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ABSTRACT: Recent reports indicate dominant roles of TRAAK TREK-1 TRAAK ) Action potential
and TREK-1 channels, i.e, mechanosensitive two-pore-domain
potassium channels (K2P) at the nodes of Ranvier for action m J /’\—J\/———s—w—-«
potential repolarization in mammalian peripheral nerves. Func- | g K+ Stim artifact 0
tional changes in mammalian peripheral nerve conduction by axial stretch OH
mechanical stretch studied by recording compound action —————55"°  or U
potentials lack the necessary resolution to detect subtle neuro- ~ ?ﬁﬁ
modulatory effects on conduction velocity. In this study, we .
developed a novel in vitro approach that enables single-fiber ~— ThE< L TRAAKAY pronduction blockage
recordings from individual mouse sciatic nerve axons while XK 8@ 1‘ e
delivering computer-controlled stepped stretch to the sciatic I k.

K* K* Stim artifact

nerve trunk. Axial stretch instantaneously increased the conduction
delay in both myelinated A-fibers and unmyelinated C-fibers.
Increases in conduction delay linearly correlated with increases in axial stretch ratio for both A- and C-fibers. The slope of the
increase in conduction delay versus stretch ratio was steeper in C-fibers than in A-fibers. Moderate axial stretch (14—19% of in vitro
length) reversibly blocked 37.5% of unmyelinated C-fibers but none of the eight myelinated A-fibers tested. Application of
arachidonic acid, an agonist to TRAAK and TREK-1 to sciatic nerve trunk, blocks axonal transmission in both A- and C-fibers with
delayed onset and prolonged block. Also, the application of an antagonist ruthenium red showed a tendency of suppressing the
stretch-evoked increase in conduction delay. These results could draw focused research on pharmacological and mechanical
activation of K2P channels as a novel neuromodulatory strategy to achieve peripheral nerve block.

KEYWORDS: Sciatic nerve, conduction block, two-pore domain potassium channel, neuromodulation, mechanosensitive channel,

single-fiber recording

B INTRODUCTION gated potassium channels, in dominating AP repolarization at
the NRs of mammalian peripheral nerves.

The study by Kanda et al. showed that 87% and 91% of
mouse NRs are immunopositive for TREK-1 and TRAAK,
respectively,” two ion channels that belong to the family of 15
K2P channels.” TREK-1 and TRAAK extensively coexpress
epidemic of prescription opioid abuse in the USA. Blocking AP and form heteromeric TREK-1/TRAAK channels as wel71 as
transmission in peripheral nerves can also potentially treat homomeric TREK-1 and TRAAK channels in the NRs." In

chronic disorders like obesity (the vagus nerve),”* heart failure addition, TREK-1 and TRAAK are abundantly expressed in

Blocking action potential (AP) transmission in peripheral
nerves effectively suppresses pain arising from the periphery
without causing adverse off-target effects on the central
nervous systern.l’2 Targeting peripheral nerves can avoid
effects like tolerance and addiction that underlie the current

(sympathetic nerves),” and insufficient bladder voiding (the afferent neurons innervating the colon and rectum,'’ the vast
pudendal nerves).” Despite centuries of research, the exact majority of which are unmyelinated C-fibers without NRs."!
composition of ion channels that participate in AP trans-

mission in mammalian peripheral nerves remains undeter- Received: January 27, 2021

mined. Recently, Kanda et al. and Brohawn et al Accepted: August 12, 2021

independently reported convincing evidence from patch- Published: August 22, 2021

clamp studies on the nodes of Ranvier (NRs) of mammalian
peripheral nerves.”* Both reports indicate the unexpected role
of two-pore domain potassium channels (K2P), not voltage-
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Known as the “leak channels” in the classic Hodgkin—Huxley
formulation of AP generation, K2P channels are generally not
gated by membrane voltage but by other mechanisms like
mechanical stretch, temperature, oxygen, and pH (see ref 9 for
a comprehensive review). Specifically, TRAAK and TREK-1
are prominently gated by temperature and mechanical stretch.
TREK-1 was the first mechanosensitive potassium channel to
be recognized, which is also thermosensitive with a 20-fold
increase in activity when temperature rises from 22 to 42
°C."*7" TRAAK is also mechanosensitive and thermosensi-
tive,”” showing a 12- to 20-fold increase in activity when
temperature rises from 17 to ~40 °C."® For both TREK-1 and
TRAAK, maximal activity is reached between 37 and 42 °C
and activity falls sharply at higher or lower temperatures.'’

The temperature gating of TREK-1 and TRAAK channels is
consistent with prior findings of conduction block in
mammalian myelinated axons by local cooling of the nerve
to below 16 °C '*'? or by local heating to over 46 °C;*”*' the
cold and hot temperature ranges in which TREK-1 and
TRAAK channels are strongly inhibited.'” A recent study
reported peripheral nerve block by a combination of low and
high temperatures,”” which further confirms the findings by
Kanda et al. that TREK-1 and TRAAK are pivotal for AP
transmission in myelinated mammalian peripheral axons. Since
TREK-1 and TRAAK are also mechanosensitive, it is
conceivable that axial mechanical stretch of peripheral nerves
can also profoundly modulate AP transmission. A handful of
prior studies recorded compound action potentials (CAP)
from mammalian nerves and reported reduced CAP magnitude
following mechanical nerve elongation.””™*” In this study, we
developed a novel experimental approach that enabled stable
and robust single-fiber recordings from individual mouse
sciatic nerve axons while delivering computer-controlled axial
mechanical stretch to the nerve trunk. We showed instanta-
neous decreases in nerve conduction velocity (CV) even by
moderate axial mechanical stretch (<3%) in both myelinated
A-fibers and unmyelinated C-fibers and reversible blockade of
AP transmission in a portion of axons at axial stretch beyond
14%, which are likely attributed to the mechanical gating of
TREK-1 and TRAAK channels. In addition to mechanical
stretch, we showed that activating these K2P channels by
pharmacological agonists also reversibly blocked AP trans-
mission in sciatic axons, whereas K2P antagonists had no
significant effects.

B RESULTS AND DISCUSSION

AP transmission in individual mouse sciatic axons was
recorded by single-fiber recordings once every 2 s while
applying stepped axial stretch to the sciatic nerve trunk.
Displayed in Figure 1A are two typical single-fiber recordings
from a fast-conducting A-fiber (CV > 1 m/s 2829 before
stretch) and a slow-conducting C-fiber (CV < 1 m/s before
stretch) recorded before and after axial sciatic stretch. The
conduction delays (CD) from both fibers were plotted as
scattered dots in Figure 1B during a typical stepped stretch
protocol (60 s step with S s ramped rising and returning
phases). The increase in CD was instantaneous upon the onset
of stretch, and the CD returned to baseline immediately after
the stretch. Displayed in Figure 1C are the CDs recorded from
a typical axon undergoing ascending steps of sciatic axial
stretch (60 s step with S s rising and returning ramps, 0.5—S
mm at 0.5 mm/step). For this fiber, S mm stretch evoked a
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Figure 1. Axial nerve stretch instantaneously increases the conduction
delay (CD) of sciatic axons (i.e., decreasing the conduction velocity).
Displayed in (A) are typical single-fiber recordings from a myelinated
A-fiber and an unmyelinated C-fiber prior to and after axial stretch.
Notice that greater electrical stimulus intensity is generally required to
evoke action potentials in a C-fiber,” which leads to a more
pronounced stimulus artifact than for A-fibers. CD was recorded at
0.5 Hz and plotted during the course of a stepped stretch protocol in
(B). A typical fiber was tested with ascending levels of the stepped

axial stretch as shown in (C).

reversible conduction block as indicated by the arrow in Figure
1C.

The CD at each stretch step was quantified by averaging five
consecutive CDs 3 s after the onset of each stepped stretch.
Variation of CD within each stepped stretch was considered
negligible as the coefficient of variation was found to be less
than 0.2%. Stretch ratio was calculated by dividing the
stretched nerve length with the zero-stretch nerve length
(i.e., the in vitro length). In Figure 2A, the percentage increases
in CD from 10 myelinated A-fibers and 12 unmyelinated C-
fibers were plotted against stretch ratio, which follows a linear
relationship. For each fiber, the % CD increase was linearly
fitted with the stretch ratio; R* values were 0.95 + 0.01 for the
10 A-fibers and 0.96 + 0.01 for the 12 C-fibers. As shown in
Figure 2B, the slope of % CD increase versus stretch ratio was
significantly greater in C-fibers than in A-fibers (¢ test, p =
0.011), indicating a stronger decrease in the CV in
unmyelinated C-fibers by axial nerve stretch.

Displayed in Figure 3 is a typical example of the reversible
conduction block in a C-fiber by axial sciatic stretch. The raw

https://doi.org/10.1021/acschemneuro.1c00052
ACS Chem. Neurosci. 2021, 12, 3558—3566


https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig1&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

A ) i
%  Myelinated A-fiber %
E 40 n=10 40
D
T 9§ 30
cC @©
oo
geg®
B
s 10
(&)

o

1 1.1 1.2 1:3
Stretch ratio, A

1.4 1

Unmyelinated C-fiber

B Slope (%CD increase / 1)

n=12 . 200 £
,7 y=158 (x-1)
150
100
50
0

1.1

1:2 1.3 1.4

A-fiber C-fiber

Stretch ratio, A

Figure 2. Linear increase in conduction delay (CD) with increase in axial stretch ratio of sciatic nerve trunk in both A- and C-fibers. (A) Percentage
increase in CD was plotted against stretch ratio for 10 A-fibers and 12 C-fibers. (B) The slope of % CD increase versus stretch ratio is significantly
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Figure 3. Reversible conduction block by axial stretch in some sciatic
axons. (A) Typical single-fiber recording from an unmyelinated C-
fiber during a stepped sciatic stretch protocol. (B) Extended view of
the ramped rising phase of the stepped stretch in (A). (C) Extended
view of the ramped returning phase of the stretch in (A). Action
potentials were denoted with black arrows, and the absence of an
action potential due to conduction block was denoted with an open
arrowhead.

single-fiber recording data and stepped stretch were plotted in
Figure 3A with magnified views in time scale plotted in Figure
3B,C. AP transmission was completely blocked at the onset of
the stepped stretch, remained blocked throughout the stepped
stretch, and instantaneously recovered following the ramped
reduction of stretch. Among the eight C-fibers tested with
stretch up to S mm, three (37.5%) showed reversible block at §
mm stretch. Of the 10 total A-fibers, eight were stretched to S
mm (two fibers experienced mechanical failure at one of the
ligatures or loss of single-fiber recording signals at 5 mm
stretch), and none of the eight fibers showed conduction block.
Among the five A-fibers tested with stretch beyond 7 mm (but
no more than 8 mm to avoid disrupting single-fiber
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recordings), one (20%) showed reversible block at 7 mm
stretch.

The role of K2P channels in the conduction block is further
confirmed by the application of K2P agonist (arachidonic acid,
AA), antagonist (ruthenium red, RR), and 2% lidocaine as a
positive control in single-fiber recordings. Pharmacological
reagents were perfused locally to the middle portion of the
intact sciatic nerve trunk at 100 yL/min for 15 min. Among
the 32 axons treated by S mM AA, CV in six axons was
irreversibly blocked and could not be washed back within 25
min. Considering possible neuronal damage, we excluded these
six axons in subsequent analysis (i.e., n = 26 for S mM AA). As
shown with typical recordings in Figure 4A, both lidocaine
(2%) and agonist AA (S mM) reversibly blocked sciatic nerve
conduction whereas neither antagonist RR (0.5 mM) nor a
lower concentration of AA (0.5 mM) did. The representative
pharmacological effect on the axonal CD is shown in Figure
4B, in which CD was measured once every 2 s for up to 40
min. There were delayed onsets of the block following the start
of perfusion and prolonged block after terminating the
perfusion. The axonal CV relative to baseline (t, in Figure
4B) after reagents application (t; in Figure 4B) and after
washout (t, in Figure 4B) was summarized in Figure 4C (CV =
0 indicates complete nerve block). Lidocaine (2%) blocked
conduction (n = 4, Kruskal-Wallis one-way ANOVA on ranks,
H = 10.586, SNK post hoc comparison, p = 0.005 for ¢, vs ),
and so did S mM AA (n = 26, Kruskal-Wallis one-way
ANOVA on ranks, H = 47.793, SNK posthoc comparison, p <
0.001 for t; vs ;). CV was not completely washed back to
control level after lidocaine (p = 0.021 for t, vs £,) or S mM AA
application (p < 0.001 for t, vs t,). In contrast, neither RR nor
0.5 mM AA had any significant effect on CV (n = 15, H =
0.261, p = 0.878 for RR; n = 3, H = 0.204, p = 0.800 for 0.5

Displayed in Figure SA is the distribution of conduction
velocities in 26 axons tested with S mM AA, indicating that
nerve conduction in 50% C-fibers and 75% A-fibers was
completely blocked by S mM AA. Among the axons blocked by
S mM AA, the delayed onset and prolonged block time are
summarized in Figure SB, showing significantly greater onset
delay in C-fibers than in A-fibers (f test, p = 0.0426) whereas
the prolonged block time was comparable between the fiber
types. It is noted that Figure SB includes only six of the seven
blocked C-fibers due to loss of continuous recording from one
of the C-fibers in the washout phases.

The role of TREK-1 and TRAAK in stretch-evoked increase
in CD was further tested by applying agonist AA or antagonist
RR on unmyelinated C-fibers before and after the axial stretch
protocol. To avoid excessive mechanical damage, the
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ACS Chem. Neurosci. 2021, 12, 3558—3566


https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00052?fig=fig3&ref=pdf
pubs.acs.org/chemneuro?ref=pdf
https://doi.org/10.1021/acschemneuro.1c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Chemical Neuroscience

pubs.acs.org/chemneuro

Research Article

A Lidocaine 5mM AA
L 65 Y
3 &

1 msec . 2 msec
= Baseline
—— After reagents
RR === After wash 0.5 mM AA
> =1
s s
1 msec 1 msec

. AA(5 mM)
1 1
Base;lzel application | Washout
T ) T —
— 1 Conduction 1 Conduction
| block | recoveryyg
8 22! | \
E ! i
A 20H, Delayed 1 Prolonged
O block
18 |

40

t
>
o
[
=
0.
©
o

n=26 n=3
to t1 t2 to t1 t2 to t1 t2 to t1 t2
Lidocaine  AA (5 mM) RR AA (0.5 mM)

Figure 4. Conduction block by pharmacological targeting of K2P channels. (A) Single-fiber action potentials (APs) recorded before (baseline) and
after reagent application and 25 min after wash. Each trace is presented as the mean (solid line) + SE (shadowed area) from five consecutive APs.
(B) Representative recordings of pharmacological effect (i.e., S mM AA) on conduction delay (CD) in a single-fiber recording. CD was measured
once every 2 s for up to 40 min. Delayed onset is defined as the time period between the start of reagent application and the start of AP conduction
block. The prolonged block is defined as the time period between terminating the reagent application and conduction recovery. t, and t, refer to the
start and end of the reagent application, and t, is the time of complete washout. (C) Relative conduction velocity (CV) (normalized by baseline)
before (t,) and after reagent application (¢,) and 25 min after wash (t,). Black lines are the mean + SE. Green lines are relative CV from individual
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Figure S. Both A- and C-type sciatic axons were blocked by 5 mM
AA. (A) Distribution of baseline conduction velocity (CV) of 26
sciatic axons tested with 5 mM AA. Nine of the 12 A-fibers and 7 of
the 14 C-fibers were blocked by S mM AA. (B) Delayed onset and
prolonged block time in 9 A-fibers and 6 C-fibers blocked by S mM
AA.

maximum axial stretch was limited to 3 mm. Displayed in
Figure 6A is the % increase in CD versus stretch ratio from six
unmyelinated C-fibers before (baseline), immediately after
(RR) and 25 min after (washout) RR application (0.5 mM).
The increase in CD from each afferent was linearly fitted with
the stretch ratio showing R* value of 0.95 + 0.02 for the
baseline group, 0.95 + 0.03 for RR treatment, and 0.97 & 0.01
for washout. The TREK-1 and TRAAK antagonist RR
significantly decreased the slope of the increase in CD versus
stretch ratio (paired ¢ test, p = 0.044). Similarly, displayed in
Figure 6B is the effect of agonist AA on another six
unmyelinated C-fibers before (baseline), immediately after
(AA), and 25 min after (washout) AA application (S mM).
Application of agonist AA slightly but not significantly
increased the slope of the % increase in CD versus stretch
ratio relations. The slope after washout is significantly lower
than that after AA application (paired ¢ test, p = 0.019).

To the best of our knowledge, this is the first study that
reported continuous recordings of single-fiber APs from
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mammalian peripheral nerves during the course of axial
nerve stretch. The effect of axial stretch to induce trauma in
mammalian peripheral nerves was studied previously by
extracellular recordings of CAP, showing progressive reduction
of CAP amplitude when axial nerve stretch was beyond a
certain threshold (5% for ref 26, 6% for refs 23, 27, and 25, and
8.3% for ref 24). CAP measures the spatial and temporal
summation of electrical potentials from a population of
peripheral axons, which is not exclusively determined by the
number of recorded axons. Other factors can also profoundly
impact the amplitude of CAP, especially during axial
mechanical stretch, including the relative distance between
the axon and recording electrode, the impedance change of the
insulating connective tissue layers, and even the change of
electrode impedance due to altered local electrolyte conditions.
Indeed, variations in amplitude are common in extracellular
recordings from peripheral nerve axons, especially over
minutes-long recordings.’>’' In addition, most prior studies
were conducted in vivo or ex vivo with intact circulation, and
axial nerve stretch reportedly decreases intraneural blood
circulation, which is known to affect nerve function.”*>**® In
contrast, we implemented in vitro single-fiber recordings in the
current study and focused on the temporal CD of individual
peripheral axons as a robust and sensitive metric to assess the
effect of axial nerve stretch. We previously demonstrated that
the temporal CD from in vitro single-fiber recordings was
robust and repeatable for hours®’ and enabled the detection of
the subtle neuromodulatory effects of ultrasound on peripheral
axons.”’ To minimize the effect of axial displacement on nerve
stimulation and recording conditions, we designed our in vitro
setup to stimulate and record not the sciatic nerve trunk, like in
most prior studies, but at distal and proximal branches,
respectively. We managed to keep the sural and LS spinal
branches in loose condition throughout the axial stretch
protocol. The loose configuration of the nerve branches allows
movement of the stimulating and recording electrode by
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Figure 6. Effect of TREK-1 and TRAAK antagonist (RR) and agonist (AA) on the axial stretch-induced increase in conduction delay (CD). The %
increase in CD versus stretch ratio was recorded before (baseline), immediately after, and 25 min after (washout) the application of either RR (0.5
mM) or AA (5 mM). (A) Application of antagonist RR significantly reduced the slope of the % increase in CD versus stretch ratio relations. (B)
Application of agonist AA slightly increased the slope with no statistical significance. The slope after washout was significantly lower than

immediately after AA application.

millimeters without causing apparent mechanical strain, and
this amount of movement was verified not to affect the single-
fiber recordings of CD (data not shown).

From single-fiber recordings, we observed a continuous and
linear increase of nerve CD in both myelinated A-fibers and
unmyelinated C-fibers in mouse sciatic nerve. This is
consistent with a previous report with CAP recordings from
A-fibers showing 20% stretch caused a significant increase in
conduction latency.”® However, the CAP recordings were
unable to detect any significant changes in conduction latency
at lower axial stretch levels. As shown in Figure 1A, fast
conducting A-fibers showed submillisecond changes in CD in
mouse sciatic nerve during stretch, which may have escaped
detection in CAP recordings. The absence of changes in
conduction latency reported previously’® likely reflects the low
sensitivity of CAP recordings in detecting changes in CD. A
significant observation of the current study is the continuous
increase in CD with axial stretch in myelinated A-fibers, in
which transmission of APs is saltatory at the NRs, and thus the
CV was assumed not to be affected by nerve elongation.” In
addition, the increase in CD is virtually instantaneous, showing
almost no latency, which strongly indicates mechanical
modulation as the dominant factor rather than slower effects
like chemical ligand binding or second messenger cascade. The
increase in CD needs to take place at the depolarization phase
of AP generation in the NRs. Thus, mechanosensitive ion
channels of TRAAK and TREK-1 widely present at NRs are
logical candidates for the instantaneous CD increases via axial
mechanical stretch. Indeed, prior patch-clamp studies indicated
TRAAK and TREK-1 channels remained open under sustained
mechanical stretch and showed minimal desensitization to
stretch.'>** Presumably, under stepped axial nerve stretch,
TRAAK and TREK-1 channels can remain constitutively open
to provide an increased potassium current that counters the
sodium depolarization at the NRs, which leads to a reduced
rate of depolarization and an increase in CD. The fact that
TRAAK and TREK-1 are gradually gated by mechanical
stretch is also consistent with the current report of a gradual
increase in CD with increased nerve stretch ratio in A-fibers.
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Similar to A-fibers, our results also showed progressive
increase in CD in unmyelinated C-fibers following axial nerve
stretch; the rate of CD increase is even greater in C-fibers than
in A-fibers. The increase in CD to stretch in C-fibers is also
instantaneous, suggesting a mechanical event. In contrast to
the recent reports of TREK-1 and TRAAK at NRs of
myelinated axons,”® we still have limited knowledge on the
spatial distribution of TREK-1 and TRAAK in unmyelinated
axons. A study by La et al. showed that TREK-1 and TRAAK
channels are widely expressed in visceral afferents innervatin§
the colon,'® which are predominantly unmyelinated C-fibers."
Thus, TREK-1 and TRAAK channels are likely present in
unmyelinated sensory afferents. Collectively, results by us and
others strongly suggest the role of TREK-1 and TRAAK in
regulating AP transmission in unmyelinated C-fibers. More
importantly, 37.5% of C-fibers showed reversible conduction
block at S mm stretch (14—19% stretch of in vitro length). In
contrast, none of the myelinated A-fibers were blocked by 5
mm stretch. Excessive stretch over ~25% reportedly caused
permanent structural damage to peripheral nerves,””*” which is
beyond the scope of this study. The nerve block by stretch in
unmyelinated C-fibers as shown in Figure 3 is instantaneous
with the onset of stretch. Recovery from nerve block is also
instantaneous right after removing the stretch. In addition, the
conduction block was maintained throughout the stepped
stretch. These blocking kinetics to stretch agree well with the
mechanical gating kinetics of TRAAK and TREK-1 chan-
nels,">** which strongly suggests critical roles for TRAAK and
TREK-1 channels in C-fiber conduction block by axial stretch.

We provided convincing pharmacological data to further
support the role of K2P channels in conduction block in sciatic
nerves. To avoid interfering with the nerve conduction, we did
not inject the reagents into the nerve trunk but applied local
perfusion from outside the epineurium. The perfusion rate of
100 pL/min was validated to effectively deliver reagents to
sciatic axons by 2% lidocaine, a concentration used routinely in
the clinic for peripheral nerve block.”> We showed that
activating K2P by agonist AA (5 mM) blocked nerve
conduction in 50% C-fibers and 75% A-fibers, consistent
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with our results of activating K2P by axial mechanical stretch.
In contrast, blocking the K2P by antagonist RR did not lead to
nerve conduction block, which might be due to the presence of
other potassium channels in peripheral axons that also
contribute to the repolarization of APs. The S mM
concentration of AA and 0.5 mM concentration of RR used
in the current study is ~1000 times their respective half
maximal effective concentration (ECy,) for binding with
TRAAK and TREK-1; a lower concentration of 0.5 mM AA
failed to block conduction. It is worth mentioning that
perineurium functions as a blood—nerve barrier”® with tight-
junction proteins to limit diffusion.’® We reported previously
that concentrations 3 orders higher than ECg, were required to
deliver sodium channel blockers across the tight junction of
colonic mucosa.’”*® Thus, the use of 5 mM AA and 0.5 mM
RR is required when delivering from outside the sciatic
epineurium. The delayed onset and prolonged block due to S
mM AA (over S min) likely reflect the diffusion process for
reaching the axons inside the endoneurium. However, there is
no significant correlation between delayed onset and
prolonged block (R* = 0.03 for A-fibers, R* = 0.24 for C-
fibers), indicating that the diffusion barrier is not the sole
factor that determines the prolonged block. In addition, we
tested the axial stretch protocol before and after application of
agonist AA or antagonist RR in unmyelinated C-fibers. Our
finding that antagonist RR attenuates the slope of % increase in
CD versus stretch ratio relations and agonist AA slightly
enhances the slope provides further support that axial stretch
modulates the action potential transmission through TRAAK
or TREK-1 channels. It is noted that nerve stretch potentially
leads to reduced axonal diameter, the extent to which remains
undetermined experimentally. Assuming constant axonal
volume, stretch-induced decrease in axonal diameter alone
will lead to significant increase in conduction delay according
to the core-conductor model of action potential trans-
mission.”” Further experimental evidence is needed to
differentiate the proportions of stretch-induced increase in
conduction delay caused by reduced axonal diameter versus by
activation of K2P channels.

The finding of selective nerve block of unmyelinated C-
fibers by moderate axial stretch (14—19% of in vitro length)
has profound implications for peripheral neuromodulation.
Prior biomechanical studies indicate that peripheral nerves in
the in vivo situation are prestretched by 11 + 1.5% of their in
vitro length.”® Thus, the 14—19% in vitro stretch correlates to
approximately 3—8% of in wvivo axial stretch, which is a
moderate stretch level without causing apparent impairment of
venular blood flow.”” In pathophysiological conditions, C-
fibers play critical roles and are often responsible for the
persistence of a diseased state.”” For example, C-fiber
nociceptors (afferents that encode tissue-injurious stimuli
and commonly initiate the sensation of pain) can sensitize to
drive the persistence of many chronic pain conditions.*'~**
Selective targeting of unmyelinated C-fibers by moderate axial
stretch could potentially block sensitized C-fibers while sparing
A-fibers for normal physiological functions. Thus, the current
report could draw focused research on mechanical axial stretch
as a novel neuromodulatory strategy to achieve selective
peripheral nerve block.

B MATERIALS AND METHODS

All experiments were reviewed and approved by the University of
Connecticut Institutional Animal Care and Use Committee.

Harvesting Mouse Sciatic Nerve Trunk and Branches. Sciatic
nerves were harvested from male or female CS57BL/6 mice 8—12
weeks of age, 20—30 g body weight (Taconic, Germantown, NJ).
Mice were anesthetized by isoflurane inhalation, euthanized by
exsanguination via perforating the right atrium, and transcardially
perfused with ice-cold oxygenated (95% O,, 5% CO,) Krebs solution
containing (in mM) 117.9 NaCl, 47 KCl, 25 NaHCO;, 1.3
NaH,PO,, 1.2 MgSO,, 2.5 CaCl,, and 11.1 p-glucose. The mouse
carcass was transferred to a dissection chamber filled with ice-cold
oxygenated Krebs solution, where both sciatic nerve trunks and
branches (~30 mm) were harvested bilaterally from the L3—LS entry
points to the spinal cord to the distal branches of sural, common
peroneal, and tibial nerves. Sciatic nerve trunks and branches were
then transferred to a custom-built perfusion compartment containing
a tissue chamber superfused with oxygenated Krebs solution at 30—32
°C and an adjacent mineral oil chamber for single-fiber recordings.

Axial Mechanical Stretch of Mouse Sciatic Nerve Trunk. As
shown in Figure 7, the proximal L3 and L4 spinal nerves were ligated

A Distal Proximal
common peroneal fixed suture
axial stretch & tibial femoral
sciatic trunk s L4 L3 L2
sural single-fiber
E-stim recording

- s s

=2 o r
A splitls ¥ 4
filament #

? T
recording electrode

Figure 7. A novel single-fiber recording setup to assess axial nerve
stretch effect on action potential transmission in mouse sciatic nerves.
As schematized in (A), mechanical tensile stretch was delivered by
ligating the proximal L3 and L4 spinal nerves and distal common
peroneal and tibial nerves. Action potentials were evoked from the
sural nerve by a suction electrode at 0.5 Hz as shown in the
photograph in (B) and recorded from split filaments of the LS spinal
nerve as shown in (C). The scale bars are approximately 2 mm in (B)
and 0.2 mm in (C).

with fine silk suture (Ethicon 6.0, Advanced Sterilization Products,
Irvine, CA) as were the distal common peroneal and the tibial nerves.
The ligatures were 22—35 mm apart, and the nerve length in between
was measured prior to tensile stretch. The end of the proximal ligature
(L3 and L4 spinal nerves) was pinned and fixed; the distal ligature
connecting the common peroneal and tibial nerves was stretched by a
computer-controlled force and displacement actuator (300D, Aurora
Scientific Inc., ON, Canada). The nerve was prestretched slightly by a
~10 mN axial force to remove any slack, a configuration considered as
zero stretch state. The 10 mN axial force generates negligible axial
strain according to a previous study,”® and thus we consider the
measured nerve length as the in vitro length. The stepped stretch
protocol consisted of a ramped rising phase from zero stretch to target
stretch in S s, a maintenance phase for 60 s, and a ramped return
phase to zero stretch in S s. Multiple stretch steps (0.5—5 mm in 0.5
mm steps) were delivered to assess the effect of stretch on both
unmyelinated C-fibers and myelinated A-fibers. In some experiments,
recordings were disrupted before completing the stretch steps, which
was usually due to mechanical failure at one of the ligatures or loss of
single-fiber recording signals. In some recordings from A-fibers,
mechanical stretch beyond 5 mm was delivered with 1 mm steps up to
8 mm.

Single-Fiber Recordings from Sciatic Axons during Axial
Stretch. The proximal branches of the sciatic nerve (i.e., the L3—LS
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spinal nerves) were pulled into the adjacent, mineral oil-filled
recording chamber. The LS spinal nerve was carefully desheathed
and intricately split into fine filaments of 10—20 pum thick, each of
which was mounted onto a custom-built platinum—iridium recording
electrode (2100 ym) for extracellular single-fiber recordings following
a procedure reported previously,***>*

APs were evoked by electrically stimulating the sural nerve (ie., a
distal branch of the sciatic nerve) with axon projections to the LS
spinal nerve (Figure 7A). To continuously monitor the effect of axial
nerve stretch, we evoked and recorded APs repeatedly every 2 s, a
frequency low enough to avoid the activity-dependent slowing in
unmyelinated C-fibers based upon our prior reports.*”*' To minimize
stimulus artifact, we used a suction electrode fabricated from a quartz
glass capillary to deliver monopolar cathodal current pulses (0.2—3
mA, 0.2 ms duration, 0.5 Hz). The electrical current that travels
through the surrounding Krebs bath solution to the recording
electrode is a key contributor to the stimulus artifact, which could be
minimized by increasing the access resistance between the suction
stimulating electrode and bath solution via applying a gentle suction
to “seal” the electrode tip with the epineurium.

Movement between nerve and electrodes is detrimental to
extracellular single-fiber recordings. To address that, we only applied
axial stretch to the sciatic nerve trunk while keeping the branches for
recording (LS spinal nerve) and stimulating (sural nerve) loose and
stretch-free. Both recording and stimulating electrodes were mounted
onto micromanipulators (no. 640056, Warner Instruments, Hamden,
CT) to allow fine adjustment during the axial sciatic stretch. As
described previously, the stretch steps consist of 5 s long ramped
rising and returning phases to allow fine adjustment of the electrodes.

Pharmacological Targeting of K2P Channels. The effect of
K2P channels on AP transmission is also assessed by local application
of K2P agonist and antagonist to the sciatic nerve trunk during in vitro
single-fiber recordings. The K2P agonist arachidonic acid (AA) was
prepared by diluting the original liquid (ICN19462580, Fisher
Scientific, East Greenwich, RI) in Krebs solution to 0.5 mM and §
mM. The K2P antagonist ruthenium red (R2751-1G, Sigma Aldrich,
Allentown, PA) was first dissolved to 10 mM stock in phosphate
buffered saline and then diluted to 0.5 mM in Krebs solution. Both
reagents were delivered to the sciatic nerve through a computer-
controlled perfusion system (VCS-77, Warner Instruments, Hamden,
CT) with a custom-pulled plastic barrel (PE-50, Warner Instruments,
Hamden, CT) positioned ~0.1 mm to the nerve trunk in the Krebs
chamber. The flow of reagents was driven by gravity with an
approximate flow rate of 100 uL/min. The complete process of each
pharmacology test consists of S min baseline single-fiber recording, 15
min reagent application with concurrent single-fiber recording, and 25
min washout with Krebs solution. In the pharmacology-stretch
experiments, the sciatic nerve underwent ascending steps of axial
stretch (60 s step with S s ramped rising and returning phases, three
steps of 1 mm, 2 mm, and 3 mm). The stepped stretch protocol was
tested before, immediately after, and 25 min after (washout) the 15
min application of agonist AA or antagonist RR. The perfusion system
uses multichannel valves to switch between the reagents and Krebs
solution. This local reagent perfusion approach was validated by
delivering 2% lidocaine, which reversibly blocks AP transmission in
sciatic nerve axons.

Data Processing. APs were recorded extracellularly using a low-
noise AC differential amplifier (DAM 80, World Precision Instru-
ments, Sarasota, FL). The activity was monitored online, filtered
(0.3—10 kHz), amplified (10 000), digitized at 20 kHz using a 1401
interface (CED, Cambridge, U.K.), and stored on a PC. APs were
discriminated off-line using Spike 2 software (CED). The root-mean-
square (RMS) value of prestimulus noise was calculated, and S times
that value was set as the detection threshold for AP spikes. The time
at which the stimulus first exceeded the threshold was deemed as the
onset of the AP. To avoid erroneous discrimination, we only studied
single-unit APs temporarily separated from other neural activities by
at least 3 ms in any record. CDs were measured as the time between
the onset of stimulus artifact and the onset of recorded APs. CV was
computed from the CD and the distance between stimulating and

3564

recording electrodes. Axial stretch was quantified by stretch ratio 4
(i.e., the deformed nerve length divided by the in vitro nerve length at
the zero-stretch state). The zero-stretch nerve length was measured as
the distance between the proximal and distal ligatures (Figure 7A).
Data were presented as the mean + standard error (SE). Statistical
analysis was performed using SigmaStat v4.0 (Systat Software, San
Jose, CA). Differences were considered significant when p < 0.0S.
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