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Interchangeable Role of Motor Cortex and Reafference for
the Stable Execution of an Orofacial Action

Michaél A. Elbaz,! Maxime Demers,! David Kleinfeld,>* Christian Ethier,! and Martin Deschénes!'
'CERVO Brain Research Center, Laval University, Québec City, Québec G1J 2G3, Canada, “Departments of Physics, and *Neurobiology, University
of California, San Diego, La Jolla, California 92093

Animals interact with their environment through mechanically active, mobile sensors. The efficient use of these sensory
organs implies the ability to track their position; otherwise, perceptual stability or prehension would be profoundly impeded.
The nervous system may keep track of the position of a sensorimotor organ via two complementary feedback mechanisms—
peripheral reafference (external, sensory feedback) and efference copy (internal feedback). Yet, the potential contributions of
these mechanisms remain largely unexplored. By training male rats to place one of their vibrissae within a predetermined
angular range without contact, a task that depends on knowledge of vibrissa position relative to their face, we found that pe-
ripheral reafference is not required. The presence of motor cortex is not required either, except in the absence of peripheral
reafference to maintain motor stability. Finally, the red nucleus, which receives descending inputs from motor cortex and cer-
ebellum and projects to facial motoneurons, is critically involved in the execution of the vibrissa positioning task. All told,
our results point toward the existence of an internal model that requires either peripheral reafference or motor cortex to

optimally drive voluntary motion.
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How does an animal know where a mechanically active, mobile sensor lies relative to its body? We address this basic question
in sensorimotor integration using the motion of the vibrissae in rats. We show that rats can learn to reliably position their
vibrissae in the absence of sensory feedback or in the absence of motor cortex. Yet, when both sensory feedback and motor
cortex are absent, motor precision is degraded. This suggests the existence of an internal model able to operate in closed- and
open-loop modes, requiring either motor cortex or sensory feedback to maintain motor stability.
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Introduction

Decoding information gathered through moving sensors, the hall-
mark of active sensing, requires keeping track of the position of the
sensors (Connolly and Goodale, 1999; Wolpert and Ghahramani,
2000; Kleinfeld and Deschénes, 2011; Wurtz, 2018). The exploratory
motor action of the vibrissae in rodents instantiates this faculty for
haptic sensation. Indeed, mice and rats can report the location of an
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object in their vibrissa field with great precision (Knutsen et al.,
2006; Mehta et al., 2007; O’Connor et al., 2010), which implies that
they know the position of their vibrissae with respect to their face,
at least during touch (Cheung et al., 2019). Two non-exclusive
mechanisms may account for knowledge of vibrissa position,
namely, internal feedback via efference copy and sensory feedback
via peripheral reafference (Wolpert et al., 1995; Fee et al., 1997;
Wolpert and Ghahramani, 2000). With efference copy, an internal
copy of motor-related neural processes allows the brain to keep
track of the consequences of its motor commands (Crapse and
Sommer, 2008). With reafferent signals, sensory receptors encode
the position of the organ or the kinematics of the ongoing move-
ment (Fee et al., 1997; Severson et al., 2017, 2019). Although previ-
ous studies established that both mechanisms are plausible at
different anatomic levels of the vibrissa system (Hill et al., 2011;
Moore et al., 2015b; Chen et al., 2016; Severson et al., 2017, 2019),
their ethological value remains unknown.

Vibrissa tasks involving touch are not suited for disentangling
the role of efference copy and reafferent signals for two reasons.
First, primary vibrissa afferents multiplex exafferent (touch) and
reafferent (self-motion) signals (Moore et al., 2015b; Gutnisky et
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al.,, 2017; Severson et al.,, 2017, 2019), which makes it essentially
impossible to manipulate reafferent signals without interfering
with exafferent signals. Second, in the somatosensory cortex, a
region that is required to localize objects with vibrissae (O’Connor
et al., 2010; Guo et al., 2014), there is a continuous transformation
of sensory and efference copy signals along sensorimotor loops
(Kleinfeld et al., 1999; Ahissar and Kleinfeld, 2003; Veinante and
Deschénes, 2003; Mao et al., 2011; Petreanu et al., 2012) that blurs
their respective contribution. To circumvent these limitations, we
designed a vibrissa positioning task that implicitly requires knowl-
edge of vibrissa position or a surrogate of position such as muscle
activation. Critically, the task does not involve touch and is con-
ducted in the dark. Thus, the sensory information at play consists
solely of reafferent signals that can be experimentally manipulated
(Fee et al., 1997).

Materials and Methods

The protocol for this study was approved by the Comité de
Protection des Animaux de I'Université Laval. All procedures were
conducted in strict accordance with the Canadian animal care and
use guidelines. All surgical procedures were performed under keta-
mine-xylazine anesthesia.

Animals

Seventeen Long-Evans male rats (Charles River Laboratories), 250-350
g in mass, were used for combined behavioral, neurophysiological, and
anatomic experiments. They were housed in a reverse dark/light cycle in
a facility with controlled temperature and humidity. After a week of daily
handling aimed at getting them habituated to the experimental room
and to the experimenter, they were implanted with a plate for head fixa-
tion, following procedures previously described (Moore et al,, 2015a). A
week after head-plate implantation, the rats were placed under water
restriction. They were head restrained over increased periods of time
and given water concomitantly. After being habituated and comfortable
enough to drink sufficient water while being head restrained (10 ml/100
g body weight/day), we began exposing them to the vibrissa positioning
task (referred to hereafter as “the task”). From that moment on, all their
vibrissae but left C1 (Brecht et al., 1997) were trimmed weekly under
light isoflurane anesthesia to optimize the online detection of the vibrissa
of interest and to prevent tactile contact with any element of the sur-
rounding environment. The choice of C1 was motivated by the relatively
stable dorsoventral level of this vibrissa along its whole retraction-pro-
traction range, which results in an azimuthal motion. Rats were trained
to the task twice a day, with 20 min per session and at least 4 h apart
between both sessions, from Monday to Friday.

Vibrissa positioning task

All behavioral experiments were conducted with head-restrained rats
in a silent and dark room under near infrared illumination (880 nm).
The task was implemented with custom MATLAB (MathWorks)
scripts operating two cameras; one was used as a lickometer to detect
tongue movements and the other to detect vibrissa position with
respect to the head anteroposterior axis, that is, monitoring the abso-
lute vibrissa angle.

Task trials were self-initiated by the rat when its C1 vibrissa was
detected in the go zone (70-90° with respect to the head axis; Fig. 1a).
Trial onset was accompanied by an auditory cue (4kHz, 300 ms), from
which the rat had 10 s to position its vibrissa in the reward zone (100-
130°) and maintain the positioning for a given required hold time. Over
training, the required hold time increased from 10ms up to 1 s (for one
animal, up to 2 s) in an adaptive fashion that depended on the success
rate of previous active trials. An active trial is defined as a trial during
which the vibrissa went 5° beyond the upper limit of the go zone, that is,
beyond 95°. When the mean success rate of the 50 past active trials
reached 50%, the hold time was increased by 5% of its previous value, up
to the expert level value (1 s or for one animal, 2 s). At the end of each
trial, a 1 or 8kHz auditory signal (300 ms), respectively, indicated
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whether the trial was successful or unsuccessful. In case of success, a
pump was activated to deliver 75 pl of water. After a successful trial, a
pause of variable duration (5-8 s), during which it was not possible
to initiate another trial, allowed animals to lick the delivered water
without interfering with the task. After an unsuccessful trial, there
was a 1 s pause to prevent the juxtaposition of trials in case the
vibrissa was in the go zone when the failed trial ended. Distinct audio
sounds were then played to announce the end of the failed trial and
the onset of the following trial, respectively. Rats that did not reach a
hold time higher than 200 ms within a training period of 4 weeks
were excluded from this study.

Adaptation protocols

With the first adaptation protocol, when the mean success rate of the 50
past active trials reached 50%, the upper limit of the reward zone, ini-
tially at 130°, was lowered by 1° increments, down to a minimum of
110°.

With the second adaptation protocol, each rat was tested for at least
two sessions for each of two reward zones (100-110° and 105-115°)
alternatively (e.g., session 1, 100-110°% session 2, 105-115°% session 3,
100-110°, etc.).

Deafferentation

On the side of the tracked vibrissa (left), we transected the infraorbital
(sensory) branch of the infraorbital nerve at its entrance in the orbit
(Berg and Kleinfeld, 2003). On the opposite side (right), we transected
the branches of the facial motor nerve innervating the musculature of
the mystacial pad (namely, the buccal and marginal branches; Fee et al.,
1997; Henstrom et al., 2012). Thus, the mystacial pad did not convey any
information related to self-motion. We favored these manipulations
over transecting the infraorbital nerve on both sides to circumvent dual
deficits of the whole face, which include impediment to eating (Jacquin
and Zeigler, 1983). Four days after deafferentation, rats were re-exposed
to the task. The effectiveness of the facial nerve lesion was assessed by
the absence of vibrissa movement on the corresponding side (see Movie 2).
The effectiveness of the infraorbital nerve lesion was assessed, after be-
havioral experiments were completed, by the absence of an evoked local
field potential in the ventral posteromedial nucleus of the thalamus on
electrical stimulation of the mystacial pad (see Fig. 5¢). The recording
site was labeled by an iontophoretic injection of Chicago Sky Blue
(Sigma-Aldrich). Thereafter the rat was perfused, and brain tissue was
processed for histology.

Cortical lesion

The vibrissa motor cortex was unilaterally or bilaterally lesioned by the
application, over the pia mater, of a small crystal of silver nitrate, a
strong cauterizing agent (Lavallée et al., 2005; centered 2 mm on the
anteroposterior axis and 2 mm on the mediolateral axis with respect to
the bregma). In case of unilateral lesion, the cortex contralateral to the
tracked vibrissa was lesioned. The crystal was left in place for 5min to
allow diffusion of the chemical to the deep layers. Then the cortex was
abundantly rinsed with saline and aspirated. At the end of the behav-
ioral experiments, the rat was perfused, and brain tissue was cut at
60 um on a freezing microtome. Sections were immunoreacted with a
rabbit anti-NeuN antibody (Invitrogen) and an anti-rabbit antibody
conjugated to Alexa Fluor 594 (Thermo-Fisher Scientific). Images of
the cortical lesion were acquired using a slide scanner (Huron Digital
Pathology).

Chemogenetic transient inactivation

Inhibitory designer receptors exclusively activated by designer drugs
(DREADD) were expressed in rubrofacial neurons via dual viral
injections (100 nl each); adeno-associated virus (AAV)-hSyn-DIO-
hM4D(Gi)-mCherry (catalog #44362, Addgene) was injected in the
right parvocellular red nucleus and retrogradeAAV-hSyn.Cre. WPRE.
hGH (catalog #105553, Addgene) was injected in the lateral sector
of the left facial nucleus, which contains the vibrissa motoneurons
(Deschénes et al., 2016). To target injections in the facial nucleus,
we first used microstimulation to elicit vibrissa deflection (Herfst
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Figure 1.

Intact animals can learn the vibrissa positioning task. a, Scheme of the vibrissa positioning task. Rats are trained to move their vibrissa from a retracted zone

(Go zone) to a protracted zone (Reward zone) and maintain their vibrissa within the reward zone for a given duration (required hold time). The required hold time adaptively
increases over training sessions. b, Sequence execution of the task by a naive rat (required hold time, 10 ms). ¢, Sequence execution of the task by a learning rat (required
hold time, 400 ms). d, Sequence execution of the task by an expert rat (required hold time, 1's5). e, Mean vibrissa position at trial initiation over learning (mean = 95% con-
fidence interval; data from a representative intact rat; left, 2323 trials; right, 542 trials). f, Mean vibrissa position over successful holds in the reward zone over learning
(mean = 95% confidence interval; data from a representative rat; left, 1819 trials; right, 456 trials). g, Median latency between trial onset and first hold in the reward zone
for at least 50 ms over learning (each color represents a specific rat; mixed-effect linear regression, p = 0.016). h, Mean vibrissa angle during intertrials over learning (each
color represents a specific rat; mixed-effect linear regression, p = 6.1 * 107°). i, Fraction of events which include licking, in intact expert rats (required hold time, 1 s;
reward zone, 100-130°% each color represents a specific rat; mixed-effect logistic regressions, all trials vs postfailure intertrials, p = 1.7 * 107%"; postfailure intertrials vs
postsuccess intertrials, p = 4.4 * 10~""°). Licks occurring during trials and postfailure intertrials are false alarm licks. j, Relationship between vibrissa angle during intertrials
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and Brecht, 2008). Thereafter, the virus was injected at the very
same location. The red nucleus was located by stereotaxy (1 mm
lateral to the midline, 5.5 mm behind the bregma, 6.5 mm below
the dura).

After the viral injections, the craniotomies were covered with a sili-
cone sealant (Kwik-Cast), and a head plate was fixed to the skull.
Inactivation experiments were conducted at least 4 weeks after the viral
injections.

To inactivate neurons expressing DREADD, clozapine N-oxide
(CNO) dihydrochloride (Tocris Bioscience) was intraperitoneally
injected (2mg/kg) 1 h before the behavioral test. The exact same
procedure was used for rats that did not express DREADD (SHAM
group).

When all the behavioral sessions were completed, the animals
were perfused, and brains were processed for histology. Images of
the red nucleus and brainstem were acquired using a confocal
microscope (Zeiss).

Data analysis

Statistical analyses. All data analyses were conducted under
MATLAB (MathWorks). Figures for groups of animals (see Figs. 6c,
9e) are the result of pooled analyses, in which the contribution of
each animal to the final measures is equivalent. All plus-minus (*)
intervals, error bars, and shaded plot areas correspond to 95% confi-
dence intervals, obtained through bootstrapping. The statistical tests
used are linear and logistic mixed-effect models, chi-square tests,
permutation tests, and likelihood-ratio tests.

Licking learning. To evaluate learning of the vibrissa positioning
task, vibrissa data were analyzed only after rats had learned to lick
reliably on water delivery, that is, after the reward could be tightly
associated with a preceding action. The trial from which a rat is con-
sidered to lick reliably is defined as the first trial preceded by at least
80% licking occurrence in the first 2 s of the previous 250 postreward
pauses. Reliable licking on reward delivery was achieved after 603 =
191 rewards (mean * 95% CI).

Task learning. As per our behavioral protocol, trial completion and
reward delivery occurred as soon as rats maintained their vibrissa in the
reward zone for the required hold time. As the required hold time
increased over learning, a direct comparison of the vibrissa position over
entire trials at different stages of learning is not possible. To compute the
latency between trial onset and first hold in the reward zone of a dura-
tion of >50 ms, we excluded trials whose required hold time was lower
than 50 ms. In contrast, periods between trials, that is, intertrials, are
similar over learning; they all end as soon as the vibrissa reaches the go
zone, provided that the intertrial pause has elapsed. Thus, vibrissa posi-
tion during intertrials can be compared over learning. In analyses of
intertrials, pauses following successful trials dedicated to licking were
excluded from the analyses. For analyzing the evolution of the intertrial
angle over learning, the angular mean of each intertrial was computed
and retained as one observation.

Attempted trials. Attempted trials are trials during which the
vibrissa was held in the reward zone for at least 50 ms continu-
ously. At the expert level (required hold time, 1 s), empirical cu-
mulative distributions of the maximum hold times in the reward
zone and vibrissa angle density distribution were computed from
attempted trials.

False alarm licks. These are licks that occur either during trials or
during postfailure intertrials, that is, with no relation to water delivery.
During any given trial, a false lick does not interrupt the ongoing trial
and, therefore, does not imply failure at the trial in question. The frac-
tion of events including licking was compared across the three types of

«—

and success in subsequent trials in expert rats (required hold time, 1 s; reward
zone, 100-130°; each color represents a specific rat; mixed-effect logistic regres-
sion, p = 1.5 * 1072%). *p < 0.05.
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reward delivery

Movie 1.  Execution of the vibrissa positioning task by an intact expert rat. [View online]
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Infraorbital (sensory) nerve lesioned on the left side

Movie 2.  Lesion of the facial motor nerve lesion results in motor paralysis. [View online]
events of our task—trials, postsuccess intertrials, and postfailure
intertrials. The onset of these three events is accompanied by a spe-
cific 300-ms-long audio cue. To control for the possibility that any
of these three audio cues may induce licking via a reflex response,
we computed how often licking occurred only from 2 to 3 s after
any of the cues was played (if an event was lasting <3 s, it was dis-
carded; Fig. 11).

Influence of success history on current performance. We investigated
the relationship between past success and current performance by using
mixed-effect logistic regression models on multiple series of consecutive
trials during each of which rats held their vibrissa in the reward zone for
at least 400 ms. Each series contained at least 10 trials. The models used
past successes as predictors and current success as the response variable.
Starting with a null model that included only the intercept and subject-
related random effects, we iteratively added one additional trial far-
ther back in the past to the list of predictors in each subsequent
iteration. We compared the nested and full models, containing n-1
and n trials in the past, at each iteration using a likelihood-ratio
test. The algorithm was interrupted as soon as adding an additional
trial farther back in the past no longer significantly improved the
model.

Recovery after deafferentation. The session from which rats were
considered to have recovered from deafferentation was the first of the
three consecutive sessions following deafferentation whose pooled suc-
cess rate was not statistically lower than the pooled success rate of the
last three sessions preceding deafferentation (chi-square test, p > 0.05).
All subsequent analyses aimed at comparing steady-state execution
before and after deafferentation were conducted with the postrecovery
data.

Spectral analyses. Spectral analyses were conducted using multitaper
estimates (Kleinfeld and Mitra, 2014) as implemented in the Chronux
MATLAB toolbox (Bokil et al., 2010). Following a procedure previously
described (Hill et al., 2011), whisking bouts were detected using spectro-
grams, and whisking parameters, that is, set point, amplitude and phase,
were extracted using the Hilbert transform (Hill et al., 2011; Moore et
al,, 2013).
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Results

The vibrissa positioning task

Head-restrained rats were trained to move their left C1
vibrissa (Brecht et al., 1997) from a retracted position (70-
90° with respect to the anteroposterior axis), denoted the go
zone, to a protracted position (100-130°), denoted the
reward zone (Fig. la-d; Movie 1). Once rats self-initiated
trials by positioning their vibrissa in the go zone, they were
allowed a maximum of 10 s to reach and hold their vibrissa
within the reward zone for a given required hold time. The
required hold time adaptively increased over learning, from
10 ms initially to 1 s at the expert level (and for one animal
of our 17 expert rats, up to 2 s). Once rats reached the
expert level, the hold time was fixed, and the effect of exper-
imental manipulations was assessed. At no point in the
training could the rats use touch or vision to estimate
vibrissa position.

Intact rats can learn the vibrissa positioning task

Naive rats tended to maintain their vibrissa within the go
zone and, given the short initial required hold time (10 ms),
could succeed through brief forward twitches into the reward
zone (Fig. 1b,e,f). Over learning (3760 * 1236 trials on aver-
age to reach the expert criterion for 10 intact rats; Fig. 2),
rats reached and maintained their vibrissa in the reward zone
more swiftly following trial onset (Fig. 1g; mixed-effect linear
regression, p < 0.05). They displayed an increasing trend to
protract, including during intertrials (Fig. 1c-e; 1h; mixed-
effect linear regression, p << 0.01). Ultimately, contrary to naive
rats, experts started most trials via backward twitches toward the
go zone (Fig. 1d-e; Movie 1).

The increased protraction expert rats displayed during inter-
trials may either be the consequence of an effective strategy to
succeed or of the incapacity to distinguish between trials and
intertrials. We invalidated the latter hypothesis by showing
that the likelihood of false alarm licks is higher during trials
during postfailure intertrials (Fig. 1i; mixed-effect logistic
regression, p < 0.01), a probable mark of the higher expecta-
tion of receiving a reward once trials have started.
Interestingly, the larger the vibrissa angle during an inter-
trial, the higher the likelihood of succeeding in the subse-
quent trial (Fig. 1j; mixed-effect linear regression, p <
0.01). This observation may be used to shed light on the
strategy of the rats during the task; do they dynamically rely
on recent success history to maintain their vibrissa in loca-
tions that were proven successful? To test this possibility,
we ran logistic regression models predicting success at any
given trial, based on the success history of previous trials.
Importantly, only series of consecutive trials during which
rats were actively protracting (each trial containing at least
one hold of at least 400 ms in the reward zone) were included to
rule out dependencies due to within-session fluctuations in, for
example, motivation. Considering up to three trials in the past
significantly improves the prediction of success on the present
trial (likelihood ratio test, p < 0.05). This clustering of successes
in time suggests angular adjustments within and close to the
reward zone that deploy and are maintained within series of con-
secutive trials.

We next considered the extent of adaptability of the motor
control for this task. We submitted expert rats to two adaptation
protocols, with all experiments conducted at the expert required
hold time criterion (1 s).
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Adaptation protocol 1

With the first adaptation protocol, the upper limit of the
reward zone, initially 130°, was progressively lowered as a
function of the performance of the animal, down to 110°
(Fig. 3a). We evaluated whether rats became better at suc-
ceeding with a 100-110° reward zone criterion when they
had de facto been trained at 100-110° compared with when
they had de facto been trained at 100-130°. In case of effective
adaptation, one would expect a higher success rate at 100-110°
when animals were de facto trained at this reward zone. Yet,
this comparison requires an important control to be unbiased.
We reprocessed the trials de facto collected within the 100-110°
criterion to trim those that would have been successful under the
100-130° criterion because, during the actual task, success inter-
rupted any ongoing trial. The period of the trials posterior to
the trimming time, that is, posterior to the end of the first
successful hold at 100-130°, was further disregarded from
the analysis. Then, we determined the success rate at 100—
110° for these trials. We also reprocessed the trials de facto
trained at 100-130° to determine what the success rate would
have been under the 100-110° criterion. Both these simulated
success rates at 100-110° can then be unbiasedly compared. A
side effect of our control procedure is that it reduces the
amount of vibrissa data available for the simulations, which
decreases the simulated success rates and underestimates the
performance of the animals by inflating false negatives. Yet,
this conservative procedure is essential and allows for statisti-
cal comparisons. All intact expert rats displayed a higher suc-
cess rate at the 100-110° criterion when they were de facto
trained at 100-110° rather than at 100-130° (Fig. 3b). This
finding is consistent with effective adaptation to a narrow
reward zone.

Adaptation protocol 2

Once rats reached a 100-110° reward zone through the first ad-
aptation protocol, they were exposed to a second adaptation pro-
tocol whereby both upper and lower limits of the reward zone
were moved across successive sessions in such a way that the
width of the reward zone remained equal to 10°. Specifically,
each expert rat was alternatively exposed to two reward zones
(one per session), 100-110° and 105-115° (Fig. 4a). We com-
pared the success rate for trials actually trained at 105-115° with
the simulated success rate for the same trials if the animals had
been trained at 100-110°. Similarly, we compared the success


https://doi.org/10.1523/JNEUROSCI.2089-22.2023.video.1
https://doi.org/10.1523/JNEUROSCI.2089-22.2023.video.1

6 + J. Neurosci., 0,2023 - 00(00):000

a

Reward zone: 100-130°

Elbazetal. e Stable Orofacial Control via Cortex or Reafference

Adaptation protocol n°1: lowering reward zone’s upper limit

Reward zone: 100-110°

b
Rat 1: intact Rat 2: intact Rat 3: deafferented
S 09 X 06 x 0.3 X
=)
S 07 05 0.25
®
% 04 0.2
o 05 ‘
3 0.15
§ 0.3
®» 0.3 0.1

100-130° 100-110°
Reward zone limits
during actual training

Figure 3.
#1075 rat 2,p =0.019; rat 3, p = 0.0060). *p << 0.05.

rate for trials actually trained at 100-110° with the simulated suc-
cess rate for the same trials if the rats had been trained at 105-
115°. This analysis controls for the possibility that rats merely
progressively protracted (or retracted) their vibrissa to succeed
in trials independently of the reward zone, which would be a way
to succeed with either reward zone without adapting. One of the
two intact expert rats subjected to this protocol successfully
adapted to both reward zones, whereas the other gave up
when exposed to 105-115° as shown by a relative retraction of
its vibrissa position when exposed to this more protracted
reward zone (Fig. 4b,c¢).

In summary, the vibrissa positioning task exhibits fine volun-
tary motor control of the vibrissa position.

Vibrissa sensory feedback is neither required to learn nor to
execute the task
Do rats require sensory feedback to finely move their vibris-
sae? This is physiologically plausible as vibrissa reafferent
signals, encoded by mechanoreceptor afferents (Wallach et
al., 2016; Severson et al., 2017; Severson et al., 2019), are
present in the rodent brainstem (Zucker and Welker, 1969;
Moore et al., 2015b; Wallach et al., 2016), thalamus (Yu et
al., 2006; Moore et al., 2015b; Urbain et al., 2015; Gutnisky
et al.,, 2017), sensory cortex (Fee et al., 1997; Curtis and
Kleinfeld, 2009; Ranganathan et al., 2018; Cheung et al.,
2019; Isett and Feldman, 2020), motor cortex (Kleinfeld et
al., 2002), and cerebellum (O’Connor et al., 2002; Chen et
al., 2016).

To test the requirement of sensory feedback to learn the task,
we deafferented rats before their first training session, taking

100-130° 100-110°
Reward zone limits
during actual training

100-130° 100-110°
Reward zone limits
during actual training

First adaptation protocol. a, Scheme of the first adaptation protocol. b, Task performance for three expert rats (each color represents a specific rat; chi-square tests, rat 1, p = 4.0

advantage of the separation of the vibrissa sensory and motor
nerves (Fee et al., 1997; Fig. 5a-c; Movie 2). Deafferented rats
displayed the same signs of learning as intact rats and reached
the expert level with quasi-maximum performance to the task
(Fig. 5d-g; for three rats).

To test the requirement of sensory feedback to execute the
task once learned, we deafferented expert rats. All deafferented
rats regained their prelesion success rate within a few experimen-
tal sessions (three rats after seven to nine sessions; Fig. 6a).
Deafferentation did not change the vibrissa mean angle during
trials (Fig. 6b; mixed-effect linear regression, p = 0.34), nor
change the across-trial variability during the expert holds (Fig.
6¢,d; permutation test, p = 0.58). Finally, one expert rat that was
deafferented after learning was exposed to the two adaptation
protocols previously described to which it adapted successfully
(Figs. 3D, 4b,c).

All told, the vibrissa sensory feedback is neither required for
learning nor for executing the vibrissa positioning task. This
implies that rats can finely control their vibrissa position via an
open-loop controller.

Motor cortex is neither required to learn nor to execute the
task

As the vibrissa position can be decoded from the vibrissa motor
cortex (Kleinfeld et al., 2002; Hill et al., 2011; Friedman et al,,
2012; Sreenivasan et al., 2016; Ebbesen et al., 2017) both in the
presence and in the absence of sensory feedback (Hill et al.,
2011), we tested the requirement of motor cortex in the
task, before and after deafferentation. We ablated the
motor cortex of naive rats (Fig. 7a) and initiated training
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Figure 4.

Second adaptation protocol. a, Scheme of the second adaptation protocol. b, Task performance for the same three expert rats as in Figure 3 [color/rat associations are the same as

in Fig. 3; chi-square tests, rat 1, p = 8.1 * 102 (left), 3.0 * 10~ (right); rat 2, p = 3.5 * 10~ (left), 0.14 (right); rat 3, p = 5.4 * 107> (left), 8.8 * 10~ (right)]. ¢, Density distribution
of the mean vibrissa position over the last second of each trial (color/rat associations are the same as in Fig. 4b; rat 1, 100-110°, 341 trials; 105-115°, 140 trials; rat 2, 100-110°, 136 trials;
105-115°, 235 trials; rat 3, 100-110°, 641 trials; 105—115°, 479 trials). *p << 0.05; n.s. denotes p > 0.05.

to the task. Decorticated rats displayed the same signs of
learning as intact rats and reached the expert level (Figs.
7b-d, 8a; for four rats), with comparable execution reli-
ability as intact rats (Figs. 6d, 8d). We conclude that the
motor cortex is neither required for learning nor for exe-
cuting the vibrissa positioning task in the presence of sen-
sory feedback.

Absent motor cortex, sensory feedback is required for
vibrissa stability

To test the requirement of vibrissa motor cortex in the absence
of sensory feedback, we deafferented our decorticated expert
rats. All deafferented decorticated rats recovered their pre-deaf-
ferentation success rate (4 rats after 7-11 sessions; Fig. 8a).
Yet, surprisingly, deafferentation of decorticated rats led to a
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Figure 5.  Sensory feedback is not required to leam the task. a, Scheme of the deafferentation procedure. The infraorbital nerve is transected on the side of the tracked vibrissa; the buccal and marginal
branches of the facial nerve are transected on the opposite side. b, Pictures of the infraorbital nerve, before and after transection (data from a representative rat). ¢, Left, Post hoc assessment of the effec-
tiveness of the infraorbital nerve lesion through bilateral local field potential recording in the vibrissa ventral posteromedial nucleus (VPM) of the thalamus, during electrical stimulation of pad muscles
(data from a representative rat). Right, Fluorescent (Chicago Sky Blue) red spot in the VPM, iontophoretically injected at the end of the local field potential recording contralaterally to the infraorbital lesion.
VPL, Ventral posterolateral nucleus of the thalamus; PO, posterior nucleus of the thalamus; nRT, reticular nucleus of the thalamus. d, Mean vibrissa position over successful holds in the reward zone over
learning (mean == 95% confidence interval; data from a representative rat; top, 312 trials; bottom, 670 trials). e, Median latency between trial onset and first hold in the reward zone for at least 50 ms
over leaming (ach color represents a specific rat; mixed-effect linear regression, p = 4.1* 10~ ™). f. Mean vibrissa angle during intertrials over leaming (each color represents a specific rat; mixed-effect
linear regression, p = 2.4*10~*). g, Empirical cumulative distribution of the maximum hold times in the reward zone across trials in three expert rats deafferented before leaming (each color represents

a specific rat; required hold time, 1's; reward zone, 100-130°). *p << 0.05.

permanent motor precision deficit that did not occur in rats
with intact cortex; the variability of the vibrissa angle
increased across trials (Fig. 8b; permutation test, p < 0.01),
including across successful expert holds (Fig. 8¢,d; permu-
tation test, p < 0.01).

We conclude that in the absence of motor cortex and sensory
feedback, rats are still able to perform the task, but they perform it
with diminished motor reliability. These results indicate that in the
absence of motor cortex, sensory feedback plays a noncompensable
role in the ability to stabilize motor output.
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Figure 6.  Sensory feedback is not required to execute the task. a, Empirical cumulative distribution of the maximum hold times in the reward zone across trials, before and after deafferenta-
tion, in three expert rats [each color represents a specific rat; required hold time, 1's (left) or 2 s (right); reward zone, 100~130°]. b, Vibrissa angle distribution over trials, before and after deaf-
ferentation, for three expert rats [color/rat associations are the same as in Fig. 6a; required hold time, 1 s (left and middle) or 2 s (right); reward zone, 100—130°% rat 1 (blue) afferented, 994
trials; deafferented, 442 trials; rat 2 (red) afferented, 462 trials; deafferented, 265 trials; rat 3 (green) afferented, 809 trials; deafferented, 579 trials]. ¢, Histograms of the vibrissa position during
successful holds, before and after deafferentation, as the pooled mean across two expert rats (required hold time, 1's; reward zone, 100—130°; top, 688 trials; bottom, 398 trials). The color bar
denotes the probability of presence. d, Angular SD across successful holds, before and after deafferentation, for three expert rats [SD = 95% confidence interval; color/rat associations are the
same as in Fig. 6a; required hold time, 1 s (top) or 2 s (bottom); reward zone, 100—130° permutation test, p = 0.58; rat 1 (blue) afferented, 437 trials; deafferented, 262 trials; rat 2 (red)
afferented, 251 trials; deafferented, 136 trials; rat 3 (green) afferented, 569 trials; deafferented, 388 trials].

Inactivation of the rubrofacial pathway disrupts
performance

interest. First, it receives inputs from motor cortex and cerebel-
lum (Daniel et al., 1987; Hattox et al., 2002; Pacheco-Calderon et

Amid the numerous premotor nuclei controlling vibrissa moto-  al., 2012), which both anticipate vibrissa position (Hill et al,
neurons (Isokawa-Akesson and Komisaruk, 1987; Hattox et al., ~ 2011; Chen et al., 2016). Second, it has access to vibrissa sensory
2002; Takatoh et al., 2013; Sreenivasan et al., 2015; McElvain et  information via direct projections from the trigeminal sensory
al., 2018), the parvocellular part of the red nucleus is of particular ~ nuclei (Godefroy et al., 1998; Elbaz et al., 2022). Thus, inputs



10 - J. Neurosci., 0,2023 - 00(00):000

to the red nucleus make it a potential in- 4
tegrator of efferent and reafferent signals.

We examined the involvement of the
rubrofacial pathway by expressing an in-
hibitory DREADD (Zhu and Roth, 2014)
in rubral neurons that project to the facial
motor nucleus, which drives movement of
the vibrissae (Figs. 9a, 10). This expression
allowed for the conditional inactivation
of rubrofacial neurons throughout the entire
duration of test sessions, following intra-
peritoneal injection of CNO. To account
for potential endogenous effects of CNO
(Gomez et al., 2017; Mahler and Aston-
Jones, 2018; Manvich et al., 2018), the
effects of CNO were compared between
expert rats expressing DREADD and expert
rats not expressing DREADD (three sub-
jects in each group). Inactivation of the |
red nucleus decreased the proportion
of attempted trials (Fig. 9b; mixed-effect
logistic regression, interaction effect
DREADD:CNO, p < 0.01) and increased
the latency of attempts (Fig. 9¢; mixed-
effect logistic regression, interaction effect 80,4
DREADD:CNO, p < 0.01). It dramati-
cally impaired the ability of rats to main-
tain their vibrissa in the reward zone (Fig.
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(permutation test, p < 0.05). This higher
retraction was also observed during rhyth-
mic, whisking movements of the vibrissa
(Welker, 1964; Hill et al, 2011; Fig. 9f;
mixed-effect linear regression on whisk-
ing set point, interaction effect DREADD:
CNO, p < 0.05). This suggests the exis-
tence of a regulatory mechanism for set
point independent of whisking, an idea
consistent with the persistence of set
point control after lesion or inactivation
of the whisking oscillator (Kleinfeld et
al., 2014; Takatoh et al., 2022).

These results indicate that the rubrofa-
cial pathway is critically involved in the initiation and execution
of the vibrissa positioning task. They further suggest the involve-
ment of the red nucleus as part of the motor controller.

Figure 7.

Discussion

We aimed to identify the mechanisms whereby rats can keep
track of the position of their moving vibrissae (Kleinfeld and
Deschénes, 2011; Cheung et al., 2019). Toward this goal, we
trained rats to perform a vibrissa positioning task without the
possibility of contact. Our experimental model allowed us to dis-
entangle internal (efference copy) components from external
(reafference based) ones during the execution of a fine motor

[0.05-0.1][0.95-1] [0.05-0.1] [0.95-1]
Required hold
time interval (s)

[0.05-0.1] [0.95-1]
Required hold
time interval (s)

[0.05-0.1] [0.95-1]
Required hold
time interval (s)

Required hold
time interval (s)

Motor cortex is not required to leam the task. a, Scheme and fluorescent microscopy image of unilateral and
bilateral motor cortical lesions (coronal sections). The tissue was counterstained with a generic neuronal biomarker (anti-
NeuN antibodies). b, Mean vibrissa position over successful holds in the reward zone over leaming (mean = 95% confidence
interval; data from a representative rat with bilateral cortical lesion; left, 998 trials; right, 588 trials). ¢, Median latency
between trial onset and first hold in the reward zone for at least 50 ms over leaming (each color represents a specific rat
(left, unilateral cortical lesion; right, bilateral cortical lesion; mixed-effect linear regression, left, p = 0.023; right, p =
0.037). d, Mean vibrissa angle during intertrials over learning (each color represents a specific rat; left, unilateral cortical
lesion; right, bilateral cortical lesion; mixed-effect linear regression, left, p = 3.8 * 10~* right, p = 0.036). *p << 0.05.

action. We accomplished this by exploiting an anatomic advant-
age of the vibrissa system, which enables vibrissa afference to be
manipulated independently of the motor drive (Fee et al,
1997), and the specificity of our touch-free task, for which deaf-
ferentation of animals is strictly akin to abolishing peripheral
reafference. Three conclusions emerged from our findings.
First, rats can reliably and accurately control the position of
their vibrissa independently of touch (Fig. 1) and, critically, af-
ter deafferentation (Figs. 5, 6). These results imply the existence
of an open-loop internal representation for the vibrissa position
in the nervous system, precisely mapped with corresponding
motor commands. Second, rats whose motor cortex was ablated
learned the task (Fig. 7). Deafferentation decreased the reliabil-
ity of motor control in decorticated rats but not in rats with an
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Motor cortex is required for motor stability in case of deafferentation. a, Empirical cumulative distribution of the maximum hold times in the reward zone across trials in four

decorticated rats, before and after deafferentation (each color represents a specific rat; required hold time, 1 s; reward zone, 100—130°). b, Vibrissa angle distribution over trials, before and af-
ter deafferentation, for four expert rats with a cortical lesion [color/rat associations are the same as in Fig. 8a; required hold time, 1 s; reward zone, 100—130° rat 1 (blue), afferented, 270 tri-
als; deafferented, 710 trials; rat 2 (red), afferented, 584 trials; deafferented, 347 trials; rat 3 (green), afferented, 650 trials; deafferented, 275 trials; rat 4 (yellow), afferented, 661 trials;
deafferented, 414 trials]. ¢, Histograms of the vibrissa position during 1 s successful holds in bilaterally decorticated rats, before and after deafferentation, as the pooled mean across two expert
rats (required hold time, 1 s; reward zone, 100—130° top, 1121 trials; bottom, 620 trials). The color bar denotes the probability of presence. d, Angular SD across 1 s successful holds, before
and after deafferentation, for four expert rats with a cortical lesion [SD == 95% confidence interval; color/rat associations are the same as in Fig, 8a; required hold time, 1 s; reward zone, 100—
130° permutation test, p = 0.008; rat 1 (blue), afferented, 173 trials; deafferented, 419 trials; rat 2 (red), afferented, 356 trials; deafferented, 212 trials; rat 3 (green), afferented, 533 trials;

deafferented, 247 trials; rat 4 (yellow), afferented, 588 trials; deafferented, 373 trials].

intact brain (Fig. 8). This implies that reafferent signals and
motor cortex are interchangeably required for stabilizing motor
output. Finally, inactivation of rubrofacial neurons drastically
impeded the performance of the rats (Fig. 9). This suggests that
the red nucleus is the locus or at least a relay of the motor
controller.

Contrary to permanent lesion of motor cortex or peripheral
afferents, transient inactivation of rubrofacial neurons signifi-
cantly impaired the success rate of the task. Two reasons may
contribute to explaining this difference in effect. First, previous
reports demonstrated that transient inactivation of a given brain

region can cause deficits that lesion of even the same brain region
does not cause (Otchy et al., 2015; Wolff and Olveczky, 2018;
Vaidya et al,, 2019). This is understandable because a lesion
assesses requirement given that compensatory mechanisms can
be at play, whereas a transient manipulation is most likely to test
normal physiological involvement in the absence of compensa-
tory mechanisms (but see Fetsch et al., 2018, demonstrating fast
compensatory mechanisms unfolding in the space of single be-
havioral sessions). Second, inactivating the red nucleus is akin to
concomitantly disrupting both cortical and cerebellar inputs
conveyed through the red nucleus (Pacheco-Calderén et al.,
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Figure 9. Inactivation of the rubrofacial pathway disrupts performance. a, Fluorescent microscopy image of the parvocellular red nucleus (coronal section), whose neurons express an inhibi-
tory DREADD and a red fluorescent protein. ML, Medial lemniscus; PAG, periaqueductal gray; RMC, red magnocellular nucleus; RPC, red parvocellular nucleus; SNR, substantia nigra pars reticu-
lata. b, Fraction of attempted trials, in DREADD and SHAM groups, before and after CNO administration. Each group includes three expert animals (each color represents a specific rat; required
hold time, 1 s; reward zone, 100—-130°; mixed-effect logistic regression, p = 0.0032). ¢, Median latency between trial onset and first hold in the reward zone for at least 50 ms, in DREADD
and SHAM groups, before and after CNO administration. Each group includes three expert animals (each color represents a specific rat; required hold time, 1s; reward zone, 100-130° mixed-
effect linear regression, p = 0.0029). d, Empirical cumulative distribution of the maximum hold times in the reward zone across trials in DREADD and SHAM groups, before and after CNO
administration. Each group includes three expert animals (each color represents a specific rat; required hold time, 1 s; reward zone, 100—130°; mixed-effect logistic regression on success rates,
interaction effect DREADD:CNO, p = 1.1* 10°). e, Vibrissa angle distribution over trials excluding whisking, in DREADD and SHAM groups, before and after CNO administration, as the pooled
mean across rats. Each group includes three expert animals (required hold time, 1 s; reward zone, 100—130°; mixed-effect linear regression interaction effect DREADD:CNO, p = 0.0091; left, no
(NO, 1698 trials; CNO, 877 trials; right, no CNO, 1703 trials; CNO, 699 trials). f, Vibrissa angle distribution over trials during whisking, in DREADD and SHAM groups, before and after CNO admin-
istration, as the pooled mean across rats. Each group includes three expert animals (required hold time, 1 s; reward zone, 100—130° mixed-effect linear regression on whisking set point, inter-
action effect DREADD:CNO, p = 0.039; left, no CNO, 1903 whisking fragments; CNO, 911 whisking fragments; right, no CNO, 2361 whisking fragments; CNO, 1980 whisking fragments).
g, Hypothetical circuit diagram of inputs and outputs of rubrofacial neurons. DCN, Deep cerebellar nuclei; Facial N, facial nucleus; LRN, lateral reticular nucleus; Red N, red nucleus. *p << 0.05.
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Rubro-facial collaterals

Figure 10.
press a red fluorescent protein and an inhibitory DREADD.

2012), which our lesions do not reproduce. Thus, our results are
consistent with at least partial dependence of cortical and/or cer-
ebellar involvement on the rubral pathway.

Both motor cortex and cerebellum anticipate vibrissa position
(Hill et al., 2011; Chen et al., 2016), indicating that they are part
of a common network. We suspect that in intact rats rubrofacial
neurons are under the joint command of both the motor cortex
and the cerebellum, whereas in the absence of the motor cortex,
the cerebellum is still modulating the red nucleus, contributing
to the capacity to still perform the task. This possibility is made
plausible by the fact that the vibrissa cerebellar cortex encodes
vibrissa movement before movement occurs, even when the
motor cortex is inactivated (Chen et al., 2016) and may result in
cerebello-rubral synaptic sprouting. The reciprocal phenom-
enon, cortico-rubral sprouting, has been observed at the level of
the rubrospinal pathway following cerebellar lesion (Tsukahara,
1974; Murakami et al.,, 1976). Interestingly, our viral labeling

Rubrofacial collaterals. Axonal collaterals of rubrofacial neurons revealed by fluorescent microscopy (sagittal section; data from a representative rat). The labeled neurons coex-

reveals that rubrofacial neurons send collaterals to the lateral
reticular nucleus (Fig. 10), which sends projections to the cere-
bellum (Qvist et al., 1984; Parenti et al., 1996; Alstermark and
Ekerot, 2013). This implies that the red nucleus is sending an
efference copy to the cerebellum of its motor commands to the
facial nucleus (Fig. 9¢). This suggests that in addition to con-
veying motor commands to the vibrissa motoneurons, the red
nucleus may contribute to the internal representation of the
vibrissa position in the cerebellum.

Our results on the dispensability of vibrissa reafference signals
in intact animals are in line with the literature on eye move-
ments, which has long demonstrated the sufficiency of efference
copy in self-motion tracking (von Helmholtz, 1867; Guthrie et
al., 1983). Yet, these results are at odds with the forelimb litera-
ture; studies in deafferented human patients have pointed toward
accuracy deficits in limb movements (Nougier et al, 1996;
Sarlegna et al., 2006; Sarlegna et al., 2010), and acutely disrupting
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forelimb proprioception in mice degrades movement accuracy
(Fink et al., 2014; Conner et al., 2021). However, a confounding
factor prevents these forelimb results from being interpreted as
implying a role for sensory feedback specifically in self-motion
tracking. Indeed, forelimb muscles are load bearing, meaning
that the relationship between motor commands and limb posi-
tion varies depending on whether an object is handled and, if so,
on the properties of the object (Gribble and Scott, 2002).
Accounting for this load may constitute a necessary role of fore-
limb proprioception. In contrast, the vibrissa muscles are devoid
of proprioceptors (Bowden and Mahran, 1956; Kleinfeld et al.,
1999; Moore et al,, 2015b) and, like eye muscles, are not load
bearing (Guthrie et al., 1983); the same motor command results
in a relatively constant muscle contraction state. Thus, our exper-
imental model offers a new opportunity to unambiguously probe
the role of internal and external feedback signals in self-motion
tracking.

A wealth of behavioral and neurophysiological studies have
implicated internal models in motor control in insects (Webb,
2004; Mischiati et al., 2015), rodents (Stay et al., 2019; Konosu et
al.,, 2021), and primates (Richmond and Wurtz, 1980; Wolpert et
al., 1995; Merfeld et al., 1999; Blakemore et al., 2000; Maeda et al.,
2018). An internal inverse model converts a desired motor state
into motor commands (Cisek, 2009; McNamee and Wolpert,
2019). The execution of a fine voluntary movement without sen-
sory feedback implies this operation; hence, our results support
the existence of an inverse model for vibrissa control. Conversely,
an internal forward model estimates the state of the system, such
as limb position, from internal and/or external feedback (Cisek,
2009; McNamee and Wolpert, 2019). Our results show that sen-
sory feedback is not required in intact animals but is required in
cortico-lesioned animals to maintain movement stability. These
observations are consistent with the existence of a forward model
relying on sensory feedback, at least in the absence of motor cor-
tex. A related hypothesis is that the motor cortex may compensate
for the absence of sensory feedback by providing the forward
model with an efference copy. The central role of the cerebellum
in implementing both inverse and forward models has been
widely supported, from physiological to clinical studies (Wolpert
et al.,, 1998; Shadmehr and Krakauer, 2008; Therrien and Bastian,
2015). Corticofugal projections from the motor cortex to the pon-
tine nuclei may thus be an anatomical substrate for the transmis-
sion of cortical efference copy to a cerebellar-dependent forward
model (Ishikawa et al., 2016).
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