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Decision making: Serotonin goes for goal
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Decision making is adaptive when our actions align with our goals. A new study shows that activity of dorsal
raphe serotonin neurons is essential to adaptive decision making, permitting actions to reflect the current
goal value.
Craving noodle soup with meatballs, you

search for your favourite restaurant’s

website — Pho 87 — to place your order.

While performing the search, you stumble

across unfortunate news: Pho 87 has

changed ownership. The chef responsible

for the delectable soup has left. You sulk

until you learn the chef has since opened

her own restaurant — Pho Boston. Armed

with this new information, you update

your plan and order from Pho Boston. The

noodle soup does not disappoint. Dinner

is saved! This scenario illustrates that new

information learned about a goal can

immediately be used to adjust actions, a

basic feature of goal-directed behavior. A

study reported in this issue of Current

Biology by Ohmura et al.1 shows that

activity of dorsal raphe serotonin neurons

is necessary for actions to be goal

directed.

Mice cannot verbalize their goals, so

how do we determine if their actions are

goal directed? The answer is with

outcome devaluation2. In a typical

outcome devaluation experiment, a mildly

hungry mouse learns to perform an action

to receive a palatable food reward,

chocolate for example. Mice readily learn

action–chocolate relationships. But why
R726 Current Biology 31, R714–R740, June
is the mouse performing the action?

Perhaps the mouse is performing the

action in order to obtain chocolate. In this

case, the mouse’s actions are goal

directed, having the chocolate in mind. Or

perhaps the chocolate reinforcer has

merely ‘stamped in’ the associated

action. In this case, a habit has been

formed.

To determine whether the mouse’s

actions are goal directed or habitual, we

can reduce chocolate’s value.

Devaluation is commonly achieved by

pairing chocolate consumption with

nausea or by giving unlimited access to

chocolate. Both procedures are effective

in reducing chocolates’ value, evidenced

by a refusal to voluntarily eat it. The

critical test comes when the mouse is

allowed to perform the action in the

absence of chocolate. Just as you would

immediately stop ordering from Pho 87

upon hearing of the change in ownership;

a mouse behaving in a goal-directed

manner will spontaneously reduce

actions associated with the devalued

outcome. This is because the mouse is

performing the action in order to receive

chocolate — and chocolate is no longer

desirable. By contrast, a mouse
7, 2021 ª 2021 Elsevier Inc.
behaving habitually will be unaffected by

chocolate’s reduced value, continuing to

perform the action.

Armed with a means of assessing

goal-directed action in mice, Ohmura

et al.1 needed a way to inhibit

serotonin neuron firing. To achieve

this, the authors devised an optogenetic/

bi-transgenic approach. For the

optogenetic component, the authors

used archaerhodopsin (ArchT), a yellow

light-activated proton pump. When

ArchT is expressed in neurons, yellow-

light illumination inhibits neuronal

activity. ArchT expression was restricted

to serotonin neurons by crossing the

ArchT transgenic mouse with a Tph2-tTa

mouse. Tph2 is the rate-limiting enzyme

for serotonin synthesis. By expressing

ArchT under control of the Tph2

promoter, the bi-transgenic mouse

selectively expressed ArchT in serotonin

neurons. The ability to manipulate

serotonin neuron firing in the bi-

transgenic mouse was rigorously

verified. Ex vivo recording revealed low

intensity, yellow-light illumination

completely abolished serotonin neuron

firing. In vivo microdialysis showed that

inhibition of serotonin neuron firing
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reduced serotonin release in the

striatum.

In the first experiment, control and

bi-transgenic mice were trained to nose

poke for a food reward. Control mice were

from the same genetic background as

bi-transgenic mice, but lacked ArchT. All

mice quickly acquired nose poking. Next,

each group was divided into two

conditions: Paired and Unpaired. Paired

mice consumed the food reward, then

were immediately made nauseous via

lithium chloride injection. As a result,

Paired mice formed an aversion to the

food reward. Unpaired mice also

consumed the food reward, only nausea

was induced six hours later. This passage

of time meant no aversion was formed.

Mice were then allowed to nose poke in

the absence of the food reward. During

this critical test, all mice received yellow-

light illumination of the dorsal raphe, a

manipulation that would only inhibit

serotonin neuron firing in bi-transgenic

mice. Demonstrating that actions were

goal directed, control Paired mice

spontaneously decreased nose poking.

Control Unpairedmice, for whom the food

reward was still valuable, continued to

poke at high rates. Demonstrating that

actions were habitual, bi-transgenic

Paired mice failed to reduce their nose

poking. Indeed, bi-transgenic Pairedmice

poked at levels equivalent to their

Unpaired counterparts, for whom reward

value was intact. These results mark the

first demonstration that dorsal raphe

serotonin activity — at the time of

action — is essential for that action to be

goal directed.

Serotonin is not, however, universally

necessary for goal-directed behavior.

Serotonin neurons also originate in a

neighboring brain region, the median

raphe. Dorsal andmedian raphe serotonin

neurons project to mostly non-

overlapping forebrain regions, suggesting

they contribute to distinct behavioural

processes3. Ohmura et al.1 performed a

complementary outcome devaluation

experiment that was identical in all ways,

except that mice received yellow-light

illumination of median raphe serotonin

neurons during the critical test. Now,

control and bi-transgenic Paired mice

equivalently reduced nose poking during

the extinction test. Control and bi-

transgenic Unpaired mice continued to

poke at high rates. Thus, median raphe
serotonin activity is not essential for

actions to be goal directed.

Intent on further demonstrating a role

for dorsal raphe serotonin, Ohmura et al.1

devised an outcome devaluation

procedure utilizing choice. Now, mice

learned that distinct actions led to

different rewards. For example, a left nose

poke produced a chocolate reward, and a

right nose poke produced a sucrose

reward. Reward preference was

established for each mouse by

determining which reward garnered more

actions. A mouse performing more left

nose pokes exhibited a chocolate

preference, whereas a mouse performing

more right nose pokes exhibited a

sucrose preference. Next, each mouse’s

preferred reward was devalued by pairing

consumption with nausea. Dorsal raphe

serotonin was yellow-light illuminated

during a final choice test, when left and

right nose pokes were available, but no

rewards were delivered. Control mice

were sensitive to outcome devaluation.

The action leading to the anti-preferred

reward increased, while the action leading

to the preferred but devalued reward

decreased. Inhibiting dorsal raphe

serotonin activity abolished goal-directed

choice. Bi-transgenic mice continued to

perform the action associated with the

preferred but devalued reward; despite

the fact these mice had formed a robust

aversion to this reward. Dorsal raphe

serotonin activity — at the time of

choice— is essential for choice to be goal

directed.

The results of Ohmura et al.1 point to a

clear and crucial role for dorsal raphe

serotonin in goal-directed action and

choice. But how can dorsal raphe

serotonin be integrated into the known

neural circuits underlying goal-directed

behaviour? Dorsal raphe serotonin is

anatomically well placed, as these

neurons project directly to the basolateral

amygdala and orbitofrontal cortex —

forebrain regions that work in concert to

support goal-directed behaviour4,5.

Further, the integrity of goal-directed

behaviour depends on serotonergic

innervation of the orbitofrontal cortex6.

Revealing a role for serotonin is

particularly interesting, as emerging

evidence implicates dopamine — another

major neuromodulator — in learning and

behaviour pertaining to goals7,8.

Dopamine fibres course directly through
Current
the orbitofrontal cortex9. Serotonin and

dopamine dynamics within the

orbitofrontal cortex, and across additional

regions, likely shape goal-directed action.

While fully describing these dynamics will

pose new challenges, Ohmura et al.1 have

developed a behavioural and

neuroscientific approach ideally suited to

the task. By revealing dorsal raphe

serotonin to be essential to goal-directed

action, an important node in this network

has been discovered. When we update

our plans, based on new information

about our goals, we should thank our

dorsal raphe serotonin.
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