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Primary afferent somatosensory neurons mediate our sense of
touch in response to changes in ambient pressure. Molecules that
detect and transduce thermal stimuli have been recently identified,
but mechanisms underlying mechanosensation, particularly in ver-
tebrate organisms, remain enigmatic. Traditionally, mechanically
evoked responses in somatosensory neurons have been assessed
one cell at a time by recording membrane currents in response to
application of focal pressure, suction, or osmotic challenge. Here,
we used radial stretch in combination with live-cell calcium imag-
ing to gain a broad overview of mechanosensitive neuronal sub-
populations. We found that different stretch intensities activate
distinct subsets of sensory neurons as defined by size, molecular
markers, or pharmacological attributes. In all subsets, stretch-
evoked responses required extracellular calcium, indicating that
mechanical force triggers calcium influx. This approach extends the
repertoire of stimulus paradigms that can be used to examine
mechanotransduction in mammalian sensory neurons, facilitating
future physiological and pharmacological studies.

mechanotransduction | sensory signaling | somatosensation | touch

M echanotransduction regulates myriad physiological pro-
cesses in mammals, including blood pressure regulation,
bladder voiding, and stretch-evoked responses of other visceral
and vascular organs. Mechanotransduction also represents an
important component of our exterosensory repertoire, where it
is essential for auditory and somatosensory function (1-5). In
somatosensory neurons, this pertains to the detection of both
innocuous and noxious mechanical stimuli that underlie our
sense of touch, proprioception, and pain (6, 7).

Detection of mechanical forces by the somatosensory system
is carried out by primary afferent neurons within trigeminal
(TG) or dorsal root ganglia (DRG). Electrophysiological re-
cordings from sensory nerve fibers suggest that mammalian
mechanoreceptors can be classified into a variety of functionally
distinct subgroups, depending on their threshold sensitivities and
rates of adaptation (8, 9). When dissociated and placed in
culture, TG or DRG neurons retain many aspects of their native
function, including sensitivity to a range of physical and chemical
stimuli (10). As such, membrane currents or calcium responses
have been recorded from the somata of sensory neurons in
response to a variety of mechanical challenges, such as suction,
focal displacement of the cell surface, or stretch resulting from
changes in osmolarity (11-17). Such analyses suggest that me-
chanical stimulation of sensory neurons activates cation-
permeable channels that differ in their sensitivity to pressure and
therefore define low and high threshold subpopulations that
presumably contribute to detection of innocuous and noxious
stimuli, respectively. Although these studies provide initial in-
formation about the nature of somatosensory responses to
mechanical stimuli, each has its limitations that reflect difficulty
in sampling large numbers of functionally and anatomically
diverse cell types, and uncertainties as to whether any one
experimental stimulus recapitulates physiological forces that
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activate nerve endings in vivo. As such, there is a need to apply
other paradigms to the analysis of sensory mechanotransduction,
particularly those that offer the possibility of examining large
numbers of cells while delivering a stimulus that is graded,
uniform, and reproducible. Such systems offer the possibility of
obtaining a broad overview of mechanosensitivity based on the
analysis of thousands of individual neurons. They also open up
the possibility of using high throughput analysis for the purpose
of identifying molecules or pharmacological probes that con-
tribute to or modulate the mechanotransduction machinery in
sensory neurons or other mechanically sensitive cell types.

To address these issues, we have adapted radial stretch-based
stimulation (18-20) for the analysis of mechanosensitivity in
primary afferent neurons from mouse sensory ganglia. In this
system, which has typically been used to study stretch-evoked
responses in nonneural cells, dissociated neurons from DRG or
TG are grown on flexible silicon membranes that can be
distended by using calibrated vacuum pressure. Consequent
responses can be detected on a population-wide basis by mon-
itoring changes in intracellular free calcium. By using this
approach, we observe a distinct subset of trigeminal neurons that
respond to relatively low threshold stretch stimuli, followed by
recruitment of additional responders as the stimulus magnitude
increases. Interestingly, stretch-responsive neurons represent a
subset of those responding to hypotonic-induced swelling, sug-
gesting that these stimulus paradigms do not activate equivalent
physiological responses. Moreover, neurons responding to low
threshold radial stretch also respond to hydroxy-a-sanshool, the
pungent ingredient in Szechuan peppers that excites a popula-
tion of large-diameter, TrkC-expressing cells that includes pre-
sumptive light touch receptors and proprioceptors (21). In
summary, these findings show that radial stretch is a viable and
physiologically relevant method for analyzing mechanically
evoked responses of somatosensory neurons on a population
wide basis.

Results

Simultaneous calcium imaging and stretch has been used to
visualize mechanosensory responses in cultured smooth muscle
cells (19). We therefore adopted this approach to the analysis of
cultured sensory neurons isolated from mouse DRG or TG.
Dissociated neurons were plated on thin silicone discs coated
with laminin, allowed to adhere overnight, loaded with calcium-
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Radial stretch activates a subset of trigeminal sensory neurons. (A) Calcium responses of dissociated mouse trigeminal neurons to 14% radial stretch

(Middle) and 140 mM KCl ringer’s solution (Right). Scale bar indicates the intracellular calcium concentration, ranging from 0.1 to 4 uM [Ca2*];. (B) Calcium
response in a representative cell to two applications of a 14% radial stretch stimulus. (C) Dose-response curve displaying the percentage of neurons activated
by varying magnitudes of stretch. (D) Dose-response curve displaying the magnitude of the calcium response triggered by varying magnitudes of stretch. (E) The
mean diameter of responding neurons is plotted versus stretch magnitude. For all experiments, n =200 cells per point, obtained from a minimum of three

different neuronal preparations. All data are reported as means + SEM.

sensitive dye (Fura-2), and transferred to a vacuum driven
stretch chamber. In this system, the magnitude of the stretch
stimulus was calibrated by visualizing stretch-evoked changes in
the distance between fluorescent beads affixed to the membrane
[supporting information (SI) Fig. S1], providing a linear dose-
response curve between 2 and 20% radial stretch, which corre-
sponded to a radial movement of 3.5-40.2 wm. Stretch stimuli
were generally applied for a 2-s period taking into account
several experimental parameters. First, peak stretch was reached
within 0.7 sec, irrespective of stretch intensity. Second, stretch
was accompanied by membrane displacement and subsequent
relaxation over a period of 2-5 s, causing a focal plane change
that transiently precluded cellular imaging. While the response
to stretch peaked during this blackout period, we were able to
image the falling phase of the calcium response as a measure of
stretch-evoked activity. Thus, a 2-s stretch duration was chosen
to maximize the stimulus and minimize the blackout period
whereas capturing the majority of the cellular response.
Application of a 2-s stretch over a range of stimulus intensities
evoked a transient rise in intracellular calcium among a subset
of cultured neonatal trigeminal mouse neurons (Fig. 14). During
the initial blackout period we were unable to visualize the rising
phase of the response (note the stimulus artifact), but stimulus-
dependent increases in intracellular calcium that decayed expo-
nentially to prestimulus calcium levels were elicited repetitively

20016 | www.pnas.org/cgi/doi/10.1073/pnas.0810801105

with successive applications of stretch (Fig. 1B and Movie S1).
Taken together, these data show that radial stretch elicits bona
fide calcium increases that correspond to physiologic responses,
rather than nonspecific injury leading to loss of cell integrity.

Dose-response analysis revealed that both the percentage of
neurons activated by stretch (responders) and the magnitude of
the response increased with stretch intensity (Fig. 1 C and D).
For example, 6.1 = 5% of neurons responded to 5% stretch
stimuli with an average peak calcium concentration of 0.58 *=
0.22 uM, whereas 48 = 14.2% of neurons responded to 20%
stretch stimuli with an average peak calcium concentration of
1.3 = 038 uM (P < 0.01, one-way ANOVA). Additionally,
neurons binned into two main anatomical classes such that those
showing sensitivity to low stretch intensity had relatively large
soma diameters (28 = 2.7 um), whereas those responding only
at higher magnitudes were significantly smaller (23 * 1.4 um;
P < 0.05, one-way ANOVA) (Fig. 1E). In this regard, 12%
stretch represents the approximate demarcation point between
these two classes of low versus high threshold responders (Fig.
1E). Similar responses were also observed with neonatal or adult
DRG neurons (data not shown).

To further characterize the responses of these two populations
over the full range of stimulus intensities, we recorded responses
of individual neurons to repetitive stretch stimuli of increasing
magnitude. Low threshold cells responded to all magnitudes with
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Fig. 2. Two subsets of sensory neurons display varying sensitivity to stretch.
(A) Representative responses of individual neurons to four subsequent appli-
cations of radial stretch 10, 12, 14, and 16%. Low-threshold neurons respond
to all magnitudes of stretch (black, Left graph), whereas a high-threshold
neuron responded only to stretch magnitudes =12% (red, Right graph). (B)
Low-threshold neurons displayed significantly larger peak calcium transients
in response to all levels of stretch versus those observed in high-threshold
neurons. (C) Neurons showing sensitivity to low stretch intensity had relatively
large soma diameters (28 + 2.7 um), whereas those responding only at higher
magnitudes were significantly smaller (23 = 1.4 um; P < 0.05, one-way
ANOVA). Asterisks denotes P < 0.05; n = 10 trials/data point, with =30
neurons/trial.

continually increasing peak calcium levels as a function of
stimulus intensity. High threshold responders displayed calcium
transients that also increased as a function of stimulus intensity
above the 12% stretch threshold (Fig. 24 and Movie S2). When
averaging peak calcium signals in the high threshold group, we
found that signals were of significantly lower magnitude com-
pared with those of the low threshold group at all stimulus
intensities (low: 1.2 = 0.31 uM; High: 0.59 = 0.2 uM; P < 0.05,
one-way ANOVA (Fig. 2 A and B).

To classify these populations of stretch-sensitive cells, we
examined their responses to a variety of chemical irritants known
to activate different subpopulations of primary afferent neurons
(21, 22). Interestingly, low threshold neurons responded to
hydroxy-a-sanshool, but not to capsaicin (the pungent agent
from ‘hot’ chili peppers) (Fig. 34). Thus, these neurons likely
correspond to the population of large diameter, myelinated
low-threshold mechanoreceptors that express the hydroxy-a-
sanshool receptor, KCNKI18, but not the capsaicin receptor,
TRPV1. In contrast, high threshold neurons responded to both
hydroxy-a-sanshool and capsaicin (Fig. 3B), likely corresponding
to small diameter, unmyelinated nociceptors that express both
KCNKI18 and TRPV1. A subset (=50%) of capsaicin-sensitive
cells expresses the mustard oil receptor, TRPA1, and release
neuropeptides (CGRP and substance P) to generate neurogenic
inflammation after excitation (23, 24). Interestingly, this group
of mustard oil-sensitive, peptidergic neurons failed to respond to
stretch (Fig. 3C), consistent with the previous observation that
sanshool excites the nonpeptidergic subpopulation of capsaicin-
sensitive nociceptors (21). Menthol activates a distinct subset of
sensory neurons that express the cold-sensitive ion channel
TRPMS (~10%, data not shown and ref. 25). Menthol-sensitive
cells did not respond to stretch, and likewise, stretch-sensitive
cells did not express TRPMS8 as determined by their lack of
sensitivity to menthol (Fig. 3C). Finally, all stretch sensitive
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neurons were activated by a hypotonic stimulus (220 mOsm)
(Fig. 3 C and D), which has also been used to identify mech-
anosensitive cells in vitro (11, 17, 26). Taken together, our results
suggest that stretch-sensitive cells correspond to subpopulations
of nonpeptidergic, unmyelinated C-fiber nociceptors, and my-
elinated A-fiber low-threshold mechanoreceptors.

Stretch-evoked calcium transients could result from calcium
influx through cation channels, or via release from intracellular
stores. To distinguish between these possibilities, we examined
stretch-evoked responses when chelating all extracellular cal-
cium with EGTA (2 mM). Under these conditions, stretch-
evoked responses were abolished (Fig. 44 and D), demonstrating
that stretch triggers calcium influx across the plasma membrane.
The calcium transients that we observe could be produced by
stretch-evoked membrane depolarization with subsequent open-
ing of voltage-gated calcium channels. To address this possibility,
we measured stretch-evoked responses in the presence of a
mixture of voltage-gated calcium channel inhibitors that abolish
calcium influx after membrane depolarization by high (75 mM)
extracellular potassium (21). Under these same conditions,
stretch-evoked responses were unaffected in regard to both
prevalence and magnitude (Fig. 4 B and D). The trivalent ion
gadolinium (Gd3*) blocks transduction channels in a variety of
mechanosensitive cell types, including vascular smooth muscle
and auditory hair cells, and bacterial stretch-activated MscL
channels. Indeed, we found that application of Gd** caused
complete block of stretch responses in sensory neurons (Fig. 3 C
and D). In contrast, ruthenium red, which serves as a pore
blocker for some TRP (e.g., TRPV1, TRPV3, TRPV4, and
TRPA1) and other cationic channels (27) had no effect on
stretch-evoked responses (Fig. 4D). Taken together, these results
demonstrate that stretch triggers calcium influx through a volt-
age-independent cation channel that is blocked by gadolinium,
but not ruthenium red.

Discussion

Radial stretch has been widely used to stimulate cultured muscle
cells as a paradigm for investigating both short- and long-term
consequences of mechanical force (19, 28). In this study, we
combine radial stretch with live cell calcium imaging to examine
responses of cultured sensory neurons to mechanical stimuli.
This technique offers a number of experimental advantages
when compared with other types of mechanical challenges, such
as focal displacement, suction, or pressure. First among these is
the ability to deliver stimuli and monitor responses to a large
cohort of cells, facilitating direct comparisons among sensory
neuron subtypes under identical conditions, thereby facilitating
quantitative population studies. Second, cells are readily acces-
sible for pharmacologic manipulation and mechanical stimuli
can be delivered over a wide and graded range of intensities,
allowing for relatively detailed dose-response analysis. Third, the
approach is relatively noninvasive compared with displacement-
or suction-based methods, in which neurons often experience
irreparable damage. Last, stretch elicits a mechanical stimulus
across the entire region of cell-elastic membrane contact, which
greatly exceeds the area stimulated by focal application of
pressure or suction. While hypotonicity offers similar advantages
compared with focal displacement or suction, there is still some
debate as to whether cell swelling is an appropriate representa-
tion of the mechanical stimuli experienced by somatosensory
neurons in vivo. In any case, the lack of complete overlap
between hypotonic- and stretch-evoked responses suggests that
different mechanisms come into play.

The obvious disadvantage of the stretch paradigm is the
inability to simultaneously stretch cells and record membrane
currents; however, modifications to the system may permit such
simultaneous recordings at low levels of stretch, where substrate
movement is minimized. Moreover, there is a limit to the amount
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Fig. 3. Radial stretch excites presumptive nociceptors and mechanoreceptors. (A and B) Sensory neurons were stimulated by 10% stretch and 14% stretch
stimuli, followed by application of capsaicin (1 uM) and hydroxy-a-sanshool (100 uwM), and were analyzed by calcium imaging. Low threshold neurons are
insensitive to capsaicin, but display hydroxy-a-sanshool sensitivity. High-threshold neurons are sensitive to both capsaicin and sanshool. (C) Sensory neurons were
stimulated by 14% stretch followed by application of 30% hypoosmotic solution (220 mOsm). Both classes of neurons were sensitive to osmotic stimuli. However,
only 70% of osmotic-sensitive neurons responded to radial stretch (data not shown). All traces displayed are responses observed in representative cells. (D)
Quantitative analysis of concordance between stretch sensitivity and pharmacological attributes. Neurons displaying sensitivity to stretch were examined for
activation by capsaicin (Cap; 1 M), hydroxy-a-sanshool (San; 100 wM), mustard oil (AITC; 100 uM), menthol (ME; 500 uM), or hypotonic (Osmo; 220 mOsm) stimuli.
Note the high (>95%) preponderance of stretch sensitivity among sanshool sensitive neurons, as compared with the relatively low (=2%) concordance between

stretch sensitivity and mustard oil or menthol sensitivity.

of stretch that can be achieved with the current system (~20%
radial stretch) and thus we may not be detecting all mechanically
sensitive cells, such as those with very high thresholds. Finally,
there is the blackout period, during which data cannot be
collected due to movement of the membrane during the stretch
stimulus. Future improvements could involve the use of auto-
focus methods to collect images as the membrane moves to a
different focal plane. Alternatively, one could generate a series
of stacked images during the stretch stimulus such that ratio
metric data can be collected at various positions along the z axis.
Taken together, our results define two main populations of
stretch-sensitive neurons. The low threshold group responds to
all stretch stimuli in a graded manner and includes neurons that
respond to hydroxy-a-sanshool but not capsaicin. This cohort
consists of medium- to large-diameter myelinated neurons that
likely correspond to sensitive mechanoreceptors, including light
touch receptors and proprioceptors (Fig. 5). By contrast, the high
threshold group responds to stretch stimuli >12% in a graded
manner, but with significantly lower magnitudes compared with
the low threshold group. This cohort includes neurons that are
sensitive to both sanshool and capsaicin, and likely correspond
to a subpopulation of small-diameter, nonpeptidergic nocicep-
tors that mediate the detection of more intense (noxious)
mechanical stimuli. Interestingly, there remains a substantial
cohort of neurons that are stretch-insensitive (at least within the
range of stimulus intensities applied by our system). These
include small-diameter, unmyelinated neurons that express the
cold and menthol receptor, TRPMS, or the mustard oil receptor,
TRPA1 (Fig. 5). These findings demonstrate the utility of the
stretch-based paradigm for characterizing mechanically evoked
responses in distinct subsets of somatosensory neurons.

20018 | www.pnas.org/cgi/doi/10.1073/pnas.0810801105

Irrespective of differences in threshold sensitivity, all stretch-
responsive neurons share some characteristics in common. For
example, stretch promoted calcium influx in a manner that was
independent of voltage-activated calcium channel activity, sug-
gesting that stretch triggers the opening of a plasma membrane
transduction channel with intrinsic permeability to calcium ions.
Whether stretch activates this channel(s) directly or downstream
of a secondary signaling pathway remains to be determined. In
addition, responses were uniformly blocked by gadolinium, but
not ruthenium red. Together, our pharmacological results sug-
gest that radial-stretch evoked responses are not mediated by
TRPA1 or by ruthenium-red-sensitive TRPV channels. This is
corroborated by the fact that TG neurons from TRPA1, TRPV4,
or TRPV1/TRPA1 double knockout mice displayed stretch-
evoked responses that were indistinguishable (similar magnitude
and prevalence) from those of wild type controls (Fig. S2).

In general, these findings are consistent with recent studies using
focal pressure or suction to characterize mechanically evoked
responses among cultured sensory neurons (13, 14). In each case,
distinct populations of low and high threshold responders are
similarly identified. Moreover, blockade by gadolinium is observed,
irrespective of whether the stimulus is delivered by focal displace-
ment, suction, or stretch. However, some notable differences do
exist. For example, responses to displacement have been observed
in both populations of capsaicin-sensitive cells, including mustard
oil-sensitive peptidergic and mustard oil-insensitive, nonpeptidergic
neurons. Moreover, some or all displacement-evoked responses
were blocked by ruthenium red (14), which did not inhibit the radial
stretch-evoked responses described here. Furthermore, focal dis-
placement has been found to elicit two distinct cationic conduc-
tances in different neuronal populations, one being sodium-
selective and the other nonselective (14). The stretch-evoked
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Fig. 4. Radial stretch activates a calcium-permeable transduction channel

that is blocked by gadolinium. (A) Calcium response is shown in a represen-
tative cell subjected to 14% stretch in the presence or absence of extracellular
EGTA (2 mM). Note lack of response when extracellular calcium was chelated
by EGTA. (B) Stretch-evoked calcium transients are independent of voltage-
gated calcium channel activity. Calcium response in a representative cell
subjected to 14% stretch in the absence and presence of a mixture of voltage-
gated calcium channel (VGCQ) inhibitors (nifedipine, 30 uM; w-conotoxin
GVIA, 1 uM; w-conotoxin MVII-C, 10 uM; w-agatoxin, 250 nM). No response to
high (140 mM) extracellular KCl was observed in the presence of these inhib-
itors, demonstrating bona fide VGCC block. (C) Gadolinium ions inhibit
stretch-evoked responses. Calcium response in a representative cell subjected
to 14% stretch in the absence or presence of GdCl; (10 mM). (D) Ruthenium red
does not inhibit stretch-evoked calcium responses. Calcium response in a
representative cell subjected to 14% stretch in the absence or presence of
ruthenium red (20 uM). (E) Quantitative analysis of pharmacological block of
stretch-evoked calcium responses. Peak calcium responses to radial stretch in
the presence of blockers were normalized to peak obtained in the absence of
blockers. Stretch-evoked responses were measure in the presence of vehicle
(Control), EGTA (10 mM), GdCl3 (10 mM), or ruthenium red (20 puM). Triple
asterisks denote P = 0.001.

responses that we observe may correspond to the latter (given their
apparent calcium permeability), but this remains to be determined.
In any case, mechanical responses elicited by different stimulus
paradigms may use a number of molecularly distinct mechanisms.

Neuroanatomical studies and nerve recordings have been used
to define subpopulations of mechanosensitive fibers (7, 9). One
major class includes nociceptive C and A# fibers that give rise to
free nerve endings capable of detecting noxious mechanical
stimuli. Another class includes AB fibers that mediate the
detection of innocuous mechanical stimuli, which can be subdi-
vided into distinct groups based on rates of adaptation, mor-
phological characteristics (including association with specialized
cutaneous structures, such as hair follicles or Merkel cells), and
responsiveness to different forms of innocuous touch (e.g.,
vibration or static versus constant pressure). In addition to
cutaneous touch reception, A fibers also function as visceral
mechanoreceptors and proprioceptors, whose physiological ac-
tivators may, in fact, correspond most closely to membrane
stretch.

While our analysis enables us to distinguish between low and
high threshold mechanosensory fibers, further subclassification,
particularly within the low threshold population is currently
limited by a lack of molecular or pharmacological probes. This
limitation will be overcome with the discovery of new molecular
and pharmacological probes, and the generation of genetically
modified mice bearing mutations or markers affecting specific
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Fig. 5. Schematic depicting distinct populations of stretch-sensitive and
insensitive neurons. Stretch-sensitive neurons fall into two broad categories:
Small-diameter cells (red circle) that are dually sensitive to hydroxy-a-sanshool
(San) and capsaicin (Cap), and large-diamater cells (blue circle) that respond to
hydroxy-a-sanshool, but not capsaicin. These cells likely correspond to high
threshold nociceptors and low threshold proprioceptors, respectively. Stretch-
insensitive neurons were predominantly of the small-diameter class and were
represented by the subset of capsaicin-sensitive cells that also respond to
mustard oil (yellow circle), and a cohort of menthol-sensitive cells (green
circle). Circle size depicts relative diameter of the different neuronal subtypes.

fiber types. Radial stretch offers a relatively high throughput
system with which to exploit such tools for elucidating the
cellular and molecular basis of mechanosensation in vivo.

Experimental Procedures

Sensory Neuron Dissociation. All media and cell culture supplements were
purchased from the UCSF Cell Culture Facility unless otherwise noted. Mice
were from Charles River Laboratory. Neurons from neonatal trigeminal gan-
glia were dissected into 1.4 mg/ml Collagenase P (Roche) in Hanks Calcium-
Free Balanced Salt Solution and incubated while rotating at 37°C for 10 min.
Neurons were pelleted at 1,000 rpm for 5 min and incubated in 0.25% STV
Trypsin for 3 min with gentle agitation. Complete media (MEM Eagle’s with
Earle’s BSS medium, supplemented with 10% horse serum, vitamins, penicillin/
streptomycin, and L-glutamine) was added to inactivate trypsin, and cells were
pelleted at 1,000 rpm for 5 min and resuspended in complete media. Neurons
were gently triturated with a fire-polished glass pipette, pelleted, and resus-
pended in a small amount of complete media for plating. Trigeminal neurons
were stretched after one day in culture.

Dye Loading Procedures. For calcium imaging experiments, cells were loaded
for 1 h with 10 uM Fura-2 a.m. (Invitrogen), supplemented with 0.02%
Pluronic F-127 (Invitrogen), in a physiological ringer solution containing (in
mM) 140 Nacl, 5 KCl, 10 Hepes, 2 CaCly, 2 MgCly, 10 D-(+)-glucose, pH 7.4. All
chemicals were purchased from Sigma.

Stretch Stimulation. Circular membranes were cut with an arch punch from
sheets of glossy silicone of 0.01-0.02 inch thickness (Specialty Manufacturing,
Inc) and coated with ~15 mg/ml laminin for 2 h before addition of complete
media. Cells were plated in the center of each membrane and incubated
overnight.

Membranes were mounted onto the StageFlexer system and vacuum pres-
sure was applied through the FX-3000 system (Flexcell). Calibrations were
performed using fluorescent beads attached to the membranes, and images
were taken before and during a static stretch. To stimulate cells, a 2-s square
wave of vacuum pressure was applied. Maximum vacuum pressure was
achieved at ~0.4 s after the start of the stimulus. Cells were imaged with an
upright BX61WI microscope (Olympus) and illumination achieved with a
Lambda LS arc lamp and Lambda 10-3 filter wheel system (Sutter). Images
were acquired at 3-s intervals with a Hamamatsu Orca ER digital camera
controlled by MetaFluor v 7.0 software (Molecular Devices). When comparing
stretch-sensitivity to chemical sensitivity, responses to chemical agonists (cap-
saicin, mustard oil, menthol or sanshool) were examined both before and
after application of stretch stimuli. Stretch stimuli did not alter the amplitude
or number of cells responding to any chemical agonist, nor did agonists alter
responses to stretch (data not shown).
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Data Analysis. Acquired images were displayed as the ratio of 340 nm to 380
nm and aligned using MetaMorph software. Cells were identified as neurons
by eliciting depolarization with high potassium solution (75 mM) at the end of
each experiment. Neurons were deemed to be stretch-sensitive if (i) the
average of the first three points after stretch was >5 standard deviations
above baseline intracellular calcium levels and (i) post stimulus calcium level
decayed back to baseline after stretch. Image analysis and statistics were done
using lgor Pro (WaveMetrics). Movies were made using Adobe Photoshop and
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