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Fig. 6. Optogenetic thirst induction recovers population activity dynamics and decoding in
specific regions. (A) Projections of average activity on Go and No-Go trials from each trial

block onto State, Cue, and Behavior axes (defined using only Thirsty and Sated trials).

(B) Projections of average activity on Go trials from trials at different points between Thirsty

and Sated trials, and during Stim and Washout blocks, onto different axes. (C) Top: Projections of
single trials of simultaneously recorded neurons from ORB onto State, Cue, and Behavior axes.
Bottom: Averages of trials in top panels. Data are means £ SEM. (D) Per-region average
predictions of satiety state (Thirsty versus Sated) in each trial block, using decoder trained on
baseline epoch in Thirsty and Sated trials. (E) Per-region average decoding accuracy of trial

type (Go versus No-Go) in each trial block, using decoder trained on odor epoch in Thirsty and Sated
trials, using last 40 trials from each block. AUC, area under curve; 0.5 = chance performance.
Predictions in Thirsty and Sated blocks in (D) and (E) are on held-out test data. Number of
recordings per region: OLF, 12; PIR, 6; SSp, 1; SSs, 3; BLA, 2; BMA, 3; sAMY, 3; PA, 2; DORpm, 7;
DORsm, 4; PVR, 1; PVZ, 1; LZ, 5; MEZ, 3; HPC, 4; STRd, 13; STRy, 3; LS, 2; PL, 2; ILA, 3; ORB, 2; ACA,
1; Al, 2; RSP, 1; PALd, 2; PALm, 2; PALv, 1; MOp, 6; MOs, 1; SC, 1; MBmot, 6; P-mot, 2.

conditions. Together, these results illustrate that
studies of how the brain produces behavior re-
quire an understanding of the global context in
which neural computations are occurring.
Individual neurons fell into multiple clusters
defined by activity dynamics, with each dynam-
ically defined cluster distributed across the en-
tire brain and exhibiting task- and state-related
specific activity patterns that were highly similar
across multiple regions. Each individual neuron
primarily encoded one aspect of the task, and
every brain region contained a diverse mixture
of neurons encoding different aspects of the task.
We further identified a brainwide mode of neural
population activity that existed before odor onset,
persisted throughout each trial, correlated with
the behaviorally measured satiety state of the
mouse, and appeared to determine the pattern
of odor-evoked neural dynamics and behavior.
Specific optogenetic stimulation of thirst-sensing
neurons in sated mice was sufficient to recover
activity along this thirsty state mode in a rapid
and reversible manner and to restore the sub-
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sequent sensory- and behavior-related activity
throughout the brain. Brain regions that did not
fully represent the maximal level of thirst rep-
resentation upon optogenetic stimulation could
additionally be recipients of contextual or memory
information on water consumption, visceral sig-
nals that normally cause animals to terminate
drinking upon satiation [such as those relayed
by oxytocin receptor-expressing neurons in the
parabrachial nucleus (42)], or other slowly chang-
ing variables such as the passage of time (43).
The activity of glutamatergic hypothalamic
thirst-related neurons establishes a persistent,
aversive motivational drive that animals can re-
duce in real time by consuming water (19, 20).
The brainwide activity mode we identify appears
to represent the direct effects of this thirst neu-
ron activity that is broadcast to downstream
circuits. This broadcast may proceed through
multiple levels of fast synaptic transmission and/
or via neuromodulators, which feature promi-
nently in the regulation of other brainwide
arousal states (44). Through imposing this brain-

wide state, thirst establishes persistent activity
that exists prior to the animal sensing a water-
predicting cue and can then modulate local cir-
cuitry in parallel throughout the brain to gate the
subsequent transformation of sensory input into
motor output in a state-dependent manner. Al-
though initial sensory regions continue to respond
to stimuli with high fidelity regardless of satiety
state, the gating conferred by satiety greatly
diminishes the propagation of sensory informa-
tion beyond sensory regions, preventing the ac-
tivation of motor circuits.

Neural population activity can be well de-
scribed in terms of dynamics that evolve over
time and are subject to internal dynamical rules,
initial state settings, and external perturbations
(28, 45). Our results suggest that the aversive
thirst motivational state sets a landscape of “ini-
tial conditions,” spread across many brain regions,
that determine subsequent sensory stimuli-
evoked brainwide neural dynamics. When the
brain is in the thirsty state, a transient perturba-
tion (such as a sensory stimulus that predicts avail-
ability of water) elicits activity throughout the
brain that follows internal dynamical rules to
produce a trajectory leading to water-consummatory
behavior. This reward consumption in turn moves
the animal along an adaptive path toward a new
initial position of less negative valence as the
thirst drive is reduced. When the animal is sated,
an “energetic barrier” throughout the brain pre-
vents the same stimulus from pushing the dynam-
ics down the same trajectory that leads to behavior.
It remains to be seen whether other physiological
survival-need states modulate different modes
of activity, or whether the thirst-related mode
we observe represents a more general form of
arousal across multiple types of motivation. In
either case, specifying initial conditions in this
manner may be a general mechanism for de-
fining and regulating motivated behavior.

Methods summary

Mice were implanted with a headbar, allowed
to recover, and then water-restricted and trained
on an olfactory Go/No-Go task. Recordings were
performed using Neuropixels microelectrode
arrays (24) inserted into one location per ses-
sion. Multiple recordings were made from the
same mice across multiple days, in different loca-
tions each day, to allow for unambiguous assign-
ment of recording sessions to electrode tracks.
During recordings, mice would perform several
hundred trials until they became sated, followed
by several dozen more trials while sated. Electrodes
were coated with fixable Dil to allow for track
reconstruction. In a subset of experiments, opto-
genetic stimulation was applied to Nosl+ neurons
expressing ChR2 in the subfornical organ. Brains
were cleared and imaged on a lightsheet micro-
scope after Killing, then registered to a common
atlas. Putative neurons were identified using
Kilosort2 (25). Neurons were assigned to brain
area according to the location of their maximal
channel on the electrode array, with location
transformed into a common anatomical reference
space. Firing rates were counted in 10-ms bins.
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Thirst regulates motivated behavior through modulation of brainwide neural population
dynamics
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Neuron activity across the brain

How is it that groups of neurons dispersed through the brain interact to generate complex behaviors? Three
papers in this issue present brain-scale studies of neuronal activity and dynamics (see the Perspective by Huk and Hart).
Allen et al. found that in thirsty mice, there is widespread neural activity related to stimuli that elicit licking and drinking.
Individual neurons encoded task-specific responses, but every brain area contained neurons with different types of
response. Optogenetic stimulation of thirst-sensing neurons in one area of the brain reinstated drinking and neuronal
activity across the brain that previously singled thirst. Grindemann et al. investigated the activity of mouse basal
amygdala neurons in relation to behavior during different tasks. Two ensembles of neurons showed orthogonal activity
during exploratory and nonexploratory behaviors, possibly reflecting different levels of anxiety experienced in these
areas. Stringer et al. analyzed spontaneous neuronal firing, finding that neurons in the primary visual cortex encoded
both visual information and motor activity related to facial movements. The variability of neuronal responses to visual
stimuli in the primary visual area is mainly related to arousal and reflects the encoding of latent behavioral states.

Science, this issue p. eaav3932, p. eaav8736, p. eaav7893; see also p. 236
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