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Abstract

How do animals experience brain manipulations? Optogenetics has allowed us to manipulate selectively and
interrogate neural circuits underlying brain function in health and disease. However, little is known about
whether mice can detect and learn from arbitrary optogenetic perturbations from a wide range of brain regions
to guide behavior. To address this issue, mice were trained to report optogenetic brain perturbations to obtain
rewards and avoid punishments. Here, we found that mice can perceive optogenetic manipulations regardless
of the perturbed brain area, rewarding effects, or the stimulation of glutamatergic, GABAergic, and dopaminer-
gic cell types. We named this phenomenon optoception, a perceptible signal internally generated from per-
turbing the brain, as occurs with interoception. Using optoception, mice can learn to execute two different
sets of instructions based on the laser frequency. Importantly, optoception can occur either activating or si-
lencing a single cell type. Moreover, stimulation of two brain regions in a single mouse uncovered that the op-
toception induced by one brain region does not necessarily transfer to a second not previously stimulated
area, suggesting a different sensation is experienced from each site. After learning, they can indistinctly use
randomly interleaved perturbations from both brain regions to guide behavior. Collectively taken, our findings
revealed that mice’s brains could “monitor” perturbations of their self-activity, albeit indirectly, perhaps via in-
teroception or as a discriminative stimulus, opening a new way to introduce information to the brain and con-
trol brain-computer interfaces.
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Significance Statement

We propose that most optogenetic brain manipulations may serve as a conditioned cue to guide behavioral
decisions and learning, probably using a variety of either interoception, percepts, or other sensory/motor re-
sponses evoked by perturbing distinct brain circuits. Further research should uncover whether optoception
is a fundamental property everywhere in the brain and unveil its underlying mechanisms.

Introduction
The brain can sense and integrate signals arising from

inside the body, monitoring the status of the internal mi-
lieu in a process named interoception (Craig, 2002;
Khalsa and Lapidus, 2016). A more inclusive definition; in-
teroception is the perception of the state of the body
(Ceunen et al., 2016). This process which is not restricted

to visceral stimuli, occurs both consciously and noncon-
sciously and comprises all body organs, including the
brain (Hölzl et al., 1996; Craig, 2002). This opens the pos-
sibility that the brain senses its own perturbations. The
two main techniques to perturb the brain are either electri-
cal or optogenetic stimulation. It is well established that

Received June 1, 2022; accepted June 9, 2022; First published June 17, 2022.
The authors declare no competing financial interests.

Author contributions: J.L.-I. and R.G. designed research; J.L.-I. and M.L.
performed research; B.F. and R.G. contributed unpublished reagents/analytic
tools; J.L.-I. analyzed data; J.L.-I., M.L., and R.G. wrote the paper.

May/June 2022, 9(3) ENEURO.0216-22.2022 1–18

Research Article: Confirmation

https://orcid.org/0000-0002-9688-0289
https://doi.org/10.1523/ENEURO.0216-22.2022


electrical stimulation of various areas can produce a cor-
nucopia of behavioral changes (Verrier et al., 1975; Di
Scala et al., 1987; Romo et al., 1998; Guo et al., 2015; Wu
et al., 2016; Mazurek and Schieber, 2017). For example,
Doty (1965) found that monkeys can perceive and report
the electrical stimulation from most brain areas assayed,
covering 38 cortical and 31 subcortical regions (Doty,
1965). Monkeys can also report electrical stimulation
from the spinal cord (Yadav et al., 2021). Also, Romo et
al. (1998) demonstrated that monkeys perceived the
frequency of the electrical stimulation delivered in the
somatosensory (S1) cortex as if their fingertip was being
touched (Romo et al., 1998). More recently, Mazurek and
Schieber “injected instructions” directly into the monkeys’
premotor cortex by varying different parameters of the
electrical stimulation to solve an arm reaching task (Mazurek
and Schieber, 2017; for another interpretation, see Lebedev
and Ossadtchi, 2018). Likewise, rats can detect an infrared
light source (Thomson et al., 2013) or solve a maze only
using electrical stimulation to guide behavior (Wu et al.,
2016).
A variety of behavioral effects are also induced by op-

togenetics: the pioneering work of Daniel Huber and
Karel Svoboda has shown that a brief optogenetic per-
turbation of cortical neurons in the barrel cortex could
drive perceptual decisions and learning. Specifically,
they showed that mice could learn to report optogenetic
cortical perturbations (Huber et al., 2008). Subsequent
studies further elaborated on the nature of sensory per-
cepts evoked by optogenetics, ranging from a whisker-
like sensation (Sachidhanandam et al., 2013), an illusory
pole touch (O’Connor et al., 2013), to touching a virtual
wall (Sofroniew et al., 2015), but only when mice were
whisking, suggesting the need for a sensory-motor integra-
tion for perception (O’Connor et al., 2013). Intriguingly, the
“optogenetic programming of behavior” further improved
learning performance (Sachidhanandam et al., 2013), sur-
passing the natural sensory stimulation of a single whisker
(Sofroniew et al., 2015). Thus, optogenetic perturbations
in the barrel cortex seem to induce more than a “pure”
somatosensory percept but rather an exacerbated, per-
haps an artificial sensation that can be readily perceived.
Impressively, even a sparse activation of;14 randomly se-
lected pyramidal neurons in the barrel cortex was sufficient
for mice to induce a “conscious” perception of cortical

activity. After training, fewer neurons were required to in-
duce perception, suggesting the induction of synaptic
plasticity (Dalgleish et al., 2020). Surprisingly, optogenetic
stimulation of motor-related D1 striatal spiny neurons can
also readily replace previously trained whisker sensory
stimuli, suggesting that mice can report “motor-related sig-
nals” as if they were experienced a whisker-like stimulation
(Sippy et al., 2015). Similar results have been obtained in
other sensory cortices. The holographic optogenetic acti-
vation of neuronal ensembles selectively tuned to visual
stimuli (e.g., horizontal lines) elicited a perception as if mice
saw a horizontal line (Carrillo-Reid et al., 2019; Marshel et
al., 2019). Likewise, electrical stimulation can also induce
olfactory (Vetere et al., 2019), auditory (Campolattaro et al.,
2007; Halverson and Freeman, 2010), or visual sensations
(Halverson et al., 2009), depending on the brain region per-
turbed. However, in all these studies, it is usually assumed
that the evoked experiences mimic the physiological func-
tion and sensory qualia ascribed to the perturbed neuronal
circuit (Guo et al., 2015; Marshel et al., 2019; Gill et al.,
2020). All in all, these data suggest that subjects could be
aware of brain perturbations in sensory regions.
However, beyond sensory cortices, it is unknown whether

mice can perceive optogenetic manipulations from a wide
range of brain regions besides their ascribed physiological
function, and thus regardless of the perceptual experi-
ence it causes. To this aim, we systematically explored
the mice’s ability to report various optogenetic perturba-
tions from multiple brain regions to obtain rewards and
avoid punishments. Specifically, we designed an optoge-
netic-cue alternation task, in which we asked mice to
change head direction and return to lick a previously re-
warded sipper to report if they detected any brain pertur-
bation. Notably, none of the optogenetic manipulations
assayed caused this return behavior initially. However, we
found that mice could correctly report all optogenetic per-
turbations assayed after training. Other behavioral tasks
confirmed this finding. In sum, we found that mice can de-
tect and learn to use brain perturbations to obtain re-
wards, suggesting the brain is capable of “monitoring” its
self-activity.

Materials and Methods
We used adult male and female mice weighing 20–30 g

at the beginning of the experiment. Different strains of
mice were used in this study C57Bl6J [wild-type (WT)
mice], B6.Cg-Tg(Thy1-COP4/eYFP)18Gfng/J (hereafter
referred to as Thy1-ChR2 mice), B6.Cg-Tg(Slc32a1-
COP4*H134R/eYFP)8Gfng/J (VGAT-ChR2 mice), mice
were purchased from The Jackson Laboratory (RRID:
IMSR_JAX:007612 and RRID: IMSR_JAX:014548, re-
spectively). The Thy1-ChR2 mice expressed the light-acti-
vated ion channel, channelrhodopsin-2 (ChR2), fused to an
enhanced yellow fluorescent protein (eYFP) under the con-
trol of the mouse thymus cell antigen 1 (Thy1) promoter
(Kumar et al., 2013). The VGAT-ChR2 mice expressed the
ChR2 under the control of the vesicular GABA transporter
(VGAT; Zhao et al., 2011). Furthermore, we employed the
Vgat-ires-cre mice because they express cre-recombinase
enzyme under the control of endogenous Vgat promoter
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(RRID:IMSR_JAX:016962; Vong et al., 2011). Finally, we
used TH-Cre mouse, which expresses cre-recombinase
under the control of endogenous tyrosine hydroxylase
promoter. The TH-cre mice were kindly donated by
Bermúdez-Rattoni from Instituto de Fisiología Celular,
Universidad Nacional Autónoma de México.
Mice were individually housed in standard laboratory

cages in a temperature-controlled (226 1°C) room with a
12/12 h light/dark cycle (lights were on 7 A.M. and off at
7 P.M.). All procedures were approved by the CINVESTAV
Institutional Animal Care and Use Committee. Unless
otherwise stated, mice were given ad libitum access to
water for 60min after testing. Chow food (PicoLab
Rodent Diet 20) was always available in their home-
cage. All experiments were performed in the light period
from 9 A.M. to 4 P.M.

Viral constructs
The Cre-inducible adeno-associated virus (AAV) were pur-

chased from addgene. For ChR2-eYFP (AAV5-EfIa-DIO-
hChR2(E123T/T159C)-EYFP, #35509, at titer of 1� 1013

vector genome/ml (vg/ml), ArchT-tdTomato (AAV5/FLEX-
ArchT-tdTomato), #28305, at titer of 7.0� 1012 vg/ml and
eYFP-vector (AA5V-EfIa-DIO EYFP), #27056, at titer of
1.0� 1013 vg/ml. Viruses were divided into aliquots and
stored at �80°C before their use.

Stereotaxic surgery
Mice were anesthetized with an intraperitoneal injection

of ketamine/xylazine (100/8mg/kg). Then mice were put
in a stereotaxic apparatus where a midline sagittal scalp
incision was made to expose the skull to insert two hold-
ing screws.

Viral infection
A microinjection needle (30-G) was connected to a

10-ml Hamilton syringe and filled with AAV. Vgat-ires-cre
or TH-cre mice were microinjected with AAV (0.5ml) at a
rate of 0.2 ml/min. The injector was left in position for five
additional minutes to allow complete diffusion. In the case
of Vgat-ires-cre, the microinjection was performed unilat-
erally in the lateral hypothalamus [LH, from bregma (mm):
AP �1.3, ML 61.0, and from dura (mm): DV �5.5] for the
expression of ChR2 (LHChR2), ArchT (LHArchT), or eYFP
(LHeYFP), and then a zirconia ferrule of 1.25 mm in diame-
ter with multimode optical fiber (200mm, Thorlabs) was
implanted in LH [from bregma (mm): AP �1.3, ML 61.0
and from dura (mm): DV�5.3]. TH-Cre mice were microin-
jected bilaterally with ChR2 in VTA [TH-VTA mice; from
bregma (mm): AP �3.0, ML 60.6, and DV �4.8], and fer-
rules were implanted in VTA [from bregma (mm): AP �3.0,
ML61.2, and DV�4.3, 10° angle], mice were allowed one
month for recovery and obtain a stable expression of
ChR2 or ArchT.

Fiber optics and optrode implantation
An unilateral zirconia ferrule (200-mm core diameter

and 0.39 NA FT200UMT; Thorlabs) was implanted in
WT, Thy1-ChR2, and VGAT-ChR2 mice. Thy1-ChR2
mice were implanted in prefrontal cortex [PFCThy1,

from bregma (mm): AP 11.94, ML 60.3, and DV �2.8],
or in nucleus accumbens [NAcThy1, from bregma (mm):
AP 11.2, ML 61.0, and DV �5.2]. For VGAT-ChR2
mice, the optical fiber was implanted in PFC in the
same coordinates as in the PFCThy1 (PFCVGAT) or tha-
lamic reticular nucleus [TRNVGAT, from bregma (mm):
AP �1.55, ML 62.5, and DV �3.25]. WT mice were im-
planted in the PFC in the same coordinates as the
PFCThy1 (PFCWT).
For the experiment of two brain regions perturbed in the

same subject, the Thy1-ChR2 (n=4) and VGAT-ChR2
(n=4) mice were implanted unilaterally with fiber optics in
NAc (similar to NAcThy1) and lateral cerebellum using the
following coordinates: from bregma (in mm): AP �5.80,
ML62.25, and DV�2.05 (Pendharkar et al., 2021).
The optrode comprised a homemade array of 16

tungsten wires (35mm) formvar insulated (California
Fine Wire Company), surrounded in a circular configura-
tion by a single optical fiber was implanted in PFC in
Thy1-ChR2 (n = 3) or VGAT-ChR2 (n = 3) mice [from dura
(in mm): AP 11.94, ML 60.3 and DV �2.8]. Mice were
allowed one week for recovery from surgery.

Optogenetic parameters
Mice expressing ChR2 were stimulated with a diode-

pumped solid-state system blue at 473nm (OEM laser) or
green at 532nm for ArchT opsin (Laserglow Technologies).
The light output intensity at the optical fiber patch cord for
ChR2 was 3 mW for PFCThy1, whereas 15 mW for the re-
maining brain regions, while for ArchT stimulation, it was
20 mW. In control PFCWT mice, they were photo-stimu-
lated at 3 mW in the optogenetic-cue alternation task and
15 mW for the frequency discrimination task. The light in-
tensity was measured with an optical power meter with an
internal sensor (PM20A, Thorlabs). The pulse lengths were
30ms for ChR2 and continuous pulse for ArchT and were
controlled by Med Associates Inc., software, and TTL sig-
nal generator (Med Associates Inc.).

Extracellular optrode recordings
Thy1-PFC and VGAT-PFC mice with optrode implant

were recorded for 20min in a scanner laser frequency
task (Prado et al., 2016), where they received a random
stimulation frequency during 1 s “on,” followed by 2 s
“off,” and the subsequent frequency was randomly cho-
sen. The stimulation frequencies were Control (0Hz), 4, 7,
10, 14, and 20Hz. Mice were recorded in a maximum of
seven consecutive sessions.
Neural activity was recorded using a Multichannel

Acquisition Processor system (Plexon) interfaced with
a Med Associates conditioning side to record behav-
ioral events simultaneously. Extracellular voltage sig-
nals were first amplified 1� by an analog headstage
(Plexon HST/16o25-GEN2-18P-2GP-G1), then ampli-
fied (1000�) sampled at 40 kHz. Raw signals were
bandpass filtered from 154 Hz to 8.8 kHz and digital-
ized at 12-bit resolution. Only single neurons with ac-
tion potentials with a signal-to-noise ratio of 3:1 were
analyzed. The action potentials were isolated online
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using voltage-time threshold windows and three princi-
pal components contour templates algorithm. A cluster
of waveforms was assigned to a single unit if two criteria
were met: interspike intervals were larger than the refrac-
tory period set to 1ms, and if a visible ellipsoid cloud
composed of the 3-D projections of the first three princi-
pal component analysis of spike waveform shapes was
formed. Spikes were sorted using Offline Sorter software
(Plexon). Only time stamps from offline-sorted wave-
forms were analyzed. All electrophysiological data were
analyzed using MATLAB (The MathWorks Inc.; Fonseca
et al., 2018).

Behavioral methods
Habituation phase: training to alternate between
sippers
Mice were initially trained in a behavioral box (31 -

� 41.5 cm) equipped with two sippers at each side of the
frontal wall of the box. Each sipper was calibrated to de-
liver two drops of sucrose 10% (3–4ml each drop) or two
air-puffs (10psi) via a computer-controlled solenoid valve
(Parker). The two sippers were semi-divided by a central
acrylic wall covering 2/3 parts. This forced mice to cross
between sippers by the remaining 1/3 part of the wall that
remains open, facilitating the detection of mice’s crosses
using a photobeam in the central wall that was recorded
when mice were halfway between the two sippers.
Mice were water-deprived for 23 h and then placed in

the behavioral box. In the first phase, they had to learn to
alternate between the two sippers. In each trial, mice had
to lick an empty sipper twice to receive two drops of su-
crose in the third and fourth lick. After that, they need to
move to the opposite sipper to start a new trial and obtain
more sucrose. Each session lasted 30min daily. To con-
sider that a mouse learned, they had to complete 60 trials
in one session.

Optogenetic-cue alternation task
Once mice learned to alternate between sippers, they

were placed in a similar task, but this time in 50% of tri-
als, a cue was delivered pseudorandomly. This con-
sisted of a tone 2 kHz 1 laser at 20 Hz (or continuous
pulse for ArchT) delivered when mice were heading
halfway toward the opposite sipper; at this moment, the
mice had to return to the previous trial’s sipper to initi-
ate a new rewarded trial. If they licked on the opposite
sipper, the mice were punished with two air puffs deliv-
ered in the third and fourth lick. The mice were trained
on this task until they reached five consecutive sessions
with .50% of punishments avoided. All sessions were
30min long.
A new group of naive the Thy1-ChR2 and VGAT-ChR2

mice were implanted with an optical fiber in the NAc and
one in the lateral cerebellum from the same hemisphere to
stimulate two brain regions. First, these mice received
stimulation only in the NAc as a cue until they reached
.50% correct cue trials for at least three consecutive
sessions in the optogenetic-cue alternation task. Then the
stimulation was switched to the lateral cerebellum until

they achieved the learning criteria again. After that, some
mice were exposed to a fake laser session to finally test
them in the task variant with interleaved stimulations
from both brain regions randomly in the last three
sessions.

Frequencies and pulse task variants
The same mice were also tested in five consecutive

sessions in the optogenetic-cue alternation task. The
laser frequency changed trial by trial in random order at
4, 7, 10, 14, and 20Hz in 50% of total trials. In the sub-
sequent five sessions, the laser frequency was fixed
constant (20 Hz), but the number of pulses varied (1, 3,
6, 11, 16, and 20 pulses) in 60% of total trials. Some
mice started with variable pulse variants to counterbal-
ance between subjects, and others began with the laser
frequency variant. In all experiments, the task lasted
30min daily.

Frequency discrimination task
Mice were placed in an operant chamber (Med

Associates Inc.) equipped with three ports on one wall.
The central port had a head entry detector (infrared sen-
sor) and two lateral ports, and each contained a sipper
that could deliver 2-ml dropper lick of 10% sucrose as a
reward or a 10-psi air-puffs as a punishment. The task
lasted for 30min and consisted of delivering a laser
stimulation after each head entry in the central port; the
laser frequencies were either 10 or 20Hz (1 s). Then,
mice had to lick in the corresponding lateral port to re-
ceive two drops of sucrose. If mice licked in the incor-
rect port, they received two air puffs. A clicker sound
marked the start and the end of the trial. A correct trial
was when the mice licked in the port associated with
the stimulation frequency. Mice learned the task when
they reached 85% of correct trials in three consecutive
sessions. In a fake laser session, mice were connected
to inactive optical fiber attached to the active fiber.

Frequency categorization task
Mice were trained to discriminate between 10- and

20-Hz frequencies and then underwent a categorization
task to indicate whether they received a lower or higher
frequency. This task variant lasted 30min, and it was
similar to the frequency discrimination task, but one
port was associated with lower frequencies (10, 12, and
14Hz), whereas the opposite port corresponded to
higher frequencies (16, 18, and 20Hz).

Lever-press self-stimulation task
Well-fed (sated) mice were placed in an operant

chamber with two levers located in opposite walls (Med
Associates Inc.). One lever was associated with the de-
livery of 1 s of optogenetic stimulation (20Hz), whereas
the other was inactive (30min daily sessions). After
pressing the active lever, mice received a train of opto-
genetic stimulation (1 s “on” 1 2 s of time out). After
three sessions, the levers were switched, and thus the
previously active lever was now inactive and vice versa.
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Mice were tested during four more sessions. In the ex-
tinction phase, the last three sessions, both levers were
inactive.

Open field center self-stimulation
Sated animals were placed in a circular open field (di-

ameter 45 cm) with a central circular flat glass (diameter
10 cm, thick 1.83 mm). In this task, mice had to cross to
the central circular glass to receive optogenetic stimula-
tion (1 s, 20Hz) plus 2 s of time out for three sessions
(30min each). In the last four sessions, optogenetic stimu-
lation was not delivered as an extinction test.

Real-time conditioned place preference (rtCPP)
Well-fed mice were placed in a rectangular acrylic

arena (20 � 20 � 42 cm) divided in half by two different
visual cues. One side had black/white stripes, and the
other side had black/white circles. Mice were allowed to
cross between sides freely. On day 1, mice explored the
arena for 10min (pre-test). On the following days (ses-
sions 2–4), the 20-min consecutive sessions, they were
conditioned on the side where they spent less time (or in
the more preferred for LHArchT mice) by pairing optoge-
netic stimulation (20Hz, 1 s “on” – 2 s “off” for ChR2 and
eYFP, or continuous pulse 1 s “on” 1 2 s “off” for ArchT)
each time they crossed and stayed in the less preferred
side. On day 5, mice were placed in the arena again for
10min without laser stimulation (test day). The preference
index in the conditioned and unconditioned sides was
computed by dividing the time spent on each side by the
total exploration time (Gil-Lievana et al., 2020).

Open-loop task
Water-deprived LHArchT and LHeYFP mice were placed

in an operant chamber (Med Associates Inc.), with a cen-
tral sipper port to dispense 2-ml drops of sucrose 10% at
each lick. They were stimulated in blocks of 1min “laser
on” – 1 min “laser off” during 30. All licking responses
were recorded by a contact lickometer (Med Associates
Inc.).

Closed-loop task
Well-fed LHChR2 and LHeYFP control mice were placed

in an operant chamber (Med Associates Inc.), equipped
with a central sipper port to dispense drops sucrose 10%
each lick and a head entry detector (infrared sensor; Med
Associates Inc.). Each head entry triggered a train of opto-
genetic stimulation during 1 s (20Hz)12 s time out in
30min. Licks and head entries were recorded. Mice were
placed in this task in three sessions, whereas the subse-
quent three were for extinction (without laser).

Histology
After experiments were finished, mice were treated with

an overdose of pentobarbital sodium (0.1 ml 10mg/kg),
and they were transcardially perfused with PBS followed
by 4% paraformaldehyde (PFA). Brains were removed,
stored for 1 d in PFA 4%, and later exchanged with a 30%

sucrose/PBS solution. Brains were sectioned at 40-mm
coronal slices. Slices were placed in a mounting medium
(Dako) to visualize the fluorescence of the reporter (eYFP
or tdTomato) and implantation sites. Images were taken
with a Nikon eclipse e200 and with a progress gryphax
microscope camera, using a 4� objective, and for visual-
ization purposes, the image contrast was improved with
Adobe Photoshop CS5.1 software.

Quantification and statistical analysis
Data were analyzed in MATLAB R2021a (The MathWorks

Inc.) and GraphPad Prism. Unless otherwise mentioned,
data were expressed as amean6 SEM, and statistical anal-
ysis was performed from a Student’s t test and two-way
ANOVA test followed by a Holm–Sidak or Dunnett post hoc
and repeated-measures ANOVA in case of comparison
across sessions.
The firing rate was compared for electrophysiological

recordings by a nonparametric Kruskal–Wallis test fol-
lowed by a Tukey–Kramer post hoc. Neurons whose fir-
ing rates during the laser “on” period were significantly
different (p, 0.05) at any laser frequency relative to the
activity in the control trials were considered as modu-
lated. The difference between firing rates during laser
stimulation versus control trials determined the modula-
tion sign (i.e., increased or decreased).
For the synchronicity index, the fraction of co-fired

neurons was calculated in each trial (from �0.5 to 2 s
aligned to laser onset time = 0 s), within a 10-ms bin re-
solution. We counted (C) when a neuron fired (C = 1) or
C = 0 if the cell did not fire in each bin. Then, we divided
each trial bin by the number of neurons recorded simulta-
neously per session (separated for each laser frequency),
and then we averaged all subjects and sessions.

Results
Optogenetic brain perturbations transiently alter
spiking homeostasis and increase synchronous firing
We first characterize whether optogenetic perturba-

tions transiently affect the spiking homeostasis [i.e.,
the excitatory/inhibitory (E/I) balance; Maffei and
Fontanini, 2009; Dehghani et al., 2016; Prado et al.,
2016; Dalgleish et al., 2020; Berntson and Khalsa,
2021]. To do this, from freely moving Thy1-ChR2 or
VGAT-ChR2 mice, we performed optrode recording in
the prefrontal cortex (PFC). We choose PFC because
Thy1-ChR2 mice constitutively express the ChR2 in
pyramidal layer V glutamatergic neurons (Arenkiel et
al., 2007; Kumar et al., 2013), while VGAT-ChR2 mice
constitutively express ChR2 in GABAergicVGAT1 neu-
rons, respectively (Zhao et al., 2011; Babl et al., 2019).
Thus, in VGAT-ChR2 mice, when GABAergic neurons
are optogenetically activated, they produce an indirect
but extensive inhibition, probably reaching off-target
brain regions (Babl et al., 2019). We hypothesized that
optogenetic manipulation of either glutamatergic or
GABAergic neurons in PFC briefly perturbed spiking
homeostasis, albeit with opposite modulatory sign.
Mice were optogenetically stimulated in a frequency
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scanner test, while optrode recordings were simulta-
neously performed (Prado et al., 2016). We found that
optogenetic activation of cortical glutamatergic or
GABAergic neurons produced phase-locked firing and
an opposite modulatory activity as the laser frequency
increased (Fig. 1A–D; Prado et al., 2016). A transient E/
I imbalance caused by optogenetic perturbations was
also observed in the overall population activity of all
neurons recorded (Fig. 1D, see black traces). In addi-
tion, the optogenetic stimulation in Thy1-ChR2 mice
caused robust synchronicity, the fraction of co-fired
neurons. The synchronicity was maximal at all laser
frequencies tested in the first laser pulse (Fig. 1D, see
gray arrows), followed by a gradual decrease for sub-
sequent laser pulses. Unexpectedly, after activating
cortical glutamatergic neurons, we observed an epoch
of asynchronous rebound activity that was stronger
as the frequency increased (see Fig. 1D, black arrows
async rebound). In contrast, the firing rate of VGAT-
ChR2 mice displayed a brief inhibition during each
laser pulse and rebound synchronicity at the offset of
each laser pulse that gradually increased as the laser
frequency increased (Fig. 1D, right panel, see arrows re-
bound sync). Thus, optogenetic activation of both glutama-
tergic and GABAergic neurons produced an unbalanced E/I
activity and a spike synchronization.
Briefly, in the Thy1-ChR2 mice, 67% of PFC neurons in-

creased their excitability, and 20% inhibited after stimula-
tion at 20Hz. In contrast, in the VGAT-ChR2 mice, 3% of
neurons were excited, and 50% were inhibited (Fig. 1E).
The optogenetic-induced E/I imbalance might arise as a
side effect of the most attractive feature of optogenetics,
which is the ability to drive synchronous action potentials
of a single cell type (Dehghani et al., 2016; Prado et al.,
2016; Dalgleish et al., 2020). As a result, ChR2 expressing
cells will exhibit phase-locked firing entrained to laser and
increased synchronicity (Prado et al., 2016; Gill et al.,
2020). Perhaps, the spiking homeostasis is triggered as a
compensatory mechanism to recover the E/I balance.

Mice can perceive and actively report optogenetic
perturbations
We hypothesized that regardless of cell type or brain re-

gion perturbated, the mice could perceive optogenetic
stimulations and learn to use it as a conditioned cue
to solve a task. To test this idea, we implanted optical fi-
bers in the PFC and the nucleus accumbens (NAc), as we
described in our previous work (Prado et al., 2016). For
the PFC, we tested glutamatergic neurons in Thy1-ChR2
mice (PFCThy1; Porrero et al., 2010), or GABAergic neu-
rons in VGAT-ChR2 mice (PFCVGAT; Zhao et al., 2011).
For NAc, in Thy1-ChR2 mice, we stimulated glutamatergic
afferent fibers. We also included neuromodulatory dopa-
minergic neurons in the ventral tegmental area (VTATH,
ChR2 expression in TH-Cre mice; Gil-Lievana et al., 2020).
Furthermore, we implanted an optical fiber in the thalamic
reticular nucleus (TRN), a structure related to “aware-
ness” that highly express ChR2 in the VGAT-ChR2 mice
(TRNVGAT; Zhao et al., 2011; Wimmer et al., 2015). WT

mice with an optical fiber in PFC served as a control
(PFCWT; Fig. 2A).
To demonstrate that optogenetic perturbations can

serve as a discriminative stimulus, water-deprived mice
were initially habituated to alternate between two sipper
tubes to obtain two drops of sucrose from each (data not
shown). After that, they were trained in an optogenetic-
cue alternation task, in which 50% of trials (no-cue), mice
had to alternate between two sippers to receive sucrose
(Fig. 2B). In the other 50% of trials (cue), mice received a
combined cue (tone 2 kHz at 80 dB 1 laser 20Hz, 1 s)
halfway between sipper tubes. The combined cue in-
structed them to return to the previously rewarded port to
be rewarded again and avoid punishment (correct cue-
trial). If mice ignored the cue, i.e., they did not change
direction and lick the opposite sipper, two air puffs were
delivered (Fig. 2B, error trial; Movie 1). We judged that the
mice learned the task if, in five consecutive sessions,
.50% of cue trials were correct (Fig. 2C; Extended Data
Fig. 2-1). A 2 kHz at 80-dB auditory tone was chosen be-
cause it is barely perceptible to mice (Heffner and Heffner,
2007), resulting in a greater saliency toward the optoge-
netic cue. Indeed, of the 10 PFCWT-2kHz mice tested, only
two solved the task, but they took significantly more ses-
sions to learn than transgenic mice (Fig. 2D). The remain-
ing eight WT mice never reached the learning criteria
(PFCWT non-L trained with a tone 2 kHz 1 laser); one
mouse was even tested for 130 sessions (Extended Data
Fig. 2-2A). We then re-used three nonlearning mice, but
now we trained them with a higher tone frequency of
10 kHz (which they readily perceive). These three control
mice rapidly reached the learning criterion (Fig. 2C,D;
Extended Data Fig. 2-2B, PFCWT-10kHz). Importantly, we
found that all transgenic mice trained with tone 2 kHz 1
laser rapidly acquired the task (Fig. 2C,D,E, cortical brain
structures, F, subcortical brain structures, see block 1),
suggesting that they could perceive optogenetic brain
perturbations.
We then showed that transgenic mice used only brain

perturbations to guide behavior. To do this, the 2-kHz
tone was removed from the combined cue, and mice re-
ceived the laser only (Fig. 2E,F, block 2, laser only). We
observed that the transgenic mice maintained their task
performance above learning criteria, even when the laser
was the only feedback cue (Fig. 2E,F, see block 2; Movie
2). PFCWT control mice trained with either 2- or 10-kHz
tone dropped their task performance at the chance level
after the tone was removed, demonstrating that the audi-
tory tone guided WT mice’s behavior. This result also sug-
gests that under our experimental conditions, WT mice
did not rely on sensory information evoked by the blue
light laser or its thermal effects for discrimination per se
(Owen et al., 2019). Unlike controls, all transgenic mice
rapidly acquired the task, suggesting they used optoge-
netic perturbations as a discriminative stimulus.
To determine whether transgenic mice use the blue

light per se as a cue (Danskin et al., 2015), a “fake laser”
was used to study this in more detail. In this condition,
mice could see the blue laser outside the skull without re-
ceiving optogenetic stimulation (Movie 3). It was found
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Figure 1. Optogenetic stimulation of PFCThy1 or PFCVGAT transiently impacts E/I activity balance, evoking opposite neuronal re-
sponses in a laser frequency-dependent manner. A, Schematic representation of PFC recording sites in mice with optrodes record
and stimulation at different frequencies. B, Diagram of neurons expressing ChR2 that were optogenetically stimulated (in blue). In
PFCThy1 mice, the stimulation drives the activation of glutamatergic neurons, whereas, in PFCVGAT mice, it activates cortical
GABAergic neurons inducing an indirect inhibition of glutamatergic neurons. C, Representative examples of two neurons modu-
lated. Upper panel, raster plot of one neuron recorded from PFCThy1 (left) and the other in PFCVGAT (right) aligned to laser onset
(time=0 s). Below are shown the PSTHs, respectively. Vertical lines indicate laser onset. D, Population activity. Upper panel, Heat
map of neuronal population activity from PFCThy1 (left) or PFCVGAT (right), normalized to Z-scores, vertical white lines by laser fre-
quency. Nonmodulated neurons are not plotted. Bottom panel, Population PSTH activity. Dashed lines indicate laser onset, blue
line laser offset, and the baseline (�0.5 to 0 s) black line. Below is the synchronicity index, which reflects the fraction of simultaneously
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Figure 2. Mice learn to use optogenetic manipulations as a cue regardless of the perturbed cell type or brain region. A,
Representative images for fiber optics implantation and stimulation sites. Left pictures show unilateral optical fiber implanted in pre-
frontal cortices in WT (PFCWT), transgenic Thy1-ChR2 (PFCThy1), and VGAT-ChR2 (PFCVGAT) mice. Right pictures show fiber optics
in subcortical regions, including the NAc in Thy1-ChR2 (NAcThy1), the TRN in VGAT-ChR2 (TRNVGAT), and the ventral tegmental area
in TH-Cre (VTATH) mice. B, Schematic of the optogenetic-cue alternation task, where mice had to alternate between two sippers to
receive two drops of 10% sucrose from each one. When the mice broke the photobeam, located halfway between the two sippers
(cyan squares), a cue [tone (2 kHz) 1 laser (20Hz), 1 s] was randomly delivered. The cue instructed them to return to the previously
rewarded port to be rewarded again and avoid punishment. A dry lick is a lick given to the empty sipper. C, Task performance in
the initial and last five training sessions. Learning criteria (horizontal dashed line at 50%) were reached when mice avoided punish-
ment in.50% of cue trials in five consecutive sessions. Correct trials separated as Hit and Correct Rejections are shown in
Extended Data Figure 2-1, where only Hits increased their proportion when mice learned the task. Note that PFCWT-10kHz mice were
trained with a more easily perceived auditory tone 10 kHz, than a 2-kHz tone that was barely perceptible to mice, as shown in
Extended Data Figure 2-2. Error bars indicate SEM. D, Sessions to reach the learning criteria. E, Task performance postlearning in
mice with PFC optogenetic stimulation (block 1). In block 2, the tone was removed. In block 3, mice were tested with a “fake laser.”
After reacquisition (block 4 laser only), block 5 began, where the tone was the cue only. Then in block 6, we re-tested laser only con-
dition. Finally, we repeated the laser1tone condition in block 7. F, Similar to panel E, except that stimulation was delivered in sub-
cortical structures (NAcThy1, TRNVGAT, and VTATH); *p, 0.01 ANOVA Dunnett post hoc relative to PFCWT control.

continued
recorded neurons that co-fire on a trial-by-trial basis within a 10-ms bin resolution around laser onset. Qualitatively similar results are
found at 1-ms resolution (data not shown). Dashed lines indicate laser onset, solid gray line laser offset, and the baseline is shown in
the black line. E, Percentage of neurons modulated by different laser frequencies for PFCThy1 (total recorded neurons, n=142, left) or
PFCVGAT (total neurons, n= 325, right).
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that the task performance of all transgenic mice dropped at
the chance level (Fig. 2E,F, block 3, fake laser), demonstrat-
ing that transgenic mice did not use light as a discriminative
stimulus. We tested the laser only once again to recover
transgenicmice performance (block 4, laser only). Thenwe in-
quired whether the tone served as a discriminative stimulus.
Thus, the laser was replaced for the tone as a cue (Fig. 2E,F,
block 5, tone only). Unlike the WT mice, which increased task
performance with the tone only, the transgenic mice exhibited
a drastic drop in task performance (Movie 4). In block 6 (laser
only), we recovered transgenic mice’s task performance.
Finally, given that in block 5 (tone only) and last block 7 (to-
ne1laser), the WT mice exhibited a lower task performance
than in the initial block 1 (tone1laser), it suggests that WT
mice exhibited a slight extinction induced by the extensive
testing with the laser only condition (i.e., blocks 2 and 4).
All in all, our results demonstrate that transgenic mice ne-
glected the tone and used optogenetic perturbations to
solve the task, perhaps because neuronal perturbations
are a more salient source of information to guide behavior.

Mice can learn optoception even when the
optogenetic perturbation is the only cue
Then, and perhaps most importantly, we demonstrate

that transgenic mice do not need an exteroceptive tone to
learn. For this, we trained naive mice but this time only
using the laser only as a cue. All transgenic mice assayed
acquired the task, even when only the optogenetic stimu-
lation served as a discriminative cue (Fig. 3). These data
demonstrate that mice learn to use optogenetic brain per-
turbations as a perceptible cue to guide behavior.

Mice can even perceive one single laser pulse
Having demonstrated that mice could use optogenetic

stimulation as a cue and since optrode recordings un-
veiled that even a single pulse and� 4Hz laser frequen-
cies could induce a robust phase-locked firing in PFCThy1

and PFCVGAT mice (Fig. 1). We then characterized the im-
portance of the stimulation parameters to experience op-
toception, namely frequency and number of pulses. Thus,
the same mice in Figure 2 were trained in two variants
of the optogenetic-cue alternation task. Consequently,
the laser frequency was randomly varied on a trial-by-
trial basis (4–20 Hz). The correct responses gradually
increased as the frequency reached 20 Hz (Fig. 4A). In
the second task variant, the number of pulses was
changed (fixed at 20 Hz frequency). We found a grad-
ual increase in task performance when the pulses in-
creased (from 1 to 20). In some cases, mice could even
detect a single pulse, as happened in both NAc (one-
sample t test; t(4) = 2.76; p,0.05 relative to chance
level) and TRN (one-sample t test; t(2) = 4.45; p, 0.05;
Fig. 4B). All regions stimulated in these tasks’ variants
showed a similar detection profile, except TRNVGAT

mice, which were more sensitive and outperformed in
both task variants the other groups. Our results align
with previous observations, suggesting that percep-
tual decisions can be driven by highly sparse neuronal
activations (Houweling and Brecht, 2008; Huber et al.,
2008; Dalgleish et al., 2020; Gill et al., 2020). It was
concluded that mice could also discriminate between
different sensations elicited by distinct optogenetic
parameters.

Movie 3. Fake laser session. Transgenic mice in block 3, with-
out tone and with the flashing light from the laser. [View online]

Movie 4. Tone only session. Transgenic mice without laser and
with a tone as a cue. [View online]Movie 2. Laser only session. Transgenic mice in block 2, with-

out tone. [View online]

Movie 1. Optogenetic-cue alternation task, tone 1 laser.
Example of transgenic mice in block 1. [View online]
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Mice learned two sets of instructions from two
different laser frequencies
We explored whether mice could learn two different

sets of instructions based on the laser frequency deliv-
ered to the same brain area. In terms of classical percep-
tual studies, these instruction sets would correspond to
two different task paradigms. First, mice were trained in
a laser frequency discrimination task (Fig. 5A), where
after visiting the central port, they received either a 10 or
20Hz stimulation whereupon they had to lick in one of
the two lateral ports; one frequency signaled the delivery
of sucrose in left port and the other that sucrose is in the
right port. If they chose the opposite port, they were pun-
ished with two air puffs (Movie 5). The control PFCWT

mice could not learn the task even after 90 training ses-
sions (Fig. 5B), demonstrating that they did not use the
temperature rise elicited by 10- and 20-Hz 1-s blue laser

stimulation as a discriminative cue (Owen et al., 2019). In
contrast, transgenic mice learned this task regardless of
the cell type (glutamatergic and GABAergic) and brain re-
gion stimulated, the PFC, NAc, and TRN (Fig. 5B). All
groups learned in a similar number of sessions (one-way
ANOVA; F(3,17) = 2.76, p= 0.074). Although the PFCVGAT

group exhibited a nonsignificant trend in requiring addi-
tional sessions to reach learning criteria (Holm–Sidak’s
multiple comparisons test, ps. 0.05; Fig. 5C). These ex-
periments show that transgenic mice can discriminate
between different optogenetic stimulation frequencies
(Fridman et al., 2010). In the fake laser session, mice did
not use the different visible light intensity generated from
the laser since their task performance was at chance
level that for this task was 50% (Fig. 5D). We tested
whether mice could categorize laser frequencies in a

Figure 3. Optoception was induced by optogenetic stimulation only. A, The number of sessions needed to reach the learning crite-
ria. Mice were trained in optogenetic-cue sipper alternation tasks, as shown in Figure 1B, but with the laser only as a cue). Each dot
represents an individual subject. B, Percent of correct cue trials. Note the drop in task performance during the “fake laser” session,
demonstrating that mice used the interoceptive (or any sensory-motor) effects induced by the optogenetic stimulation only as a con-
ditioned cue. Error bars indicate SEM.

Figure 4. Mice can use optogenetic stimulation only as a cue and generalize to other laser parameters. A, Upper panel, Schematics
of the modified optogenetic-cue alternation task protocol where one out of five frequencies were randomly delivered in 50% of the
trials. Bottom panel, Correct cue trials (correct frequency trials/total frequency trials). WT mice were not tested in these task variants
because they did not perceive the laser only (Fig. 1E). B, Upper panel, Structure of the modified pulse task variant. In this variant,
one out of six laser pulses (from 1 to 20) were randomly delivered in 60% of the trials. Below are the correct cue trials (correct pulse
trials/total pulse trials). Note that TRNVGAT mice were more proficient in both task variants.
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behavioral categorization task. That is, the lower fre-
quencies (10, 12, and 14 Hz) were rewarded if mice
went to the left port, and higher frequencies (16, 18,
and 20 Hz) were rewarded if they went to the right port
(Fig. 5E, ports were counterbalanced). We found that
transgenic mice chose the “high” port more as the
laser frequency increased (Fig. 5F). In contrast, inter-
mediate frequencies (14 or 16 Hz) were more difficult
to discriminate, possibly because of the similarity be-
tween the perceptual properties evoked by these two
frequencies (Stutz et al., 1974). We conclude that mice
could categorize distinct experiences induced by dif-
ferent optogenetic frequency parameters.

Figure 5. Mice use different laser frequencies to distinguish two actions. A, Scheme of the frequency discrimination task. In this
task, on head entry in the central port (red dashed line), the laser was turned “on” 1 s at 10 or 20Hz, whereupon mice were required
to lick in the lateral ports to receive either two drops of sucrose as a reward or two air-puffs as punishment (lateral ports were coun-
terbalanced). B, Correct trials were plotted for the initial five sessions and the last ten sessions after subjects reached the learning
criteria (85% correct trials in 3 consecutive sessions). The control PFCWT mice could not learn even after 90 training sessions. Error
bars indicate SEM. C, The time needed to reach the learning criteria. D, Task performance in subjects that learned the task before
and after testing with a “fake laser” in which mice could see the blue light outside the skull but did not receive any optogenetic stim-
ulation. E, Structure of the generalization task, mice had to categorize 10-, 12-, and 14-Hz frequencies as “low” and 16-, 18-, and
20-Hz frequencies as “high” by licking the lateral ports. F, Psychometric function for choosing the “high” port. As the laser fre-
quency increases, mice prefer the “high” port more, confirming that they categorized the different laser frequencies. This procedure
was counterbalanced across mice.

Movie 5. Frequency discrimination task. Transgenic mice had
to discriminate between two laser stimulation frequencies.
[View online]

Research Article: Confirmation 11 of 18

May/June 2022, 9(3) ENEURO.0216-22.2022 eNeuro.org

https://doi.org/10.1523/ENEURO.0216-22.2022.video.5


Optoception does not require that the optogenetic
stimulation be rewarding
It is well known that rats could guide behavior using the

rewarding effects evoked by electrically stimulating the
medial forebrain bundle (Wu et al., 2016). Hence, one pos-
sibility is that mice learn optoception because the optoge-
netic perturbation reinforced its behavior. To test this
possibility, mice were trained in an operant self-stimula-
tion task to demonstrate that the rewarding effects are im-
portant but not essential for optoception. In this task,
mice press an active lever to trigger 1-s laser stimulation
(Fig. 6A; Movie 6). Only PFCThy1 and NAcThy1 mice readily
pressed the active lever, indicating that the stimulation

was rewarding (Prado et al., 2016). In contrast, optoge-
netic stimulation was not rewarding for control PFCWT,
PFCVGAT, and TRNVGAT mice (Fig. 6B). Nevertheless, all
groups performed equally well in the optogenetic-cue
alternation task (Fig. 6C, red dots). Once more, the re-
warding effects of these stimulations were confirmed in a
real-time open field task, in which mice were optogeneti-
cally activated every time they crossed the center of the
open field (Fig. 6D; Movie 7). As expected, WT mice rarely
visited the center of the open field. In contrast, PFCThy1

somas stimulation and activation of its glutamatergic af-
ferent inputs into the NAcThy1 (Prado et al., 2016) in-
creased the time visiting the center when this zone

Figure 6. Optoception can guide behavior regardless of whether brain perturbations elicited rewarding effects or not. A, Scheme of
a lever self-stimulation task. Animals can trigger the delivery of laser stimulation by pressing the active lever (20Hz, 1 s1 2 s of time
out). The inactive lever was recorded but had no programmed consequence. B, The number of lever presses across sessions. This
shows that stimulation of PFCThy1 and NAcThy1 was rewarding, as indicated by the number of lever presses. After three sessions,
the active lever was switched to inactive and tested for four additional sessions. Levers were counterbalanced across subjects. In
the Extinction phase, both levers were Inactive, and thus no laser stimulation was evoked. Error bars indicate SEM. C, Mean lever
presses (excluding Extinction sessions). Small white dots indicate the number of mice tested. Overlapped also shows their average
performance (right axis) achieved in the optogenetic-cue alternation task see solid red circles. D, Open field center self-stimulation
task. In this task, mice had to cross the center zone to receive laser stimulation (20Hz, 1 s12 s of time out). Note that no other re-
ward or stimuli were delivered. E, A representative heat map of a PFCThy1 mouse crosses the center (Active) to self-stimulate. The
bottom panel shows an extinction session of the same mouse. F, The time spent in the center zone across sessions for all groups;
*p,0.05, two-way ANOVA, Dunnett post hoc, significantly differ from PFCWT during active sessions. Extended Data Figure 6-1
shows that stimulation in PFCVGAT or TRNVGAT mice is not aversive.

Movie 6. Lever self-stimulation task. Example of NAcThy1 mice
in a self-stimulation task. [View online]

Movie 7. Open field center self-stimulation. Example of PFCThy1

mice crossing the center to self-stimulate. [View online]
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triggered optogenetic self-stimulation but not during ex-
tinction sessions (Figs. 6E,F). In contrast, stimulation of
GABAergic somas in both PFCVGAT and TRNVGAT mice
seems to be neutral, i.e., no significant rewarding or aver-
sive effects were observed (Extended Data Fig. 6-1).
Thus, although not all stimulations assayed were reward-
ing, they all equally served as an optoceptive cue to guide
behavior (Fig. 6C, red dots).

Activating or silencing a single cell type both serve as
optoceptive cue
In another test to determine whether mice could per-

ceive optogenetic stimuli, we explored whether they
could learn optoception from activating or silencing a sin-
gle cell type. This hypothesis was tested using the Vgat-
ires-cre mice to drive the selective expression of ChR2 or

Archaerhodopsin (ArchT) in GABAergic neurons in the
lateral hypothalamus (LH) (Fig. 7A, LHChR2 and LHArchT,
respectively). Thus, we could activate LH GABAergic neu-
rons with ChR2 or silence them with the outward proton
pump, ArchT (Chow et al., 2010). These mice could learn
to use both the optogenetic activation and silencing of
GABAergic neurons as a cue to solve the optogenetic-
cue alternation task (Fig. 7B,C, block 1). However, stimu-
lation of LH GABAergic neurons induced a faster (Fig. 7B,
unpaired t test, t(11) = 3.774, p, 0.01) and better task per-
formance than silencing them (Fig. 7C, two-way ANOVA,
factor mice; F(1,6) = 81.69, p,0.0001; blocks F(6,6) =
394.22, p, 0.0001 and the interaction mice � blocks,
F(6,305) = 35.4, p, 0.0001). Moreover, these mice also
maintained their task performance above chance level
once the tone 2 kHz was removed from the combined cue
(i.e., they received the laser only; Fig. 7C, blocks 2, 4, and

Figure 7. Mice could use both activation or silencing of a single cell type as a perceptible cue, although they evoked opposing behavioral
effects on reward and feeding. A, Histology of mice transfected with ChR2 or ArchT in Vgat-ires-cre mice (GABAergic neurons) of the LH
(LHChR2 or LHArchT, respectively). B, Sessions to reach learning criteria. Each dot represents a mouse; *p, 0.001 unpaired t tests. C,
Correct trials in the presence of tone (2kHz) and/or laser. Same conventions as in Figure 2E; *p, 0.001 two-way ANOVA (transgenic
mice � block). D, Real-time Conditioned Place Preference (rtCPP). Left, rtCPP task consisted of three phases: pre-test (Pre, 1 session),
acquisition (Acq, 3 sessions), and post-test (Post, 1 session). Right, Representative heat maps on the acquisition phase. Transfected
Vgat-ires-cre mice with the enhanced yellow fluorescent protein (LHeYFP) were used as control. E, Fraction of time spent on the paired
side. Stimulation in LHChR2 mice was rewarding (value. 0.5) while silencing in LHArchT was aversive (,0.5); #p, 0.0001, ANOVA Dunnett
post hoc, relative to pre-test. F, Left, Schematic of the closed-loop task. Sated LHChR2 or LHeYFP mice were placed in a behavioral box
with a sucrose sipper. Head entry into the port triggered optogenetic stimulation (1 s “on,” 20Hz12 s time out, 473nm). Right, total licks
during the task. G, Left panel, Open-loop task. In water-deprived LHArchT or control LHeYFP mice, a continuous green laser was turned
“on” in blocks of 1min (532nm) and 1min with no-laser (“off”). Right, Total licks during the task; *p,0.001 paired t test. Extended Data
Figure 7-1 depicts a raster plot of sucrose licking during stimulation of LHChR2, LHArchT, and LHeYFP mice.
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6). In contrast, their task performance dropped to chance
level when they were tested with a “fake laser” (Fig. 7C,
block 3) or when only the tone was delivered as a cue (Fig.
7C, block 5). Taken together, these results proved that
these mice neglected the 2-kHz tone and used any sensa-
tion induced by optogenetic manipulations to guide be-
havior. LH GABAergic neurons were chosen because it is
well established that their bidirectional activity caused op-
posing behavioral effects (Jennings et al., 2013; Nieh et
al., 2016; Garcia et al., 2021). For example, in a rtCPP, we
corroborated that bulk soma stimulation of GABAergic
neurons (LHChR2) is rewarding (Fig. 7D,E) in the sense that
they preferred the side paired with the laser stimulation,
whereas silencing them (LHArchT) produced aversion since
the mice avoided the side paired with the laser (Fig. 7D,E;
Nieh et al., 2016). Opposing effects on feeding behavior
were also elicited (Fig. 7F,G; Jennings et al., 2015;
Siemian et al., 2021). In sated mice, stimulation of LH
GABAergic neurons promoted consumption (Fig. 7F;
LHChR2), whereas in water-deprived mice, silencing them
reduced sucrose intake (Fig. 7G, LHArchT; Extended Data
Fig. 7-1). Although activating (or silencing) LH GABAergic
neurons had opposing effects on reward and feeding,
these manipulations were also perceived and used as
feedback cues to solve the optogenetic-cue alternation
task.

Optoception is not a generic sensation that can be
generalized across regions, instead is a specific
experience
The variability in the number of sessions needed for

each mouse to reach the learning criteria (Figs. 2D, 3A,
5C, 7B) may reflect that each stimulation site induces
a different experience, some easier to perceive than
others. Then, it raises the possibility that optoception is

a specific experience that cannot always generalize
across regions. Thus, to test whether optogenetic per-
turbations of one brain region can generalize to a second
not previously stimulated area, we trained Thy1-ChR2
and VGAT-ChR2 mice with fiber optics in both NAc and
lateral cerebellum (Fig. 8A). We choose lateral cerebel-
lum because they do not connect monosynaptically
with the NAc, although they can disynaptically com-
municate (D’Ambra et al., 2021). Mice were trained in
an optogenetic cue- alternation task (using the laser
only). First, they received optogenetic perturbations in
the NAc as the cue to solve the task (Fig. 8B). Once
they reached the learning criteria (i.e., three sessions
above 50% of correct cue trials), they received the op-
togenetic perturbation in the lateral cerebellum in the
following session. We hypothesize that if optoception is
based on a generic subjective experience, mice will
generalize the sensation to other regions, and thus,
task performance will not decrease. In contrast, to this
prediction, we observed that the task performance
drastically dropped to chance level (Fig. 8C, red arrow),
suggesting that optoception does not rely on a generic
experience. Nevertheless, with training, mice can also
learn to use lateral cerebellum perturbations as an opto-
ceptive cue. We found that task performance also de-
creased in a fake laser session, showing that mice did
not merely use the light as a cue. Finally, we randomly
interleaved stimulations from both brain regions within
the same session. Impressively, the Thy1-ChR2 mice
can indistinctly use interleaved stimulations from both
brain regions to guide behavior, even from the first
cerebellum stimulation day (see Fig. 8C, green arrow).
Most likely, these mice use each specific sensation in-
duced by each brain region to drive behavior. The
VGAT-ChR2 mice needed an extra day to learn to use both
perturbations to solve the task.

Figure 8. Optoception is not a generic sensation that can be generalized across regions, instead is a specific experience. A, Left
panel, Two optic fibers, one implanted in the NAc and the second in the lateral cerebellum from the same hemisphere. Right panel,
Histology of implantation sites in the same two regions but now in the VGAT-ChR2 mice. B, Sessions to reach learning criteria from
the optogenetic cue-alternation task. Each dot represents a mouse. C, Percent correct of cue trials; we plotted the first three and
the last three sessions, in which mice first used optogenetic perturbations in the NAc to solve the task, and then it was switched to
stimulation in the lateral cerebellum. In the first session, task performance dropped to chance with lateral cerebellum perturbation
(see red arrow), suggesting that animals did not feel similar sensory qualia. Nevertheless, they can also learn to use lateral cerebel-
lum perturbations to guide behavior after the training. In one session, some mice were tested in a Fake laser condition. Finally, we
randomly interleaved stimulations from both brain regions within the same session. Surprisingly, after learning, they can indistinctly
use randomly interleaved stimulations from both brain regions to guide behavior. Error bars indicate SEM.
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Discussion
Our findings collectively reveal that mice were capable

of perceiving arbitrary optogenetic perturbations. It was
found that mice detected and actively reported activation
and silencing of various cell types and brain regions. Mice
could even sense a single laser pulse, discriminate, and
categorize between distinct laser frequencies. Moreover,
optoception occurred even when optogenetic activation
or silencing of a single cell-type elicited rewarding or aver-
sive interoceptive effects, or whether it promoted feeding
or stopped it. We proposed that mice perceived the inter-
oceptive state or sensation elicited by the optogenetically
activated brain circuit and then learned to use it as a con-
ditioned cue to guide behavior. This aligns well with the
findings of Doty, 1965; who trained monkeys to report
electrical stimulation by pressing a lever to obtain a re-
ward and avoid an electric shock on the leg or tail (Doty,
1965), as well as those of Mazurek and Schieber (2017)
who asked them to discriminate the parameter of intracra-
nial stimulation delivered in premotor cortex (Mazurek and
Schieber, 2017). In both cases, monkeys could detect
when and whereinto the premotor cortex of the stimula-
tion was delivered. Pioneering research using electrical
(Houweling and Brecht, 2008; Fridman et al., 2010) or
optogenetic (Huber et al., 2008) stimulation showed that
rodents could also report a brief stimulation in the soma-
tosensory barrel cortex by inducing an artificial sensory
sensation. Likewise, electrical stimulation of the auditory
thalamus or the visual pathway could serve as a cue to
generate eyeblink conditioning (Campolattaro et al.,
2007; Halverson et al., 2009; Halverson and Freeman,
2010). Our results confirm and further extend these ob-
servations to optogenetic manipulations most often em-
ployed, even in nonsensory cortical or subcortical areas
and through activation or silencing of a single cell type.
Given that the primary goal of optogenetics is to deter-
mine the physiological function (i.e., necessity and suffi-
ciency) of a particular cell type support. This study’s
results revealed an unexpected but important side effect
evoked by the most performed optogenetic perturba-
tions. Thus, special attention should be paid to the unin-
tended perceptual properties induced by optogenetics.
This study proposed that if optogenetic activation is

strong enough to perturb spiking homeostasis, it will in-
duce an interoceptive signal or any sensory/motor dis-
criminative stimulus that would make mice aware of the
brain region that was either activated or silenced opto-
genetically (Berntson and Khalsa, 2021). Alternatively,
recent research found that holographic optogenetic ac-
tivation of ,15 olfactory bulb neurons in synchronicity
(but not asynchronous) is necessary for mice to detect
optogenetic perturbations (Gill et al., 2020). Thus, E/I
imbalance (Prado et al., 2016; Dalgleish et al., 2020) or
synchronicity (Gill et al., 2020) may be important for
perceiving neuronal perturbations.
How humans and mice experience brain manipula-

tions, electrical or optogenetic, is an intriguing question
(Mazurek and Schieber, 2019). Are they experienced as
a natural or artificial stimulus? One can argue that co-ac-
tivation of an arbitrarily large number of neurons rarely

occurs under physiological conditions (with optoge-
netics, this effect is perhaps exacerbated since only one
specific cell type and associated brain circuits are co-ac-
tivated). Thus, it would likely be experienced as artificial
(Huber et al., 2008; Mazurek and Schieber, 2019; Parvizi
et al., 2022). However, more local intracranial microsti-
mulation of the somatosensory cortex (S1) seems to be
experienced more naturally since it could even be substi-
tuted for a natural sensory stimulus (Romo et al., 1998;
Tabot et al., 2013). Of course, those studies could not
rule out some degree of embodiment (Mazurek and
Schieber, 2019). The seminal work of Wilder Penfield re-
vealed that electrical stimulation could induce a “brain-
bow” of effects comprising noticeable movements, urge
to move, somatosensory, visual, or auditory percepts,
skin tingling or numbness, as well as rewarding or aver-
sive effects (Olds, 1956), and even complex emotions
(Penfield and Rasmussen, 1950). However, other in-
stances produced no identifiable effect (Penfield and
Rasmussen, 1950). Based on these results, in our ex-
periments, it would be unlikely that mice felt precisely
the same interoceptive (or any other sensory) sensation
in each optogenetic manipulation assayed herein (Stutz
et al., 1969). What is clear is that all transgenic mice ac-
quired the task. However, some subjects (or stimulation
sites) differed in task performance and required more
sessions to achieve learning, suggesting that not all op-
togenetic manipulations were equally experienced. To
this point, our generalization experiment between two
regions confirmed that the sensation elicited by per-
turbing the NAc did not transfer to the lateral cerebel-
lum (Fig. 8), suggesting that each stimulation most
likely evoked a unique experience. In this regard, mice
could also categorize low and high laser frequencies
delivered into the same brain region (Fig. 5F), reflecting
that different stimulation parameters are also experi-
enced slightly differently. Therefore, different stimula-
tion parameters may also evoke specific sensations. Of
course, our data do not rule out the possibility that
some brain regions, or less intense stimulation parame-
ters, could not be perceived at all (Pan and Dudman,
2021). Nevertheless, our results demonstrate that some
optogenetic manipulations are perceived. Thus, they
may also be a helpful animal model to investigate spe-
cific interoceptive states evoked by various cell types
(Berntson and Khalsa, 2021; Siemian et al., 2021), akin
to the interoceptive conditioning phenomenon (Razran,
1961) elicited by drug-induced body states (Solinas et
al., 2006; Bevins and Besheer, 2014; Ceunen et al.,
2016). Our results also suggest that the rewarding, neu-
tral, or aversive effects induced by optogenetic manipu-
lations are not necessary to experience optoception,
since mice learn to use all three interoceptive states as
a discriminative stimulus (Stutz et al., 1974). We posit
that mice would be aware of most, if not all, optogenetic
brain perturbations, probably using interoception or any
other sensory/motor stimuli evoked by the stimulation.
Our results support the idea that the brain is capable

of “monitoring” its self-activity, perhaps via its evoked in-
teroceptive state or discriminative stimuli, as previously
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suggested but not demonstrated by classic experiments of
volitional control of neural signals proposed by Eberhard
E. Fetz (Fetz, 1969), since these experiments necessarily
require an exteroceptive sensory stimulus (i.e., auditory or
visual) as a feedback cue to learn (Koralek et al., 2012).
The use of optoception also implies that it can be im-

plemented as an independent sensory channel to control
brain-computer interfaces. Prsa et al. (2017) recently
showed that mice could use artificial optogenetic stimu-
lation of the S1 cortex as sensory feedback to accelerate
the control of their M1 neuronal activity (Prsa et al.,
2017), thereby presenting an opportunity for using opto-
ception as a parallel information channel to perform
brain-computer interfaces (Koralek et al., 2012; Yadav et
al., 2021). Our results extend these observations to show
that the cortex or subcortical regions and stimulating or
silencing a single cell type could be used as an additional
sensory channel to introduce information to the brain.
Although our data suggest that mice experienced a

“conscious” perception of optogenetic perturbations, an
intriguing alternative explanation is that optogenetic per-
turbations might induce a Hebbian learning process of a
nonconscious type (Lewicki et al., 1992; Lebedev and
Ossadtchi, 2018), in which repeated paring of optostimu-
lation with the activation (or silencing) of a particular neu-
ronal circuit caused plasticity of synaptic weights and
promoted the unconscious acquisition of information
(Lebedev and Ossadtchi, 2018). Lebedev and Ossadtchi
suggested this possibility as a mechanism for electri-
cal stimulation. Thus, it is possible that Hebbian plas-
ticity also contributed to the emergence and shaping
of the animal’s conscious experiences caused by op-
togenetic stimulation. We quote, “Hebbian associative
learning could eventually result in the emergence of re-
alistic perceptions associated with such stimulation”
(Lebedev and Ossadtchi, 2018). Further studies should
explore whether optogenetic perturbations also elicit
“unconscious” acquisition of information. Our findings
that mice could also report optogenetic manipulations
in the cerebellum, a brain region thought to play a mini-
mal role in consciousness (Tononi and Koch, 2008;
Clausi et al., 2017), support this idea.
Previous studies in the visual cortex suggest that

mice readily detect only spike increments while equiv-
alent decrements on V1 spiking impair performance in
a visual contrast change detection task (Cone et al.,
2020). In contrast, our findings uncovered that mice
could readily perceive GABAergic neurons’ activation
in multiple brain regions, including the silencing (using
ArchT) of LH GABAergic neurons. Our findings are in
agreement with previous studies reporting that “mice
could reliably report optogenetic stimulation of VIP
(vasoactive intestinal peptide) neurons in primary vis-
ual cortex V1 in the absence of a visual stimulus”
(Cone et al., 2019). However, the same authors found
that stimulation of other interneurons, the somatosta-
tin (SST), and parvalbumin (PV) in V1 induced a per-
ceptual impairment of visual information that affected
the detection of visual contrast changes and task per-
formance. Thus, they concluded that “mice could not

learn to detect decrements in V1 spike rate even with
extended practice.” This apparent discrepancy between
Cone’s work and ours might be because they did not di-
rectly explore whether mice could use optogenetic stimu-
lation of SST or PV only as a conditioned cue (Cone et al.,
2020). Alternatively, this could reflect a peculiarity of V1
region where mice could not detect the activation of these
interneurons because they deteriorate the processing of
visual information. Further studies should more carefully
dissect the contribution of optoception from the percep-
tual or cognitive function ascribed to the perturbed brain
circuit (Histed et al., 2013).
The ability to manipulate the activity of genetically de-

fined cell types via optogenetics has been a game-chang-
ing technology in neuroscience (Deisseroth, 2011). Given
that the primary goal of optogenetics is to unveil the func-
tion of a specific cell type, our results highlight the impor-
tance of considering their unintended perceptual effects
in interpreting optogenetic experiments, given that mice
could also learn from brain stimulation per se.
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