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In brief

Using ICMS, Halley et al. describe the first
motor map in any species of bat. In a
species that uses its tongue to
echolocate, they find an exceptionally
large representation of the tongue.
Forelimb movements are most often
coupled with hindlimb movements.
Together, this suggests that motor cortex
in bats is adapted for echolocation and
flight.
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SUMMARY

Bats have evolved behavioral specializations that are unique among mammals, including self-propelled
flight and echolocation. However, areas of motor cortex that are critical in the generation and fine control
of these unique behaviors have never been fully characterized in any bat species, despite the fact that
bats compose ~25% of extant mammalian species. Using intracortical microstimulation, we examined
the organization of motor cortex in Egyptian fruit bats (Rousettus aegyptiacus), a species that has
evolved a novel form of tongue-based echolocation.? We found that movement representations
include an enlarged tongue region containing discrete subregions devoted to generating distinct tongue
movement types, consistent with their behavioral specialization generating active sonar using tongue
clicks. This magnification of the tongue in motor cortex is comparable to the enlargement of somatosen-
sory representations in species with sensory specializations.>~® We also found a novel degree of coacti-
vation between the forelimbs and hindlimbs, both of which are involved in altering the shape and tension
of wing membranes during flight. Together, these findings suggest that the organization of motor cortex
has coevolved with peripheral morphology in bats to support the unique motor demands of flight and

echolocation.

RESULTS

In order to characterize the motor cortex of the Egyptian fruit
bat, we applied long-train (500 ms) intracortical microstimula-
tion (LT-ICMS) to frontal, parietal, occipital, and temporal
cortical areas. Electrode sites were directly related to cortical
field boundaries in histologically processed tissue (Figure S1).
Similar to recent studies in other mammals,®’ movements
were evoked in motor (M1), somatosensory (S1, S2/PV), and
a parietal region termed area 1/2.% Figure 1 shows two repre-
sentative cases with tail, hindlimb, and forelimb movements
elicited from caudomedial areas of both M1 and S1, and
head/tongue movements elicited from the most rostrolateral
portions of S1 and the lateral portion of M1 (Figure 1; abbre-
viations in Table S1; additional cases in Figure S2). Additional
hindlimb movements were elicited from area 1/2 and areas S2
and PV. Below we describe the detailed representation of
movements associated with these major body parts and gen-
eral trends in the organization of movement representations in
the cortex.

Tongue movements
Movements of the tongue were elicited from stimulation of a large
and continuous region of caudolateral M1 and rostrolateral S1
(e.g., Figures 1B and 1D) in every case. Tongue movements
were relatively rare in other cortical areas (S2/PV in two cases
and absent from area 1/2 in every case). Within the lateral portions
of S1, tongue movements were elicited in combination with jaw
movements. Along the M1/S1 border, tongue movements were eli-
cited in combination with movements of the nose and upper lip.
We measured the size of tongue representations as a proportion
of the other stimulation sites that elicited movement in both S1 and
M1 across five cases (STAR Methods). The average proportion of
tongue representations was 40.9% in S1, 43.7% inM1,and 41.5%
in S1+M1 (Table 1). Tongue movement types were clustered into
distinct territories of S1 and M1 and included twitches of the distal,
middle, and proximal tongue (Figure 2A), as well as full extensions
of the tongue out of the mouth (Figure 2B). The largest region of this
tongue representation included movements of the middle and
distal tongue, while proximal tongue movements (back of the
tongue) were clustered in two regions. The first representation of

Current Biology 32, 1-7, July 11, 2022 © 2022 Elsevier Inc. 1



bats, Current Biology (2022), https://doi.org/10.1016/j.cub.2022.04.094

Please cite this article in press as: Halley et al., Coevolution of motor cortex and behavioral specializations associated with flight and echolocation in

¢? CellPress

)]

mm

Area
Tested

Current Biology

S1(3b)

X S2/
PV
Key
[l Tongue [ Ear 1 mm
B Jaw Il Upper Lip _ -
B Nose B Eyelid Case 18-145
D
Hip/Knee Shoulder
Il Ankle W Elbow 1/2
M Toes M Digit (D1)
. C d | X X
X ye%ponse D Tail ﬁ maelrjnt?rane
C X
R
1,
L X
X
5mm x x

Area
Tested

Figure 1. Movement maps in two bats

Case 18-155 * X

(A) Lateral and flattened views of the left hemisphere in case 18-145. Cortical field boundaries are indicated by black lines, and the region mapped using LT-ICMS

is shown in gray.

(B) A map of the movements elicited, corresponding to the gray regions shown in (A). Black dots indicate stimulation sites from which movements were elicited
and gray X’s indicate sites where no movements were elicited up to 300 pA. Polygon color indicates the body parts from which movements were elicited. Striped

colors indicate multiple body part movements at given site.
(C) Lateral and flattened views of case 18-155, as above.
(D) Movement map for case 18-155, as above.

See Table S1 for abbreviations. Tail and membrane sites outside of colored polygons were observed at thresholds >300 pA. See also Figure S2 and Table S2.

the proximal tongue was in a rostromedial region along the S1/M1
border, and movements of the proximal tongue were coupled with
movements of the middle and distal tongue, producing extensions
of the whole tongue outward (polygons outlined in black in Fig-
ure 2A; example case in Figure 2B). The second representation
was in the caudolateral portion of S1, adjacent to its border with
S2/PV. In this representation, proximal tongue movements were
frequently observed in isolation, but never as part of a full exten-
sion. This distinct representation of tongue movement types, as
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well as the large amount of cortex that the tongue representation
occupiesin M1 and S1, is consistent with the precise motor control
of the tongue that Rousettus exhibits during lingual echolocation,?
or perhaps other behaviors associated with coordinated tongue
use such as frugivory.

Orofacial movements
Jaw movements universally involved jaw opening and were eli-
cited from the lateral portion of S1 in six cases, as well as a
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Table 1. Average size of tongue movement representations in M1 and S1 in five species

All movements (mm?)

Tongue movements (mm?)

Percent (%) tongue movements

Sp. (case #) S1+M1 S1 M1 S1+M1 S1 M1 S1+M1 S1 M1
Bat (5) 14.2 9.2 5.0 6.3 41 2.3 41.5% 40.9% 43.7%
Capuchin (4) - - 128.9 - - 3.07 - - 2.3%
Macaque (2) - - 107.5 - - 7.98 - - 8.3%
Tree shrew (6) 15.69 10.42 5.3 2.38 0.93 1.45 16.0% 8.9% 28.0%
Rat (Neafsey et al.) 61.0 - - 16.0 - - 26.2% - -

In Rousettus, the tongue has an exceptionally large representation relative to other movement types in both S1 and M1. The measures in this study are
similar to those used for capuchin, macaque, tree shrew, and rat. S1 is embedded in the central sulcus in capuchin and macaque, so it could not be
measured. Rat measures are taken from a classic study by Neafsey et al.® Sources and methods are described in STAR Methods. See Table S3 for

measurements of individual cases.

distinct medial region along the S1/M1 border in two cases (e.g.,
Figures 1B and S3A). Nose and upper lip movements were eli-
cited from stimulation of diverse sites across M1, S1, S2/PV,
and area 1/2 in three cases (Figures 1B, 1D, and S3A). Eyelid
movements were observed in five cases, primarily in S2/PV
(e.g., Figure 1D), but also in M1 (Figure S2C) and in area 1/2
(data not shown). Ear movements were elicited in one case
(Figure 1B) from stimulation in S1 and sites caudal to S2/PV.

Forelimb and hindlimb movements

Movements of the forelimb were evoked in M1 and S1 in every
case (e.g., Figures 1B and 1D), in S2/PV in four cases (e.g.,
Figures 1B and S3A), and in area 1/2 in one case (Figure S2C).
The majority of forelimb movements that were elicited involved
the shoulder (e.g., Figure 2C), while evoked movements of the
elbow, wrist, and digits were relatively rare. Movements of the
shoulder were mostly characterized by lateral movements out-
ward from the midline. Movements of the forelimb digits—pri-
marily an extension of D1—were evoked from stimulation of
M1 or S1 in five cases (e.g., Figure 1D). In one case (data not
shown), an extension of all the forelimb digits was evoked from
two sites—one in S1 and another in M1. Bilateral movements
of the forelimb were observed in eight cases and were primarily
elicited from stimulation of more rostral sites, either in M1 or
along the M1/S1 border (Figure 1B, 3/5 M1 sites, 1/9 S1 sites;
Figure 1D, 14/17 M1 sites, 0/3 S1 sites). In one case (18-145;
Figure 1A) bilateral forelimb movements were evoked from
stimulation of S2/PV.

Whereas forelimb movements were largely restricted to M1
and S1, hindlimb movements were elicited from a large area of
cortex in every case, including M1, S1, S2/PV, and area 1/2. In
five cases (e.g., Figure 1B), hindlimb movements were elicited
from two distinct regions of cortex, both of which produced
movements of the hip, knee, ankle, and toes. The first region of
hindlimb movements was observed along an extensive medial
aspect of cortex in every case, spanning from area 1/2 through
S1 to M1 (e.g., Figures 2 and S2B). The second area was
observed in five cases and included hindlimb movements evoked
from stimulation of S2/PV (e.g., Figures 1 and S3C), though at
higher stimulation thresholds. In general, stimulation in more
rostral regions (e.g., M1, rostral S1) generated movement of the
hindlimb forward and medially, while sites along the caudomedial
aspect of S1 and area 1/2 produced retractions of the hindlimb
upward or backward. Across M1, S1, 1/2, and S2/PV, flexion

was the dominant direction for movements of the hip (moving
the hindlimb forward and medially) as well as the knee and ankle
(bringing the hindlimb upward toward the body).

Membrane and tail movements

In four cases, we observed movements of the wing membranes
that were distinct from adjacent limb muscles. In two cases (e.g.,
Figure S2C), we elicited movements of membranes that span be-
tween forelimb digits (dactylopatagium) during stimulation of
sites in S1 and M1. These sites were located rostral and lateral
to forelimb sites that elicited digit movements (Figure S2C). In
addition, in two different cases during stimulation of area 1/2,
we elicited movements of the most caudal membranes that
span the midline and connect the hindlimbs (uropatagium)
(Figures 1B and 1D). These sites were adjacent to ankle, toe,
and tail representations. Finally, tail movements were evoked
from stimulation of areas S1 and 1/2 in two cases (e.g., Fig-
ure 1B); every site produced movements of the tail toward the
midline.

Movement thresholds

The minimal threshold stimulation parameters using long-train
stimulation (500 ms) for cases 18-145 and 18-155 are shown in
Figure S1, and detailed threshold data based on cortical field loca-
tion and body parts are described for these two cases in Table S1.
On average, movement thresholds were lowest in M1 (82.5 pA) fol-
lowed by S1(96.7 pA), S2/PV (145.5 nA), and area 1/2 (185.3 LA).
Averaged across cortical areas, the lowest thresholds were
observed in the tongue representation (60.7 pA), followed by the
forelimb (100.0 pA), hindlimb (129.6 pA), and face representations
(136.1 pA). As we might expect, body part representations with the
lowest movement thresholds (e.g., tongue) are concentrated in
cortical areas with the lowest movement thresholds (e.g., S1, M1).

DISCUSSION

Bats exhibit two interlinked behaviors that are exceptional
among mammals: self-propelled flight and the production of
active sonar to echolocate. Both flight and active sonar require
a rapid integration of sensory input and motor output. While
the sensory basis of echolocation has been studied extensively,
little is known about the organization of bat motor cortex. In this
study, we produced the first motor map in any bat species. We
found that the motor neocortex of the Egyptian fruit bat
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Figure 2. Example movements of the tongue, forelimb, and hindlimb
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(A) Movements of the tongue can be subdivided into proximal, middle, and distal subregions. While most sites elicited movements of the distal and/or middle
tongue, clusters of sites elicited movements in the proximal tongue. Black outlines indicate sites that elicited full extensions of the tongue.

(B) Example of an extension of the tongue.

(C) A typical forelimb site, eliciting movement of the entire wing originating from the shoulder. Gray outlines indicate the baseline position of the limb, and red

outlines indicate the limb position at the apex of elicited movement.

(D) Example movement of the hindlimb moving medially, affecting the camber of the wing. Color conventions as in (C).

See Figure 1 for full maps of cases shown in (A).

(Rousettus aegyptiacus) is uniquely organized to integrate fore-
limb and hindlimb movements during flight and contains an
enlarged representation of the tongue, including distinct repre-
sentations of different tongue regions, to support lingual
echolocation.

In bats, flight requires a coordination of muscles across the
forelimb, hindlimb, and wing membranes that alter the camber
of the wings during flight,’° a process guided by sensory hairs
covering the wing membrane.'" Previous studies in megabats
have shown connections between forelimb and hindlimb regions
of sensory and motor areas of neocortex® and across hemi-
spheres,’® suggesting that there is a direct and broadly
distributed sensorimotor network involved in the coordination
of the limbs for the production of flight.

In the present study, stimulation sites that elicited movements
of the forelimb were usually coupled with movements of the hin-
dlimb. This coactivation of muscle groups at a single stimulation
site is remarkable when compared to other species that have
been studied using similar techniques (i.e., LT-ICMS). For
example, in Rousettus, movements of the forelimb were elicited
in combination with movements of the hindlimb in 62%-68% of
stimulation sites where movement could be elicited (Figures 1B
and 1D), compared with 7%-8% in a study of laboratory rats us-
ing similar methods.” In primates such as macaques and capu-
chin monkeys, the representation of the forelimb (particularly the
digits) dominates motor cortex, and synergistic movements of
the forelimb and hindlimb are rare (macaque® and capuchin'®).
The few digit movements we observed in Rousettus were primar-
ily of D1, which bats use to grip during arboreal climbing in their
suspensory quadrupedal locomotion,’* a mode of locomotion

4 Current Biology 32, 1-7, July 11, 2022

that is advanced in Megachiropteran bats like Rousettus relative
to Microchiropteran species.'®> Compared with other species,
Rousettus has an exceptional degree of forelimb and hindlimb
coactivation from stimulation of individual sites in motor cortex.
This coactivation of forelimb and hindlimb muscles from overlap-
ping cortical areas may support the coordinated movements
involved in flight aerodynamics." Finally, we found that bilateral
forelimb movements were concentrated in M1 and rostral re-
gions of S1, similar to recent findings of bilateral forelimb move-
ments in rostral portions of the neocortex in rats (primarily M17).

In contrast to the coupling of forelimb movements with those
of the hindlimb, our study found an exceptional number of
evoked hindlimb movements that were independent of forelimb
coactivation, and that were evoked over a large portion of cortex
(especially in medial S1 and area 1/2). Given that the hindlimb
plays a central role in determining the tension of the wing mem-
brane during flight, '® this magnification of the hindlimb represen-
tation may be an adaptation to facilitate motor control of the wing
tension and shape. Finally, we found that movements of the wing
membranes were elicited from a few sites in area 1/2 (Figure 1;
caudal membranes) and S1/M1 (Figure S2; 18-99; rostral
membranes). Here we provide evidence for cortical control of
wing membrane musculature in the Egyptian fruit bat, distributed
across M1, S1, and area 1/2. Taken together, our data show that
a distributed network of cortical areas contributes to the coordi-
nated control of muscles that are involved in self-propelled flight.

While flight is common to all bats, Rousettus is a rare genus of
megabat that echolocates, using tongue clicks (rather than the
larynx, as in most microbats) to generate active sonar." Interest-
ingly, Rousettus rapidly produces directional sonar beams
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Figure 3. The magnification of cortical sensorimotor representa-
tions to support behavioral specializations in mammals

(A) In the Egyptian fruit bat, intracortical microstimulation elicits movements of
the tongue from a large portion of both primary motor (M1) and primary so-
matosensory cortex (S1). This “batunculus” diagram approximates the
enlarged representation of tongue, hindlimb, and forelimb movements elicited
with ICMS. Our findings in Rousettus emphasize how representations in motor
cortex coevolve with specializations in peripheral morphology and behavior.
(B) In fruit bats, movements of the tongue (purple) and wing (green) occupy a
large region of cortex to support echolocation and flight propulsion.

(C) In rhesus monkeys, an enlarged region of cortex is devoted to movements
of the wrist and digits, an adaptation that supports manual dexterity in many
primate species, including humans.

(D) The production of human language requires the use of diverse muscle
groups, including classic “language areas” of the brain (e.g., Broca’s area).
Subregions of somatosensory, motor, and premotor cortex are central to the
production of human speech.

(C) and (D) adapted from Baldwin et al.® and Henry et al.”"

See Table S1 for abbreviations.
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without changing the position of the head or the shape of the
mouth, suggesting precise motor control of the tongue in the
production of sonar clicks.” Here, we show that stimulation of
a large proportion of cortex in Rousettus elicits movements of
the tongue (~42% of S1+M1), and that distinct regions of M1
and S1 generate movements of particular tongue regions
(proximal versus distal) as well as full extensions of the tongue.
While comparisons with previous studies of motor cortex in other
mammals are complicated by methodological differences (e.g.,
the lateral extent of stimulation), we measured the size of tongue
representations from studies in several other species in which
similar ICMS procedures were utilized (Table 1). Studies from
our lab using similar methods found the tongue movement rep-
resentation occupied ~8% of M1 in macaque monkeys,® ~2%
of M1 in capuchin monkeys, '® and ~28% of M1 in tree shrews'”
(STAR Methods). A recent study in our lab focusing on complex
forelimb and hindlimb movement types failed to elicit tongue
movements in rats, but the tongue region was not actively
explored.” However, a classic study® found that ~26% of rat
cortex (including S1 and M1) produced tongue movements.
Even the largest tongue representations previously reported in
M1 (~28% in tree shrew, 26% in rat) are substantially smaller
than the 43% we observed in Rousettus, given these species’
relatively similar brain sizes (Tupaia, 3.15 g;'® Rattus, 2.38 g;'®
Rousettus, 1.89 g [current study]) and the regular scaling of S1
with brain size."® Regardless of the technique used, compared
with other species, the movement representation of the tongue
in Rousettus is exceptionally large (Table 1).

An established feature of organization of sensory cortex is the
magnification of behaviorally relevant sensory surfaces, such as
the electrosensitive bill of the platypus,® the nose of the star-
nosed mole,* or teeth in naked mole rat.® In the current study,
we describe a complementary form of cortical magnification in
the tongue motor cortex of Rousettus. Our data suggest an
extreme example of this organizational feature, with an enlarged
representation of the tongue in regions of the neocortex involved
in motor control (e.g., S1, M1) (Figure 3A). This magnification of
the tongue motor representation (Figure 3B) is comparable to
specializations of the neocortex for manual dexterity in primates
(Figure 3C) and motor substrates for language in humans (Fig-
ure 3D). The size and differentiation of tongue motor representa-
tions are clearly extreme in Rousettus, and their unique lingual
form of echolocation is an attractive hypothesis to explain these
cortical adaptations. However, given that control of the tongue is
central to a range of mammalian behaviors®® including mastica-
tion, further studies of motor cortex in non-echolocating mega-
bats are necessary to determine whether this unique cortical
phenotype reflects the lingual form of echolocation unique to
this genus, or frugivorous mastication in megabats generally.

Although cortical magnification of behaviorally relevant sen-
sory surfaces appears to be a general feature of the neocortex,
the magnification of motor representations differs from the
magnification of body part representations in sensory cortex in
important ways. Somatosensory cortex (e.g., S1) is organized
in a relatively tight somatotopic fashion relative to the contralat-
eral sensory epithelium, but the organization of motor cortex is
less topographic relative to body surfaces or muscle locations.
Instead, motor cortex appears to be organized around muscle
synergies that support species-unique behaviors.® %0275 |f
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we compare individuals within a species, motor maps exhibit
more variability than somatosensory maps do. This is what we
should expect if the muscle coactivations involved in move-
ment— built over the lifetime —are more variable than the sensory
epithelium, which is relatively static within a given species.

How does motor cortex coevolve with body morphology,
especially in species with exceptional peripheral adaptations,
such as wings? Given that the organization of sensorimotor
cortex is sensitive to changes in peripheral morphology during
development,”®° a central question is the extent to which
differences in motor cortex organization are due to genes asso-
ciated with cortical arealization or alterations in the development
of peripheral body regions. In bats, it is likely that motor
representations of the body have coevolved with changes to
peripheral morphogenesis, such as the genetic programs
responsible for the elongation of forelimb bones that constitute
the wing, and an inhibition of bone morphogenic proteins
that normally reduce interdigit membranes, to name a few.3°=2
Ultimately, the remarkable phenotypic variability of mammalian
behavior involves a complex coevolution of motor representa-
tions in the brain and body morphologies that allow for special-
ized forms of movement, including echolocation and flight.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Acetic Anhydride Fisher A10-4
Acetic Acid Fisher A38-212
AgNO3 (Silver Nitrate) Sigma 209139
NH4NO3 (Ammonium Nitrate) Fisher AB76-212
Cytochrome C Sigma C2506
Na2CO3 (Sodium Carbonate) Fisher S263-500
Tungstosilicic Acid Sigma T2786
Formaldehyde (37 %) Fisher F79P-4
NaThio SO4 Fisher S446-500
KFeCN MP Biomedicals 152559
Chloroform VWR BDH1109-4LG
EtOH Koptec TX89125-172
Cresyl violet Sigma C5042-10G
Catalase Sigma C9322
Xylenes Fisher X5-4

DAB Sigma D5637
Paraformalhyde prills EMS 19200
Pyradine Fisher P368-4
Experimental models: Organisms/strains

Rousettus aegyptiacus (Egyptian fruit bat) UC Berkeley N/A
Software and algorithms

Photoshop Adobe N/A

Spike2 Cambridge Electronic Design Limited N/A
Javascript Voronoi (Al Plugin) MIT License N/A
lllustrator Adobe N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to, and will be fulfilled by, the lead contact, Leah Krubitzer
(lakrubitzer@ucdavis.edu).

Materials availability
This study did not generate any new reagents or materials.

Data and code availability
This study did not generate any new code or datasets. Voronoi tessellations were produced using a plugin for Adobe lllustrator
(https://github.com/ff6347/lllustrator-Javascript-Voronoi).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Nine adult Egyptian fruit bats (Rousettus aegyptiacus) (4 females, mean body weight 115 + 7 g; 5 males, mean body weight 113 + 29 g)
were used to characterize movements elicited from intracortical microstimulation (ICMS). Two cases with particularly high-density
maps are presented in Figure 1, with abbreviations listed in Table S1. Threshold data for these cases are shown in Figure S2, and
summarized in Table S2. Three additional cases are shown in Figure S3. Animals were directly transported from a colony at UC Ber-
keley to UC Davis. All transportation procedures were approved by both UC Berkeley and UC Davis; all experimental procedures
were approved by UC Davis IACUC, and conform to NIH Guidelines.
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METHOD DETAILS

Surgical procedures

Anesthetic induction was achieved by a combination of ketamine hydrochloride (30 mg/kg; IM) and xylazine (4 mg/kg, IM). Mainte-
nance doses of ketamine (8-25%) and xylazine (10-25%) were administered through the remainder of the experiment as needed.
Respiration rate, body temperature, eye-blink, and muscle tone were monitored throughout each experiment to ensure a steady level
of anesthesia. A combination of lactated ringer’s solution (0.8 mL) and dextrose (0.2 mL) was administered every 2-4 h.

Animals were placed into a stereotaxic frame with ear bars coated in 5% lidocaine cream. An injection of lidocaine (2%) was in-
jected subcutaneously along the midline of the scalp. The skin and temporal muscles were retracted bilaterally to expose the skull. A
large craniotomy in either the left (n=7) or right hemisphere (n=2) was made, and the dura was retracted. To prevent desiccation,
silicone fluid was applied to the cortical surface. Two small screws were placed into the skull contralateral to the craniotomy to secure
the head for stimulation.

Animals were transferred to a custom-built platform designed to support the ventral torso while allowing the forelimbs, hindlimbs,
and wing membranes to hang freely at the sides. A head post was secured to the skull using dental acrylic applied to the skull screws,
then secured to a stereotaxic frame.

ICMS mapping

Biphasic stimulation pulses were generated using a Grass S88 stimulator and two stimulation isolation units (SIUs), and were
delivered using a low impedance microelectrode (0.1 MQ). Stimulation consisted of long (500 ms) trains of biphasic pulses
(a 0.2 ms positive phase followed by a 0.2 ms negative phase) delivered at 200 Hz. Electrodes were lowered into the cortex to a depth
of 1600 um when the electrode was inserted perpendicular to the cortical surface, and up to 1800 pum when inserted at an angle.
Current amplitude of stimulation was measured using the voltage drop across a 10 kQ resistor in series with the return lead of the
SlUs. This metric was used to monitor the integrity of the electrode throughout the experiment in real time; electrodes were replaced
as needed.

Stimulation was applied in individual bursts of 500 ms, separated by ~5-10 seconds between stimulations. This period is used to
record the movements elicited from each individual stimulation site, and to prevent overstimulation of a given site (including
habituation effects). In general, we aim to fully characterize each site, including movement types and thresholds, using the smallest
number of possible individual stimulations. If movements habituate after only one or two stimulations, they are not recorded for a
particular site.

Movements elicited from ICMS were confirmed and recorded by at least two researchers, including the body parts involved and the
nature of the movement. All movements observed up to 300 nA were described, and stimulation thresholds for LT-ICMS were
measured as the lowest current to evoke a movement. At each site, higher currents were initially applied to characterize movement
types, followed by progressively lower currents to determine movement thresholds. At sites of interest, movements were recorded
from two different angles (Sanyo Xacti VPC-HD2000A, 1920 x 1080 resolution, 60 fps). At select sites (e.g. membrane sites),
movements up to 500 pA were recorded. An LED connected to the stimulator was included in each video frame and illuminated during
stimulation trains. A scale was included in the video frame for movement analysis. Still frames were extracted from video files using
the VLC media player, and stacked as layers in Adobe lllustrator in order to trace movement trajectories during stimulation. For
tongue movements, the most prevalent region of movement was at the distal end of the tongue. Against this common pattern, we
noted any movements that occurred in deeper regions, and used a simple classification system (distal, middle, proximal) to charac-
terize these.

Original studies using LT-ICMS were done in awake behaving monkeys by the Graziano lab.'® In motor cortex they elicited different
types of ethologically relevant movements such as grasping, and hand to mouth behaviors. However, these types of studies are
limited in the extent of cortex that can explored in a single animal. Similar but not identical types of movements have also been elicited
in anesthetized animals including primates (e.g. reaching, grasping, hand to mouth).® %7192 Using an anesthetized preparation
allows us to explore a large region of cortex including motor, somatosensory and posterior parietal areas, and define the full extent
of cortex involved in motor control.

Histological processing

Animals were euthanized with a lethal dose of sodium pentobarbital (>~390 mg/kg) and transcardially perfused with saline followed by
2% paraformaldehyde (PFA). After perfusion, the brain was extracted from the skull. In six cases, the neocortex was then separated
from the brainstem and thalamus, manually flattened, post-fixed in 4% PFA under a glass slide for 0.5-1.5 h, and left in 30% sucrose
in phosphate buffer overnight for cryoprotection. The neocortex was then sectioned on a freezing microtome at a thickness of
50-60 um. In three cases in which the brain was sectioned in coronal or horizontal planes, the whole brain was post-fixed in 4%
PFA and left overnight in 30% sucrose in phosphate buffer. The whole brain was then sectioned on a freezing microtome at a thick-
ness of 30 um (horizontal) or 50-60 um (coronal). Photographs of the block face were taken between each section (Nikon D5200 with a
Nikkor 55-200 mm lens and Raynox DCR-250 macroscopic conversion lens) to allow for 3D reconstruction of the whole brain (e.g.
Figure S1K). Flattened cortex was stained in alternating series for myelin and cytochrome oxidase (CO; Figures S1G and S1H). Cor-
onal and horizontal sections were stained in alternating series for myelin, CO, Nissl, vesicular glutamate 2 (VGLUT2; data not shown),
or acetylcholinesterase (AchE; data not shown) (Figures S11-S10).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Alignment of functional and histological data

Methods for combining histological and ICMS data have been described previously” and are detailed in Figure S1. During the exper-
iment, a high-resolution photograph was taken of the brain and used to record the location of electrode sites and fiduciary probes
(Figure S1C). These photographs were compared with stained tissue sections, and manually aligned in Adobe Photoshop using
blood vessels, electrode tracts, and morphology as landmarks for registration.

In flattened cases, electrode locations were identified on stained tissue by matching surface vasculature in superficial CO sections
(Figure S1E) with electrode locations marked on a photograph of the brain surface (Figure S1C). Cortical field boundaries were
identified from CO and myelin stains (Figures S1G and S1H). In coronal and horizontal cases, electrode sites marked on surface
photographs (Figure S1J) were integrated with 3D reconstructions from block-face images (Figure S1K). Cortical field boundaries
were determined from stained sections (Figures STM-S10), applied to 3D reconstructions, and directly integrated with experimental
data from surface maps (Figure S1J).

Motor maps were produced by applying a Voronoi tessellation script to electrode sites in Adobe lllustrator (https://github.com/
ff6347/lllustrator-Javascript-Voronoi) which generates a polygon comprising all cortex adjacent to an electrode site.” Each polygon
was assigned a color or combination of colors, according to the body part movements elicited from stimulation at that site. Maps
indicate all movements elicited following stimulation up to 300 pA.

Quantification of movement types

The surface area of individual movement-types representations was measured relative to a scale bar in Adobe Photoshop. All
measurements were taken in cases prepared with flattened sections. Measurements of fore- and hindlimb movements in rats
from an earlier study’ were made from two representative cases (15-65 and 15-63, shown in Figure 4 of that paper). Measurements
of tongue representation proportions are shown in Table S3, and summarized in Table 1. For each species, measurements were
made from LT-ICMS cases relative to scale bars provided for each figure. The sources and case numbers for each case are described
in Table S3. Tongue region proportions are a ratio of tongue-elicitation surface area vs. the whole surface area of elicited movements
within a given region (M1, S1, or M1+S1).
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