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3D architecture and a bicellular mechanism of touch
detection in mechanosensory corpuscle

Yury A. Nikolaev't, Luke H. Ziolkowski't, Song Pang?#, Wei-Ping Li?, Viktor V. Feketa?,
C. Shan Xu?§, Elena O. Gracheva'**>#, Sviatoslav N. Bagriantsev'*

Mechanosensory corpuscles detect transient touch and vibration in the skin of vertebrates, enabling precise
sensation of the physical environment. The corpuscle contains a mechanoreceptor afferent surrounded by la-
mellar cells (LCs), but corpuscular ultrastructure and the role of LCs in touch detection are unknown. We report
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the three-dimensional architecture of the avian Meissner (Grandry) corpuscle acquired using enhanced focused
ion beam scanning electron microscopy and machine learning-based segmentation. The corpuscle comprises a
stack of LCs interdigitated with terminal endings from two afferents. Simultaneous electrophysiological record-
ings from both cell types revealed that mechanosensitive LCs use calcium influx to trigger action potentials in
the afferent and thus serve as physiological touch sensors in the skin. The elaborate architecture and bicellular
sensory mechanism in the corpuscles, which comprises the afferents and LCs, create the capacity for nuanced

encoding of the submodalities of touch.

INTRODUCTION

The sense of touch is essential for handling objects and tools, for-
aging, navigating an environment, and forming social bonds (I). In
vertebrates, the various properties of touch are detected in the skin
by mechanosensory corpuscles and hair follicle-associated lanceo-
late complexes (2, 3). Although morphologically and functionally
diverse, these end organs invariably contain terminal Schwann
cells (TSC) that form close interactions with mechanoreceptor af-
ferent terminals. The afferents, which express mechanically gated
ion channels such as Piezo2 (4, 5), are considered to be the only
touch-sensing elements within these end organs, but recent work
has revealed that dissociated mouse Schwann cells display mecha-
nosensitivity in culture (6, 7). Moreover, mammalian Meissner cor-
puscles and their avian analogs (historically called corpuscles of
Grandry and referred to here as avian Meissner corpuscles)
contain TSCs known as lamellar cells (LCs) (8, 9), which fire me-
chanically activated action potentials (APs) in intact avian Meissner
corpuscles in situ (10). These studies suggest that the sensory affer-
ent may not be the sole sensory element and that LCs could be ad-
ditional physiological sensors of touch in diverse vertebrates.
However, the detailed architecture of LC-afferent complexes is
unknown. Thus, the role of LCs remains speculative in the
absence of structural and functional insight into the relationship
between LCs and sensory afferents (11).
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RESULTS

Architecture of avian Meissner corpuscles

To determine the detailed structure of a Meissner corpuscle, we
used focused ion beam scanning electron microscopy (FIB-SEM)
to image bill skin from a tactile foraging Mallard duck (Anas platyr-
hynchos domesticus). We scanned a volume of 47,250 um>, compris-
ing 4753 consecutive images at a voxel size of 8 x 8 x 8 nm, and used
machine learning to reconstruct the three-dimensional (3D) archi-
tecture of an entire LC-afferent complex and its associated struc-
tures. The boundary box for reconstruction had dimensions of 35
pum by 45 um by 30 um, of which, the corpuscle occupied a volume
of 8167 pm3 (Fig. 1A and table S1).

The outer layer of the corpuscle, formed by satellite cells and col-
lagen fibers, encapsulates a sensory core comprising a stack of six
LCs (LCI to LC6) innervated by two afferents (Fig. 1, B to D, and
movies S1 and S2). Both afferents are covered with myelinating
Schwann cells outside the corpuscles (Fig. 1, B and C). Afferent 1
interdigitates with the LCs, forming disk-like endings that cover up
to 42% of the apposing surfaces of LC1 to LC6 (Fig. 1, D and E, and
fig. S1). The discoid endings form protrusions that extend around
LC1 (Fig. 1E). Afferent 2 forms a single, smaller, ovoid ending
between LC5 and LC6 and covers 16% of the lower surface of
LC6 (Fig. 1, C to E, and fig. S1). One of the satellite cells, whose
cell body was outside of the afferent-LC core, formed fine projec-
tions interleaved between afferent 2 and LC5 (fig. S2). We recon-
structed the LC-afferent core of another corpuscle from the same
skin volume, which contained a stack of three LCs. This corpuscle
is innervated by a single afferent which, like afferent 2, formed a
single disk in the LCs stack (fig. S3). Thus, avian Meissner corpus-
cles can be innervated by one or two afferents. The difference in the
innervation pattern among the afferents indicates that they could be
molecularly and physiologically distinct (8).

Structural coupling between lamellar and afferent
membranes

Between the disk-shaped afferents, the six LCs form flattened struc-
tures, 6 to 9.6 um thick and 23.9 to 33.1 um along the longest
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Fig. 1. Meissner corpuscles comprise a stack of LCs interdigitated with terminal afferent disks. (A) FIB-SEM workflow for automated segmentation and machine
learning-based 3D reconstruction of a Meissner corpuscle in duck bill skin from 4753 SEM images. (B to D) Three-dimensional architecture of a Meissner corpuscle (B),
corpuscle without outer capsule (C), isolated afferents (D). (E) Three-dimensional architecture of a section of afferent 1 and afferent 2 and associated LCs. aff., afferent.

dimension. Small villi protrude from the edges of each LC and form
contacts with the surrounding satellite cells and collagen (Fig. 2, A
and B). The cytosol of each LC contains 19,981 to 37,306 dense core
vesicles (DCVs), ~150 nm in diameter, which occupy 2 to 3% of the
volume of each LC (Fig. 2, B to E, and fig. S4). Approximately 1% of
all DCVs were within 30 nm from the membrane facing the afferent,
suggesting they could represent a readily releasable pool (Fig. 2F).
We used transmission electron microscopy and electron tomogra-
phy to reconstruct and segment a 3.16 um by 2.16 um by 0.25 um
box containing an LC-afferent disk contact (movies S3 and S$4).
High-resolution close-up reconstruction of a fragment of the LC-af-
ferent contact area revealed that DCVs fuse with regions of the LC
plasma membrane that appose the neuronal disk, suggesting that
DCVs release their contents into the intermembrane space (Fig. 2,
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G and H, and movie S5). Densely coated membrane pits structurally
resembling lipid raft structures called caveolae were also found ad-
jacent to DCVs (Fig. 2, G and H, and movie S5). RNA sequencing of
corpuscles extracted from bill skin revealed robust expression of
components of DCV biogenesis and release, including soluble N-
ethylmaleimide-sensitive-factor attachment protein receptor
(SNARE) proteins, as well as mechanically gated and voltage-
gated ion channels (fig. S5). This supports our observation of
DCVs and earlier data showing that LCs are mechanosensitive
and excitable (10).

Although the sensory afferent in the reconstruction contained
smaller, clear vesicles, we did not detect clearly identifiable synaps-
es, the typical sites of clear vesicle vision, between the LC and affer-
ent plasma membranes. Instead, we found membrane densities
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Fig. 2. Lamellar cells interact with the afferent via DCVs and tethers. (A) Close-up 3D reconstruction of villi protruding from the edge of LC4 and a pseudo-colored
scanning electron microscope image of villi (black arrowheads) protruding from the edge of LC4 and contacting the satellite cell and afferent. (B) A pseudo-colored
scanning electron microscope image depicting DCVs inside LCs (left) and a corresponding map of the cell types shown in the image (right). (C) A density map of DCVs in
LCs. (D to F) Quantification of the total DCV count per LC (D), DCV diameter (E), and distance from each DCV to the closest afferent membrane (F). n is the total number of
DCVs. (G) Transmission electron microscopy image of the LC-afferent contact area. Blue arrowheads point to tethers connecting LC and afferent plasma membranes. (H)

Three-dimensional reconstruction of a fragment of the LC-afferent contact area.

resembling adherens junctions (movies S3 and S4). In addition, we
observed 26- to 32-nm-long tethers connecting the membranes
throughout the LC-afferent contact area, including at sites of
DCV fusion (Fig. 2, G and H, and movie S5). Together with
earlier data (10), these findings reveal that avian Meissner LCs are
mechanosensitive secretory cells that form large contact areas with
sensory afferents and tether-like connections with afferent mem-
branes, suggesting a possible functional interaction between LCs
and afferent terminals.

Functional coupling between mechanosensitive lamellar
and the afferent

Because patch-clamp recordings directly from Meissner LCs in
duck bill skin previously revealed that LCs are mechanosensitive
(10), we sought to test the idea that LCs can induce firing in
sensory afferents and thereby act as bona fide touch sensors. As a
first step, we used a method for electrophysiological recordings of
afferent nerve activity from a single corpuscle in duck bill skin
during mechanical stimulation of the same corpuscle (Fig. 3A)
(12). Mechanical stimulation of the corpuscle with a blunt glass
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probe mounted on a piezoelectric actuator evoked AP firing in
the afferent (Fig. 3, B and C). APs occurred in a 1:1 correspondence
with indentations during a 20-Hz vibratory stimulation (Fig. 3D),
consistent with the role of avian Meissner corpuscles as detectors
of transient touch and vibration (9, 13, 14). We detected two
types of firing patterns in the afferent. In most cases, APs were trig-
gered in a rapidly adapting fashion, i.e., only during the dynamic
phases of the stimulus (Fig. 3E). However, 2 out of more than 50
recorded afferents showed slowly adapting firing (fig. S6). This sup-
ports our structural data showing two morphologically distinct af-
ferents in the corpuscle and agrees with earlier findings in mice (8).
Application of the voltage-gated sodium channel blocker tetrodo-
toxin suppressed AP generation, revealing low-amplitude receptor
potentials (Fig. 3, B to D), consistent with the presence of mechan-
ically gated ion channels in the afferent ending (12).

Mechanical stimulation of the corpuscle inevitably acts on both
the afferent and LCs; therefore, to test whether activation of a single
LC can trigger afferent firing, we selectively activated a single LC by
whole-cell patch-clamp while simultaneously recording afferent ac-
tivity from the same corpuscle with a second electrode (Fig. 4, A and
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Fig. 3. Avian Meissner corpuscles detect transient touch. (A) A bright-field image and schematic representation of the experimental setup to record afferent activity
from intact Meissner corpuscle in duck bill skin. (B) Mechanical step stimulus applied with a glass probe (top), representative rapidly adapting single-fiber response
comprising APs (middle), and representative single-fiber response in the presence of 1 uM TTX (voltage-gated sodium channel blocker) comprising receptor potentials
(bottom). (C) Mechanical step stimulus with long ramp phases (top), representative rapidly adapting single-fiber response comprising APs (middle), and representative
single-fiber response in the presence of 1 uM TTX comprising receptor potentials (bottom). (D) Vibratory mechanical stimulus (top), representative single-fiber response
comprising APs (middle), and representative single-fiber response in the presence of 1 uM TTX comprising receptor potentials (bottom). (E) Raster plot of rapidly adapting
afferent firing for five different corpuscles in response to mechanical stimuli of two different indentation depths. Each vertical dash represents an individual AP. TTX,

tetrodotoxin.

B). To our knowledge, such an experiment has not been performed
for any tactile corpuscle in any species. When LCs were stimulated
by depolarizing current injection in the current clamp mode, they
displayed robust AP firing, as expected (10). Concurrent AP firing
was also detected in the recorded afferents (Fig. 4, C and E). The
waveforms in the afferent triggered by LC activation were indistin-
guishable from the waveforms triggered by mechanical stimulation
of the corpuscle (fig. S7, A and B). Next, we tested if APs can be
triggered in the afferent when LCs are activated by voltage-
clamped depolarization to 0 mV with a potassium-based physiolog-
ical internal solution in the electrode, which leads to calcium influx
and potassium efflux from LCs (10). This type of LC activation also
led to robust AP firing (Fig. 4, D, E, and G, and fig. S7, C and D).
The onset of afferent firing was variable, commencing 87 to 288 ms
after the start of current injections and 20 to 9120 ms after the start
of depolarizations, with an apparent trend toward reduced number
of APs toward the end of the stimulus (Fig. 4F). Thus, activation of a
single LC is sufficient to drive AP firing in the afferent, demonstrat-
ing that LCs can transmit touch information to the afferent.

Next, we sought to probe the mechanism of LC-afferent commu-
nication. Because mechanical stimulation of LCs leads to AP firing
via voltage-gated calcium channels (10), we hypothesized that such
a mechanism could depend on calcium entry into LC. Depolariza-
tion of LCs activates both voltage-activated calcium and voltage-ac-
tivated potassium channels. First, we quenched potassium efflux by
including cesium chloride in the intracellular solution. Under these
conditions, activation of LCs successfully induced AP firing in the
afferent (Fig. 5A). However, the removal of calcium from the extra-
cellular medium and simultaneous blockade of voltage-gated
calcium channels by cadmium suppressed LC-induced firing in
the afferent, and the effect was reversed upon reintroduction of
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the original extracellular medium (Fig. 5, A and B). These data dem-
onstrate that calcium influx during LC activation is an essential pre-
requisite for LC-afferent communication.

DISCUSSION

Together with earlier observations that avian Meissner LCs are me-
chanosensitive and excitable (10), these results establish LCs as
physiological sensors of touch. Activation of LCs did not result in
immediate excitability changes in the afferent, but instead induced
irregular firing with variable delays, arguing against direct electrical
coupling. This is consistent with the earlier finding that LCs lack
functional gap junctions with surrounding cells (10). The presence
of exocytotic machinery in LCs instead suggests that communica-
tion with afferent fibers may involve chemical transmission (15,
16). In support of this idea, the removal of extracellular calcium
abolished LC-induced firing in the afferent, suggesting a possible
involvement of calcium-dependent vesicular communication.
Other mechanisms, including ephaptic cross-talk, may also be
used. Tethers connecting the membranes of LCs and afferents
could provide another alternative, mediating mechanical coupling
between cellular elements and/or gating of mechanically activated
ion channels (17-19). These tethers may also have important bio-
mechanical consequences for the transduction of touch within the
corpuscle.

Our findings provide support for a model of touch detection in
Meissner corpuscles by the afferent and LCs. The physiological con-
sequences of a bicellular mechanism to detect touch are intriguing.
Although mechanoreceptive afferents faithfully fired APs during
dynamic stimulation of corpuscles, LCs induced afferent firing
with latencies ranging from 20 ms to up to ~9 s. Thus, LCs are
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Fig. 4. Activation of a single LC is sufficient to drive afferent firing. (A and B) Bright-field image (A) and schematic representation of the experimental setup (B) for
simultaneous electrophysiological recordings from LC and afferent of a Meissner corpuscle in duck bill skin. (C) Current injection applied to the LC (/ ¢, top), voltage
response and APs in the LC recorded with a potassium-based internal solution (V, ¢, middle), and extracellular voltage and APs in the afferent (V,¢, bottom). (D) Voltage
step stimulus applied to the LC (V| , top), current response with potassium-based internal solution in the LC (I, , middle), and extracellular voltage and APs in the afferent
(Vag, bottom). (E) Raster plot of afferent AP firing for individual corpuscles during LC activation by either depolarizing current injections in the current clamp (blue) or
voltage steps to 0 mV in the voltage clamp (maroon). Each vertical dash represents an individual AP. (F) Total number of afferent APs versus latency between onset of the
stimulus and first AP. Dots represent data from individual corpuscles. The solid line is a fit to the liner equation and dashed lines are 95% confidence intervals of the linear
fit. (G) Afferent AP frequency when LCs held at —70 and 0 mV. Lines connect data pairs from individual corpuscles. Wilcoxon matched pairs test.

likely not responsible for the fast primary mechanosensory response
observed in the afferent (12). Rather, it is expected that sensory af-
ferents directly mediate this response via Piezo2 (4, 20, 21) and that
LCs perform a yet unidentified but complementary role in touch
detection. Such a bicellular mechanism, which includes the affer-
ents and LCs, would enable multifaceted mechanosensation, poten-
tially facilitating more versatile and precise detection of touch.
Ducks present an attractive model to inquire into general prin-
ciples of mechanoreceptor function in vertebrates from the perspec-
tive of a tactile specialist animal. Duck bill skin contains a high-
density population of Meissner (Grandry) and Pacinian (Herbst)
corpuscles accessible to electrophysiological and structural studies
(3, 9, 12, 22-24). Avian Meissner corpuscles are structurally and
functionally similar to their mammalian counterparts. Meissner

Nikolaev et al., Sci. Adv. 9, eadi4147 (2023) 13 September 2023

corpuscles endow humans with the remarkable ability to manipu-
late objects and tools, facilitate sensorimotor control in mice, and
enable tactile specialist birds to carry out a multitude of foraging
behaviors (2, 8, 25-27). While this manuscript was finalized, a pre-
print study reported the 3D architecture of the mouse Meissner cor-
puscle by FIB-SEM, which, together with earlier literature, permits a
detailed comparison with the avian structure (28). Both corpuscles
contain a stack of LCs innervated by one or two afferents which are
mostly, though not exclusively, rapidly adapting. At the same time,
some differences exist between the two. Unlike mammalian corpus-
cles, avian LCs do not form extensive lamellae, and the afferent ter-
minals in avian LCs have a limited number of protrusions compared
to mammalian counterparts. In addition, numerous DCVs are
present in avian LCs but have not been reported in mammalian
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Fig. 5. LC activation triggers afferent firing via a calcium-dependent mechanism. (A) Exemplar traces recorded in a Meissner afferent in response to LC activation by
voltage clamp with a cesium-based internal solution to quench potassium efflux (control), following the removal of extracellular Ca®* and the addition of 300 uM Cd** to
block voltage-activated calcium channels (No Ca**) and upon reintroduction of calcium and removal of Cd?* (Wash). Vic, voltage step stimulus applied to the LC; /¢,
current response in the LGC; V¢, extracellular voltage and APs in the afferent. (B) Quantification of the effect of calcium removal on LC-induced afferent firing. Lines connect
data from the same afferent (n = 5 afferents). The difference between control and wash was not significant (P = 0.6856). Friedman test with Dunn's correction for multiple

comparisons.

Meissner LCs (8, 28). Despite these differences, avian and mamma-
lian corpuscles detect the same stimuli—transient touch and low-
frequency vibration—and transmit sensory information via AP
firing during the dynamic phase of the stimulus (2, 8, 9, 12-14,
19, 22, 28). Although additional research is needed to evaluate the
role of the different structural components, current data suggest
that the mechanism of corpuscle function may rely on the interplay
between LCs and the afferent terminal via chemical communication
and possibly physical interactions via tethers. A unifying theme
found in avian and mammalian corpuscles is the close association
and large contact area between LCs and afferent terminals. The re-
markable functional and structural homogeneity between avian and
mammalian Meissner corpuscles suggests that the physiological role
of LCs is conserved between species. Whether LCs from mammali-
an corpuscles are mechanosensitive remains to be determined but
appears likely given that dissociated murine Schwann cells are me-
chanosensitive in culture, and inhibition of these cells via optoge-
netics increases the threshold of touch detection transmitted by
Meissner afferent (6, 7). LCs from both avian and mammalian
Meissner corpuscles are of mesenchymal origin, similar to the
inner core cells in Pacinian corpuscles but dissimilar to epidermal
Merkel cells (29-32). This suggests that other vertebrate end organs
in which TSCs are in close association with afferent fibers, including
Pacinian corpuscles and hair follicles, may use them to detect tactile
stimuli (3).

MATERIALS AND METHODS

Animals

Experiments with Mallard duck embryos (Anas platyrhynchos do-
mesticus) were approved by and performed in accordance with
the guidelines of the Institutional Animal Care and Use Committee
of Yale University (protocol 11526). Animals used in experiments
were at developmental stages embryonic day 25 (E25) to E27 unless
otherwise indicated; sex was not determined.

Ex vivo bill skin preparation
Dissection of bill skin was performed as described previously (12).
Briefly, the glabrous skin of the bill was quickly cut from the embryo

Nikolaev et al., Sci. Adv. 9, eadi4147 (2023) 13 September 2023

in ice-cold L-15 media. The bill skin was placed with the dermis on
top and epidermis on the bottom in a recording chamber in Krebs
solution containing (in millimolar) 117 NaCl, 3.5 KCI, 2.5 CaCl,,
1.2 MgCl,, 1.2 NaH,PO,, 25 NaHCO3, and 11 glucose, saturated
with 95% O, and 5% CO, (pH 7.3 to 7.4), at room temperature
(22° to 23°C). Corpuscles in the dermis were visualized on an
Olympus BX51WI upright microscope with an ORCA-Flash 4.0
LT camera (Hamamatsu). The bill skin was treated with collagenase
P (2 mg/ml; Roche) in Krebs solution for 5 min, and then washed
with fresh Krebs solution before recording.

Electrophysiology

Single-fiber recording

Recordings from single afferent fibers of avian Meissner (Grandry)
corpuscles were acquired at room temperature in Krebs solution
using a MultiClamp 700B amplifier and Digidata 1550A digitizer
(Molecular Devices). Single-fiber recording pipettes were created
from thin-walled, 1.5-mm-diameter borosilicate glass capillaries.
Pipettes were pulled using a P-1000 micropipette puller (Sutter In-
struments) to create tip diameters of 5 to 30 pm, and then filled with
Krebs solution. Pipettes were placed on a CV-7B headstage connect-
ed to a High Speed Pressure Clamp (ALA Scientific Instruments).
Single corpuscles and connected afferents within the same field of
view were identified under a 40x objective lens. The recording
pipette was placed next to the afferent, and negative pressure was
applied until a large section (~5 um) of the afferent was sucked
into the pipette. The extracellular afferent voltage was recorded in
the current clamp mode, sampled at 20 kHz and low-pass filtered at
1 kHz. A suprathreshold mechanical step or 20-Hz vibrating stim-
ulus was applied to the connected corpuscle to confirm the presence
of mechanically induced APs in the afferent fiber. Fresh Krebs sol-
ution was regularly perfused onto the preparation between
recordings.

Mechanical stimuli were applied to a single corpuscle using a
blunt glass probe (5- to 10-um tip diameter) mounted on a piezo-
electric-driven actuator (Physik Instrumente Gmbh). A mechanical
step stimulus was applied to corpuscles with variable displacements
in increments of 1 pm. The duration of the static phase of the step
stimulus was constant at 150 ms. The duration of the dynamic
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phases of the step stimulus was 3 or 30 ms to record single or mul-
tiple APs within the displacement ramp, respectively. Vibratory
stimuli were applied using a 20-Hz sinusoidal waveform with a
constant amplitude between 1 and 38 um.

Patch-clamp electrophysiology

Recordings of LCs were performed as described previously (10)
with simultaneous single-fiber recording in the Krebs solution de-
scribed above. Standard-wall, 1.5-mm-diameter borosilicate pi-
pettes with tip resistances of 2 to 4 megohms were used to acquire
LC voltage clamp and current clamp recordings. Pipettes were filled
with (in millimolar) 135 K-gluconate, 5 KCl, 0.5 CaCl,, 2 MgCl,, 5
EGTA, 5 Hepes, 5 Na,ATP, and 0.5 Na,GTP (pH 7.3 with KOH)
and placed on a secondary CV-7B headstage (connected to a
second High Speed Pressure Clamp) which was placed perpendic-
ular to the primary headstage. After single-fiber recordings were es-
tablished for an individual corpuscle, the whole-cell recording
configuration was achieved for one of the LCs within the corpuscle.
LC current and voltage data were sampled at 20 kHz and low-pass
filtered at 2 kHz.

LCs were activated by current injection in a current clamp or a
voltage step in a voltage clamp, while the afferent activity was mea-
sured simultaneously via single-fiber recording. In the current
clamp, depolarizing current steps (from 10 to 120 pA in 10-pA in-
crements) were applied to elicit voltage-gated calcium channel-me-
diated APs in the LC. In a voltage clamp, the LC was initially held at
—70 mV, and then clamped at 0 mV for 10 s. Mechanical step
stimuli were applied before and after LC activation protocols to
elicit mechanoreceptor APs, confirming the health and proper
function of the corpuscle and afferent throughout the experiment.
To test the potential mechanism of LC-afferent communication,
LCs were held at =70 mV, and then voltage-clamped at 0 mV for
5 s while measuring afferent activity in each experimental condition.
An intracellular solution containing (in millimolar) 133 CsCl, 10
Hepes, 5 EGTA, 1 CaCl,, 1 MgCl,, 4 MgATP, and 0.4 Na,GTP
(pH 7.3 with CsOH) was used in LCs to block potassium current.
To block calcium influx, Krebs solution containing 20 uM CaCl,
and 300 pM CdCl, was added, and then washed off with normal
Krebs solution.

Single-fiber and patch-clamp recordings were acquired from in-
dividual corpuscles in skin preparations from different animals.
Electrophysiological data were obtained in Clampfit 10.7 (Molecu-
lar Devices), and then analyzed and displayed in GraphPad Prism
9.5.1 (GraphPad Software, LLC).

FIB-SEM

EM sample preparation

The immersion fixation protocol was adapted from the mouse skin
preparation method (8). A patch of bill skin was dissected from a
duck embryo and immediately immersed in a fixative solution con-
taining 2.5% glutaraldehyde, 2.5% paraformaldehyde, 0.13 M caco-
dylate, 4 mM CaCl2, and 4 mM MgCI2 (pH 7.4, 37°C). The
epidermis was removed while the skin patch remained in this solu-
tion, and the skin was cut into 1 mm by 1 mm sections at room
temperature. After 2 hours, the dermis was transferred to a fresh
solution and gently shaken at 4°C for 48 hours. The solution was
replaced with a freshly prepared fixative at the 24-hour time
point. After 48 hours, the sample was stored in a solution of 1.5%
paraformaldehyde and 0.13 M cacodylate (pH 7.4) and stored
at 4°C.
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The bill skin samples were then sectioned into 300-um-thick
slices in 0.13 M cacodylate buffer using a Compresstome (Precision-
ary, MA). The slices were washed in cacodylate buffer (0.13 M),
postfixed with 2% osmium tetroxide, and 1.5% potassium ferrocy-
anide in 0.13 M cacodylate buffer for 120 min at 0°C. After washing
in distilled water, the slices were stained with 1% thiocarbohydra-
zide for 40 min at 40°C and 2% osmium tetroxide for 90 min at
room temperature followed by 1% uranyl acetate at 4°C overnight.
These staining reagents were diluted in double distilled water. The
sample slices were completely washed with distilled water between
each step at room temperature three times for 10 min each. Last, the
slices were transferred into lead aspartate solution at 50°C for 120
min followed by distilled water wash at room temperature three
times for 10 min each. After the heavy metal staining procedure,
the samples were dehydrated with graded ethanol, embedded in
Durcupan resin (Sigma-Aldrich, MO), and then polymerized at
60°C for 48 hours.

FIB-SEM sample preparation

One Durcupan-embedded duck bill skin sample contained one
whole Meissner corpuscle and one partial Meissner corpuscle
(DB.B2-01M), and another sample contained one whole Meissner
and one whole Pacinian corpuscle (DB.B2-01MP). The sample was
first mounted to the top of a 1-mm copper post which was in
contact with the metal-stained sample for better charge dissipation,
as previously described (33). The vertical sample post was trimmed
to a small block containing one Meissner corpuscle with the width
perpendicular to the ion beam, and the depth in the direction of the
ion beam sequentially (34). The block size was 110 x 80 pmz. After
the entire volume of DB.B2-01M was FIB-SEM—imaged, the sample
post was then trimmed to sample DB.B2-01MP that contains a
region of interest (ROI) of one Meissner conjunction with one Pa-
cinian corpuscle (DB.B2-01MP) with a block size of 135 x 110 pmz.
The trimming was guided by x-ray tomography data obtained by a
Zeiss Versa XRM-510 and optical inspection under a microtome.
Thin layers of conductive material of 10-nm gold followed by
100-nm carbon were coated on the trimmed samples using a
Gatan 682 High-Resolution Ion Beam Coater. The coating param-
eters were 6 keV, 200 nA on both argon gas plasma sources, and 10
rpm sample rotation with 45° tilt.

FIB-SEM 3D large volume imaging

Two FIB-SEM prepared samples, DB.B2-01M and DB.B2-01MP,
were imaged sequentially by two customized Zeiss FIB-SEM
systems previously described (33, 35, 36). The block face of ROI
was imaged by a 2-nA electron beam with 1.2-keV landing energy
ata 2-MHz scanning rate. The x-y pixel resolution was set at 8§ nm. A
subsequently applied focused Ga* beam of 15 nA at 30 keV strafed
across the top surface and ablated away 8 nm of the surface. The
newly exposed surface was then imaged again. The ablation
imaging cycle continued about once every half minute for 4 days
to complete FIB-SEM imaging DB.B2-01M which contains one
Meissner corpuscle and about once every minute for 1 week to com-
plete DB.B2-01MP that contains one Meissner corpuscle and one
Pacinian corpuscle. The acquired image stack formed a raw
imaged volume, followed by postprocessing of image registration
and alignment using a Scale Invariant Feature Transform-based al-
gorithm. The aligned stack consists of a final isotropic volume of 60
x 50 x 58 um” and 85 x 56 x 75 um" for DB.B2-01M and DB.B2-
01MP, respectively. The voxel size of 8 x 8 x 8 nm’ was maintained
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for both samples throughout entire volumes, which can be viewed in
any arbitrary orientation.
FIB-SEM segmentation
The segmentations of organelles, cells, and nuclei from FIB-SEM
images were achieved with Apeer, an Al-driven cloud-based plat-
form (www.apeer.com/) (37). Deep learning techniques were used
to achieve automated segmentation, using a customized convolu-
tional neural network (CNN) architecture based on 2D U-Net. To
generate ground truth data, cells and organelles were manually an-
notated from a small set (100 planes) of the raw FIB-SEM images.
The CNNs were trained using the annotated ground truth data and
proofread to achieve high-quality segmentation of the objects in 3D.
Semantic segmentation was applied to each object, and the accuracy
of the segmentation was assessed by evaluating the voxel Intersec-
tion over Union (IoU) and F1 scores. IoU was calculated as the
overlap between annotation and ground truth bounding boxes by
computing the ratio of the intersection area to the union area:
ToU = (Intersection Area)/(Union Area). The F1 score was calculat-
ed as the balance between the model’s ability to correctly identify
positive samples (precision) and its ability to capture all positive
samples (recall): F1 = 2 * (Precision * Recall)/(Precision + Recall)
(38). Apeer machine learning models were downloaded separately
for each class of cells or organelles to create a full 3D model on a full
dataset. All volumes were segmented at 16 x 16 x 16 nm resolution
except DCVs which were segmented at 8 x 8 x 8 nm.
FIB-SEM reconstruction and data analysis
Raw FIB-SEM data and Apeer machine learning models for each
class were imported into Arivis Vision 4D software. Using this soft-
ware, each individual cell and organelle was segmented to generate
complete objects, which were then filtered by size to remove any ex-
traneous noise components. The objects were manually proofread
and adjusted as necessary, and various quantitative measures such
as volume, distances, surface area, and diameters were calculated
within the software. The diameter of each DCV was estimated by
identifying the longest and shortest path between two mesh
nodes. The contact area between the LC and the afferent was deter-
mined by dilating each object by 1 pixel, creating their intersection,
and dividing the resulting surface area by two. Python scripts were
used to calculate density scores for the DCVs, and videos were gen-
erated using Arivis Vision 4D. Three-dimensional tomography was
reconstructed at 1.6 x 1.6 x 1.6 nm resolution manually per plane
using Arivis Vision 4D software.

Reconstructed model in 3D: https://sketchfab.com/3d-models/
avian-meissner-grandry-corpuscle-4175eadcd2aa4005b4bbbc2el
63ead35

3D transmission electron microscopy tomography

Freshly peeled duck bill skin was fixed in Karnovsky fixative at 4°C
for 1 hour, washed in 0.1 M sodium cacodylate buffer (pH 7.4), and
then postfixed in 1% osmium tetroxide for 1 hour in the dark on ice.
The tissue was stained in Kellenberger solution for 1 hour at room
temperature after washing in distilled water, dehydrated in a series
of alcohols and propylene oxide, then embedded in EMbed 812, and
polymerized overnight at 60°C. Thick sections of 250-nm depth
were obtained from hardened blocks using a Leica UltraCut UC7
on copper formvar—coated slot grids. Sections (250-nm thick)
were contrast stained using 2% uranyl acetate and lead citrate,
and 15-nm fiducial gold was added to both sides to aid alignment
for tomography. Sections were viewed using a FEI Tecnai TF20 at
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200 Kv and data were collected using SerialEM (39) on a FEI Eagle
4Kx4K charge-coupled device camera using tilt angles of —60° to
60°, and then reconstructed in IMOD (University of Colorado,
Boulder). All solutions were supplied by Electron Microscopy Sci-
ences (Hatfield, PA).

RNA sequencing of individual corpuscles

Corpuscles were manually collected and pooled for subsequent
transcriptomic analysis in ribonuclease-free conditions. Aspiration
pipettes pulled from capillary glass tubing (G150F-3, Warner In-
struments, Hamden, CT) using a micropipette puller (P-1000,
Sutter, Novato, CA) had a tip diameter of ~40 to 60 uM and were
filled with 3 pl of the RNA lysis buffer (Quick-RNA Microprep Kit,
Zymo, Irvine, Ca). The pipette was mounted on a micromanipula-
tor and used to aspirate 2 to 10 corpuscles from duck bill skin by
applying negative pressure using a High Speed Pressure Clamp
system (HSPC-1, ALA Scientific Instruments). Collected corpuscles
were deposited into a 0.5-ml tube containing 10 pl of the RNA lysis
buffer. Nearby skin cells devoid of any corpuscles were collected for
comparison. Samples were then stored at —80°C until RNA isola-
tion. Five to six total replicates were collected from three indepen-
dent skin isolations. RNA was isolated using the Quick-RNA
Microprep Kit (Zymo) according to the manufacturer’s instruc-
tions. RNA concentration and integrity number (RIN) were as-
sessed by Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA).
RNA concentrations for corpuscles were in the range of 63 to 323
pg/pl and RIN values were in the range of 6.1 to 8.0.

Library preparation and sequencing were carried out at the Yale
Center for Genome Analysis. Sequencing libraries were prepared
using the Kapa mRNA Hyper Prep kit (KAPA Biosystems, Wil-
mington, MA) (skin samples) or the NEBNext Single Cell/Low
Input RNA Library Prep Kit (New England Biolabs, Ipswich,
MA) (corpuscle samples). Libraries were sequenced on the Illumina
NovaSeq instrument in the 150-base pair paired-end mode accord-
ing to the manufacturer’s protocols. A total of ~30 million to 52
million sequencing read pairs per sample were obtained.

The sequencing data were processed on the Yale Center for Re-
search Computing cluster. Raw sequencing reads were filtered and
trimmed to retain high-quality reads using Trimmomatic v0.39 (40)
with default parameters. Filtered high-quality reads from all
samples were aligned to the duck reference genome using the
STAR aligner v2.7.7a with default parameters (41). Statistical anal-
ysis of differential expression of genes between groups was per-
formed using the generalized linear model (GLM) approach and
the quasi-likelihood F test, as implemented in the EdgeR package.
The duck reference genome and the gene annotation were obtained
from the National Center for Biotechnology Information (Anas pla-
tyrhynchos; assembly ZJU1.0; NCBI Annotation Release: 104; all
files accessed on 4/30/2021).

Reference genome: https://ftp.ncbi.nlm.nih.gov/genomes/all/
GCF/015/476/345/GCF_015476345.1_ZJU1.0/GCF_015476345.1_
ZJU1.0_genomic.fna.gz.

Gene annotation: https://ftp.ncbi.nlm.nih.gov/genomes/all/
GCF/015/476/345/GCF_015476345.1_Z]JU1.0/GCF_015476345.1_
ZJU1.0_genomic.gff.gz.

The gene annotation was filtered to include only protein-coding
genes. Aligned reads were counted by the featureCounts module
within the Subread package v2.0.1 using the “unstranded” mode
with default parameters (42). Read counting was performed at the
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gene level, i.e., the final read count for each gene included all reads
mapped to all exons of the gene. Processing, normalization, and
statistical analysis of read counts were performed using the EdgeR
v3.38.4 package in R v4.2.1 (43). Normalized read counts were ob-
tained by normalizing raw read counts to the effective library sizes
of each sample. Effective library sizes were calculated by normaliz-
ing raw library sizes by RNA composition using a trimmed mean of
M values method, as implemented in the calcNormFactors function
of the EdgeR package. Normalized read counts were further nor-
malized to gene length and expressed as “fragments per kilobase
gene length per million mapped reads”. Statistical analysis of differ-
ential expression of genes between groups was performed using the
GLM approach and the quasi-likelihood F test, as implemented in
the EdgeR package. RNA sequencing data were deposited to the
Gene Expression Omnibus (accession number GSE218686).

Supplementary Materials
This PDF file includes:

Figs. S1 to S7

Table S1

Legends for movies S1 to S5

Other Supplementary Material for this
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Fig. S1. Quantification of lamellar cell — afferent contact area. (A) Quantification of the surface
area of lamellar cells in a reconstituted avian Meissner corpuscle. (B) Quantification of LC surface
area in contact with the afferent. (C) Quantification of the portion of LC surface area in contact
with afferents. (D) Quantification of afferent disk area in contact with LCs. The cartoon depicts a
dually innervated corpsucle.
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Fig. S2. Three-dimensional image of a satellite cell penetrating the core of avian Meissner
corpuscle. (A) 3D reconstitution of the corpuscle core with a satellite cell. (B) Isolated 3D images
of satellite cell projections relative to LCs and the afferent.
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Fig. S3. Three-dimensional image of an avian Meissner corpuscle innervated by a single
afferent. (A) A pseudo-colored FIB-SEM image of a section of a Meissner corpuscle in duck bill
skin with three LCs (blue) innervated by a single afferent (red). (B) Partial 3D reconstruction of a
Meissner corpuscle core (without satellite cells) innervated by a single afferent. The afferent (red)
forms a single disc positioned between LC1 and LC2 (blue).
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Fig. S4. Quantification of dense core vesicle size and volume. (A) Quantification of the lamellar
cell volume. (B) Quantification of the volume occupied by dense core vesicles (DCV) in lamellar
cells (LC). (C) Quantification of total DCV volume per LC. The cartoon depicts a dually innervated

corpsucle.



A Corpuscle collection for RNA sequencing

: A
Meissner

=

(o))

USH2A
S100A1
ST100A10
ST00AT1
ST100A13
S100A76
51002
VAMPA4
VAMP7
STX3
STX6
5TX8
STX18
SNAFP25
SYT13
CHGA
CHGB
RAB3C
RIMSZ2
RIMS3
SYN2
SYN3

SNARE complex MLC-specific

DCV biogenesis
and release

C CACNATC
CACNATD
CACNATE
CACNATG
CACNATH

CACNA2D1
CACNB2

. oy CACNBA4
Bang.. CLCCT
 —— CLCN3

e

CLCN6

HCN2

< KCNA4
KCNABT
KCNAB2
KCNB2
KCND2
KCNIP1
KCNIP4
KCNJ13
KCNJ5
KCNK10

! KCNK13

— KCNK?2
collected KCNKS
KCNMAT
KCNN2
KCNQ1
KCNQ5
KCNT2
KCITD1
KCTD10
KCTD12
KCTD14
KCTD15
KCTD16
KCTD17
KCTD18
KCTD19
KCTD2
KCTD20
KCTD21
KCID7
PIEZO2
PKD1
PKD1L2
PKD2
PKD2L1
PKD2L2
SCNSA
SCNN1B
TMC3
TMEME3A
TMEMESB
ok TMEMB3C
TMEMETA

TPCN1

TRPC1

TRPM1

TRPM3
TRPM7

I Skin
M Meissner

lon channels

e

ok

A

o

*x

*

*h

*ﬁ

G.1 1 10 100

FPKM

Fig. S5. RNA-sequencing of avian Meissner corpuscles. (A) Images of a Meissner corpuscle in the
process of extraction from duck bill skin into a glass pipette for RNA sequencing. (B, C)
Quantification of transcript levels in Meissner corpuscles and adjacent skin areas. Data are mean
+ SEM from 6 corpuscles and 5 skin samples. FPKM, fragments per kilobase of exon per million
mapped fragments. Statistics: quasi-likelihood F-test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. S6. Slowly and rapidly adapting responses in the afferents from avian Meissner corpuscles.
(A, B) Recordings of action potentials in the afferent in response to mechanical stimulation. (C)
Raster plot of two slowly adapting afferents (SA) and representative rapidly afferents (RA) from
different corpuscles in response to mechanical stimulation.
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Fig. S7. Action potentials evoked in the afferent by mechanical stimulation or electrical
activation of a single LC are indistinguishable. (A) Exemplar traces recorded in a Meissner
afferent in response to mechanical stimulation of the corpuscle (left) or LC activation by current
injection in the current clamp mode (right). (B) Overlay of APs evoked by mechanical
stimulation or LC activation by current injection. (C) Exemplar traces recorded in a Meissner
afferent in response to mechanical stimulation of the corpuscle (left) or LC activation by
depolarization in the voltage clamp mode (right). (D) Overlay of APs evoked by mechanical
stimulation or LC activation by depolarization.




Supplementary Table I. Accuracy statistics of FIB-SEM data segmentation for a Meissner
corpuscle innervated by two afferents.

Object loU* F1
score
Afferents 0.67 0.80
DCVs 0.80 0.89
Lamellar cells 0.99 0.99
Satellite cells 0.97 0.98
Collagen 0.94 0.97

*Intersection over Union



Movie S1. 3D architecture of a duck Meissner corpuscle innervated by two afferents obtained
using FIB-SEM.

Movie S2. 3D architecture of a duck Meissner corpuscle innervated by two afferents obtained
using FIB-SEM. This is a non-rendered movie version depicting dense core vesicles (dark blue)
inside lamellar cells.

Movie S3. An image stack of a fragment of lamellar cell-afferent contact area obtained by
transmission electron microscopy tomography. The video shows a cross-section of the afferent
disk sandwiched between two dense core vesicle-containing lamellar cells.

Movie S4. 3D reconstruction of a fragment of lamellar cell-afferent contact area obtained by
transmission electron microscopy tomography. Shown are mitochondria (yellow), dense core
vesicles (red), lamellar cell membrane (dark blue), afferent membrane (purple), clear vesicles
(light blue), caveolae (green), membrane densities resembling adherens junctions (orange).

Movie S5. A close-up 3D reconstruction of a fragment of lamellar cell-afferent contact area
obtained by transmission electron microscopy tomography, depicting fusing dense core vesicles,
a caveolae, and tethers connecting lamellar cell and afferent membranes.
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