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Regulation of cardiac functions, primarily left ventricular (LV) contractility
(inotropy) and heart rate (chronotropy), through autonomic nervous system is
indispensable for the maintenance of blood circulatory homeostasis.  adrenergic
receptors (ARs) are expressed in the heart and activated by norepinephrine (NE)
released from sympathetic nerve endings, which leads to induction of positive inotropic
and chronotropic effects. Although BiAR is believed to predominantly mediate NE-
induced increases in cardiac functions, it is not well understood how cardiac functions
are sufficiently fine-tuned by BARs, much lower-affinity binding receptors to NE than
aARs. Previous reports have shown that transient receptor potential canonical (TRPC)
6 plays important roles in o1 AR-stimulated vasoconstriction and pathogenesis of heart
failure in rodents. Although pathological roles of TRPC6 have been extensively studied,
its physiological role is still obscure. In this research, I investigated whether TRPC6
participates in physiological cardiac responses induced by activation of autonomic
nervous system.

First, cardiac responses induced by stimulation of adrenergic receptor (BAR and a AR)
or muscarinic receptor (MR) were compared among wild type (WT), TRPC3- and
TRPC6-deficient mice using surgical LV catheterization. I found that isoproterenol
(ISO; BAR specific agonist)-induced positive inotropic effect was reduced in TRPC6-
deficient mice, whereas BAR-stimulated positive chronotropic effect, aAR-stimulated

increase in blood pressure and MR-stimulated negative inotropic and chronotropic



effects were not different significantly among three groups. Proximity ligation assay
(PLA) revealed that TRPC6 was in close proximity to f1AR in ventricle cardiomyocytes,
but not sinoatrial node cells. Additionally, ISO-induced increase in shortening of
sarcomere length and Ca®’ transient were significantly reduced in isolated TRPC6-
deficient adult mouse cardiomyocytes. Knockdown of TRPC6 suppressed ISO-mediated
increase in intracellular cyclic adenosine monophosphate (cAMP) production in
neonatal rat cardiomyocytes (NRCMs). These results suggest that TRPC6 acts as a
positive regulator of BAR-Gs signaling in cardiomyocytes. I next investigated the
molecular mechanism underlying enhancement of BAR-Gs signaling by TRPC6 channel.
I found that: 1) Intracellular zin ion (Zn*") pool in TRPC6-deficient cardiomyocytes
was smaller than that in WT cardiomyocytes. 2) NE-induced o AR stimulation caused
TRPC6-mediated Zn2* influx in HEK293 cells. 3) aAR inhibition and intracellular Zn**
chelation suppressed NE-induced cAMP production in NRCMs. 4) TRPC6 activation
mediated by aAR stimulation enhanced ISO-induced cAMP production, and this
enhancement was canceled by TRPC6 knockdown in NRCMs. These results suggest that
aAR-mediated Zn*" influx via TRPC6 enhances BAR-Gs signaling. Finally, I examined
whether TRPC6 contributes to baroreflex-induced cardiac inotropy in mice. I found that
a reflex inotropy induced by hydralazine, a pharmacological vasodilator, was
significantly reduced in TRPC6-deficient mice, while a coincident reflex chronotropy
was not affected. I have previously reported that hyperglycemia increases TRPC6
expression in the heart. Consistently, positive inotropic effect was promoted in
streptozotocin-treated hyperglycemic mice. The interaction between TRPC6 and 1AR
determined by PLA was also enhanced in the base of hyperglycemic mouse hearts. In
the first section, I revealed that TRPC6 positively regulates cardiac inotropy by
enhancing PAR-Gs signaling through o AR-Zn** axis.

In the second section, I investigated whether TRPC6 regulates ISO-induced PAR

internalization. Co-expression of TRPC6 with BiAR suppressed 1SO-induced BiAR



internalization and p-arrestin 2 (BArr2) translocation to the plasma membrane in
HEK?293 cells. Basal interaction between PiAR and BArr2 was significantly reduced in
TRPC6-deficient mouse cardiomyocytes, indicating that TRPC6 is involved in ligand-
stimulated BAR internalization.

In the third section, I investigated whether TRPC6 contributes to the progression of
cardiac remodeling caused by chronic PAR activation. Subcutaneous administration
with ISO continuously for 4 weeks induced LV remodeling and dysfunction in WT mice,
while ISO-induced heart failure was suppressed in TRPC6-deficient mice. In contrast,
ISO-induced increase in heart weight was enhanced in TRPC6-deficient mice. In fact,
chronic BAR activation enhanced TRPC6 mRNA expression in mouse hearts. Thus,
TRPC6 contributes to BAR-induced heart failure and negatively regulates cardiac
hypertrophy in mice.

Collectively, 1 revealed that TRPC6 links between aAR and BAR through Zn**
mobilization, leading to enhancement of cardiac positive inotropy in response to
sympathetic nerve activation. Since TRPC6 is expressed universally and various
biological responses are regulated by sympathetic nervous system, Zn*"-dependent
enhancement of PAR signaling via TRPC6 might be involved in other physiological

responses.



Results of the doctoral thesis screening

H L CEEMER

Name in Full

/N Y R

T i t 1 e
i@ X H  The role of TRPC6 in cardiac positive inotropy through sympathetic nervous

system

REMBERENT 208 QUG DM (BGHEZEAER) 13, 25 O ik 6 B 5 k5
WHEETHY ., TOWBIXILALOEZ2BRERKELD, RHMBEERLLHHEEND
JNT FbF U (NA) i3, DIRICEZ<EBEATI3T LTI ZEE (BAR) 24 L
TLHEZ TEST S, L2L, RE NARBEEOR WV « AR Tix7e <, NAGEM®HOE W B
AR IZX o TLHBEIFME INDINIEIFRHATH -2, RimiE, TEBEHEF ¥ 2L
transient receptor potential canonical (TRPC) 6 7% a AR |2 L » TiEME & T Zn2+jiE A0
BZV, ZOZENBAR @ NAISEMEZHMIE, v~V ALBOBMEE HERZ EICH
sz LtERBLE,

HEAE T &#MIZ, TRPC6 & £ ¥EgY 7 %47 TRPC3 Oz F+RE~T A, AR <
DAERAWT BEARE S EREZITMEERTICH I ESARFZHBE L, TORKE.
BAR T HIGMEZE NIEMTZ T A TRPC6 R~ 7 A TO L8 < Ml S v, B2 w5 1
RMEER IOV TIE 3BERICZEZIT R o7z, v~ 7 20RO BEELEFHMRIZRB VT
. TRPC6 RH#IC XL V. BARHlIZ L 2 MM/ Ca2+it E b5 L 7 LG B 5 b S 3 Pl &
iz, w7 ALK TD TRPC6 # "7 H L BAR # > R 7 @ {1 % Proximity ligation
assay # W T~/ &L Z A, TRPC6 & BARIZLEMHTEZIEXBELTEY . BHELER
ERICEbLAINERE CIEIERENIZEALBE I N b7,

BAR IZXIEF TRPC6 OFAFIEHZH LM T D=, T v b #FAE R0/
Mz HWT BAR HIBIZ L 5 cAMP EAZRE L=, NA @ 24 BFFATAEIZLY . BAR
HIZ LD cAMPEADFEEICHER L., FOHEMBIEHRHIZ o ARHEIE, TRPC6 D/ v 7 &
7y, Zn2t¥ L— MAULEIZ L - Tl &7, HEK293 #lfa#kiZ « AR & TRPC F v x
NEBRERIELEZ A TRPC6 D& NARIIZ L 0 MEN Zn2 B E 28NS /-,
Wiz, TRPC6 # K LKA~ AOLEFH M T IniIFBEXAAFBICETFT LA, &
biz, HEK293 ffifid iz TRPC6 & BAR # BB X/t 2 A, BAR HBIMIC L5 BAR N
Efbffl s, Fr 2L HEZ L Lz TRPC6 TIREBIEN Loz,

m#%IZ, TRPC6 & BAR & O EBEICH T 5REARNER*F 7=, HEFIXEL
AR LICBWT, mMFFREEEY B Lz~ 7 ALIRIZE W T TRPC6 & 8L & 2388 -+
HIELEERELTWVD, Z0omME~ Y RICENT, EZERFICE2BEZE IEH B
WMYHZ &, TOEMEMIN TRPC6 XEBE~- VY ATIHHEEARTH I L2RE L, -8
MW BAR B 21T 5 &, AR~ XTI OLEENE F+ 55, TRPC6 X~ 7 X Tl
DHEREOE TG S L2 RHE LK,

LIEDORERIT., BARIC K D LIBOBMEE HEE I TRPC6 F v R/ & Lz Zn2+ji A
BEETLHZE, TOFEAHIC AR E OMREEBENRFET I EZHL I LB
HERTHD, UEoZ &b, 2E—BTABXPELZMmITICHEIS LW ERERm LT,



