HT can contribute to preventing
perseverative responding during negative reversals (Clarke et al., 2007), by directly inhibiting
behavioral responses to CSs that have undergone decreases in associated outcome values.

The DREADD inactivation experiment (Figure 1) supported the contribution of 5-HT to negative
reversal learning, but did not distinguish whether the relevant activity occurs during the CS or the
US. To test for a contribution of the CS-related activity, we asked whether there was a correlation in
the animal-to-animal variability in the time constant of behavioral adaptation (anticipatory licking)
and neural adaptation (CS magnitude). Remarkably, we observed a significant correlation between
the time constant of DRN 5-HT CS response and the time constant of CS-related licking for the neg-
ative reversals but not the positive one (Figure 10), suggesting that these responses could be
involved in adapting to negative reversals. Moreover, during such negative reversals the time con-
stant of DRN 5-HT responses was slower than that of anticipatory licking for all animals (Figure 10;
see Figure 10—figure supplement 1 for DA). We note that, while we expected that the adaptation
of 5-HT CS responses to the reversal should be at least as slow as that of anticipatory licking for the
two to be causally related, the fact that it was much slower (around eight times as slow) requires
an explanation. One possibility is that our behavioral readout (that is, tongue protrusions long
enough to be detected by our sensor) is just a ‘tip-of-the-iceberg’ of motor responses to appetitive
cues, and that other, covert, movements also need to be suppressed by 5-HT during relearning, and
thus 5-HT neurons need to be active until all motor responses to appetitive cues have disappeared.
Alternatively, it may be the case that 5-HT CS responses could serve more than a mere motor sup-
pression function during reversal learning, and contribute to the longer-lasting learning processes
required for reversal learning (He et al., 2015), such as those that prevent spontaneous recovery fol-
lowing extinction training (Karpova et al., 2011).

Discussion

We used a reversal learning task in head-fixed mice to study the role of 5-HT in adapting to the
reversal of cue—outcome contingencies, a model of the cognitive flexibility required to adapt to
dynamic environmental conditions. Pharmacogenetic inhibition of DRN 5-HT neurons showed that 5-
HT activity contributes to preventing perseverative responses to formerly reward-predictive cues,
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Figure 9. Distinct speed of CS reversal learning in DRN 5-HT and midbrain DA neurons. (A) Normalized
exponential fits (black traces) to the mean amplitude of the CS responses (gray traces) across trials for CS 2 and
CS 3 of an example SERT-Cre mouse. Insets on top show mean CS response (and 95% Cl) on days —1 (left) and 3
(right). (B) Same as (A) for an example TH-Cre mouse. (C) Mean time constants (+ s.e.m., green and purple dots) of
the exponential fits of CS responses obtained for TH-Cre and SERT-Cre mice during reversal learning (neural
activity: unpaired t-tests, p<0.001 for negative reversal, p=0.0023 for positive reversal; no significance obtained for
anticipatory licking). Gray dots represent individual mouse—odor pairs for each category of reversal type; gray dots
with darker edges represent odors 2 or 4, while the remaining dots represent odors 1 or 3. (D) Difference in

the mean fitted amplitude of CS response between DA and 5-HT during negative reversal (left) and during
positive reversal (right). **p<0.01, ***p<0.001.

DOI: 10.7554/elife.20552.020

The following figure supplements are available for figure 9:

Figure supplement 1. CS responses of DRN 5-HT neurons during reversal.

DOI: 10.7554/eLife.20552.021

Figure supplement 2. CS responses of midbrain DA neurons during reversal.

DOI: 10.7554/elife.20552.022

consistent with previous work in rodents and primates (Clarke et al., 2004, 2007; Boulougouris and
Robbins, 2010; Bari et al., 2010; Brigman et al., 2010; Berg et al., 2014; Bari and Robbins,
2013). These observations suggest two possible complementary contributions of 5-HT to behavioral
flexibility: (1) to facilitate the learning of new associations and (2) to directly inhibit responses which
are no longer appropriate. To elucidate how the dynamics of endogenous neural activity could sup-
port these functions, we used fiber photometry to monitor 5-HT and DA during reversal learning.
This revealed two important findings.

DRN 5-HT neurons are activated by both positive and negative reward
prediction errors

First, we found that 5-HT US responses were strongly sensitive to changes in cue—outcome contin-
gency after the reversal. Remarkably, 5-HT neurons responded with a similar transient excitation to
violations of expectation that were either better-than-expected or worse-than-expected reward
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Figure 10. The correlation between the speed of DRN 5-HT cue learning and anticipatory licking. (A) Correlation
between time constants of 5-HT CS responses and anticipatory licking for the negative reversal. A significant linear
relationship was found: y = 8.4*x + 34; r?: 0.288; F = 5.67, p=0.032. (B) Same as (A) for positive reversals (no
relationship was found). Diagonal dashed lines represent y = x.

DOI: 10.7554/¢elife.20552.023

The following figure supplement is available for figure 10:

Figure supplement 1. Time constant of DA CS response versus time constant of corresponding anticipatory
licking.
DOI: 10.7554/elife.20552.024

outcomes. Midbrain DA neurons, on the other hand, responded oppositely to better-than-expected
and worse-than-expected outcomes. Thus, whereas DA neurons could be described as reporting a
signed RPE, 5-HT neurons appeared to report, in part, an unsigned RPE (but see below for discus-
sion of responses to aversive events). That is, 5-HT neurons were sensitive not to the direction of
error but to its magnitude. These responses could also be described as a type of ‘surprise’ signal
(for example, Courville et al., 2006). Supporting this idea, we found that 5-HT neurons were also
sensitive to substitution of one neutral cue for a cue of another modality (sound for odor). It remains
to be determined whether these responses were dictated entirely by small differences in reward
value, or whether they reflect sensory as well as value prediction errors.

Unsigned prediction error signals have been proposed on theoretical grounds to be ideal for reg-
ulating learning and attention based on uncertainty (Pearce and Hall, 1980; Courville et al., 2006).
By reporting such signals, 5-HT US responses would be suitable to drive plasticity and re-learning
during reversal of contingencies. The strong excitatory response of the 5-HT system to negative
RPEs, caused by reward omissions, provides a possible explanation for why inhibiting this system
impairs negative reversal learning (Clarke et al., 2007; Bari et al., 2010) (Figure 1). That is, during
negative reversals or extinction learning, the 5-HT system, either directly or through an interaction
with the DA system (Boureau and Dayan, 2011), could facilitate trial-by-trial undoing of DA-depen-
dent learning. Since 5-HT neurons also respond during positive prediction errors, such as during pos-
itive reversal or initial learning, such activation might compete with co-occurring DA signals, slowing
positive learning, as has been described (Fletcher et al., 1999). The preferential involvement of 5-
HT in ‘unlearning’ responses could be explained by the relative effects of 5-HT release on down-
stream targets, where 5-HT may favor long-term depression (LTD) and DA long term potentiation
(LTP) (He et al., 2015).

Response to aversive events by DRN 5-HT neurons

5-HT US responses contained one notable divergence from an idealized prediction error: air puff
USs continued to evoke responses, even after extensive training, and showed only minor sensitivity
to the presence of a predictive cue — observations consistent with a previous report (Cohen et al.,
2015). One possible explanation is that mice failed to learn the predictive relationship between the
CS and the air puff. Indeed, mice showed air puff-triggered blink responses, but failed to learn
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anticipatory blinking responses despite extensive training. This result likely depends on the relatively
long duration of the CS-US trace period, here 2 s (Reynolds, 1945, Boneau, 1958; Cohen et al.,
2012, 2015; Caro-Martin et al., 2015; cf. Matsumoto et al., 2016). This is consistent with the idea
that mice did not learn the CS-air puff association. If mice formed no CS-dependent predictions
about the air puff, then they might have experienced each air puff as ‘unpredicted’, whether before
or after reversal. In this case, the presence of robust air puff US responses would be consistent with
an unsigned value prediction error. However, since we have no explanation for how mice could suc-
ceed in learning a CS-reward association while failing to learn the CS-air puff association, other
explanations should also be considered.

A second possible line of explanation for the observation that the air puff did not elicit an
increased response after the reversal is that 5-HT neurons report at least two qualitatively distinct
signals: one relating to the processing of rewards and the other to the processing of aversive stimuli.
In principle, following a reversal from large reward to air puff, one would have expected a contribu-
tion of the reward omission response to the US response, as seen in the small reward to neutral
reversal. The lack of such a response could indicate either simple saturation or a suppressive influ-
ence of the air puff on the reward omission signal. A distinction between the encoding of rewarding
vs. aversive events by the DA system has been proposed (Fiorillo, 2013). The presence of dual sig-
nals might reflect the inclusion of multiple 5-HT neuronal populations within our photometric record-
ings. In future experiments, these could be distinguished using a pathway-specific labeling, as has
been done in the DA system (Lerner et al., 2015; see further discussion below). On the other hand,
VTA DA neurons have been reported to integrate reward and aversive outcome values, but with
aversive responses being strongly modulated by the rate of reward available in the current context
(Matsumoto et al., 2016). In future experiments, it will be important to understand how individual
5-HT neurons integrate information from combinations of outcomes, and in different reward
contexts.

An alternative possibility is that the pattern of 5-HT US responses could be understood together
as a variation on a prediction error signal. Whereas mice can control the consumption of available
water, they cannot control the delivery of air puffs; they are afforded no means to escape in the
head-fixed configuration. It is therefore interesting to consider the possibility that 5-HT neurons
might report errors of control rather than errors of prediction. Under this hypothesis, an aversive
outcome such as the air puff continues to generate a response in 5-HT neurons because the organ-
ism has not managed to control this aspect of its environment. If the mouse were offered a means to
escape, we would expect to see the air puff response diminish. Conversely, because the 5-HT US
response is also sensitive to errors of a positive nature, we would also expect to see continued
responses to a non-controllable reward, for example, direct oral infusion of sucrose (Li et al., 2016).
Such ‘unsigned control errors’ could provide the organism with a signal of the magnitude of cogni-
tive or behavioral effort required to adapt to a given situation, a signal that could be read out for
the purpose of energizing or deenergizing actions.

Consistent with the control error hypothesis, predictable but uncontrollable shocks robustly acti-
vate the immediate early gene Fos in DRN 5-HT neurons (Takase et al., 2004), and this activation is
lowered by controllability signals from the ventral medial prefrontal cortex (Bland et al., 2003;
Amat et al., 2005). This proposal also finds support in a recent study showing that DRN 5-HT activ-
ity mediates short-term sensorimotor adaptation in zebrafish, by reporting the difference between
the expected and actual sensory consequences of motor commands (Kawashima et al., 2016). How-
ever, further experiments will clearly be necessary to test these ideas as explanations of the present
data.

5-HT CS responses could be responsible for inhibiting perseverative
responding

5-HT could thus contribute to cognitive flexibility not only through learning and plasticity, but also
by directly suppressing activity in systems responsible for violated predictions. Indeed, 5-HT has
been strongly associated with suppressing both impulsive and perseverative responses through
‘behavioral inhibition’ (Clarke et al., 2007, Boureau and Dayan, 2011; Cools et al., 2011). In addi-
tion to US signals that could explain the contribution of 5-HT to uncertainty-driven learning, we also
found CS or cue responses that could explain a direct and immediate contribution to behavioral con-
trol during environmental change. We found that 5-HT CS responses, like DA CS responses, were
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strongly positively correlated with CS value, consistent with previous reports (Liu et al., 2014,
Cohen et al., 2015; Hayashi et al., 2015). Indeed, 5-HT and DA CS signals were qualitatively
extremely similar, both after initial training and after relearning. Given that 5-HT and DA are thought
to drive opposing processes of behavioral inhibition and invigoration, respectively (Boureau and
Dayan, 2011; Cools et al., 2011), this would suggest that the two systems effectively cancel one
another out. However, surprisingly, we found that the CS responses of 5-HT neurons were not only
much slower than DA neurons to adapt to new associations after the reversal, but were also main-
tained throughout the extinction of the maladaptive perseverative response, as would be needed to
prevent interference of the old appetitive response. Furthermore, there was a significant correlation
across animals in the post-reversal learning rates of trial-by-trial 5-HT activity and that of anticipatory
licking (Figure 10).

This difference in rates of adaptation between the two systems, which to our knowledge was not
previously reported in any neuromodulatory system, implies that the net balance between DA and
5-HT will undergo specific dynamics during learning that resemble the classical proposal concerning
opponent processes by Solomon & Corbit (1974). Specifically, because DA cue responses are
quicker to establish, cues undergoing positive changes in outcome value will temporarily favor DA
signals. Conversely, because DA cue responses are also quicker to withdraw, cues undergoing nega-
tive changes in outcome value will temporarily favor 5-HT signals. Thus, positive changes will favor
DA and behavioral invigoration, and negative changes will favor 5-HT and behavioral suppression.
This may explain why 5-HT is specifically critical in preventing responses to cues that were previously
rewarding, which is observed experimentally (Figure 1; Clarke et al., 2007). The origins of the dif-
ferences in 5-HT and DA learning dynamics will be important to uncover, and might arise from differ-
ences in the systems feeding into the two neuromodulators. Interestingly, neural responses in the
caudate nucleus, a major recipient of DA projections (Clarke et al., 2011), adapt faster during rever-
sal learning, while the PFC, a major target of 5-HT projections (Muzerelle et al., 2016), adapts more
slowly (Pasupathy and Miller, 2005).

Implications of neuronal heterogeneity and other complexities of the 5-
HT system

The technique of fiber photometry of genetically-encoded calcium indicators provides excellent
genetic specificity and stable long-term recordings, but does not allow the resolution of single-neu-
ron responses. It is therefore possible that differential activity patterns within specific subpopulations
of DRN 5-HT neurons exist that could not be resolved by this recording method. In fact, several
studies point to a heterogeneity among DRN neurons, both in terms of physiological responses
(Ranade and Mainen, 2009) and in terms of projection targets of DRN cell groups (Muzerelle et al.,
2016) and single neurons (Gagnon and Parent, 2014). This would suggest that the different signals
we observed—for example, CS vs. US or rewarding vs. aversive USs—could have different origins
and functions.

Even if this is the case to some extent, and given the consistency of our optical fiber targeting
(Figure 3—figure supplement 1), we believe that such heterogeneity probably will not substantially
impact our conclusions for several reasons. First, importantly, we established that the population
from which we are recording contributes to reversal learning, and it is therefore a relevant popula-
tion. Second, activity patterns were consistent across mice (Figure 3—figure supplements 3 and
5, Figure 4, Figure 4—figure supplement 1, Figure 5, Figure 5—figure supplement 1, Figure 9—
figure supplements 1 and 2), despite inevitable small variations in infections and fiber placements
(Figure 3—figure supplement 1), indicating that the findings are robust to the precise population
monitored. Third, single-unit recordings (Cohen et al., 2015; Hayashi et al., 2015) show that
rewarding and aversive events activate the same individual DRN neurons (including identified 5-HT
neurons), and are therefore not generated by distinct populations. Finally, because individual 5-HT
neurons have broad projection fields (Muzerelle et al., 2016) and transmit primarily by volume con-
duction (Dankoski and Wightman, 2013), heterogeneity will tend to be averaged out through pool-
ing by downstream targets.

Another limitation of our study relates to the pharmacogenetic approach to inhibiting 5-HT neu-
rons. While it has good genetic specificity, its spatial resolution is limited by the spread of the viral
particles containing the hM4Di receptor in the DRN, and its temporal resolution is on the order of
dozens of minutes. Additionally, although we know this approach should inhibit 5-HT neurons in vivo
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(Teissier et al., 2015), we did not test the efficacy of this inhibition in our animals. The limited tem-
poral resolution of this approach makes it impossible to distinguish the contribution of CS and US 5-
HT signals to behavioral flexibility. Still, we have an indication that CS responses might play a role in
behavioral inhibition of perseverative responding. This could potentially be resolved in future experi-
ments using optogenetic inhibition.

Implications for the DA-5-HT opponency theory

Our results support, in a general sense, the long-standing notion of DA-5-HT opponency
(Boureau and Dayan, 2011), but call for a refinement of this view. Rather than carrying the positive
and negative sides of a single-signed prediction error (Daw et al., 2002; Boureau and Dayan,
2011; Cools et al., 2011), DA-5-HT opponency seems to be more complex and subtle. As has been
classically described, the activity of DA neurons which we recorded closely resembled a so-called
signed RPE (Schultz et al., 1997). The US-related 5-HT signals, on the other hand, resemble in
important respects, but don't perfectly match, the concept of an ‘unsigned RPE’ signal. Thus, 5-HT
neurons responded not to an opposing class of events, but to an overlapping and broader range of
events compared to DA. In this respect, they might be acting as a kind of inhibitory ‘surround’ to
DA's excitatory ‘center’, helping to sharpen the focus of behavioral attention. Nevertheless, just as
DA signaling is increasingly acknowledged to be more complex than classically described
(Cohen et al., 2012; Eshel et al., 2015; 2016; Matsumoto et al., 2016; Wise, 2004), attributing a
single function to 5-HT neurons is also clearly an oversimplification.

With respect to CS responses, 5-HT neurons showed a remarkably similar pattern of activity to
that of DA neurons, scaling closely with the value of the stimuli. A possible explanation for this
observation is that 5-HT CS responses could be learned by the same DA-dependent process that
generates DA CS responses. If this were the entire story, then 5-HT and DA CS responses might sim-
ply balance and nullify one another. However, the fact that 5-HT CS responses evolved much more
slowly than did DA CS responses means that such a balance will not hold in dynamic environments.
This dynamic balance between positive and negative forces resembles the balance of excitation and
inhibition in the cortex (for example, Wehr and Zador, 2003), albeit on a much slower time scale.
Such a temporal asymmetry between opponent processes endows the joint system with novel and
potentially important dynamics, which may be an important substrate in the dynamics of learning, as
previously proposed (Solomon and Corbit, 1974). CS and US responses of a similar nature to those
observed in 5-HT and DA neurons also appear to be observed in other neuromodulatory systems as
well (Yu and Dayan, 2005; Dayan and Yu, 2006; Sara and Bouret, 2012; Hangya et al., 2015).
This suggests that, contrary to the notion that each neuromodulator reports a completely distinct
signal (Daw et al., 2002, Doya, 2008; Dayan, 2012), they have highly overlapping signals, presum-
ably derived from partly overlapping inputs, but with more subtle differences through which their
joint actions are orchestrated.

This description of the dynamics of 5-HT neurons during reversal learning provides novel insights
into how this system can contribute to cognitive flexibility. Moreover, the results also suggest the
need for a refinement in conventional conceptions of 5-HT’s function in the regulation of mood, with
implications for understanding its role in depression and other psychiatric disorders. More than
reporting the affective value of the environment (Boureau and Dayan, 2011; Luo et al., 2016), we
suggest that 5-HT facilitates the ability of an organism to adapt flexibly to dynamic environments
through plasticity and behavioral control. The clinical benefits of an enhancement of 5-HT function
would therefore stem not from directly biasing affective states toward the positive, but by prevent-
ing the negative consequences of maladaptive world views and facilitating adaptive change
(Branchi, 2011).

Materials and methods

Animals

All procedures were reviewed and performed in accordance with the European Union Directive
2010/63/EU and the Champalimaud Centre for the Unknown Ethics Committee guidelines, and
approved by the Portuguese Veterinary General Board (Direccdo Geral de Veterinaria, approvals
0420/000/000/2011 and 0421/000/000/2016). Thirty-four C57BL/6 male mice between two and nine
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months of age were used in this study. Mice resulted from the backcrossing of BAC transgenic mice
into Black C57BL for at least six generations, and expressed the Cre recombinase under the control
of specific promoters. Twenty-six mice expressed Cre under the serotonin transporter gene (Tg
(Slc6ad-cre)ET33Gsat/Mmucd) from GENSAT (Gong et al., 2007); RRID:MMRRC_017260-UCD), four
mice under the tyrosine hydroxylase gene, two mice (Tg(Th-cre)FI12Gsat/Mmucd) from GENSAT
(Gong et al., 2007); RRID:MMRRC_017262-UCD), and two mice (B6.Cg-Tg(Th-Cre)1Tmd/J) from the
Jackson Laboratory (Savitt et al., 2005); RRID:IMSR_JAX:008601). Animals (25-45 g) were group-
housed prior to surgery and individually housed post-surgery and kept under a normal 12 hr light/
dark cycle. All experiments were performed in the light phase. Mice had free access to food. After
training initiation, mice used in behavioral experiments had water availability restricted to the behav-
ioral sessions.

Stereotaxic viral injections and fiber implantation

Mice were deeply anaesthetized with isoflurane mixed with O, (4% for induction and 0.5-1% for
maintenance) and placed in a stereotaxic apparatus (David Kopf Instruments). Butorphanol (0.4 mg/
kg) was injected subcutaneously for analgesia and Lidocaine (2%) was injected subcutaneously
before incising the scalp and exposing the skull. For SERT-Cre mice a craniotomy was drilled over
lobule 4/5 of the cerebellum, and a pipette filled with a viral solution was lowered to the DRN
(bregma —4.55 anteroposterior (AP), —2.85 dorsoventral (DV)) with a 32° angle toward the back of
the animal. For the two TH-Cre mice from The Jackson Laboratory, the pipette was targeted to the
VTA (bregma —3.3 AP, 0.35 mediolateral (ML), —4.2 DV) with a 10° lateral angle, and for the two
TH-Cre mice from GENSAT we targeted the SNc (bregma —3.15 AP, 1.4 ML, —4.2 DV). Although
the TH-Cre lines have been characterized as less specific than other DA-specific lines (Lammel et al.,
2015), we targeted our fibers to areas where this specificity problem is reduced (Lammel et al.,
2015) and that are known to contain the classical DA neurons that show RPE activity and are
involved in reward processing (Lammel et al., 2011, 2012; Matsumoto and Hikosaka, 2009;
Lerner et al., 2015; Kim et al., 2016).

Viral solution was injected using a Picospritzer Il (Parker Hannifin) at a rate of approximately 38 nl
per minute. The expression of hM4D and of all fluorophores was Cre-dependent, and all viruses
were obtained from the University of Pennsylvania (with 10"? or 10" GC/mL titers). For hM4D
experiments 1 ul AAV2/5 - Syn.DIO.hM4D.mCherry was injected in the DRN of 8 SERT-Cre mice. No
virus was injected in WT controls (n = 4). For analysis of GCaMPés specific expression in 5-HT neu-
rons, four SERT-Cre mice were transduced in the DRN with 1 ul of viral stock solution of AAV2/1 -
Syn.Flex.GCaMP6s.WPRE.SV40. For behavioral experiments in control mice (four SERT-Cre mice),
1.5 ul of a mixture of equal volumes of AAV2/1.EF1a.DIO.eYFP.WPRE.hGH and of AAV2/1.CAG.
FLEX.tdTomato.WPRE.bGH was used. For the remaining mice, a mixture of equal volumes of AAV2/
(1 or 9).Syn.Flex.GCaMP6s.WPRE.SV40 and of AAV2/1.CAG.FLEX.tdTomato.WPRE.bGH was
injected: 1.5 ul in ten SERT-Cre mice (distributed around six points around the target coordinates)
and 0.75 ul of 10 times diluted mixture in four TH-Cre mice (distributed around four points around
the target).

For photometry experiments, optical fiber implantations were done after infection and a head
plate for head fixation was placed above Bregma; the skull was cleaned and covered with a layer of
Super Bond C and B (Morita). An optical fiber (300 um, 0.22 NA) housed inside a connectorized
implant (M3, Doric Lenses) was inserted in the brain, with the fiber tip positioned at the target for
SERT-Cre mice and 200 um above the infection target for TH-Cre mice. The implants were secured
with dental acrylic (Pi-Ku-Plast HP 36, Bredent).

Behavioral training and testing protocol

Mice were water-deprived in their home cage on the day of surgery, or up to five days before it.
During water deprivation each mouse’s weight was maintained above 80% of its original value. Fol-
lowing infection and implantation surgery, mice were habituated to the head-fixed setup by receiv-
ing water every 4 s (6 pl drops) for three days, after which training in the odor-guided task started. A
mouse nose poke (007120.0002, Island Motion Corporation) using an IR photoemitter-photodetec-
tor was adapted to measure licking as IR beam breaks. To deliver air puffs, a pulse of air was deliv-
ered through a tube to the right eye of the mouse. Sounds signaling the beginning of the trial and
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the outcomes were amplified (PCA1, PYLE Audio Inc.) and presented through speakers (Neo3
PDRW W/BC, Bohlender-Graebener). Water valves (LHDA1233115H, The Lee Company) were cali-
brated and a custom made olfactometer designed by Z.F.M. (Island Motion) was used for odor deliv-
ery. The behavioral control system (Bcontrol) was developed by Carlos Brody (Princeton University)
in collaboration with Calin Culianu, Tony Zador (Cold Spring Harbor Laboratory) and Z.F.M. Odors
were diluted in mineral oil (Sigma-Aldrich) at 1:10 and 25 pl of each diluted odor was placed inside a
syringe filter (2.7 um pore size, 6823-1327, GE Healthcare) to be used in two sessions (~100 trials for
each odor). Odorized air was delivered at 1000 ml/min. Odors used were carvone (R)-(-), 2-octanol
(S)-(+), amyl acetate and cuminaldehyde. For the behavioral task used in the hM4D experiment,
these odors were associated with reward, reward, nothing and nothing, respectively. For the behav-
ioral task used in the GCaMPés experiment, they were associated with a large reward (4 pl water
drop), small reward (2 pul water drop), neutral (no outcome) and punishment (air puff to the eye)
before reversal, and with punishment, neutral, small reward and large reward after the reversal of
the cue—outcome associations, respectively. In each trial, white noise was played to signal the begin-
ning of the trial and to mask odor valve sounds. A randomly selected odor was presented for 1 s.
Following a 2 s trace period, the corresponding outcome was available. Mice completed one session
per day. For hM4D experiments, odors were introduced in pairs. For photometry experiments, train-
ing started by presenting only the large and small reward trials to the mice, followed by the intro-
duction of the neutral type of trial in the next session, and finally the punishment trial in the
following one. Punishment trials were presented gradually until all four types of trials had the same
probability of occurrence and each session consisted of 140-346 trials (minimum to maximum,
223 + 30, mean + SD). Time to odor (foreperiod), trace period and inter-trial interval (ITl) were also
gradually increased during training until mice could do the task with their final values: foreperiod
was 3 to 4 s, taken from a uniform distribution, trace was fixed at 2 s, ITl was 4 to 8 s taken from a
uniform distribution.

hM4D experiments were run in two batches: the experiment was run first on the WT animals and
then on the SERT-Cre animals (with some overlapping days). Photometry experiments were run in
five batches in the following sequence: 3 (SERT-Cre, experimental)+3 (SERT-Cre, experimental and
YFP controls)+2 (SERT-Cre YFP controls)+6 (SERT-Cre, experimental)+4 (TH-Cre, experimental).

For the hM4D experiments, mice received a daily injection of vehicle (saline 0.9% and DMSO
0.25%) 40 min. before session start. The volume of these daily injections of vehicle was determined
according to each mouse’s weight, and it required an adjustment of the water drop size for each
mouse to keep them motivated to do 150 trials per session. On the reversal day and the two follow-
ing days, for experimental mice, CNO was diluted in the vehicle solution and delivered at a concen-
tration of 3 mg/kg. In both reversal learning tasks used, we ensured that mice could correctly
perform the task on at least three consecutive days before reversing the odor-outcome contingency
for the first time. On the reversal day, mice started the session as before and the contingencies were
reversed at trial 50 in the hM4D experiment, and between the 32th and the 100th trial (73 + 12,
mean + SD) in the GCaMPés experiments. One SERT-Cre mouse was excluded from the hM4D anal-
ysis for not showing a differential lick rate within 1.5 s of US delivery, between odors 1 and 2
(rewards) and odors 3 and 4 (nothing). Two mice were excluded from the GCaMPés data analysis for
bad fiber placement assessed after histology analysis (more than 400 um away from the infection
area): one SERT-Cre and one TH-Cre mouse. Additionally, another SERT-Cre mouse was discarded
from the reversal data analysis because of experimental problems with the fiber during the reversal
session. In four SERT-Cre mice and in all TH-Cre mice, at five to six days after the reversal, we intro-
duced uncued US trials during the task. These trials represented approximately 20% of the total
number of trials in a session during which no odor cue was presented; the typical white noise of the
foreperiod was immediately followed by one of the four possible outcomes, randomly selected
(11 £+ 4 uncued vs 44 =+ 8 cued trials per session, mean + SD). To analyze these data, four sessions
with cued and uncued outcomes were pooled together for each mouse. All GCaMPés experiments
were performed within the limit of one month from the viral injection date, to avoid cell death due
to over-expression of GCaMPés in neurons.

Fiber photometry setup
The dual-color fiber photometry acquisition setup consists of a three-stage tabletop black case con-
taining optical components (filters, dichroic mirrors, collimator), two light sources for excitation and
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two photomultiplier tubes (PMTs) for acquisition of fluorescence of a green (GCaMPé6s) and of a red
(tdTomato) fluorophore.

We used a 473 nm (maximum power: 30 mW) and a 561 nm (maximum power: 100 mW) diode-
pumped solid-state laser (both from Crystalaser) for excitation of GCaMPés and of tdTomato,
respectively. Beamsplitters (BS007, Thorlabs) and photodiodes (SM1PD1A, Thorlabs) were used to
monitor the output of each laser. The laser beams were attenuated with absorptive neutral density
filters (Thorlabs), and each was aligned to one of the two entrances of the three-stage tabletop black
case (Doric Lenses). At the corresponding entrances the excitation filters used were 473 nm (LDO1-
473/10-25 Semrock) and 561 nm (LLO2-561-25 Semrock). Inside the black case three interchange-
able/stackable cubes (Doric Lenses) with dichroic mirrors were used: one to separate the 473 nm
excitation light from longer wavelengths (Chroma T495LP), one to collect the emission light of
GCaMPé6s (FF552-Di02—25 x 36 Semrock), and one to separate the 561 nm excitation light from
tdTomato's fluorescence (Di01-R561—-25 x 36). A collimator (F = 12 mm, NA = 0.50, Doric Lenses)
focused the laser beams in a single multimode silica optical fiber with 300 um core and 0.22 NA
(MFP_300/330/900-0.22_2.5m-FC_CM3, Doric Lenses), which was used for transmission of all excita-
tion and emission wavelengths. The three-stage tabletop black case had two exits, one for each fluo-
rophore emission, at which we placed the corresponding emission filters (Chroma ET525/50m for
GCaMPés and Semrock LP02-568RS-25 for tdTomato), and convergent lenses (F = 40 mm and
F = 50 mm, Thorlabs) before the photodetectors (photomultiplier tube module H7422-02, Hama-
matsu Photonics). The output signals of the PMTs were amplified by a preamplifier (C7319, Hama-
matsu), acquired in a Micro1401-3 unit at 5000 Hz and visualized in Spike2 software (Cambridge
Electronic Design).

Light power at the tip of the patchcord fiber was 200 uW for each wavelength (473 nm and 561
nm) for all experiments (measured before each experiment with a powermeter PM130D, Thorlabs).
This patchcord fiber was attached to the fiber cannula each animal had implanted (MFC_300/330-
0.22_5 mm_RM3_FLT Fibre Polymicro, polymide removed) through a titanium M3 thread receptacle.

Data analysis
All data were analyzed in MATLAB (RRID:SCR:001622). For the behavioral experiments, lick rate was
acquired at 1 KHz and smoothed using convolution with a Gaussian filter of 50 ms standard devia-
tion. Mean anticipatory licking was calculated for each trial as the mean lick rate in the period of
500-2800 ms after odor onset, after subtracting the mean lick rate over a baseline period of —500
to 500 ms around odor onset. To evaluate the aversiveness of the air puff delivered to the mice in
the photometry experiment, we used a CCD camera (Point Grey) to record the right eye of six mice
during several sessions at 60 Hz. To quantify blinking in video data, we manually selected the eye
area in each session and calculated the mean pixel value for that area; then, for each frame, we sub-
tracted this value from the previous frame to obtain a measure of movement. The start and end of
blinking created a sudden increase and decrease, respectively, in the difference between the mean
pixel value of consecutive video frames. In the time course analysis of the licking behavior in the
hM4D experiment, trials of sessions around reversal were concatenated and smoothing over three
trials was performed along the trials. For each reversed odor and each mouse, the last 50 trials
before reversal were fit by a constant function of the form (A+B); the first 200 trials after the reversal
were fit by an exponential function of the form (A+B*exp(-t/1)) using fminsearch in MATLAB.
The conditions for this fitting to be done were: the last 100 trials before reversal had to be statisti-
cally different from trials 100-200 after the reversal (t-test), the change in licking pattern had to fol-
low the correct trend of the reversal (increase in licking for positive reversals and decrease in licking
for negative ones), and the time constant obtained had to be larger than 1. Mouse-odor pairs that
did not fulfill this condition were excluded (that is, odor 4 of mice M#4 and M#5). Time constants
were grouped according to the type of reversal and genotype with drug treatment, and compared
using one-way ANOVA. Then, for each SERT-Cre mouse, the time constant of the reversal with the
vehicle was subtracted from the reversal with CNO. The same was done for WT mice, but subtract-
ing the time constant of reversal two from that of reversal 1 (since CNO was delivered in both). t-
tests were used to determine whether these differences had means significantly different from zero.
Fluorescence data were downsampled to 1 kHz and smoothed using convolution with a Gaussian
filter of 100 ms standard deviation. For each trial, the relative change in fluorescence, AF/Fq = (F-Fg)/
Fo. was calculated by taking Fg to be the mean fluorescence during a 1 s period before the odor
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presentation for both the red and the green channels ([AF/Fo] green and [AF/Fo] rep). For each ses-
sion and each mouse, the distribution of green and red values of AF/Fq was fitted by the sum of two
Gaussians along the red channel, and the crossing point between these two Gaussians was used as a
boundary (excluding the first and last 1000 ms of each trial because of filtering artifacts). All values
of [AF/Folrep below this boundary were used, together with the corresponding [AF/Fglgreen, to fit a
linear regression line. Then, for each trial we corrected the green AF/F, values using the parameters
(a - slope; b - offset) obtained with the regression model of that mouse in that session: [AF/Folgreen -
corr = [AF/Fo] Green - @*[AF/Fo] rep - b.

Behavioral data were organized as a function of US type and divided into CS and US responses.
[AF/FolereeN_corr US responses were normalized by subtracting the mean [AF/Fglgreen_corr OVer the 1
s interval before US onset. The CS or US response was considered the mean of the signal during the
1.5 s period after CS or US onset, respectively. For each mouse, all CS and US responses were
z-scored in the expert phase, so that the amplitudes of responses to the different events could be
compared. Analysis of US responses across days was performed by z-scoring all US responses of
each mouse across days for each US type. Statistical analysis was done by comparing each day with
pre-reversal days —1 and —2. For each mouse, mean amplitude of response to each US on the rever-
sal day was also compared to the day before the reversal. For analysis of uncued US trials, four days
of each mouse were pooled together due to the small number of uncued trials of each US type in
each session.

For the analysis of CS response time courses during a reversal, each mean amplitude change
across trials was fitted by an exponential function with maximum time constant of 225 trials (mini-
mum number of trials after the reversal for any US type of any mouse). The same criteria and param-
eters used for the hM4D experiments were used here. Time constants for mouse—odor pairs were
pooled together in pairs (odors 1 and 2, and odors 3 and 4) which correspond to the negative and
positive reversals, respectively.

The data are available from the Dryad Digital Repository: 10.5061/dryad.649nk (Matias, 2016).

Immunohistochemistry and anatomical verification

Mice were deeply anesthetized with pentobarbital (Eutasil, CEVA Sante Animale), exsanguinated
transcardially with cold saline and perfused with 4% paraformaldehyde (P6148, Sigma-Aldrich). Coro-
nal sections (40 um) were cut with a vibratome and used for immunohistochemistry. For SERT-Cre
mice used in expression specificity analysis, anti-5-HT (36 hr incubation with rabbit anti-5-HT anti-
body 1:2000, Immunostar, RRID:AB_572263, followed by 2 hr incubation with Alexa Fluor 594 goat
anti-rabbit 1:1000, Life Technologies) and anti-GFP immunostaining (15 hr incubation with mouse
anti-GFP antibody 1:1000, Life Technologies, followed by 2 hr incubation with Alexa Fluor 488 goat
anti-mouse 1:1000, Life Technologies) were performed sequentially. For SERT-Cre mice used in
behavioral experiments, anti-GFP immunostaining was performed (15 hr incubation with rabbit poly-
clonal anti-GFP antibody 1:1000, Life Technologies, followed by 2 hr incubation with Alexa Fluor 488
goat anti-rabbit 1:1000, Life Technologies).

For TH-Cre mice, anti-GFP (15 hr incubation with rabbit polyclonal anti-GFP antibody 1:1000, Life
Technologies, followed by 2 hr incubation with Alexa Fluor 488 goat anti-rabbit 1:1000, Life Technol-
ogies) and anti-TH immunostaining (15 hr incubation with mouse monoclonal anti-TH antibody
1:5000, Immunostar, RRID:AB_572268, followed by 2 hr incubation with Alexa Fluor 647 goat anti-
mouse, 1:1000, Life Technologies) were performed sequentially.

To quantify the specificity of GCaMPés expression in 5-HT neurons of SERT-Cre mice, we used a
confocal microscope (Zeiss LSM 710, Zeiss) with a 20X objective (optical slice thickness of 1.8 um) to
acquire z-stacks of three slices around the center of infection. Images for DAPI, GFP and Alexa Fluor
592 were acquired, and cells expressing GCaMPés and cells stained with 5-HT antibody were quanti-
fied in a 200 x 200 um window in the center of the DRN. The same was done for quantification of
specificity in DA neurons of TH-Cre mice, but acquiring Alexa Fluor 647 instead of 592, and taking
the 200 x 200 um window on the infection side. To evaluate fiber location in relation to infection,
images for DAPI, YFP or GFP and tdTomato were acquired with an upright fluorescence scanning
microscope (Axio Imager M2, Zeiss) equipped with a digital CCD camera (AxioCam MRm, Zeiss)
with a 10X objective. The location of the fiber tip was determined by the most anterior brain dam-
age made by the optical fiber subtracted by its radius. The center of infection was estimated through
visual inspection of slices as the location where there were most infected cells. The distance between
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the fiber tip location and center of infection was calculated as an anterior-posterior distance, which
was estimated by comparing each corresponding location in the mouse brain atlas (Paxinos and
Franklin, 2001). To determine the overlap between cells expressing YFP or GCaMPés and tdTomato
in SERT-Cre mice, we used a confocal microscope (Zeiss LSM 710, Zeiss) with a 20X objective (optical
slice thickness of 1.8 um) to image three slices around the center of infection (slices —1, 0 and 1, rel-
ative to it). All cell counts were done using the Cell Counter plugin of Fiji (RRID:SCR_002285).

Acknowledgements

We thank R M Costa and J J Paton Labs for TH-Cre mice, Susana Dias and Sérgio Casimiro for histol-
ogy and immunohistochemistry assistance, and Dario Sarra for running behavioral experiments for a
few days. We also thank C Poo, B V Atallah, M Murakami, G Agarwal and J J Paton for comments
on a previous version of the manuscript, and all members of the Systems Neuroscience Lab and the
Champalimaud Research for useful discussions and feedback during the development of this project.
This work was supported by the Fundacéo para a Ciéncia e Tecnologia (fellowship SFRH/BD/43072/
2008 to SM), Human Frontier Science Program (fellowship LT000881/2011L to EL), European
Research Council (Advanced Investigator Grants 250334 and 671251 to ZFM) and Champalimaud
Foundation (ZFM).

Additional information

Funding

Funder Grant reference number  Author
Fundacdo para a Ciénciae a  SFRH/BD/43072/2008 Sara Matias
Tecnologia

Human Frontier Science Pro-  LT00088/011L Eran Lottem
gram

European Research Council 250334 Zachary F Mainen
Champalimaud Foundation Zachary F Mainen
European Research Council 671251 Zachary F Mainen

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

SM, Conceptualization, Data curation, Formal analysis, Validation, Investigation, Visualization, Meth-
odology, Writing—original draft, Writing—review and editing; EL, Conceptualization, Data curation,
Formal analysis, Supervision, Validation, Investigation, Visualization, Methodology, Writing—review
and editing; GPD, Supervision, Methodology; ZFM, Conceptualization, Resources, Supervision,
Funding acquisition, Visualization, Writing—original draft, Project administration, Writing—review
and editing

Author ORCIDs

Sara Matias, {2 http://orcid.org/0000-0002-7432-6754

Eran Lottem, (& http://orcid.org/0000-0001-5852-928X
Guillaume P Dugué,(® http://orcid.org/0000-0002-4106-6132
Zachary F Mainen, (& http://orcid.org/0000-0001-7913-9109

Ethics

Animal experimentation: This study was performed in strict accordance with the European Union
Directive 2010/63/EU. All animals were handled according to approved institutional animal care and
use guidelines by the Champalimaud Centre for the Unknown Ethics Committee. The protocol was

approved by the Portuguese Veterinary General Board (Direccao Geral de Veterinaria, approvals
0420/000/000/2011 and 0421/000/000/2016).

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 20 of 24


https://scicrunch.org/resolver/SCR_002285
http://orcid.org/0000-0002-7432-6754
http://orcid.org/0000-0001-5852-928X
http://orcid.org/0000-0002-4106-6132
http://orcid.org/0000-0001-7913-9109
http://dx.doi.org/10.7554/eLife.20552

LI F E Research article Neuroscience

Additional files

Major datasets
The following dataset was generated:

Database, license,
and accessibility

Author(s) Year Dataset title Dataset URL information

Sara Matias, Eran 2016 Data from: Activity patterns of ~ http://dx.doi.org/10. ~ Available at Dryad
Lottem, Guillaume P serotonin neurons underlying 5061/dryad.649nk Digital Repository
Dugué, Zachary F cognitive flexibility under a CCO Public
Mainen Domain Dedication
References

Amat J, Baratta MV, Paul E, Bland ST, Watkins LR, Maier SF. 2005. Medial prefrontal cortex determines how
stressor controllability affects behavior and dorsal raphe nucleus. Nature Neuroscience 8:365-371. doi: 10.
1038/nn1399, PMID: 15696163

Armbruster BN, Li X, Pausch MH, Herlitze S, Roth BL. 2007. Evolving the lock to fit the key to create a family of
G protein-coupled receptors potently activated by an inert ligand. PNAS 104:5163-5168. doi: 10.1073/pnas.
0700293104, PMID: 17360345

Bari A, Robbins TW. 2013. Inhibition and impulsivity: behavioral and neural basis of response control. Progress in
Neurobiology 108:44-79. doi: 10.1016/].pneurobio.2013.06.005, PMID: 23856628

Bari A, Theobald DE, Caprioli D, Mar AC, Aidoo-Micah A, Dalley JW, Robbins TW. 2010. Serotonin modulates
sensitivity to reward and negative feedback in a probabilistic reversal learning task in rats.
Neuropsychopharmacology 35:1290-1301. doi: 10.1038/npp.2009.233, PMID: 20107431

Berg BA, Schoenbaum G, McDannald MA. 2014. The dorsal raphe nucleus is integral to negative prediction
errors in pavlovian fear. European Journal of Neuroscience 40:3096-3101. doi: 10.1111/ejn.12676,

PMID: 25041165

Bland ST, Hargrave D, Pepin JL, Amat J, Watkins LR, Maier SF. 2003. Stressor controllability modulates stress-
induced dopamine and serotonin efflux and morphine-induced serotonin efflux in the medial prefrontal cortex.
Neuropsychopharmacology 28:1589-1596. doi: 10.1038/sj.npp.1300206, PMID: 12784102

Boneau CA. 1958. The interstimulus interval and the latency of the conditioned eyelid response. Journal of
Experimental Psychology 56:464-471. doi: 10.1037/h0044940, PMID: 13611170

Boulougouris V, Robbins TW. 2010. Enhancement of spatial reversal learning by 5-HT2C receptor antagonism is
neuroanatomically specific. Journal of Neuroscience 30:930-938. doi: 10.1523/JNEUROSCI.4312-09.2010,
PMID: 20089901

Boureau YL, Dayan P. 2011. Opponency revisited: competition and cooperation between dopamine and
serotonin. Neuropsychopharmacology 36:74-97. doi: 10.1038/npp.2010.151, PMID: 20881948

Branchi I. 2011. The double edged sword of neural plasticity: increasing serotonin levels leads to both greater
vulnerability to depression and improved capacity to recover. Psychoneuroendocrinology 36:339-351. doi: 10.
1016/j.psyneuen.2010.08.011, PMID: 20875703

Brigman JL, Mathur P, Harvey-White J, lzquierdo A, Saksida LM, Bussey TJ, Fox S, Deneris E, Murphy DL,
Holmes A. 2010. Pharmacological or genetic inactivation of the serotonin transporter improves reversal
learning in mice. Cerebral Cortex 20:1955-1963. doi: 10.1093/cercor/bhp266, PMID: 20032063

Caro-Martin CR, Leal-Campanario R, Sdnchez-Campusano R, Delgado-Garcia JM, Gruart A. 2015. A variable
oscillator underlies the measurement of time intervals in the rostral medial prefrontal cortex during classical
eyeblink conditioning in rabbits. Journal of Neuroscience 35:14809-14821. doi: 10.1523/JNEUROSCI.2285-15.
2015, PMID: 26538651

Chen TW, Wardill TJ, Sun'Y, Pulver SR, Renninger SL, Baohan A, Schreiter ER, Kerr RA, Orger MB, Jayaraman V,
Looger LL, Svoboda K, Kim DS. 2013. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature
499:295-300. doi: 10.1038/nature 12354, PMID: 23868258

Clarke HF, Dalley JW, Crofts HS, Robbins TW, Roberts AC. 2004. Cognitive inflexibility after prefrontal serotonin
depletion. Science 304:878-880. doi: 10.1126/science.1094987, PMID: 15131308

Clarke HF, Hill GJ, Robbins TW, Roberts AC. 2011. Dopamine, but not serotonin, regulates reversal learning in
the marmoset caudate nucleus. Journal of Neuroscience 31:4290-4297. doi: 10.1523/JNEUROSCI.5066-10.
2011, PMID: 21411670

Clarke HF, Walker SC, Dalley JW, Robbins TW, Roberts AC. 2007. Cognitive inflexibility after prefrontal
serotonin depletion is behaviorally and neurochemically specific. Cerebral Cortex 17:18-27. doi: 10.1093/
cercor/bhj120, PMID: 16481566

Cohen JY, Amoroso MW, Uchida N. 2015. Serotonergic neurons signal reward and punishment on multiple
timescales. eLife 4:e06346. doi: 10.7554/elife.06346, PMID: 25714923

Cohen JY, Haesler S, Vong L, Lowell BB, Uchida N. 2012. Neuron-type-specific signals for reward and
punishment in the ventral tegmental area. Nature 482:85-88. doi: 10.1038/nature10754, PMID: 22258508

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 21 of 24


http://dx.doi.org/10.5061/dryad.649nk
http://dx.doi.org/10.5061/dryad.649nk
http://dx.doi.org/10.1038/nn1399
http://dx.doi.org/10.1038/nn1399
http://www.ncbi.nlm.nih.gov/pubmed/15696163
http://dx.doi.org/10.1073/pnas.0700293104
http://dx.doi.org/10.1073/pnas.0700293104
http://www.ncbi.nlm.nih.gov/pubmed/17360345
http://dx.doi.org/10.1016/j.pneurobio.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23856628
http://dx.doi.org/10.1038/npp.2009.233
http://www.ncbi.nlm.nih.gov/pubmed/20107431
http://dx.doi.org/10.1111/ejn.12676
http://www.ncbi.nlm.nih.gov/pubmed/25041165
http://dx.doi.org/10.1038/sj.npp.1300206
http://www.ncbi.nlm.nih.gov/pubmed/12784102
http://dx.doi.org/10.1037/h0044940
http://www.ncbi.nlm.nih.gov/pubmed/13611170
http://dx.doi.org/10.1523/JNEUROSCI.4312-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20089901
http://dx.doi.org/10.1038/npp.2010.151
http://www.ncbi.nlm.nih.gov/pubmed/20881948
http://dx.doi.org/10.1016/j.psyneuen.2010.08.011
http://dx.doi.org/10.1016/j.psyneuen.2010.08.011
http://www.ncbi.nlm.nih.gov/pubmed/20875703
http://dx.doi.org/10.1093/cercor/bhp266
http://www.ncbi.nlm.nih.gov/pubmed/20032063
http://dx.doi.org/10.1523/JNEUROSCI.2285-15.2015
http://dx.doi.org/10.1523/JNEUROSCI.2285-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26538651
http://dx.doi.org/10.1038/nature12354
http://www.ncbi.nlm.nih.gov/pubmed/23868258
http://dx.doi.org/10.1126/science.1094987
http://www.ncbi.nlm.nih.gov/pubmed/15131308
http://dx.doi.org/10.1523/JNEUROSCI.5066-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.5066-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21411670
http://dx.doi.org/10.1093/cercor/bhj120
http://dx.doi.org/10.1093/cercor/bhj120
http://www.ncbi.nlm.nih.gov/pubmed/16481566
http://dx.doi.org/10.7554/eLife.06346
http://www.ncbi.nlm.nih.gov/pubmed/25714923
http://dx.doi.org/10.1038/nature10754
http://www.ncbi.nlm.nih.gov/pubmed/22258508
http://dx.doi.org/10.7554/eLife.20552

e LI F E Research article Neuroscience

Cools R, Nakamura K, Daw ND. 2011. Serotonin and dopamine: unifying affective, activational, and decision
functions. Neuropsychopharmacology 36:98-113. doi: 10.1038/npp.2010.121, PMID: 20736991

Courville AC, Daw ND, Touretzky DS. 2006. Bayesian theories of conditioning in a changing world. Trends in
Cognitive Sciences 10:294-300. doi: 10.1016/].tics.2006.05.004, PMID: 16793323

Dankoski EC, Wightman RM. 2013. Monitoring serotonin signaling on a subsecond time scale. Frontiers in
Integrative Neuroscience 7:44. doi: 10.3389/fnint.2013.00044, PMID: 23760548

Daw ND, Kakade S, Dayan P. 2002. Opponent interactions between serotonin and dopamine. Neural Networks
15:603-616. doi: 10.1016/50893-6080(02)00052-7, PMID: 12371515

Dayan P, Huys QJM. 2009. Serotonin in affective control. Annual Review of Neuroscience 32:95-126. doi: 10.
1146/annurev.neuro.051508.135607, PMID: 19400722

Dayan P, Yu AJ. 2006. Phasic norepinephrine: a neural interrupt signal for unexpected events. Network:
Computation in Neural Systems 17:335-350. doi: 10.1080/09548980601004024, PMID: 17162459

Dayan P. 2012. Twenty-five lessons from computational neuromodulation. Neuron 76:240-256. doi: 10.1016/].
neuron.2012.09.027, PMID: 23040818

Doya K. 2008. Modulators of decision making. Nature Neuroscience 11:410-416. doi: 10.1038/nn2077, PMID: 1
8368048

Dugué GP, Lérincz ML, Lottem E, Audero E, Matias S, Correia PA, Léna C, Mainen ZF. 2014. Optogenetic
recruitment of dorsal raphe serotonergic neurons acutely decreases mechanosensory responsivity in behaving
mice. PLoS One 9:€105941-105946. doi: 10.1371/journal.pone.0105941, PMID: 25148042

Eshel N, Bukwich M, Rao V, Hemmelder V, Tian J, Uchida N. 2015. Arithmetic and local circuitry underlying
dopamine prediction errors. Nature 525:243-246. doi: 10.1038/nature 14855, PMID: 26322583

Eshel N, Tian J, Bukwich M, Uchida N. 2016. Dopamine neurons share common response function for reward
prediction error. Nature Neuroscience 19:479-486. doi: 10.1038/nn.4239, PMID: 26854803

Fiorillo CD. 2013. Two dimensions of value: dopamine neurons represent reward but not aversiveness. Science
341:546-549. doi: 10.1126/science. 1238699, PMID: 23908236

Fletcher PJ, Korth KM, Chambers JW. 1999. Selective destruction of brain serotonin neurons by 5,7-
dihydroxytryptamine increases responding for a conditioned reward. Psychopharmacology 147:291-299.
doi: 10.1007/s002130051170, PMID: 10639688

Fonseca MS, Murakami M, Mainen ZF. 2015. Activation of dorsal raphe serotonergic neurons promotes waiting
but is not reinforcing. Current Biology 25:306-315. doi: 10.1016/j.cub.2014.12.002

Gagnon D, Parent M. 2014. Distribution of VGLUT3 in highly collateralized axons from the rat dorsal raphe
nucleus as revealed by single-neuron reconstructions. PLoS One 9:€87709. doi: 10.1371/journal.pone.0087709,
PMID: 24504335

Gong S, Doughty M, Harbaugh CR, Cummins A, Hatten ME, Heintz N, Gerfen CR. 2007. Targeting cre
recombinase to specific neuron populations with bacterial artificial chromosome constructs. Journal of
Neuroscience 27:9817-9823. doi: 10.1523/JNEUROSCI.2707-07.2007, PMID: 17855595

Hangya B, Ranade SP, Lorenc M, Kepecs A. 2015. Central cholinergic neurons are rapidly recruited by
reinforcement feedback. Cell 162:1155-1168. doi: 10.1016/j.cell.2015.07.057, PMID: 26317475

Hayashi K, Nakao K, Nakamura K. 2015. Appetitive and aversive information coding in the primate dorsal raphé
nucleus. Journal of Neuroscience 35:6195-6208. doi: 10.1523/JNEUROSCI.2860-14.2015, PMID: 25878290

He K, Huertas M, Hong SZ, Tie X, Hell JW, Shouval H, Kirkwood A. 2015. Distinct eligibility traces for LTP and
LTD in cortical synapses. Neuron 88:528-538. doi: 10.1016/j.neuron.2015.09.037, PMID: 26593091

Jitsuki S, Takemoto K, Kawasaki T, Tada H, Takahashi A, Becamel C, Sano A, Yuzaki M, Zukin RS, Ziff EB, Kessels
HW, Takahashi T. 2011. Serotonin mediates cross-modal reorganization of cortical circuits. Neuron 69:780-792.
doi: 10.1016/j.neuron.2011.01.016, PMID: 21338886

Karpova NN, Pickenhagen A, Lindholm J, Tiraboschi E, Kulesskaya N, Aglstsdéttir A, Antila H, Popova D,
Akamine Y, Bahi A, Sullivan R, Hen R, Drew LJ, Castrén E. 2011. Fear erasure in mice requires synergy between
antidepressant drugs and extinction training. Science 334:1731-1734. doi: 10.1126/science.1214592,
PMID: 22194582

Kawashima T, Zwart MF, Yang CT, Mensh BD, Ahrens MB. 2016. The serotonergic system tracks the outcomes
of actions to mediate Short-Term motor learning. Cell 167:933-946. doi: 10.1016/].cell.2016.09.055, PMID: 27
881303

Kim CK, Yang SJ, Pichamoorthy N, Young NP, Kauvar |, Jennings JH, Lerner TN, Berndt A, Lee SY, Ramakrishnan
C, Davidson TJ, Inoue M, Bito H, Deisseroth K. 2016. Simultaneous fast measurement of circuit dynamics at
multiple sites across the mammalian brain. Nature Methods 13:325-328. doi: 10.1038/nmeth.3770, PMID: 2687
8381

Kim KM, Baratta MV, Yang A, Lee D, Boyden ES, Fiorillo CD. 2012. Optogenetic mimicry of the transient
activation of dopamine neurons by natural reward is sufficient for operant reinforcement. PLoS One 7:€33612-
33618. doi: 10.1371/journal.pone.0033612, PMID: 22506004

Lammel S, lon DI, Roeper J, Malenka RC. 2011. Projection-specific modulation of dopamine neuron synapses by
aversive and rewarding stimuli. Neuron 70:855-862. doi: 10.1016/j.neuron.2011.03.025, PMID: 21658580

Lammel S, Lim BK, Ran C, Huang KW, Betley MJ, Tye KM, Deisseroth K, Malenka RC. 2012. Input-specific control
of reward and aversion in the ventral tegmental area. Nature 491:212-217. doi: 10.1038/nature11527,
PMID: 23064228

Lammel S, Steinberg EE, Féldy C, Wall NR, Beier K, Luo L, Malenka RC. 2015. Diversity of transgenic mouse
models for selective targeting of midbrain dopamine neurons. Neuron 85:429-438. doi: 10.1016/j.neuron.2014.
12.036, PMID: 25611513

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 22 of 24


http://dx.doi.org/10.1038/npp.2010.121
http://www.ncbi.nlm.nih.gov/pubmed/20736991
http://dx.doi.org/10.1016/j.tics.2006.05.004
http://www.ncbi.nlm.nih.gov/pubmed/16793323
http://dx.doi.org/10.3389/fnint.2013.00044
http://www.ncbi.nlm.nih.gov/pubmed/23760548
http://dx.doi.org/10.1016/S0893-6080(02)00052-7
http://www.ncbi.nlm.nih.gov/pubmed/12371515
http://dx.doi.org/10.1146/annurev.neuro.051508.135607
http://dx.doi.org/10.1146/annurev.neuro.051508.135607
http://www.ncbi.nlm.nih.gov/pubmed/19400722
http://dx.doi.org/10.1080/09548980601004024
http://www.ncbi.nlm.nih.gov/pubmed/17162459
http://dx.doi.org/10.1016/j.neuron.2012.09.027
http://dx.doi.org/10.1016/j.neuron.2012.09.027
http://www.ncbi.nlm.nih.gov/pubmed/23040818
http://dx.doi.org/10.1038/nn2077
http://www.ncbi.nlm.nih.gov/pubmed/18368048
http://www.ncbi.nlm.nih.gov/pubmed/18368048
http://dx.doi.org/10.1371/journal.pone.0105941
http://www.ncbi.nlm.nih.gov/pubmed/25148042
http://dx.doi.org/10.1038/nature14855
http://www.ncbi.nlm.nih.gov/pubmed/26322583
http://dx.doi.org/10.1038/nn.4239
http://www.ncbi.nlm.nih.gov/pubmed/26854803
http://dx.doi.org/10.1126/science.1238699
http://www.ncbi.nlm.nih.gov/pubmed/23908236
http://dx.doi.org/10.1007/s002130051170
http://www.ncbi.nlm.nih.gov/pubmed/10639688
http://dx.doi.org/10.1016/j.cub.2014.12.002
http://dx.doi.org/10.1371/journal.pone.0087709
http://www.ncbi.nlm.nih.gov/pubmed/24504335
http://dx.doi.org/10.1523/JNEUROSCI.2707-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17855595
http://dx.doi.org/10.1016/j.cell.2015.07.057
http://www.ncbi.nlm.nih.gov/pubmed/26317475
http://dx.doi.org/10.1523/JNEUROSCI.2860-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25878290
http://dx.doi.org/10.1016/j.neuron.2015.09.037
http://www.ncbi.nlm.nih.gov/pubmed/26593091
http://dx.doi.org/10.1016/j.neuron.2011.01.016
http://www.ncbi.nlm.nih.gov/pubmed/21338886
http://dx.doi.org/10.1126/science.1214592
http://www.ncbi.nlm.nih.gov/pubmed/22194582
http://dx.doi.org/10.1016/j.cell.2016.09.055
http://www.ncbi.nlm.nih.gov/pubmed/27881303
http://www.ncbi.nlm.nih.gov/pubmed/27881303
http://dx.doi.org/10.1038/nmeth.3770
http://www.ncbi.nlm.nih.gov/pubmed/26878381
http://www.ncbi.nlm.nih.gov/pubmed/26878381
http://dx.doi.org/10.1371/journal.pone.0033612
http://www.ncbi.nlm.nih.gov/pubmed/22506004
http://dx.doi.org/10.1016/j.neuron.2011.03.025
http://www.ncbi.nlm.nih.gov/pubmed/21658580
http://dx.doi.org/10.1038/nature11527
http://www.ncbi.nlm.nih.gov/pubmed/23064228
http://dx.doi.org/10.1016/j.neuron.2014.12.036
http://dx.doi.org/10.1016/j.neuron.2014.12.036
http://www.ncbi.nlm.nih.gov/pubmed/25611513
http://dx.doi.org/10.7554/eLife.20552

e LI FE Research article

Neuroscience

Lerner TN, Shilyansky C, Davidson TJ, Evans KE, Beier KT, Zalocusky KA, Crow AK, Malenka RC, Luo L, Tomer R,
Deisseroth K. 2015. Intact-Brain analyses reveal distinct information carried by SNc dopamine subcircuits. Cell
162:635-647. doi: 10.1016/j.cell.2015.07.014, PMID: 26232229

Li X, Frye MA, Shelton RC. 2012. Review of pharmacological treatment in mood disorders and future directions
for drug development. Neuropsychopharmacology 37:77-101. doi: 10.1038/npp.2011.198, PMID: 21900884

LiY, Zhong W, Wang D, Feng Q, Liu Z, Zhou J, Jia C, Hu F, Zeng J, Guo Q, Fu L, Luo M. 2016. Serotonin
neurons in the dorsal raphe nucleus encode reward signals. Nature Communications 7:10503. doi: 10.1038/
ncomms10503, PMID: 26818705

Liu Z, Zhou J, LiY, Hu F, Lu Y, Ma M, Feng Q, Zhang JE, Wang D, Zeng J, Bao J, Kim JY, Chen ZF, El Mestikawy
S, Luo M. 2014. Dorsal raphe neurons signal reward through 5-HT and glutamate. Neuron 81:1360-1374.
doi: 10.1016/j.neuron.2014.02.010, PMID: 24656254

Luo M, Li Y, Zhong W. 2016. Do dorsal raphe 5-HT neurons encode "beneficialness"? Neurobiology of Learning
and Memory 135:40-49. doi: 10.1016/j.nIm.2016.08.008, PMID: 27544850

Matias S. 2016. Data from: Activity patterns of serotonin neurons underlying cognitive flexibility. Dryad Digital
Repository. doi: 10.5061/dryad.649nk

Matsumoto H, Tian J, Uchida N, Watabe-Uchida M. 2016. Midbrain dopamine neurons signal aversion in a
reward-context-dependent manner. eLife 5:e17328. doi: 10.7554/elife. 17328, PMID: 27760002

Matsumoto M, Hikosaka O. 2009. Two types of dopamine neuron distinctly convey positive and negative
motivational signals. Nature 459:837-841. doi: 10.1038/nature08028, PMID: 19448610

Maya Vetencourt JF, Sale A, Viegi A, Baroncelli L, De Pasquale R, O’Leary OF, Castrén E, Maffei L. 2008. The
antidepressant fluoxetine restores plasticity in the adult visual cortex. Science 320:385-388. doi: 10.1126/
science.1150516, PMID: 18420937

McDevitt RA, Tiran-Cappello A, Shen H, Balderas |, Britt JP, Marino RA, Chung SL, Richie CT, Harvey BK, Bonci
A. 2014. Serotonergic versus nonserotonergic dorsal raphe projection neurons: differential participation in
reward circuitry. Cell Reports 8:1857-1869. doi: 10.1016/j.celrep.2014.08.037, PMID: 25242321

Miyazaki KW, Miyazaki K, Tanaka KF, Yamanaka A, Takahashi A, Tabuchi S, Doya K. 2014. Optogenetic
activation of dorsal raphe serotonin neurons enhances patience for future rewards. Current Biology 24:2033-
2040. doi: 10.1016/j.cub.2014.07.041, PMID: 25155504

Muzerelle A, Scotto-Lomassese S, Bernard JF, Soiza-Reilly M, Gaspar P. 2016. Conditional anterograde tracing
reveals distinct targeting of individual serotonin cell groups (B5-B9) to the forebrain and brainstem. Brain
Structure and Function 221:535-561. doi: 10.1007/s00429-014-0924-4, PMID: 25403254

Nakamura K. 2013. The role of the dorsal raphé nucleus in reward-seeking behavior. Frontiers in Integrative
Neuroscience 7:60. doi: 10.3389/fnint.2013.00060, PMID: 23986662

Niv Y, Daw ND, Joel D, Dayan P. 2007. Tonic dopamine: opportunity costs and the control of response vigor.
Psychopharmacology 191:507-520. doi: 10.1007/s00213-006-0502-4, PMID: 17031711

Panigrahi B, Martin KA, Li Y, Graves AR, Vollmer A, Olson L, Mensh BD, Karpova AY, Dudman JT. 2015.
Dopamine is required for the neural representation and control of movement vigor. Cell 162:1418-1430.
doi: 10.1016/j.cell.2015.08.014, PMID: 26359992

Pasupathy A, Miller EK. 2005. Different time courses of learning-related activity in the prefrontal cortex and
striatum. Nature 433:873-876. doi: 10.1038/nature03287, PMID: 15729344

Paxinos G, Franklin KBJ. 2001. Mouse Brain in Stereotaxic Coordinates. USA: Academic Press.

Pearce JM, Hall G. 1980. A model for pavlovian learning: variations in the effectiveness of conditioned but not of
unconditioned stimuli. Psychological Review 87:532-552. doi: 10.1037/0033-295X.87.6.532, PMID: 7443916

Qi J, Zhang S, Wang HL, Wang H, de Jesus Aceves Buendia J, Hoffman AF, Lupica CR, Seal RP, Morales M.
2014. A glutamatergic reward input from the dorsal raphe to ventral tegmental area dopamine neurons. Nature
Communications 5:5390. doi: 10.1038/ncomms6390, PMID: 25388237

Ranade SP, Mainen ZF. 2009. Transient firing of dorsal raphe neurons encodes diverse and specific sensory,
motor, and reward events. Journal of Neurophysiology 102:3026-3037. doi: 10.1152/jn.00507.2009, PMID: 1
9710375

Ray RS, Corcoran AE, Brust RD, Kim JC, Richerson GB, Nattie E, Dymecki SM. 2011. Impaired respiratory and
body temperature control upon acute serotonergic neuron inhibition. Science 333:637-642. doi: 10.1126/
science.1205295, PMID: 21798952

Reynolds B. 1945. The acquisition of a trace conditioned response as a function of the magnitude of the stimulus
trace. Journal of Experimental Psychology 35:15-30. doi: 10.1037/h0055897

Sara SJ, Bouret S. 2012. Orienting and reorienting: the locus coeruleus mediates cognition through arousal.
Neuron 76:130-141. doi: 10.1016/j.neuron.2012.09.011, PMID: 23040811

Savitt JM, Jang SS, Mu W, Dawson VL, Dawson TM. 2005. Bcl-x is required for proper development of the
mouse substantia nigra. Journal of Neuroscience 25:6721-6728. doi: 10.1523/JNEUROSCI.0760-05.2005,
PMID: 16033881

Schultz W, Dayan P, Montague PR. 1997. A neural substrate of prediction and reward. Science 275:1593-1599.
doi: 10.1126/science.275.5306.1593, PMID: 9054347

Solomon RL, Corbit JD. 1974. An opponent-process theory of motivation. |. temporal dynamics of affect.
Psychological Review 81:119-145. doi: 10.1037/h0036128, PMID: 4817611

Soubrié P. 1986. Reconciling the role of central serotonin neurons in human and animal behavior. Behavioral and
Brain Sciences 9:319-346. doi: 10.1017/50140525X00022871

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 23 of 24


http://dx.doi.org/10.1016/j.cell.2015.07.014
http://www.ncbi.nlm.nih.gov/pubmed/26232229
http://dx.doi.org/10.1038/npp.2011.198
http://www.ncbi.nlm.nih.gov/pubmed/21900884
http://dx.doi.org/10.1038/ncomms10503
http://dx.doi.org/10.1038/ncomms10503
http://www.ncbi.nlm.nih.gov/pubmed/26818705
http://dx.doi.org/10.1016/j.neuron.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24656254
http://dx.doi.org/10.1016/j.nlm.2016.08.008
http://www.ncbi.nlm.nih.gov/pubmed/27544850
http://dx.doi.org/10.5061/dryad.649nk
http://dx.doi.org/10.7554/eLife.17328
http://www.ncbi.nlm.nih.gov/pubmed/27760002
http://dx.doi.org/10.1038/nature08028
http://www.ncbi.nlm.nih.gov/pubmed/19448610
http://dx.doi.org/10.1126/science.1150516
http://dx.doi.org/10.1126/science.1150516
http://www.ncbi.nlm.nih.gov/pubmed/18420937
http://dx.doi.org/10.1016/j.celrep.2014.08.037
http://www.ncbi.nlm.nih.gov/pubmed/25242321
http://dx.doi.org/10.1016/j.cub.2014.07.041
http://www.ncbi.nlm.nih.gov/pubmed/25155504
http://dx.doi.org/10.1007/s00429-014-0924-4
http://www.ncbi.nlm.nih.gov/pubmed/25403254
http://dx.doi.org/10.3389/fnint.2013.00060
http://www.ncbi.nlm.nih.gov/pubmed/23986662
http://dx.doi.org/10.1007/s00213-006-0502-4
http://www.ncbi.nlm.nih.gov/pubmed/17031711
http://dx.doi.org/10.1016/j.cell.2015.08.014
http://www.ncbi.nlm.nih.gov/pubmed/26359992
http://dx.doi.org/10.1038/nature03287
http://www.ncbi.nlm.nih.gov/pubmed/15729344
http://dx.doi.org/10.1037/0033-295X.87.6.532
http://www.ncbi.nlm.nih.gov/pubmed/7443916
http://dx.doi.org/10.1038/ncomms6390
http://www.ncbi.nlm.nih.gov/pubmed/25388237
http://dx.doi.org/10.1152/jn.00507.2009
http://www.ncbi.nlm.nih.gov/pubmed/19710375
http://www.ncbi.nlm.nih.gov/pubmed/19710375
http://dx.doi.org/10.1126/science.1205295
http://dx.doi.org/10.1126/science.1205295
http://www.ncbi.nlm.nih.gov/pubmed/21798952
http://dx.doi.org/10.1037/h0055897
http://dx.doi.org/10.1016/j.neuron.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23040811
http://dx.doi.org/10.1523/JNEUROSCI.0760-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16033881
http://dx.doi.org/10.1126/science.275.5306.1593
http://www.ncbi.nlm.nih.gov/pubmed/9054347
http://dx.doi.org/10.1037/h0036128
http://www.ncbi.nlm.nih.gov/pubmed/4817611
http://dx.doi.org/10.1017/S0140525X00022871
http://dx.doi.org/10.7554/eLife.20552

e LI FE Research article

Neuroscience

Steinberg EE, Keiflin R, Boivin JR, Witten IB, Deisseroth K, Janak PH. 2013. A causal link between prediction
errors, dopamine neurons and learning. Nature Neuroscience 16:966-973. doi: 10.1038/nn.3413, PMID: 2370
8143

Sutton RS, Barto AG. 1998. Reinforcement Learning: An Introduction. Cambridge, MA: MIT Press.

Takase LF, Nogueira MI, Baratta M, Bland ST, Watkins LR, Maier SF, Fornal CA, Jacobs BL. 2004. Inescapable
shock activates serotonergic neurons in all raphe nuclei of rat. Behavioural Brain Research 153:233-239.
doi: 10.1016/j.bbr.2003.12.020, PMID: 15219724

Tecuapetla F, Matias S, Dugue GP, Mainen ZF, Costa RM. 2014. Balanced activity in basal ganglia projection
pathways is critical for contraversive movements. Nature Communications 5:4315. doi: 10.1038/ncomms5315,
PMID: 25002180

Teissier A, Chemiakine A, Inbar B, Bagchi S, Ray RS, Palmiter RD, Dymecki SM, Moore H, Ansorge MS. 2015.
Activity of raphé serotonergic neurons controls emotional behaviors. Cell Reports 13:1965-1976. doi: 10.1016/
j.celrep.2015.10.061, PMID: 26655908

Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L, Deisseroth K. 2009. Phasic firing in
dopaminergic neurons is sufficient for behavioral conditioning. Science 324:1080-1084. doi: 10.1126/science.
1168878, PMID: 19389999

Wehr M, Zador AM. 2003. Balanced inhibition underlies tuning and sharpens spike timing in auditory cortex.
Nature 426:442-446. doi: 10.1038/nature02116, PMID: 14647382

Wise RA. 2004. Dopamine, learning and motivation. Nature Reviews Neuroscience 5:483-494. doi: 10.1038/
nrn1406, PMID: 15152198

Yu AJ, Dayan P. 2005. Uncertainty, neuromodulation, and attention. Neuron 46:681-692. doi: 10.1016/].neuron.
2005.04.026, PMID: 15944135

Matias et al. eLife 2017;6:€20552. DOI: 10.7554/eLife.20552 24 of 24


http://dx.doi.org/10.1038/nn.3413
http://www.ncbi.nlm.nih.gov/pubmed/23708143
http://www.ncbi.nlm.nih.gov/pubmed/23708143
http://dx.doi.org/10.1016/j.bbr.2003.12.020
http://www.ncbi.nlm.nih.gov/pubmed/15219724
http://dx.doi.org/10.1038/ncomms5315
http://www.ncbi.nlm.nih.gov/pubmed/25002180
http://dx.doi.org/10.1016/j.celrep.2015.10.061
http://dx.doi.org/10.1016/j.celrep.2015.10.061
http://www.ncbi.nlm.nih.gov/pubmed/26655908
http://dx.doi.org/10.1126/science.1168878
http://dx.doi.org/10.1126/science.1168878
http://www.ncbi.nlm.nih.gov/pubmed/19389999
http://dx.doi.org/10.1038/nature02116
http://www.ncbi.nlm.nih.gov/pubmed/14647382
http://dx.doi.org/10.1038/nrn1406
http://dx.doi.org/10.1038/nrn1406
http://www.ncbi.nlm.nih.gov/pubmed/15152198
http://dx.doi.org/10.1016/j.neuron.2005.04.026
http://dx.doi.org/10.1016/j.neuron.2005.04.026
http://www.ncbi.nlm.nih.gov/pubmed/15944135
http://dx.doi.org/10.7554/eLife.20552

