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AC5 Regulated MnSOD Transcriptionally through the SIRT1/Fox0O3a Pathway

Since down-regulation of MnSOD is the key mechanism mediating the enhanced
cardiomyopathy of AC5 Tg mice, we investigated the molecular pathway responsible. The
mRNA level of MnSOD in AC5 KD myocytes was 3.6-fold higher than those infected by a
control adenovirus, Ad-LacZ (Figure 3D), which suggested that transcriptional factors may
be involved in the regulation of MnSOD, with FoxO3a a likely target, as noted earlier. To
determine whether FoxO3a directly regulated MnSOD, we first examined the localization of
FoxO3a in the ACS KD neonatal myocytes. Immunostaining and western blotting detected
more FoxO3a in the nucleus of AC5 KD myocytes compared with the control group (Figure
4A and 4B). Similarly in tissue, more FoxO3a was detected in the nucleus of AC5 KO
mouse heart compared with WT (Figure 4C).

Next, we tested the transcriptional activity of FoxO3a using a luciferase assay by
transfecting a FoxO3a luciferase vector, with a promoter containing 3 repeats of the
forkhead response element (FRE), into neonatal myocytes.22 When AC5 was knocked down
in myocytes, a 2.5-fold increase in luciferase activity was observed (Figure 4D). To examine
whether FoxO3a increased the native MnSOD gene directly, we performed the ChIP assay
on native MnSOD in the H9C2 rat cardiac myoblast cell line infected with Ad-LacZ and Ad-
shACS, respectively. We found 1.9-fold more FoxO3a binding to the specific FoxO-binding
element within the MnSOD promoter region (Figure 4E) in AC5 KD myocytes. The data
demonstrated that knock down of ACS5 causes FoxO3a to localize to the nucleus and
associate with the MnSOD promoter.

FoxO is known to be regulated by acetylation, a modification removed by the NAD™-
responsive, metabolic sensor SIRT1.23 To test whether ACS regulated SIRT1 directly;
protein expression of SIRT1 was detected in AC5 KO mice hearts. SIRT1 was significantly
up-regulated in ACS5 KO mice hearts (Figure SA). Consistent with the adult heart data,
SIRT1 was up-regulated in AC5 KD myocytes and down-regulated in AC5 OE neonatal
myocytes (Figure 5C).

To test whether this pathway was unique to ACS5, we also examined AC6 KO, the other
major cardiac AC isoform. In AC6 KO, SIRT1 was not up-regulated (Figure 5B).
Paralleling SIRT1 expression, MnSOD was not up-regulated in the AC6 KO hearts. Thus,
the up-regulation of SIRT1 and MnSOD expression was not due to a general response to AC
activity.

Given the apparent link between SIRT1 and FoxO3a, we found that the level of acetyl-
FoxO3a in the heart of AC5 KO and ACS5 Tg mice correlated inversely with the expression
of SIRT1 (Figure 5D). In AC5 KD myocytes, SIRT1 was shown by co-immunoprecipitation
(IP) to bind directly to FoxO3a (Figure 5E). These data suggest that FoxO3a is regulated by
deacetylation in cardiac tissue and this is controlled by ACS activity. To further investigate
the role of SIRT1, we treated AC5 KD and the control group with nicotinamide, a sirtuin
inhibitor, and then tested the transcriptional activity of FoxO3a in the control group.
Nicotinamide did not change the activity in the control group, but reduced the transcriptional
activity of FoxO3a to almost the same level in ACS5 KD group as in the control group
(Figure 5F). To investigate if the elevation of luciferase activity of FoxO3a contributed to
MnSOD expression, we determined MnSOD protein levels in AC5 KD myocytes. The
MnSOD level in nicotinamide treated ACS5 KD myocytes was down-regulated to a similar
level as the control group (Figure 5G). These data indicate that the increased transcriptional
activity of FoxO3a and MnSOD expression in AC5 KD myocytes is due to increased SIRT1
activity. In summary, ACS inhibited SIRT1 activity, which consequently decreased the
interaction between SIRT1 and FoxO3a, thus decreasing MnSOD expression, resulting in
less tolerance towards stress (Figure 6).
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MnSOD also Regulated by MEK/ERK Signaling

We previously reported that both MEK/ERK/MnSOD and Akt pathways were involved in
the protective mechanism of AC5 KO.1: 10 The elevation of MnSOD in myocytes infected
with AC5 KD adenovirus was eliminated by both the MEK inhibitor (PD98059)(Figure
S3B) and sirtuin inhibitor (nicotinamide) (Figure 5G), suggesting both the MEK/ERK and
SIRT1/FoxO3a pathway are involved in MnSOD regulation. Furthermore, we examined the
activity of Akt (represented as p-Akt/Akt) in AC5 Tg mice after chronic ISO. In contrast to
ACS5 KO mice, the activity of Akt was lower in AC5 Tg than in WT mice (Figure S4),
indicating that the AC5 Tg failed to activate this protective mechanism induced by chronic
ISO stress. Different from MnSOD basal regulation by ACS (Figure S3A), Akt is involved
in mediating the cardiac effects after chronic ISO stimulation.

To demonstrate that MnSOD is the only anti-oxidant gene targeted by the AC5 regulated
Sirtl1/FoxO3a pathway, we examined the expression of catalase, another downstream target
of Fox03a,2% 25 and found no differences in the hearts among WT, AC5 KO and AC5 Tg
mice (Figure S5).

Discussion

Since the conclusions from previous studies examining the extent to which cardiac
overexpression or deletion of ACS5 affects the development of cardiomyopathy have been
controversial® 7> 17:26 and no prior study examined the effects of cardiac overexpression of
ACS5 on the development of cardiomyopathy, the goal of the present investigation was to do
just that, using the model of chronic catecholamine stress. The results indicate clearly that
cardiac over-expression of ACS5 increases the severity of the cardiomyopathy induced by
chronic catecholamine stress, resulting in more severely compromised LV function and
increased L'V dilation, cardiac fibrosis and apoptosis. It is well recognized that
catecholamines increase oxidative stress, which in turn, induces necrosis and results in
cardiac fibrosis,2”-30 which is an important mechanism mediating the decrease in function
observed, not only in the cardiomyopathy induced by chronic ISO, but also in all
cardiomyopathies. Although the most common cause of necrosis is myocardial ischemia, it
can also result from an imbalance between myocardial oxygen supply and demand,
particularly in the subendocardium, and there is also non-ischemic necrosis,?’ all of which
leads to a reduction in contractile units in the heart and increased fibrosis, which interferes
with cardiac contraction. ISO also induces necrosis in myocytes in culture, independent of
myocardial blood supply.27- 31,32

There is another reason for controversial results in literature, i.e., it is not always possible to
extrapolate linearly between in vivo and in vitro work and between Tg and KO models. A
major strength of this investigation was the use of both Tg and KO models for ACS, which
alleviated the criticisms that the high level of overexpression of AC5 in the Tg model,
overwhelmed other mechanisms. In addition, finding reciprocal data in the KO and Tg
model strengthens the conclusions.

Since MnSOD protects against oxidative stress in AC5 KO mice! and since oxidative stress
has been implicated in catecholamine induced cardiomyopathy,!!> 27-33 our hypothesis was
that the adverse effects of ACS overexpression in the heart are mediated by enhanced
oxidative stress, primarily through an MnSOD mechanism. Confirming this hypothesis we
found a 36% decrease of MnSOD expression in AC5 Tg mice and greater oxidative stress
induced DNA damage. To further confirm our hypothesis that the reduced MnSOD was
responsible for the enhanced oxidative stress, we restored MnSOD to the ACS5 Tg mice by
mating them with MnSOD Tg mice. The bigenic mice no longer responded to chronic ISO
with more severe cardiomyopathy. To further confirm our hypothesis, we also examined
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whether reducing MnSOD eliminated the protection afforded to AC5 KO mice.
Accordingly, we also mated MnSOD™~ mice with AC5 KO mice and then subjected the
bigenic mice to chronic ISO stimulation. The bigenic mice were no longer protected from
chronic catecholamine stress. Thus, the level of expression of MnSOD was responsible for
the difference in responses to chronic catecholamine stimulation from WT in AC5 Tg and
ACS5 KO mice, and the opposite responses in AC5 Tg and AC5 KO mice. It was important
to use the KO model in parallel with the AC5 Tg model, to avoid complicating influences
derived from increasing gene expression to a high level. More importantly, the elimination
of the protective effect in AC5 KO x MnSOD™~ mice is direct evidence that indicates the
importance of MnSOD in the ACS5 regulatory pathway. Other studies have found that
oxidative stress is an important mechanism mediating several different
cardiomyopathies, 2830 33,34 and Dai et al., showed the importance of mitochondrial
oxidative stress.35 However, the signaling pathways have not been elucidated.

In this connection, it was previously shown that impaired mitochondrial function in cardiac
myocytes from Sod2*/~ mouse hearts is associated with a reduction in MnSOD activity3®,
which might suggest that the same phenomenon might occur in the AC5 Tg, where MnSOD
activity is reduced, and that this may reduce cardiac function. However, we observed
increased LV function at baseline in AC5 Tg and impaired function with chronic ISO. This
apparent conundrum can be explained by the complex interaction of mechanisms controlling
cardiac function in normal animals in vivo and more so in Tg animals. Since ACS5 is a direct
downstream target of the beta-AR, the increased basal LV function is a result of amplifying
signals from the beta-AR, and not due to reduced MnSOD expression. Chronic ISO stress in
ACS Tg leads to the accumulation of oxidative stress, and an imbalance between oxygen
supply and demand in the heart, leading to necrosis, apoptosis and fibrosis, which
consequently reduced LV function and resulted in cardiomyopathy.

We then investigated the signaling pathway by which ACS5 regulated MnSOD expression. In
ACS5 KD myocytes, we detected a significant increase in MnSOD mRNA, which suggests
that ACS also regulated MnSOD in a transcriptional manner. As noted earlier, the
experiments demonstrating the role of MnSOD in mediating the enhanced cardiomyopathy
with chronic ISO stress in AC5 Tg led us to investigate the SIRT1/FoxQ3a pathway, in view
of its protective role against oxidative stress associated with aging in C. elegans,!3: 14 rats13
and human quiescent cells.!® In our study, we demonstrate for the first time the importance
of ACS, an up-stream gene of the SIRT1/FoxO3a complex regulating MnSOD in
cardiomyopathy. We also found activation of SIRT1 and FoxO3a in AC5 KD myocytes,
whereas inhibition was detected in AC5 OE myocytes, suggesting that AC5 inhibits SIRT1
and FoxO3a activity, resulting in an impaired anti-oxidant system and induced cell death,
suggesting that overexpression of SIRT1 and/or nicotinamide mononucleotide (NMN) or
nicotinamide riboside treatment3? should be able to counteract the adverse effects of
increased ACS in the setting of chronic catecholamine cardiomyopathy. These conclusions
are based in part on the acetylation experiments, which have the limitation of using the
immunoprecipitation technique.38 A future direction will be to utilize a specific antibody for
acetyl FoxO3a when it is available, which would permit a more definitive conclusion.

FoxO3a is known to regulate MnSOD transcriptionally, protecting cells from cellular
oxidative stress.!® FoxO activity is regulated, in turn, by SIRT1, which also exerts favorable
effects on oxidative stress resistance in cardiac myocytes.23 An interaction between the
cyclic AMP/PKA pathway and Sir2 (an ortholog of SIRT1) in yeast has been reported.3®
Recently a few studies indicated cyclic AMP/PKA dependent pathways of SIRT1
activation,®#! which seem to be at variance with our findings. However, there are at least 4
important differences between these studies and ours. These studies were conducted in
cancer, skeletal muscle, or hepatic cells, whereas we examined cardiomyocytes. Secondly,
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our findings are related only to ACS5; it is conceivable that other AC isoforms, even AC6,
the other major isoform in the heart could induce different regulation. Indeed, this is what
we observed. Since in the studies by Noriega and Gerhart-Hines, forskolin was used to
stimulate AC, which will activate all AC isoforms, this may have influenced AC6, which
regulates AC activity to a greater effect than ACS5 in the heart. Fourthly, our study was
conducted under conditions of chronic activation or inhibition of the cyclic AMP/PKA
pathway, e.g., in ACS5 Tg and KO, and measured the change in protein expression of SIRT1,
whereas the prior studies utilized more acute activation of cyclic AMP/PKA with forskolin,
which activated SIRT1, either through the induction of its transcription or through SIRT1
phosphorylation. Finally, the results of our investigation relating ACS to the SIRT1/FoxO
pathway is consistent with other studies showing that SIRT1/FoxO protects the heart against
oxidative stress, and that MnSOD plays an important role.4% 43 It has been shown that
overexpression of SIRT1 no longer promotes cell survival when MnSOD was eliminated*2
and nuclear translocation of FoxO induced transcriptional up-regulation of MnSOD, which
protected the heart from myocardial infarction.3 In addition, we found translocation and
activation of FoxO3a by SIRT1, consistent with a report in C. elegans.3 Since FoxO3a
regulates several molecules involved in the cell cycle and oxidative stress, e.g., catalase
it is possible that MnSOD is not uniquely targeted. However, we found that catalase
expression was not different in hearts from WT, AC5 Tg and AC5 KO (Figure S5),
supporting the concept that MnSOD is uniquely regulated by FoxO3a with relation to ACS.
Deacetylation of FoxO3a should activate the transcriptional activity as described
previously.23 As shown in Figure SF and 5G, inhibition of SIRT1 activity reduced the
FoxO3a transcriptional activity and MnSOD expression in AC5 KD myocytes. Since
MnSOD is one of the important down-stream targets of FoxO3a, it is expected that the
binding affinity to the MnSOD promoter increases as FoxO3a is activated.

24,25

It is important that we found the signaling mechanisms differed in the two major cardiac AC
isoforms, AC5 and AC6. There have been several instances of AC isoform differences
within organs. AC1, ACS5, and ACS all are major isoforms in brain, AC1 and ACS8 play an
important role in memory and learning,** 43 but not AC5. Similarly, AC1 KO and AC5 KO
mice are resistant to pain stress, 0 47 but not AC8. Also there are apparent differences in
ACS and AC6 regulation in the heart, showing that the AC5 KO is protected against
stress,” 10 but not AC6 KO.48

We previously found that the MEK/ERK pathway regulated MnSOD in the AC5 KO.! In
the current investigation we found that MnSOD was upregulated similarly in AC5 KO mice
with vehicle and with ISO (Figure S3A) and that both a MEK inhibitor and a sirtuin
inhibitor blocked the elevation of MnSOD in AC5 KD myocytes (Figure S3B, 5G),
suggesting that both of these pathways are involved in the regulation of MnSOD by ACS.

In summary, this study examined for the first time the effects of overexpression of AC5 on
the response to cardiac stress. In contrast to conflicting results from prior studies in AC5
Tg,% 7 the results of the current investigation indicate clearly that overexpression of ACS5 is
deleterious in response to cardiac stress. We also demonstrated a new pathway for cardiac
dysfunction mediated by ACS5; cardiac overexpression of ACS exacerbates the
cardiomyopathy induced by chronic catecholamine stress through a mechanism inhibiting
SIRT1 and FoxO3a, which decreases MnSOD transcription. The impaired antioxidant
system elevates the intercellular oxidative stress level with chronic ISO stimulation,
inducing more cell death and resulting in augmented cardiac dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

C}%ronic ISO cardiomyopathy in AC5 Tg, compared with WT, was rescued by mating the
ACS Tg mice with MnSOD Tg (AC5 Tg x MnSOD Tg) mice. The asterix indicates a p<0.05
difference. A, Delta LV ejection fraction (EF) after ISO. AC5 Tg mice fell significantly
more than that of WT mice, p<0.05. In the bigenic mice the fall in LVEF was significantly
less, n=6—7/group. B, More fibrosis, p<0.05, was detected in AC5 Tg mice after ISO than in
the other two groups after ISO n=5/group. C, Myocyte apoptosis, calculated by the
percentage of total myocyte nuclei, also increased more in AC5 Tg than the other two
groups. The data in panel A—C did not have a normal distribution and the appropriate
statistical tests were used (see statistical analysis section). ¥*p<0.05
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Oxidative stress was detected in AC5 Tg mice. A, Higher GSSG content (left panel), as well
as GSSG/GSH ratio (right panel) were detected in AC5 Tg heart after chronic ISO
stimulation. n=5/group. B, The elevation of oxidative stress in AC5 Tg heart after chronic
ISO stimulation was further confirmed by 8-OHdG (a marker of oxidative DNA damage)
ELISA assay. n=7/group. C, Ad-ACS5 infected myocytes released approximately 2-fold more
superoxide radicals than control myocytes. n=4. D, Knocking down AC5 improved cell
survival in myocytes treated with various concentrations of HyO, n=8. The data in panels
A, B and C did not have a normal distribution and the appropriate statistical tests were used
(see statistical analysis section). The data in panel D had a normal distribution and were
presented as meantsem. *p<0.05 by 1-way ANOVA with Student-Newman-Keuls post-hoc
analysis. ¥p<0.05
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Figure 3.

AéS regulated MnSOD expression in protein and mRNA levels. Panels A and B show the
downregulation of MnSOD in AC5 Tg mice hearts (n=6/group) and Ad-AC5 infected
myocytes (n=4). C, MnSOD was up-regulated in Ad-shACS5 infected myocytes, n=4. D,
mRNA also increased in AC5 knock down myocytes, n=9/group. The data in panels A — D

did not have a normal distribution and the appropriate statistical tests were used (see
statistical analysis section). *p<0.05
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Figure 4.

ACS5 regulated MnSOD transcriptionally through FoxO3a. A and B, Both immunostaining
(40x) and western blotting confirm the nuclear localization of FoxO3a in AC5 KD
myocytes, n=4. The data are normalized to the intensity of histone H3. C, More FoxO3a
expression was detected in the nuclear fraction of AC5 KO heart, n=3/group. D, Myocytes
infected with Ad-shACS5 showed significantly higher transcriptional activity compared with
Ad-LacZ infected cells, n=9/group. E, 2 fold more FoxO3a binding to the MnSOD promoter
in AC5 KD cells compared with LacZ control cells, n=3. The data in panels A — E did not
have a normal distribution and the appropriate statistical tests were used (see statistical
analysis section), *p<0.05
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Figure 5.

A(gZS regulated FoxQ3a transcriptional activity through SIRT1. A, SIRT1 and MnSOD
expression levels increased in AC5 KO heart, n=3/group, but not in AC6 KO hearts, n=3/
group (B). C, SIRT1 expression levels increased in AC5 KD cardiomyocytes (left panel)
(n=4) and decreased in AC5 OE cardiomyocytes (right panel) (n=5). D, Acetyl-lysine in
FoxO3a was down-regulated in AC5 KO mice heart (left panel), but up-regulated in AC5 Tg
mouse heart (right panel), n=3/group. E, Co-IP confirmed that SIRT1 de-acetylated FoxO3a
by directly binding to FoxO3a in AC5 KD cardiomyocytes. F, FoxO3a transcriptional
activity was inhibited in AC5 KD myocytes treated with nicotinamide, a Sirtuin inhibitor,

Circulation. Author manuscript; available in PMC 2014 April 09.



Lai etal.

Page 17

n=9/group. The FoxO3a transcriptional activity of AC5 KD myocytes treated with
nicotinamide showed no significant difference compared with cardiomyocytes infected with
ad-LacZ, NS=non-significant. G, MnSOD expression level was inhibited in AC5 KD
cardiomyocytes when the cells were treated with nicotinamide. n=6. The data in panels A —

G did not have a normal distribution. The appropriate statistical tests are noted in the
statistical analysis section. *p<0.05
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Figure 6.

Signaling diagram for ACS5 regulation of MnSOD through the SIRT1/FoxO3a and the MEK/
ERK pathway. Imbalance between reactive oxygen species production and the intracellular
anti-oxidant system results in the intolerance of ACS Tg to stress.
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A role for Piezo2 in EPACT-dependent
mechanical allodynia
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Aberrant mechanosensation has an important role in different pain states. Here we show
that .Epac1 (cyclic AMP sensor) potentiation of Piezo2-mediated mechanotransduction
contributes to mechanical allodynia. Dorsal root ganglia Epacl mRNA levels increase during
neuropathic pain, and nerve damage-induced allodynia is reduced in Epacl —/ — mice. The
Epac-selective cAMP analogue 8-pCPT sensitizes mechanically evoked currents in sensory
neurons. Human Piezo2 produces large mechanically gated currents that are enhanced by the
activation of the cAMP-sensor Epacl or cytosolic calcium but are unaffected by protein kinase
C or protein kinase A and depend on the integrity of the cytoskeleton. In vivo, 8-pCPT induces
long-lasting allodynia that is prevented by the knockdown of Epacl and attenuated by mouse
Piezo2 knockdown. Piezo2 knockdown also enhanced thresholds for light touch. Finally,
8-pCPT sensitizes responses to innocuous mechanical stimuli without changing the electrical
excitability of sensory fibres. These data indicate that the Epacl-Piezo2 axis has a role in the
development of mechanical allodynia during neuropathic pain.

"Molecular Nociception Group, Wolfson Institute for Biomedical Research, University College London, London WCIE 6BT, UK. 2 Laboratory of
Neuroimmunology and Developmental Origins of Disease, University Medical Center Utrecht 3584 EA, The Netherlands. 3 Department of Biochemistry,
Molecular Biology and Immunology, Faculty of Medicine, University of Granada, Granada 18012, Spain. 4 Research Department of Neuroscience, Physiology
and Pharmacology, University College London, London WCTE 6BT, UK. ® Department of Molecular Medicine and Biopharmaceutical Sciences, World Class
University Program, Seoul National University, Seoul 151-742, South Korea. ® Cardiovascular Research Institute, Yokohama City University Graduate School of
Medicine, Yokohama 236-0004, Japan. ’ Department of Physiological Chemistry, University Medical Center Utrecht, Center for Biomedical Genetics and
Cancer Genomics Center, Utrecht 3584 CG, The Netherlands. T There authors shared first authorship. Correspondence and requests for materials should be

addressed to J.N.W. (email: J.Wood@ucl.ac.uk) or to N.E. (email: N.Eijkelkamp@umcutrecht.nl).

3141682 | DOI: 10.1038/ncomms2673 | www.nature.com/naturecommunications

© 2013 Macmiilan Publishers Limited. All rights reserved.



ARTICLE

NATURE COMMUNICATIONS | DOL 107038/ ncomms2673

ensory neurons innervate peripheral tissues where they

ransduce and transmit information about noxious and

innocuous stimuli to the central nervous system!2, Damage
to sensory neurons as a result of chemotherapy, trauma or in
diabetics and human immunodeficiency virus-infected patients

. may lead to neuropathic pain, often associated with mechanical
allodynia, where normally innocuous stimuli such as light
touch are perceived as painful®. The possible involvement of
mechanotransducers such as Piezo or TRPC channels in the
development of allodynia is a topic of interest®®.

Cyclic AMP is an intracellular signalling messenger that
changes pain thresholds® through the activation of two sensors:
protein kinase A (PKA) and Epac (exchange protein directly
activated by cAMP)’. Intradermal injection of a CAMP analogue
causes hypersensitivity to mechanical stimuli®. Importantly,
mechanical allodynia in murine neuropathic pain models is
severely attenuated in mice in which different adenylate cyclases,
the enzyme family that generates cAMP, are genetically
or pharmacologically targeted®’. Interestingly, however,
the downstream cAMP-sensor PKA is not required for the
development of allodynia in neuropathic pain models'®!!. The
role of the cAMP-sensor Epac in the development of neuropathic
pain-associated allodynia is unknown. Epacl and Epac2 are
guanine nucleotide exchange factors that activate Rap, a small
GTP-binding protein of the Ras family of GTPases. The binding
of cAMP or the Epac-specific agonist, 8-pCPT, stimulates Rapl
via the exchange of GDP for GTP'213, Various effector proteins,
including adaptor proteins that affect the cytoskeleton, regulators
of G proteins of the Rho family, and phospholipases (for example,
PLCe) and protein kinases, signal downstream from Rap'“.

Here we investigated the role of Epac signalling in the
development of allodynia associated with neuropathic pain and
the role of Piezo2 in this process. We show that the cAMP-
sensor Epacl sensitizes Piezo2 leading to allodynia. This work
highlights a new pain pathway, which if successfully targeted,
could potentially lead to better treatments for aspects of
neuropathic pain.

Results

Epacl expression in sensory neurons during neuropathic pain.
We measured Epacl and Epac2 mRNA expression in a neuro-
pathic pain model. Four weeks after a unilateral L5 nerve trans-
ection (L5 SNT), mice displayed mechanical allodynia in the
ipsilateral paw. Thresholds to mechanical stimulation were
unaffected in contralateral paws, sham-operated mice or in naive
untreated mice (Fig. 1a). At this time point, Epacl mRNA levels
in dorsal root ganglia (DRG) innervating the ipsilateral paw
increased in comparison with DRG innervating the contralateral
paw, from sham-operated animals, or from untreated mice
by ~1.8-fold (Fig. 1b). Epac2 mRNA expression levels in DRG
innervating the ipsilateral or contralateral paw were similar to
Epac2 expression levels in DRG from sham-operated animals
or naive untreated animals (Fig. 1c). The increase in Epacl
mRNA levels in the DRG innervating the ipsilateral paw was also
observed at the protein level (Fig. 1d).

Epacl-dependent allodynia in neuropathic pain. Next we
investigated whether Epacl has a role in the development
of allodynia in an L5 SNT neuropathic pain model. Epacl protein
levels were absent in DRG of Epacl —/— mice, while Epacl
protein levels were reduced by ~50% in Epacl+/— mice
compared with wild-type (WT) mice (Fig. le). In control
WT mice, spinal nerve transaction (SNT) induced mechanical
allodynia that was present from day 1 after the operation and had
fully developed in ~6 days. In mice completely deficient for

Epacl (n=13), SNT-induced allodynia was greatly attenuated
compared with WT mice (P<0.001; n=10; two-way analysis of
variance) or Epacl +/— mice (P<0.001; n=10; two-way ana-
lysis of variance) from day 1 (Fig. 1f). The magnitude of allodynia
in Epacl +/— mice was also reduced compared with WT lit-
termates (P<0.05; n=10; two-way analysis of variance) using
repeated measures analysis (Fig. 1f). Overall these data indicate
Epacl is required for the development of allodynia in a mouse
model of chronic neuropathic pain.

Epac signalling enhances sensory neuron mechano-
transduction. Sensory neurons are intrinsically mechanosensi-
tive and different types of mechanically gated current can be
identified in the cell bodies of sensory neurons in vitrol>19,
Neurons associated with detection of touch express low threshold
rapidly adapting (RA) mechanically gated currents®. We asked
whether activation of the cAMP-sensor Epac leads to changes
in mechanically evoked RA currents in DRG neurons? Large
diameter neurons (>35um) with fast action potentials (width
of action potential<1ms) were mechanically distended!’.
Application of the Epac-selective cAMP analogue 8-pCPT
shifted the stimulus response curves of mechanically evoked
RA currents to the left, resulting in increased currents in response
to mechanical stimuli (~2-fold increase in inward current at
a stimulus intensity of 12 um) (Fig. 2a,d). 8-pCPT time depen-
dently enhanced mechanically activated peak currents evoked
by a ~125-um distension that plateaued after ~15min
(Fig. 2b,d). Finally, 15min after application of 8-pCPT the
threshold of activation of RA currents was reduced by ~24%
(Fig. 2c). Application of vehicle did not have any effect on
mechanically evoked current sizes (Fig. 2).

Characterization of human Piezo2. DRG neurons in culture
express at least three es of cation currents evoked by
mechanical stimulation'¢~!8. Piezo2 is expressed in mouse
sensory neurons?, and Piezo2 short interfering RNA application
to sensory neuron cultures results in a ~75% loss of neurons
expressing mechanically evoked RA currents®. As the Epac-
specific cAMP analogue sensitized mechanically evoked RA
currents, we first cloned human PIEZO2 (hPiezo2) cDNA into a
mammalian expression vector, transfected it into HEK293
cells and characterized its biophysical properties by whole-cell
voltage clamp. hPiezo2 currents activated within ~1ms of the
mechanical stimulus and were weakly outwardly rectifying
(Fig. 3a) with a reversal potential of 9.7+1.6mV (n=7).
hPiezo2 currents showed rapid adaptation to the mechanical
stimulus which was voltage dependent, being 7-fold faster at
negative holding voltages than positive holding voltages (Vioa
—80mV, Tau=44+08ms; Vpga +80mV, Tau=29.41+
3.5ms; n=7; P<0.001; t#-test). Mechanically stimulating
hPiezo2-expressing HEK293 cells at a rate of 1 Hz resulted in a
rapid decay in the size of the mechanically evoked current
(Supplementary Fig. Sla,b), similar to native rapidly adapting
(RA) currents in DRG'®. We next investigated the pharmacology
of hPiezo2 (Fig. 3b-d). Acute bath addition of FMI-43, a
permeant inhibitor of rapidlg adapting mechanosensitive
channels in sensory neurons?’, inhibited hPiezo2 currents
(Fig. 3b-d). By contrast preincubation with dihydrostrepto-
mycin, a blocker of the cochlear mechanotransducer channel?!,
had no effect on either the magnitude or threshold of hPiezo2
currents (Fig. 3e,f).

Further characterization of hPiezo2 showed that mechanically
evoked peak currents were directly proportional to probe
velocity (Supplementary Fig. Slc,d), with decreased probe
velocity resulting in smaller mechanically evoked currents. The
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Figure 1 | DRG Epacl expression is increased in and required for L5 spinal nerve transaction-induced allodynia. (a) The sensitivity to mechanical
stimulation was determined in sham-operated mice (n=>5), naive controls (n=10) or mice subjected to unilateral L5 SNT 4 weeks after surgery (n=10).
Line with error bars represent mean +s.e.m. (b) Epacl or (¢) Epac2 mRNA levels in DRGs innervating the contralateral (contra) or ipsilateral (ipsi)
side of sham-operated, naive controls and L5 SNL mice 4 weeks after surgery. Epac1l/2 mRNA expression levels were corrected for GAPDH and B-actin
mRNA expression levels. (d) Epacl protein expression levels in ipsilateral (affected) and contralateral (unaffected) DRGs of mice subjected to unilateral L5
SNT 4 weeks after surgery. B-Actin and the neuron-specific f3-tubulin was used as loading control. (e) Epacl protein expression in DRGs of WT (n=#6),
Epacl+/ — (HE, n=4) and Epacl —/ — (HO, n=4) mice. (f) The sensitivity to mechanical stimulation was determined in wild-type (n=10), Epacl +/ —
(n=10) and Epacl—/— (n=13) mice subjected to unilateral L5 SNT. Repeated measures one-way analysis of variance (ANOVA) showed a significant
genotype effect F(2,30) = 25,935, P<0.001. Bonferoni post hoc analysis showed a significant effect between Epac —/— and WT (P<0.001); Epacl —/ —
and Epacl+/ — (P<0.001); and Epacl+/— and WT (P<0.05). All data are expressed as mean * s.e.m. (a-¢) Data are analysed by ANOVA foliowed by
the Bonferroni post hoc test. (d) Data are analysed using t-test. *P<0.05, **P<0.01, ***P<00.1.

biophysical properties of hPiezo2 are similar to those described
for mouse Piezo2 and endogenous RA mechanosensitive currents
expressed in large and small diameter DRG neurons®1%18,
Cytoskeletal elements have previously been shown to be
essential for normal mechanotransduction in sensory
neurons'®?2. Preincubation of HEK293 cells overexpressing
hPiezo2 with the actin depolymerizing agent latrunculin
A strongly shifted the stimulus-response curve to the right
resulting in a reduction in mechanical sensitivity of hPiezo2
(Supplementary Fig. Sle). Latrunculin A increased the threshold
for activation ~5-fold (control: 2.4+ 0.5pum; lantruculin:
123+ 12pum, P<0.001; n=6-7; t-test). The microtubule
depolymerizing agent colchicine reduced hPiezo2 peak currents
in response to mechanical stimuli >7pm (Supplementary
Fig. S1if). However, no shift in the stimulus-response curve or
change in mechanical threshold (control: 3.3 0.5 pm; colchicine:
42+04pm; P=0.15 n=16; t-test) was observed. These

findings indicate that the actin and tubulin cytoskeletons
regulate hPiezo2 via distinct mechanisms.

Epacl signalling enhances Piezo2-mediated mechan-
otransduction. As Epac signalling sensitizes mechanically evoked
RA currents, we also tested effects on Piezo2-mediated
mechanically evoked currents. We used HEK293a cells expressing
Piezo2 and Epacl or Epac2 (HEK293a cells express very low
levels of Epacl/2) and mechanically distended these cells. Coex-
pression of Epacl with Piezo2 in HEK293 cells did not change the
stimulus-response curve compared with expression of Piezo2
alone (Fig. 4a). However, the addition of Epac-selective 8-pCPT
to cells expressing Piezo2 and Epacl strongly shifted the
stimulus-response curve to the left. At a distension of ~8um,
currents increased by ~2.5-fold (Fig. 4a.e). Coexpression of
Epac2 with Piezo2 or application of 8-pCPT to cells expressing
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Figure 2 | 8-pCPT enhances rapidly adapting mechanically evoked currents in large diameter sensory neurons. (a) Stimulus-response curve of rapidly
adapting currents evoked by mechanical stimulation before and 15 min after 8-pCPT or vehicle administration (vehicle, n=13; 8-pCPT, n=17). (b) Time
course of peak currents evoked by a ~12.5-um membrane deflection after administration of 8-pCPT into the bath solution. Repeated measures one-way
analysis of variance: time, P<0.05; treatment, P>.05; interaction: P<0.01 (n=14). (c) Threshold of activation was determined as mechanical stimulus
that elicited a current > 20 pA. The decrease in threshold of activation after 8-pCPT was calculated as percentage of baseline thresholds.

(d) Representative example of whole-cell voltage clamp traces from a large diameter mouse DRG neuron with a narrow action potential width in
response to increasing membrane deformation (holding potential — 60 mV) before and after 8-pCPT or vehicle administration. All data are expressed as
mean £ s.e.m. (a-b) Data were analysed using two-way analysis of variance followed by the Bonferroni post hoc test. (d) Data are analysed by

t-test. *P<0.05, **P<0.01, ***P<0.001.

Piezo2 4+ Epac2 or Piezo2 alone did not change the stimulus—
response curve (Fig. 4b). In Epacl expressing cells, 8-pCPT
also increased the maximal mechanically evoked inward
current before whole-cell configuration was lost because of the
strength of the mechanical stimulus and reduced the threshold of
activation, whereas Epac2 had no effect on either parameter
(Fig. 4c,d). In cells expressing hPiezol and Epacl, 8-pCPT-
induced activation of Epacl also shifted the stimulus response
of mechanically evoked Piezol currents to the left and decreased
thresholds of activation, whereas no effect was seen when
Epac2 was coexpressed with hPiezol (Supplementary Fig. S2).
Overall these data indicate that Epacl but not Epac2 activation
results in sensitization of mechanically evoked Piezo-dependent
currents. We further tested whether activation of other signal-
ling molecules known to be involved in the development of
mechanical h};persensitivity such as PKA, protein kinase C
(PKC) and Ca®™ sensitize Piezo2 currents. Increasing cytosolic
Ca?t from 50nM to 1uM in Piezo2 expressing HEK293
cells resulted in sensitization of the mechanically evoked current
(Supplementary Fig. S3a,b) and a reduction in threshold for
channel activation (Supplementary Fig. S3c). Elevating cytosolic
calcium also produced a marked slowing of adaptation to
the static mechanical stimulus at cell displacements >4pm

4 NATURE COM

HCATIO

(Supplementary Fig. 3d). In contrast, activation of PKC by pre-
incubation with the phorbol derivative PMA had no effect on
hPiezo2 channel activity or threshold (Supplementary Fig. S3e,f).
Similarly, activation of PKA by preincubation with 6-Bnz-cAMP,
a selective agonist of PKA, which does not activate Epac, had no
significant effect on the stimulus-response curve (Supplementary
Fig. S3g,h).

Epac activation causes long-lasting mechanical allodynia. 8-
PCPT has been shown to cause increased sensitivity to noxious
mechanical stimuli (hyperalgesia)?®. Activation of the cAMP-
sensor PKA, induces hyperalgesia through effects on excitability,
but not through sensitizing mechanotransduction!. We tested
whether selective activation of Epac increased sensitivity to touch
and compared this with the development of mechanical
hypersensitivity induced by a PKA-selective cAMP analogue
(6-Bnz-cAMP). Intraplantar injection of either 6-Bnz-cAMP or
8-pCPT dose-dependently (12.5pmol per paw-12.5nmol per
paw) induced mechanical hypersensitivity that increased in
magnitude and duration with increasing doses (Fig. 5a,b). At every
dose tested, the magnitude of 6-Bnz-cAMP and 8-pCPT-induced
mechanical hypersensitivity was statistically indistinguishable
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Figure 3 | Biophysical characterization of hPiezo2. (a) Mean current voltage relationship of hPiezo2 expressed in HEK293 cells in response to a 4 um
displacements of the membrane (n=7). hPiezo2 currents were recorded using the perforated configuration of the whole-cell patch clamp technique. Inset
shows example current trace at the different holding voltages. (b) Typical steady-state current traces at a holding potential of — 70 mV recorded before
(control) and after addition of FM1-43 (15 pM) to the bathing solution. Mechanical probe displacement is shown inset (positioned 11um from cell). (¢)
Example time course of FM1-43 inhibition showing peak mechanically evoked current in response to a 3-um membrane displacement. Time at which FM1-
43 was added to the bathing solution is indicated by the grey bar. (d) Mean fractional inhibition of hPiezo2 currents. Number of experiments is indicated
within bars. (e) Typical current traces in response to a 6-um membrane displacement after 15 min preincubation in vehicle (control) or dihydrostreptomycin
(10 uM). Mechanical probe displacement is shown inset (positioned 11 um from cell). (f) Mean peak mechanically evoked currents. Data are expressed as
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(Fig. 5a). Importantly, however, 8-pCPT-induced mechanical
hypersensitivity lasted significantly longer than 6-Bnz-cAMP-
induced mechanical hypersensitivity (Fig. 5b,c). At the highest
dose tested (12.5nmol per paw), 8-pCPT-induced sensitization
lasted ~3 days while 6-Bnz-cAMP-induced mechanical
hypersensitivity only lasted ~1 day (Fig. 5c¢).

8-pCPT-induced mechanical sensitization was dependent on
DRG Epacl as intrathecal Epacl antisense oligodeoxynucleotides
(ODNs) administration reduced DRG protein levels for Epacl
by ~44% and almost completely prevented development of
mechanical sensitization induced by 8-pCPT (Fig. 5d,e). Epacl
antisense ODN treatment did not affect baseline thresholds to
von Frey filaments (Fig. 5e). The Epacl antisense ODN strategy
was confirmed by using Epacl knockout mice. 8-pCPT-induced
mechanical allodynia was prevented in Epacl —/— mice
(Fig. 5f; P<<0.001; n=8-12; two-way analysis of variance) and
Epacl 4+ /— mice (Fig. 5f; P<0.05; n = 8-12; two-way analysis of
variance). Epac+/— mice did not statistically differ from
Epacl —/— mice. 6-Bnz-cAMP-induced mechanical hyper-
sensitivity was indistinguishable between WT, Epacl —/— and
Epacl +/— mice (Fig. 5g). Thus, the activation of cAMP-sensor
Epacl leads to sensitization that is longer in duration (3-4 days)
than PKA-mediated hypersensitivity (<1 day). Importantly,
Epacl antisense-treated and genetically modified mice with low

Epacl protein levels indicate that partial reduction of Epacl
induces large behavioural effects.

To determine whether sensitization of mechanotransducing
channels underlies 8-pCPT-induced mechanical allodynia, we
used intraplantar FM1-43 that blocks mechanically activated
currents in sensory neurons and Piezo2 currents (Fig. 3d)%C.
Intraplantar FMI1-43 almost completely reversed 8-pCPT-
induced allodynia (Fig. 5h). As shown before?’, injection of
FM1-43 doubled the threshold to mechanical stimulation in naive
control mice (Fig. 5h). Thus, Epacl activation causes a long-
lasting increase in sensitivity to touch that is mediated through
mechanosensitive channels in vivo.

Epac signalling enhances wide dynamic range responses to
mechanical stimuli. Lamina V wide dynamic range (WDR)
neurons in the dorsal horn respond to all sensory modalities.
Extracellular recording from rat WDR neurons in response to
mechanical input to the receptive field showed that 8-pCPT
enhanced WDR neuron firing in response to mechanical stimuli
applied to the hind paw that was <26¢g (Fig. 6a). In contrast, 6-
Bnz-cAMP only enhanced WDR neuron firing in response to
mechanical stimuli applied to the receptive field (hind paw) that
were larger than 15 g (Fig. 6b). Intraplantar injection of saline did
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Figure 4 | Activation of Epac1 but not Epac2 sensitizes mechanically evoked Piezo2 currents. HEK293a cells were transfected with constructs encoding
Piezo2 + empty pcDNA3 (EV, + 8-pCPT, n=21; + vehicle, n=38), and (a) Piezo2 + Epacl-YFP ( + 8-pCPT, n=26; -+ vehicle, n=30), or (b)

Piezo2 + Epac2-YFP (+ 8-pCPT, n=17, 4 vehicle, n=23). 8-pCPT (specific Epac activator) or vehicle was added and cells were voltage clamped at
—70mV in whole-cell configuration. (a/b) Mechanically evoked currents were elicited by increasing displacement of the cell membrane in ~0.9 um
increments. (¢) Peak current elicited by the largest mechanical stimulus before whole-cell configuration was lost. (d) Threshold of activation was
determined as the mechanical stimulus that elicited a current > 20 pA. (e) Exemplar traces of currents in response to increasing membrane deformation of
HEK293a cells expressing Piezo2 + EV, Piezo2 + Epacl and Piezo2 + EpacT + 8-pCPT. All data are expressed as mean t s.e.m. (a~b) Data were analysed
using two-way analysis of variance followed by the Bonferroni post hoc test. *P<0.05, **P<0.01, ***P < 0.001. In ¢ and d "*' indicates significant difference
compared with all other groups analysed by one-way analysis of variance followed by the Bonferroni post hoc test.

not change WDR neuron firing responses evoked by any
mechanical stimuli (Fig. 6c).

The enhanced responses to mechanical stimuli could be
mediated via changes in electrical excitability or at the level of
mechanotransduction. Intraplantar 8-pCPT administration did
not change WDR responses evoked by electrical activation of Ap,
AS or C fibres (Fig. 6d). Moreover, no changes in input, post-
discharge or wind-up were observed (Fig. 6d). Both afferent
electrical and central excitability are unaffected by 8-pCPT in line
with our observation that 8-pCPT-induced allodynia is unaffected
in mice deficient for DRG expression of voltage-gated sodium
channels Navl.7, Navl.8 or Navl.9 (Supplementary Fig. S4).
Intraplantar injection of 6-Bnz-cAMP activates PKA and
enhanced - C-fibre-evoked WDR responses as well as input
(a measure of afferent drive) but did not change electrically
evoked AB- or Ad-mediated WDR responses (Fig. 6e). Moreover
post-discharge or wind-up were not changed by 6-Bnz-cAMP
(Fig. 6e). Intraplantar vehicle injection did not induce any
changes in electrically evoked WDR responses (Fig. 6f). These

data indicate that 8-pCPT enhances responses to mechanical
stimuli independent of changes in electrical excitability.

Epacl-mediated allodynia is Nav1.8 4+ nociceptor independent.
Nav1.8 4 sensory neurons comprise 85% of nociceptors and are
essential for detecting noxious mechanical stimuli as well as for
development of inflammatory hyperalgesia, but not neuropathic
pain?% To test whether Nav1.8 + sensory neurons are required
for 8-pCPT-induced mechanical allodynia, we used dightheria
toxin to kill these sensory neurons (Navl.8-DTA 4. As
reported?, baseline sensitivity to touch was similar in WT and
Nav1.8-DTA mice (Fig. 7a). Importantly, the course of 8-pCPT-
induced mechanical allodynia in mice in which Navl.8
nociceptors were ablated was indistinguishable from control
littermates (Fig. 7a). The absence of an effect of Navl.sg
nociceptor depletion on 8-pCPT-induced mechanical allodynia
was independent of the dose of 8-pCPT; at any dose of 8-pCPT
tested (12.5 pmol per paw-12.5nmol per paw) mice showed no
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