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Perception of the environment relies on somatosensory neurons.
Mechanosensory, proprioceptor and many nociceptor subtypes of
these neurons have specific mechanosensitivity profiles to ade-
quately differentiate stimulus patterns. Nevertheless, the cellular
basis of differential mechanosensation remains largely elusive. Suc-
cessful transduction of sensory information relies on the recruitment
of sensory neurons andmechanosensation occurring at their periph-
eral axonal endings in vivo. Conspicuously, existing in vitro models
aimed to decipher molecular mechanisms of mechanosensation test
single sensory neuron somata at any one time. Here, we introduce
a compartmental in vitro chamber design to deliver precisely
controlled mechanical stimulation of sensory axons with synchro-
nous real-time imaging of Ca2+ transients in neuronal somata that
reliably reflect action potential firing patterns. We report of three
previously not characterized types of mechanosensitive neuron sub-
populations with distinct intrinsic axonal properties tuned specifi-
cally to static indentation or vibration stimuli, showing that dif-
ferent classes of sensory neurons are tuned to specific types of
mechanical stimuli. Primary receptor currents of vibration neurons
display rapidly adapting conductance reliably detected for every sin-
gle stimulus during vibration and are consistently converted into
action potentials. This result allows for the characterization of two
critical steps of mechanosensation in vivo: primary signal detection
and signal conversion into specific action potential firing patterns
in axons.
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Continuous sensing of the surrounding environment is an ab-
solute requirement for any organism to ensure its survival

through adaptation. Recently, significant progress has been made
in understanding the molecular mechanisms underpinning the
perception of temperature and chemical stimuli in both verte-
brates and invertebrates (1–3). In contrast, the molecular and
cellular requirements for mechanoreception during sensations of
touch and pain have yet to be elucidated.
The application of mechanical force is believed to activate ion

channels in sensory nerve endings, resulting in membrane de-
polarization andperipheral action potential (AP) generation (4, 5).
Nociceptors contain free nerve endings acting as high-threshold
mechanotransducers.Vibration, touch, andpressure sensations are
mediated by low-threshold myelinated sensory afferents with their
unmyelinated terminals located within specialized accessory struc-
tures, the sensory end-organs (6). Our ability to discriminate fine
modalities of mechanical stimuli is thought to be underlain by
multiple subtypes of myelinated sensory neurons, each associated
with corresponding sensory end-organs. However, the relative im-
portance of sensory end-organs vs. intrinsic mechanoreceptive
properties of neurons themselves remains elusive, largely because
of the lack of models to resolve neuronal responses to diverse
stimuli in the absence of end-organs.
Sensory neurons’mechanoreception is conventionally assessed

in soma-free ex vivo skin-nerve preparations (7, 8) or in dissociated
neurons using direct somatic stimulation to mimic mechanore-

ception in the absence of an end-organ (9–14). Neither approach
allows for analyzing the full complexity of mechanosensation—
from different types of stimuli—receptor current (RC)-evoked
depolarization to the stimuli’s final translation into a specific AP
pattern.
To decipher the functional complexity of mechanosensory neu-

ron subtypes, we have designed an in vitro compartmentalized
chamber system to evaluate howaxons discriminate among diverse
sensory inputs and encode particular stimuli into specific AP
patterns. This system is achieved by applying a precise stimulus
pattern onto axons grown inside a cushion gel, a semipermeable
target of innervation, while synchronously monitoring somatic
responses by means of real-time Ca2+ imaging (15, 16) and elec-
trophysiology.We demonstrate that Ca2+ imaging is a predictor of
electrical activity and that the soma represents an accurate “at-
tached” sensor of electrical activity triggered by the primary
stimulus applied to the neurites. Thus, we can conclusively identify
functionally distinct mechanosensory neuron subpopulations
based on their unique pharmacological, electrophysiological, and
neurochemical properties.

Results
Compartmentalized Cell-Based System with Controlled Mechanical
Stimulation to Neurites. We designed a compartmentalized cham-
ber with a cushion gel allowing delivery of precise mechanical
stimuli (SI Materials and Methods and Fig. S1A). After a period of
4 to 6 d following seeding dissociated sensory neurons frommouse
dorsal root ganglia into the central compartment, the cells ex-
tended their axons into the gel block in a gradient of a mixture of
growth factors (NGF, BDNF, NT3, and glial cell line-derived
neurotrophic factor). The block itself is covered by a piece of
flexible plastic (below referred to as a “bridge”) and represents an
adjacent compartment (Fig. S1 B–D′′′). Mechanical stimuli were
delivered to axon endings by vertical displacement of the bridge
via a computer-controlled piezo probe (Fig. S1 E and F). Axonal
stimulation resulted in somatic responses in the majority of cells
as reported by Ca2+ imaging (Fig. 1). This stimulation was fol-
lowed by sequential perfusion of the central chamber with cap-
saicin and KCl to reveal nociceptors and to detect all electrically
active neurons (Fig. 1 A–C), respectively.

Static and Vibration-Sensitive Neurons. When applying a train of
consecutive indentation stimuli (i.e., static stimulation) of in-
creasingmagnitude,wefind that 94±4%ofneurons that responded
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to a low-intensity stimulus were also responsive to higher-stimulus
magnitudes as determined by the amplitude of somatic Ca2+ tran-
sient (threshold = 0.2; n= 284 neurons, N= 3 experiments). The

distance from soma to the bridge had no effect on the neurons’
response profiles or sensitivity (SI Materials and Methods and Fig.
S2A). Graded responses were detected in 79 ± 7% of neurons

Fig. 1. Classification of sensory neuron subtypes by their response characteristics. (A and A’) Single Ca2+ traces of cells representing different functional
populations identified in culture. Mechanical stimulation profiles are depicted on the top in blue. Each stimulation train was followed by somatic stimulation
with capsaicin and KCl. (B) Ca2+ responsiveness to mechanical stimulation negatively correlates with responsiveness to capsaicin. Cells were grouped into
categories based on Ca2+ level change in response to capsaicin (Caps) stimulations: 40%weakest responders (Caps−, n = 141, N = 3), 40%midresponders (Caps+,
n = 134, N = 3), and 20% strong responders (Caps++, n = 50, N = 3). Mean amplitude for Ca2+ response was calculated in each group for stimulations of each
magnitude for those cells, which (i) exceeded a threshold of 0.2 for at least one static stimulation, and (ii) did not exceeded a threshold of 0.4 for any vibration
stimuli. *P = 0.075; **P = 0.044; ***P < 0.001 (Mann-Whitney test). (C) Representative traces of TTX-R and TTX-S cells. Static (gray background) and vibration
stimuli were applied as indicated in the presence of 1 μM TTX in the central chamber. (D) (Upper) Bright field and pseudocolored ratiometric Ca2+ imaging
responses and NF-H immunoreactivity of representative cells of static and vibrational populations. (Lower) Percentage of NF-H+ cells among static and vibration
populations. (E) Representative Ca2+ responses triggered by static stimulation, coupled with simultaneous electrophysiological recording from neuronal soma.
Prototypic slowly adapting (SA) and rapidly adapting (RA) responses were identified. Note that the Ca2+ level change reflects the pattern of APs.

Usoskin et al. PNAS | September 14, 2010 | vol. 107 | no. 37 | 16337

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
17

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914705107/-/DCSupplemental/pnas.200914705SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914705107/-/DCSupplemental/pnas.200914705SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0914705107/-/DCSupplemental/pnas.200914705SI.pdf?targetid=nameddest=SF2


www.manaraa.com

(n = 284, N = 3) (Fig. 1A). A 79 ± 3% of neurons responsive to
mechanical stimulation were activated by static indentation and not
by a sinusoidal vibration stimulus (5 s) with the frequency varying
between 1 and 60 Hz. We classify these as “static” neurons.
Two identical consecutive static stimuli resulted in similar

Ca2+ responses, demonstrating the reliability of our recording
method (Fig. S2B). A portion of static responsive neurons
responded to capsaicin (38 ± 2%; n = 284, N = 3) (Fig. 1A).
Responsiveness to mechanical stimulation was found to inversely
relate to capsaicin sensitivity: the higher the static neuron’s sen-
sitivity was to capsaicin, the lower it was to mechanical stimu-
lation (Fig. 1B). This finding suggests that cells with capsaicin
sensitivity, a hallmark feature of nociceptors, demonstrate a high
threshold for mechanical stimulus response, which is in agree-
ment with a previous in vitro study (9).
Trains of vibration stimuli were applied to identify neurons

specifically tuned to this type of stimulus in vivo (17, 18): 21 ± 3%
of mechanosensitive neurons reliably responded to vibration
stimuli (henceforth termed “vibration neurons”) (Fig. 1A′). Vi-
bration neurons did not respond to capsaicin stimulation (n = 1/
152, N = 6) (Fig. 1 A′ and C) and, unlike static neurons, were
neurofilament heavy chain (NF-H)-positive (Fig. 1D), indicating
that nociceptors belong to the subpopulation of static neurons,
because nociceptive neurons are of small diameter, unmyelinated,
and lack NF-H immunoreactivity in vivo (19).
To confirm that Ca2+ transients observed in the soma are me-

diated by APs generated at the site of stimulation, we applied te-
trodotoxin (TTX), a voltage-gated sodium channel blocker, which
acts predominantly on nonnociceptive sensory neurons (20, 21).
Application of TTX (1 μM) to the central chamber abolished the
response of all of the vibration neurons [classified as TTX-sensitive
(TTX-S); n = 34, N = 2] (Fig. 1C). We find that 47% of static
neurons (both capsaicin-sensitive and insensitive) were TTX-
resistant (TTX-R) (n=111,N=2) (Fig. 1C), further emphasizing
that nociceptors belong to the static neuron subpopulation.
To reveal the specific patterns of APs triggered by the me-

chanical stimulation at the axonal level, whole-cell recordings with
simultaneous Ca2+ imaging were performed during application of
different stimuli. Static stimulation evoked two firing profiles, one
exhibiting a typical rapidly adapting response, with only brief trains
of APs at the onset and often at the end of stimulation (n = 25
cells) (Fig. 1E). Three out of 28 cells also displayed additional
firing during the tonic phase of stimulation (Fig. 1E).

Subclasses of Vibration-Responsive Neurons. Vibration neurons
represent 21% of all observed mechanoresponsive neurons
(nvibration = 158, N = 8) (Fig. 1A′). These neurons form two
subtypes that differ in their response profile to a series of vibrations
with incrementing frequency, and are therefore referred to as
slowly adapting or rapidly adapting vibration neurons (V-SA and
V-RA, respectively) (Figs. 1A′ and 2 A and B). V-SA neurons
exhibited a stronger response to higher stimulus frequencies (Fig.
2A andB). In contrast, V-RAneurons responded to low frequency
range (3 and 10 Hz), similarly to V-SA neurons, but showed com-
paratively lower response amplitudes at higher frequencies (30
and 60 Hz).
Series of vibration stimuli (10 Hz) of increased duration (4, 8,

and 12 s) revealed that V-SA but not V-RA cells displayed per-
sistently high levels of intracellular Ca2+ throughout the duration
of the stimulus (Fig. 3A) (P< 0.001,n=38,N=4). BothV-SAand
V-RA neurons also demonstrated reproducible responses to two
identical vibration stimuli (Fig. S2C). V-SA neurons had larger
somatic diameter than V-RA neurons (Fig. 3B and B′), but V-RA
and static neurons did not differ in their soma sizes. V-RAneurons
responded stronger to static stimuli than V-SA neurons (Fig. 2C).

Discharge Properties of V-SA and V-RA Neurons. Whole-cell re-
cording with synchronous Ca2+ imaging revealed a characteristic

discharge pattern that accounts for the difference between ob-
served Ca2+ response profiles of V-SA and V-RA neurons. Typi-
cally, neurons with V-SA-like Ca2+ response profiles were active
throughout the duration of a vibration stimulus (with the exception
of 3-Hz stimulation, where an adaptation of AP frequency was
sometimes observed) (Fig. 4A). Unlike V-SA neurons, V-RA cells
exhibited rapid adaptation during the course of stimulation (Fig.
4A). In addition, similar firing patterns consisting of several APs
evoked by 3-Hz stimulation appeared to result in Ca2+ transients,
which were larger in V-RA than those in V-SA neurons (Fig. 4A).
V-RA neurons displayed faster adaptation at higher vibration
frequencies, which could account for their lower Ca2+ response
seen at 30- or 60-Hz vibration stimulation (Fig. 4A). APs and
corresponding Ca2+ transients recorded during 10-Hz vibration
stimulation of different durations (4, 8, and 12 s) revealed the same
tendency: V-SA neurons generated a continuous discharge of APs
with little adaptation and exhibited a high and steady level of Ca2+

throughout the full duration of the stimulation (Fig. 3A). In con-
trast, V-RA neurons ceased firing shortly after the onset of stim-
ulus, resulting in a rapidly decaying Ca2+ transient (Fig. 3A).
The difference in AP discharge properties between V-SA and

V-RA neurons was also reflected in the delay from the stimulus
onset to the peak of Ca2+ transient. Although the delay to [Ca2+]
peak for a 3-Hz stimulation was similar in both neuronal types, at
higher frequencies this parameter became reduced in V-RA, but
not in V-SA neurons (Fig. 4B). This result is likely because of a
faster AP firing frequency adaptation exhibited by V-RA neurons.

Fig. 2. Subclass specificity of vibration-sensitive neurons. (A) Representative
Ca2+ traces of cells from two vibrational cell subpopulations. Mechanical
stimulation profile is depicted on the top in blue. Note that the last three
vibration stimulations are of increasing duration, as indicated by bar thick-
ness (4, 8, and 12 s). (B) Response profile of V-SA (n = 29; N = 2) and V-RA (n =
30; N = 2) neurons to vibrational stimulation of different frequency plotted
as a mean of Ca2+ transients’ amplitude. (C) V-RA and V-SA neuron re-
sponsiveness to static stimulation normalized to vibrational response. ***P <
0.001 (Mann-Whitney test).
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RC Recordings. Previous paradigms allowed for recording of either
the AP firing profile from mechanically stimulated axons in skin-
nerve preparation (7, 8), or somatic/proximal axon RCs in disso-
ciated neuronal culture (9, 21). Questionably, these two phe-
nomena were suggested to be related even though data were
obtained under different experimental paradigms. Here, we set
out to record theRCs ofV-SAneurons and their correlation toAP
firing patterns, following both static and vibration stimuli. For this
purpose, a Capron fiber was positioned above the axons within the
gel to provide highly focal stimuli (Fig. S3). V-SA neurons were
first identifiedbasedonCa2+ transients and theirAPpatternswere
recorded, followed by application of TTX (1 μM) to blockAPs and

isolate the RCs. Following weak static stimulus (25-μm inden-
dation, 1 s) a single AP was recorded at the onset of the stimulus.
The corresponding RC underlying the AP was a fast inward cur-
rent measured in voltage-clamped (−60 mV) cell soma (Fig. 5A).
The currents had a mean peak amplitude of 70 pA. The latency
betweenonset of stimuli and current activationwas rapid (6.5msat
an indentation ramp of 3mm/s) (Fig. 5A). The latency to response
was dependent on the ramp of stimulus with a delayed current
activation at a slower ramp (17ms at a rampof 0.9mm/s) (Fig. 5A).
Fitting theRC traces with single exponential functions to calculate
the time constant for current inactivation produced tau values of
22.2 ± 0.7 ms and 17.1 ± 0.2 ms for RCs recorded at ramps of 0.9
mm/s and 3 mm/s, respectively. The ramp-dependent kinetics in-
dicate that the mechanical stimulus directly gates ion channels.
In agreementwithourpreviousfindings, vibration stimuli (30Hz,

1 s) led to continuous discharge of APs without significant fa-
tigue, although not all cycles successfully initiated anAP (Fig. 5A).
In contrast, RCs were reliably detected for every single stimulus
during the vibration. Thus, in V-SA neurons, the RC is reliably
converted to an AP during the vibration stimulus. The mean peak
amplitude of the current declined with each successive cycle dur-
ing the vibration before reaching steady-state levels (2.3 ratio of
first three RCs to the last three RCs during a 1-s stimulus).

Prevalence of Different Subcategories of Mechanosensitive Neurons.
Based on the mechanosensitive properties revealed by our method,
neurons were classified into further subcategories of cells respond-
ing to static indentation, vibration, and capsaicin, as well as those
either sensitive or resistant to TTX (Fig. 5B). Static neuronswere by
far themostprevalent type,making up 79%of the entire population.
Of these neurons, 38% also responded to capsaicin. TTX resistance
was observed exclusively among the static neurons and was present
in 47% of them, independent of capsaicin sensitivity. Vibration
neurons made up 21% of all mechanical stimulus-responding cells:
V-SA contributed with 8 ± 2%, and V-RA provided the remaining
13± 3%.All vibration neurons wereNF-H+, TTX-sensitive and did
not respond to capsaicin (vibration neurons n= 152, N= 6).

Fig. 4. Correlated Ca2+ dynamics and discharge patterns of vibration-sensitive neurons. (A) Ca2+ imaging with simultaneous electrophysiological re-
cording reveals the difference between V-SA (red traces) and V-RA (blue traces) cells in both adaptation properties and Ca2+ dynamics. From the top in
each column: Ca2+ transients; position of vibration stimuli on the time axis; membrane potential recording (whole-cell); time zoom of above potential
recording. (Bottom trace) Profile of vibrational stimulation. (B) Delay between the vibration stimulus onset and Ca2+ transient maximum for high fre-
quencies is smaller for V-RA (n = 30; N = 2) than for V-SA neurons (n = 29; N = 2). Asterisks depict significance between delay for V-RA and V-SA neurons for
the same frequency of stimulation. ***P < 0.001 (Mann-Whitney test).

Fig. 3. Cellular responses to vibration stimuli. (A) From the top in each col-
umn: Ca2+ transients; position of vibration stimuli on the time axis; membrane
potential recording (whole-cell mode); time zoom of above potential re-
cording with the profile of vibration stimuli presented underneath. Appli-
cation of 10-Hz vibration of different duration (4, 8, and 12 s) confirmed that
V-SA adapt to this type of stimulus to amuch lesser extent than V-RA neurons.
The differential responsiveness of V-SA and V-RA neurons correlates with
their [Ca2+] transients over the entire period of stimulation. (B and B’) V-SA
neurons have larger somatic diameter than V-RA neurons. Brightfield view
(B) of V-SA (red arrows) and V-RA (blue arrows) somata, and their quantita-
tive comparison (B’). &&&P < 0.001; **P < 0.01 (Mann-Whitney test).
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Discussion
Cell-culture systems allowing for placement of cell somata and
neurites in separate compartments were introduced more than
a decade ago (22). Although these systems were extensively used
for biochemical studies, several technical limitations prevented
them from being used for assessing axonal mechanosensitivity,
one of the key unresolved issues in sensory biology today. Our
paradigm overcomes these complications yet preserves the advan-
tages of compartmentalization by introducing a gel-cushion com-
partment. Ourmodel offers the possibility to record fromdozens to
hundreds of cells simultaneously, with precisely controlled me-
chanical stimulation applied selectively to sensory axons. The first
aspect efficiently deals with the problem of sensory neuron het-
erogeneity, avoiding the need for extensive testing of cells one by
one. Additionally, using the cell soma as a model for axonal mech-
anosensitivity may not be fully adequate not only because of
the ultrastructural differences of signal propagation between the
structures, but also because such a model does not resolve the
balance between RC and membrane excitability that establishes
a response threshold [as it was recently reported for cold sensation
(2)]. Our paradigm possesses the robustness of optical methods
(several hundred cells per single experiment), but also allows for
consequent recording of both the underlying receptor currents and
the generated firing patterns, providing an ability to look for func-
tional clues in cell preselection. Despite the low Ca2+ imaging rate
(sampling at 1 Hz), the imaging method is sensitive enough to es-
timate the few APs occurring at the soma in a short burst (Fig. S4),
but does not capture the kinetics of the receptor currents, which are
much faster. The use of gel cushion in the distal compartment
naturally opens a possibility to create specific microenvironments
around the axonal endings, and thus to mimic the in vivo situation
for addressing the role of end-organs in mechanoreception. In ad-
dition to studies of mechanosensitivity, our system can be adapted
for selective application of thermal or chemical stimuli specifically
to nerve terminals.
Our experimental paradigm revealed three types of mechan-

ically sensitive neurons, those responding exclusively to static in-
dentation as well as two types of vibration-responsive neurons.
Cells responsive to capsaicin and resistant to TTX (i.e., prototypic
nociceptors) were found to be exclusively among the static neuron
group. Interstingly, one in vivo study (23) reported that TRPV1-
expressing nociceptors are mechanically insensitive in vivo, in-
dicating that a subpopulation of cells in our system develop cap-
saicin sensitivity during culturing. Reported down-regulation of
the TTX-R sodium channels Nav1.8 and Nav1.9 after peripheral

nerve axotomy (24) could explain the fact that not all capsaicin-
responsive cells were TTX-resistant. Depending on their sensi-
tivity to the stimulus, skin mechanoreceptors can be classified as
low or high threshold, the latter being mechanonociceptors (4, 6).
In our study, we could not separate the two mechanoreceptor
populations based solely on the threshold of their activation.
However, responsiveness to capsaicin marks presumable noci-
ceptors, which in our paradigm are also weak responders to me-
chanical stimuli. The failure to distinguish between the low- and
high-threshold mechanoreceptor types in our system could in-
dicate an important role of the end-organ structure (presently
absent in our system), which could serve to lower the sensitivity
level for low-threshold mechanosensors. Consistent with this
suggestion, a recent study reports that mice lacking Merkel cells
demonstrate a complete loss of neurophysiological responses
mediated by the Merkel cell-neurite complex (25).
We also identified two distinct types of vibration-responsive

neurons. TheV-SA neurons were slowly adapting to vibration, had
a larger somatic diameter, showed a weaker response to static in-
dentation (Figs. 3 B andB′ and 2C), and demonstrated continuous
AP discharge throughout the stimulus duration. The V-RA neu-
rons rapidly adapted to vibration stimulation, had a smaller cell
soma, and displayed a strongerCa2+ response to static indentation.
The latter difference between the two vibration neuron types could
be explained by differing somatic Ca2+ dynamics in response to
APs, as suggested by the observation that similar numbers of APs
triggered a stronger Ca2+ response in V-RA than in V-SA neurons
(Fig. 4A, 3-Hz stimulation).Hence, we have identified qualitatively
different, cell-specific intrinsic properties of vibration stimulus
responses. Themost prominent populations of neurons sensitive to
vibration are Pacinian corpuscles, Meissner corpuscles, and lan-
ceolate endings associated with hair follicles, all of which are of the
rapidly adapting type of neurons. Intriguingly, the nonneural ac-
cessory structure surrounding the central unmyelinated axon of
Pacinian corpuscles determines its adaptation, and removal of this
connective tissue transforms the neuron from a RA to a SA re-
ceptor in terms of the generator potential (26). Nevertheless, the
direct relationship between the V-SA and V-RA neurons and the
neural components of Pacinian and Meissner corpuscles remains
to be determined.
In addition to determining the response characteristics of

mechanosensitive neurons, our model offers a potential to study
the underlying mechanisms of response differentiation as well as
of mechanosensation itself. Recording of RCs from stimulated
axons together with the corresponding AP firing pattern allowed
for the elucidation of both the response characteristics of me-

Fig. 5. RC recordings in vitro. (A) Sensory neurons generate RCs during both static (Left) and vibration (Right) stimulation in the presence of TTX. AP firing
profile and corresponding RCs during static stimulation of different ramping speeds (Lower Left) and 30-Hz vibrational stimulus (Lower Right). (B) Proportion
of main mechanosensitive sensory neuron populations as identified with the techniques introduced in this article. Pie chart with percentages of sensory
neurons responding to the stimuli indicated, and the sensitivity of their subpopulations to TTX or capsaicin.
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chanical gating in axons and the mechanisms of its translation into
theAPfiring profile. TheRCwas similar toRAcurrents previously
reported in mechanosensitive neurons (21), and revealed a reli-
able current for each sinusoidal vibration stimulus that was con-
sistently converted into APs in V-SA neurons, with only a very
small reduction in current peak amplitude following long trains
of stimuli.
Despite an intense effort of elucidating the cellular and mo-

lecular basis of mechanosensitivity, much remains unknown (11,
27–32). We believe that our unique experimental technique al-
lows for detailed studies of cell-autonomous mechanisms and
should facilitate future efforts at resolving the molecular basis of
mechanotransduction. Our method might also be suitable for
addressing the role of different cellular components, such as the
nonneural Merkel cells (6, 33).

Materials and Methods
Mechanical Stimulation. A piezo bender with an attached iron pin (probe) was
used to provide mechanical stimulation by positioning the pin in contact with
the top of the gel bridge (Fig. S1A). The thickness of the MG “sandwich”
under the gel bridge was ∼270 μm. The magnitude of applied mechanical
stimulation (indentation distance) varied from 20 to 80 μm (see SI Materials
and Methods for details).

Ca2+ Imaging. Cell-loading with Fura-2/AM (Molecular Probes) and perfusion
stimulation of somata were performed as described (34), with the exception
of the final Fura-2/AM concentration being 4 μM. Ratiometric Ca2+ imaging
was performed according to ref. 35, except that an 25× water immersion
objective was used. ΔR/Ro = (R − Ro)/Ro was calculated to measure cellular
responses, where R is the F340/F380 ratio and Ro is a baseline ratio before
stimulus onset. Ca2+ imaging acquisition rate was 0.1 to 0.2 Hz between and
1 Hz during stimulations. The stimuli were applied at intervals of >1 min.

Electrophysiology. Target cells were identified by their response properties to
mechanical stimulation using Ca2+ imaging. ΩOhm seals were obtained,
followed by acquiring a whole-cell configuration in current clamp mode. To
exclude any possible effect of artificial pipette solution on neuronal re-

sponse properties, APs resulting from mechanical stimulation were recorded
in cell-attached voltage-clamp mode (ΩOhm seals, noninvasive) by their
corresponding capacitance current transients. Identical mechanical stimula-
tion was then applied to the same cell and APs were recorded in whole-cell
mode. No significant effect of pipette solution was observed. RCs were
recorded in the presence of 1 μM TTX in the external solution and were
averaged over a minimum of three sweeps. The pipette solution contained
(in mM): 135 K-gluconate, 20 KCl, 4 ATP-Mg, 10 Na-phosphocreatine, 0.3
GTP, and 10 hepes, pH 7.3. Recordings were made using a Dagan PC-ONE
amplifier (Dagan Corporation), sampled at 20 kHz, digitized by a Digidata
interface (Axon Instruments/Molecular Devices), and analyzed off-line by
P-Clamp software. Borosilicate glass patch pipettes had a resistance of 3 to 5
MΩ. Series resistance was not compensated.

Immunocytochemistry. After the experiment, cells were fixed with 4% para-
formaldehyde in 0.1 M Na-phosphate buffer (pH 7.4) for 20 min on ice fol-
lowed by immunocytochemical detection of select markers with monoclonal
primary antibodies: anti-NF-H 200 (1:400; Sigma) and anti-β-III-tubulin (1:2,000;
Promega). Species-specific secondary antibodies tagged with AlexaFluor 488
or carbocyanine 5 were used at a dilution range of 1:600 to 1:1,800.

Data Analysis. Preliminary visual analysis was performed using MetaFluor
software (Molecular Devices). Throughout the text, N refers to the number of
individual experiments and n the number of neurons recorded. Statistical
analysis was performed in StatistiXL, an add-in for MS Excel. Two-tailed
Mann-Whitney nonparametric test was used unless stated otherwise.
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