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HIGHLIGHTS

» Thermal sensitivity of rapidly adapting mechanically activated channels was studied.
» The temperature coefficient (Q10) value was >5 and activation energy >30 kcal/mol.

» Thus, the activation of these channels is highly temperature-dependent.
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Rapidly adapting mechanically activated channels (RA) are expressed on somatosensory neurons and
thought to play a role in mechanical transduction. Because mechanical sensations can be significantly
affected by temperatures, we examined thermal sensitivity of RA currents in cultured dorsal root gan-
glion (DRG) neurons to see if RA channel activity is highly temperature-dependent. RA currents were
evoked from DRG neurons by membrane displacements and recorded by the whole-cell patch-clamp
recording technique. We found that RA currents were significantly enhanced by warming temperatures
from 22 to 32°C and reduced by cooling temperatures from 24 to 14°C. RA channel activation exhib-
ited steep temperature-dependence with a large temperature coefficient (Q10>5) and a high activation
energy (Ea> 30 kcal/mol). We further showed that RA channel activation by mechanical stimulation led
to membrane depolarization, which could result in action potential firing at 22 °C or 32 °C but not at 14°C.
Taken together, our results provide the measurements of thermal dynamics and activation energy of RA
channels, and suggest that a high energy barrier is present for RA channels to open. These findings are in
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agreement with temperature sensitivity of mechanical sensations in mammals.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The sense of touch can be significantly affected by skin tem-
peratures in mammals. For example, in humans the sensitivity to
punctuate pressure [16], vibration [6], tactile spatial acuity [15],
and roughness [7] is decreased at cooling temperatures. In fact,
tactile function can be completely impaired to result in numbness
when skin temperature falls well below normal [11]. On the other
hand, raising skin temperature above normal levels can increase
the sensitivity to high-frequency vibration [6] and enhance the
apparent roughness [7]. Mechanisms by which temperature affects
mechanical sensations remain unclear.
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The transduction of mechanical stimulation is believed to be
mainly mediated by mechanically activated ion channels (MA) that
are expressed on sensory organs including primary afferent fibers
derived from dorsal root ganglions (DRG) and trigeminal ganglions.
McCarter et al. [13] first recorded MA currents from rat DRG neu-
rons in culture by using the whole-cell patch-clamp recording
technique. At least two types of whole-cell MA currents have been
observed in DRG neurons, the rapidly adapting (RA) and the slowly
adapting currents (SA) [4]. The RA currents are found to be medi-
ated by large-pore mechanically activated channels nonselective
for cations but impermeable to anions [12]. Single channel record-
ings from DRG neuron membrane patches also revealed two types
of MA channels with either low- or high-threshold to pressure stim-
ulation [1]. These two types of MA channels detected by single
channel recordings may give rise to the observed MA whole-cell
currents in sensory neurons. Molecular identities of MA channels
in sensory neurons have recently been explored; RA currents in
DRG neurons appear to be mediated by Piezo2, one of the two
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mammalian MA channels recently cloned from a mouse neurob-
lastoma cell line [3]. Piezo2 as a molecular substrate of RA currents
is supported by the findings that Piezo2 is expressed on some DRG
neurons and that knockdown of Piezo2 in DRG neurons specifically
reduced RA currents without affecting SA currents [3].

One mechanism by which temperature affects mechanical sen-
sations may be through thermal dynamic influence on activation
energy of MA channels. This is because MA channels would expose
to different temperatures if they are located at nerve terminals
under the skin. Most ion channels have low to moderate thermal
dynamics with Q10 values of 2-4 [8] and thereby are not highly
temperature dependent for their activation. In contrast, thermal
receptors such as TRPV1 and TRPMS8 channels have Q10>9 [18].
For MA channels in mammalian sensory neurons, previous studies
were usually performed at a single temperature and temperature
dependence of their MA channel activation was not determined.
In the present study, we set out to determine RA channel activa-
tion on DRG neurons at warming and cooling temperatures, and
to measure thermal dynamics (Q10) and activation energy (Ea) of
RA channels on DRG neurons. Our study provides evidence indi-
cating that mechanical transduction through RA channels is highly
temperature-dependent.

2. Materials and methods

Adult Sprague Dawleyrats (100-250 g, both genders) were used.
Animal care and use conformed to National Institutes of Health
guidelines for care and use of experimental animals. Experimental
protocols were approved by the University of Cincinnati Institu-
tional Animal Care and Use Committee. DRG neuron cultures were
prepared as described previously and maintained in MEM culture
medium that also contained nerve growth factor (10 ng/ml) [17].
Cells were used at the days in culture between 5 and 12 days.

Cultured neurons were continuously perfused with a normal
bath solution at 2 ml/min. The normal bath contained (in mM) 145
NaCl, 5 KCl, 2 MgCl,, 2 CaCl,, 10 glucose, 10 HEPES, pH 7.3 and
330 mOsm. Unless otherwise indicated, bath solution was main-
tained at a room temperature of 22 °C. Electrode internal solution
contained (in mM) 135 K-Gluconate, 5 KCl, 2.4 MgCl,, 0.5 CaCl,, 5
EGTA, 10.0 Hepes, 5.0 Na2ATP, 0.33 GTP-Tris salt, pH was adjusted
to 7.35 with NaOH and osmolarity was adjusted with sucrose
to 320 mOsm. Electrode resistance was 3-6 M €2, and membrane
accessresistance in the whole-cell configuration was about 10 M €2.
Junction potential was calculated to be 16 mV and was corrected for
in the data analysis. Current and voltage signals were recorded with
an Axopatch 200B amplifier, and signals were filtered at 2 kHz and
sampled at 5 kHz using pCLAMP 9.0 (Axon Instruments).

Cells were either under voltage-clamp or current-clamp con-
figuration. Unless otherwise indicated, voltage-clamp experiments
were performed with cells held at —76 mV. Mechanical stimulation
was applied to DRG cell bodies using a heat-polished glass pipette
as a probe (tip diameter approximately 4 um); the probe was con-
trolled by a piezo-electric device (Physik Instruments, Auburn, MA).
The probe was positioned at an angle of 45° to the surface of the
dish. The tip of the probe and the recorded cell were visualized as
live images on a monitor. The images were captured continuously
through a camera that was connected to the microscope with 40x
objective. The tip was positioned so that a 2 um movement did not
contact the cell, 3 wm had a visible contact but little membrane
movement, and a 4 wm stimulus produced an observable mem-
brane deflection. Therefore, tip forward steps of 2 wm and 3 pm
were assigned as position —1 and 0 um, respectively; a 4 wm for-
ward step was recorded as a 1 wm membrane displacement. The
probe was moved at a speed of 0.5 um ms~!. Membrane displace-
ment steps were applied at 1 wm increments each with 500 ms

duration. Membrane input resistance was continuously monitored
during each recording by applying testing pulses at a voltage step
of 5mV.

The temperatures of the bath solution were controlled by a
peltier cooling device (Warner Instrument, CT). The bath solution
was delivered to recorded cells from a short tube (0.2 cmL, 500 wm
ID) with the outlet 500 um from the recorded cells. The temper-
atures at the recording sites were continuously recorded with a
thermal probe. Temperature ramp was applied either from 22 °C to
32°C (6 min) or from 24°C to 14°C (10 min). During the temper-
ature ramps, MA currents were evoked at every 2 °C temperature
interval.

Recordings from voltage- and current-clamp experiments were
analyzed using Clampfit 9 software. Q10 was calculated using the
following equation: Q10 = (X, /X71 )T2-T/10; where Xt1 and X, are
the current amplitudes (scaled with input resistance) at the tem-
peratures of T2 and T1, respectively [9]. To calculate activation
energy, the scaled current amplitudes were plotted as Arrhenius
plots with the equation of X=Ae £4/RT [9] where X is the scaled
currents, A is a constant, Ea is the activation energy, R is the gas con-
stant,and Tis the temperature in the Kelvin scale. Plots of In X versus
1000/Twere fitted by linear regression to give a slope of —Ea/R, from
which Ea was obtained. Data are reported as mean + SEM. Statistical
significance (p <0.05) was assessed by Student’s t test or Analysis of
Variance (ANOVA, one way) followed by Student-Newman-Keuls
post hoc.

3. Results

We first characterized mechanically activated currents at room
temperature of 22°C. Under voltage-clamp with cells held at
—76 mV, displacements of DRG neuron membranes by using a fire-
polished glass probe (Fig. 1A) could elicit inward currents in many
cells. Rapidly adapting (RA) currents were usually encountered
(Fig. 1B). Slowly adapting currents were sometimes observed but
were not further characterized in this study because we intended
to focus on MA currents that were likely to be mediated by Piezo2
channels [3].

RA currents after peaking decayed rapidly to baseline level
although stimulation was maintained at the same degree (Fig. 1B).
In a sample of 14 cells tested with a membrane displacement of
6 um, we fitted the falling phase of RA currents with a single expo-
nential equation (Fig. 1B), which yielded a decay time constant
of 3.9+0.1ms™! (n=14). The RA currents were enhanced with
increases of membrane displacement distances up to 8 wm (Fig. 1C,
n=12). Membrane displacements of >8 wm could further increase
RA currents in some cells but in other cells could result in the loss of
patch (not shown). Therefore, we only reported MA currents with
membrane displacement distances of <8 pum. We tested RA cur-
rents elicited by 6 pum membrane displacement at several different
holding potentials (Fig. 1D), which revealed a reversal potential
near 0 mV (—6.7 +£3.6 mV, n=12) based on RA current-voltage rela-
tionship (Fig. 1D).

We tested effects of warming temperatures on RA currents
(Fig. 2A and B). In this set of experiments, a membrane displace-
ment of 6 wm was used to elicit RA at warming temperatures from
22 to 32 °C. Membrane input resistance was continuously recorded
in each cell during an experiment (Fig. 2A). This served as a qual-
ity control on one hand and on the other hand it was for scaling
RA currents to equivalent input resistance because temperature
changes affected membrane input resistance (see below). As an
example shown in Fig. 2A, a 6-pum membrane displacement elicited
a small RA current. The RA current amplitude was increased by
several folds at 32°C and brought back to the original level upon
returning to 22°C (Fig. 2A). Warming temperatures from 22 to
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Fig. 1. Characterization of rapidly adapting mechanically activated currents on DRG neurons at 22 °C. (A) Image shows a DRG neuron with a patch-clamp recording electrode
and a mechanical stimulation probe and illustrates the relative positions of recording electrode tip and stimulation probe tip for each cell tested in the present study. The
recording electrode tip and stimulation probe tip were positioned at ~1/8 of the cell from left side and ~1/4 of cell from right side, respectively. (B) Sample traces show the
rapidly adapting mechanically activated currents (RA) evoked by membrane displacements at different distances. The 7 value is decay time constant obtained by fitting with
a single exponential equation the current evoked by 6 um membrane displacement. Membrane displacement distances with increments of 1 wm are indicated below the
current traces. (C) Summary of RA currents evoked by membrane displacement at different distances. (D) I-V curve of RA currents evoked by membrane displacement at the

distance of 6 um. All experiments were performed at a room temperature of 22 °C.

32°Cincreased RA current amplitude in a temperature-dependent
manner (Fig. 2B). At 32°C, the highest temperature tested in this
study, RA current amplitude was ~4-fold (374 £47%, n=20) of that
at 22 °C (Fig. 2B). Warming temperatures from 22 °C to 32°C also
resulted in a temperature-dependent reduction of cell membrane
inputresistance (Fig. 2C). We scaled RA currents by input resistance
values so that Q10 would not be underestimated due to the change
of input resistance (Fig. 2D). In the warming temperature range,
Q10 was calculated to be about 5 (5.2 4+ 0.6, n=20) and activation
energy (Ea) was 32.7 + 2.0 kcal/mol (n =20, Fig. 3A).

In contrast to warming temperatures, cooling temperatures
from 24 to 14°C resulted in a progressive decease of RA current
amplitude (Fig. 2E). For example, RA current amplitude at 14°C
was only ~17% (16.8 +£ 6%, n=9) of that at 24 °C. Cooling tempera-
tures increased membrane input resistance significantly (Fig. 2F).
After scaling by input resistance, cooling temperature-dependent
reduction of RA became steeper (Fig. 2G). At the cooling temper-
atures ranging from 24 to 14°C, Q10 was calculated to be about 7
(6.7+1.5,n=9) and Ea was 47.1 + 5.8 kcal/mol (n=9, Fig. 3B).

We examined membrane depolarization in response to mechan-
ical stimulation at different temperatures (Fig. 4). Fig. 4A and B is an
example showing RA currents (Fig. 4A) and membrane depolariza-
tion (Fig. 4B) examined under voltage-clamp and current-clamp,
respectively. Responses to membrane displacements were tested
at 22 °C (left panels of Fig. 4A and B), cooling temperature of 15°C

(middle panels of Fig. 4A and B), and warming temperature of 32 °C
(right panels of Fig. 4A and B). As shown in this example, the degree
of membrane depolarization was lower at 15 °Cin comparison with
the responses at 22 °C or 32 °C (Fig. 4B), corresponding to RA cur-
rents elicited by the same membrane displacements (Fig. 4A). In
this cell, membrane displacement at 6 um led to action poten-
tial firing at 32°C but not at other two temperatures; increasing
membrane displacement to 7 um resulted in action potential fir-
ing at both 22 and 32°C but not at 15°C. Fig. 4C summarizes the
degree of membrane depolarization and numbers of cells that fire
action potentials at the three temperatures. Membrane depolar-
ization was significantly higher at 22 and 32°C than at 15°C. Due
to action potential firing in some cells it is not applicable to make
a statistical comparison between 22 and 32°C for the mount of
membrane depolarization. At the membrane displacement of 6 wm,
action potentials were elicited in 1 of 5 cells at 22 °C, 2 of 5 cells at
32°C, but no cell (n=0/5) at 15 °C. With a further increase of mem-
brane displacement to 7 um, action potentials were elicited in 2 of
5 cells at 22°C, 3 of 5 cells at 32 °C, but still no cell at 15°C (n=0/5).

4. Discussion
RA currents recorded at room temperatures in the present

study have kinetics and reversal potentials similar to those
reported in previous studies [3,4] and are likely to be mediated by
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Fig. 2. Effects of warming and cooling temperatures on RA currents in DRG neurons. (A) Sample traces show RA currents elicited by 6 wm membrane displacement at 22 °C
(left panel and right panel) and 32 °C (middle panel). Membrane displacement step is shown below each sample current trace. The sample traces also include membrane input
resistant tests, which were achieved by applying multiple testing pulses each at a voltage step of 5mV. (B) Summary of RA currents evoked by 6 um membrane displacement
at different warming temperatures. RA Currents were normalized to the values at 22 °C. (C) Summary of membrane input resistance at different warming temperatures. (D)
Normalized currents in (C) are further scaled by input resistance and fitted by linear regression. (E) Summary of RA currents evoked by 6 wm membrane displacement at
different cooling temperatures. Currents were normalized to the values at 24 °C. (F) Summary of membrane input resistance at different cooling temperatures. (G) Normalized

currents in (E) are further scaled by input resistance and fitted by linear regression.

Piezo2 channels identified recently [3]. The present study further
characterized temperature dependence of RA currents by per-
forming experiments in both warming and cooling temperatures.
This allowed us to reveal the thermal dynamic properties of RA
channel activation. RA channel activation in the present study

2.0
Warming
1.5
1.0

0.5

Scaled currents
(Logarithmic values)

0.0

-0.5 .
3.26 3.28 3.30 3.32 3.34 3.36 3.38 3.40

Temperature (1000/T°K)

shows highly temperature-dependent, as is evidenced by high
values of Q10. The Q10 values are ~5 in warming temperatures
of 22-32°C, and ~7 in cooling temperatures of 24-14°C. These
Q10 values are very high for an ion channel, suggesting that a very
high free energy may be required in order to change RA channel
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Fig. 3. Arrhenius plot of RA currents of DRG neurons at warming and cooling temperatures. (A) and (B) Arrhenius plot of scaled RA currents evoked by 6 wm membrane
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correspond to activation energies of 33 kcal/mol in the warming temperatures and 47 k
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cal/mol in the cooling temperatures. Logarithmic values with base number e are used
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Fig. 4. Membrane depolarization and action potential firing of DRG neurons in response to mechanical stimulation at different temperatures. (A) and (B) Sample traces show
RA currents (A) and membrane depolarization (B) elicited by membrane displacements in a same DRG neuron. The tests were performed at 22 °C (left panels), 15°C (middle
panels), and 32 °C (right panels). Membrane displacement steps are indicated in (B) below traces of membrane depolarization. (C) Summary of membrane depolarization
evoked by membrane displacement of 6 wm (left) and 7 wm (right) at different temperatures. Numbers above each bar indicate numbers of cells that fired action potentials
in total numbers of cells tested. For cells that fired action potentials, the differences between action potential threshold and resting membrane potentials were used as
estimated values of membrane depolarization in response to mechanical stimulation at 22°C and 32°C.

conformation to open RA channels in response to mechanical
stimulation.

While temperature affects channel gating of almost all types of
ion channels, most of ion channels including voltage-gated Na*,
CaZ* and K* channels are known to have low to moderate temper-
ature dependence with Q10 values in a range of 2-4 [8]. However,
thermo-TRP channels have exceptionally high temperature sen-
sitivity with Q10 between 6 and 30 [19]. RA channels shown in
the present study have significantly higher Q10 value than most of
other ion channels. With Q10 near the lower end of thermal-TRP
channels, it is conceivable that mechanical transduction medi-
ated by RA channels should be highly susceptible to temperature
changes.

We have shown in this study that RA channels in DRG neurons
have activation energy between 33 and 47 kcal/mol in a temper-
ature range between 14 and 32 °C. To the best of our knowledge,
this is the highest temperature sensitivity yet observed for mechan-
otransduction in animal kingdoms. Temperature sensitivity of
mechanotranduction has been studied previously in cockroach
tactile spine [5], bullfrog saccular hair cells [2], VS-3 neurons of
a spider mechanoreceptor [9], and cat Pacinian corpuscles [10].
Activation energy in these sensory organs has been shown to be
between 12 and 23 kcal/mol, much smaller than that of RA chan-
nels in rat DRG neurons. The relatively high activation energy of
RA channels in comparison with other mechanical sensory organs
suggests that the RA channels of DRG neurons have a relatively
high-energy barrier for activation and thereby may have a high

mechanical threshold in comparison with the previously charac-
terized mechanoreceptors.

We have shown that stimulation of RA channels can result
in membrane depolarization and action potential firing in a
temperature-dependent manner. For example, at cooling temper-
ature of 15°C, the degree of membrane depolarization was much
smaller than that at 22°C and 32°C. At 15°C, action potentials
were not elicited by mechanical stimulation although the same
stimulation could elicit action potentials at 22°C and 32°C. The
failure of eliciting action potentials 15 °C appears to be because of
too small depolarization to reach action potential threshold at the
cooling temperature. This result may explain why mechanical sen-
sations become blunted or even numbed by cooling temperatures
[11]. Conduction block due to the inhibition of voltage-gated Na*
channels has been suggested to contribute to the cooling effects
on mechanical sensitivity [20]. However, the Q10 value of voltage-
gated Na* channels were less than 2 at cooling temperatures [14],
much lower than that of RA channels. Therefore, effects of cool-
ing temperatures on RA-mediated mechanical sensation would be
more at a mechanical transduction level and less at a signal con-
duction level.
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