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Local control of blood flow in the heart is important yet poorly
understood. Here we show that ATP-sensitive K+ channels (KATP),
hugely abundant in cardiac ventricular myocytes, sense the local
myocyte metabolic state and communicate a negative feedback
signal-correction upstream electrically. This electro-metabolic volt-
age signal is transmitted instantaneously to cellular elements in the
neighboring microvascular network through gap junctions, where it
regulates contractile pericytes and smooth muscle cells and thus
blood flow. As myocyte ATP is consumed in excess of production,
[ATP]i decreases to increase the openings of KATP channels, which
biases the electrically active myocytes in the hyperpolarization (neg-
ative) direction. This change leads to relative hyperpolarization of
the electrically connected cells that include capillary endothelial
cells, pericytes, and vascular smooth muscle cells. Such hyperpolar-
ization decreases pericyte and vascular smooth muscle [Ca2+]i levels,
thereby relaxing the contractile cells to increase local blood flow
and delivery of nutrients to the local cardiac myocytes and to aug-
ment ATP production by their mitochondria. Our findings demon-
strate the pivotal roles of local cardiac myocyte metabolism and
KATP channels and the minor role of inward rectifier K+ (Kir2.1)
channels in regulating blood flow in the heart. These findings
establish a conceptually new framework for understanding the hugely
reliable and incredibly robust local electro-metabolic microvascu-
lar regulation of blood flow in heart.
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The efficiency and spatiotemporal management of cardiac blood
flow appear to be perfectly matched to the metabolic needs of

the heart at all times throughout the lifetime. This conclusion is
supported by two observations. First, the heart extracts the maxi-
mum amount of oxygen from the circulating blood at all blood
flows, as measured by the arteriovenous partial pressure of oxygen
(pO2) difference (1). This means that wherever blood flow in the
heart is directed by the network of vascular valves and switches, it is
needed by the tissue and for its oxygen and energy stores to make
ATP. Second, each ventricular myocyte has an astoundingly small
reserve of high energy phosphate (i.e., ATP and creatine phos-
phate), yet works for many decades (and often a life-time) without
running out.
What constitutes “an astoundingly small reserve”? There are

intracellular energetic reserves to support only 10 s to ∼1 min of
activity should cellular ATP production stop at times of high
demand (2, 3). This means that regional (i.e., local) consumption
of ATP is restored by the vascular network rapidly and accurately
in response to uncertain ongoing and variable consumption.
Therefore, it is surprising that such a well-tuned consumption
and supply network is so poorly understood with respect to the
overall mechanism of action. Importantly, however, multiple ele-
ments have been identified, each of which can contribute to the
regulation of blood flow in the myocardium. These include aden-
osine (4), extracellular K+ (5), H+ (6), nitric oxide (7), reactive
oxygen species (8), H2S (9), and others that are presented in recent
reviews (10, 11). While each may contribute to the process, an

overarching hypothesis that provides a mechanistic link between anat-
omy and physiology is missing. This grand vision needs to be able to
accommodate the aforementioned modulators of blood flow as well.
Here we report evidence to support a virtually instantaneous

and highly local feedback control system centered on individual
myocytes and their local environment. We have identified and
characterized core features of “electro-metabolic signaling” in
the heart. This mechanism focuses on the contracting ventricular
myocytes, which consume the largest fraction of energy in the
heart, and includes their neighboring microvascular components,
including capillaries, pericytes, and vascular smooth muscle cells.
Evidence presented here shows that the ventricular myocytes
provide abundant metabolic sensors in the form of sarcolemmal
KATP channels (12). When activated by a drop in [ATP]i and a
rise in [ADP]i and possibly other modulators, these KATP channels
open. By opening, the KATP channels hyperpolarize the ventric-
ular myocytes and enable them to inject hyperpolarizing current
into their local capillary endothelial cells through gap junctions.
These capillaries can thereby communicate upstream electrically
to hyperpolarize and relax contractile pericytes on capillaries
and on small arterioles and to relax smooth muscle cells sur-
rounding small arterioles and thus increase blood flow (13).
The effect is very rapid and local.

Results
Our examination of blood flow in the heart makes use of a mouse
papillary muscle preparation (14) taken from the right ventricle, as
shown in Fig. 1 and described in Materials and Methods. The small
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septal artery (∼100 to 200 μm in diameter) is cannulated and
pressurized as shown diagrammatically in Fig. 1A. Feedback control
systems enable us to control either flow or perfusion pressure in
the cannulated artery and to measure the other (i.e., pressure or
flow) (Fig. 1 B and C and SI Appendix, Fig. S1 B–D). The insets in
Fig. 1A show confocal images of three branches from the central
cannulated small artery. Alexa Fluor 633- (or 488-) conjugated
wheat germ agglutinin (WGA) was used to stain the vessels, in-
cluding arterioles and capillaries. The microvasculature appears to
fill the volume of the tissue but is actually tightly interdigitated

with other cells in the tissue, primarily ventricular myocytes, as
shown in SI Appendix, Fig. S1A. The physiological function of the
preparation was demonstrated by applying pressure and perfusing
the vasculature with the vasoconstrictor endothelin 1 (ET-1; 10 nM)
from the arterial lumen, as shown in SI Appendix, Fig. S1 B–D.
An important observation in terms of our investigation of blood
flow control comes from the action of the application of drugs
that open KATP channels (pinacidil and diazoxide; 100 μM) to the
solution perfusing the cannulated papillary muscle artery (Fig. 1
B–E and SI Appendix, Fig. S2 A–C). Fig. 1 B and C show that the
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Fig. 1. Ventricular myocyte KATP opening increases coronary arterial blood flow. (A) Diagram of the experimental working model used in this study. The septal artery
of mouse heart right papillary muscle was perfused using a fire-polished glass cannula. Tyrode’s solution was perfused into the septal artery with either constant flow or
constant pressure that was controlled using a pressure servo controller with a peristaltic pump. The flow rate of the solution and the arterial perfusion pressure were
monitored simultaneously. When applicable, WGA conjugated with Alexa Fluor 633 or 488 was included in the luminal solution to visualize the vascular trees and
capillary bed. The distal end of the septal artery was ligated to ensure sufficient perfusion to the papillary muscle and related tissues. The framed areas show the regions
in which the images (1 to 3) were obtained. Images 1, 2, and 3 were obtained using confocal (1, 3) or spinning disk confocal (2) microscopy showing the capillaries and
arterioles in the framed areas. (B) An example of the arteriole and capillary diameter changes with the luminal administration of pinacidil, a KATP opener. (B, b and c)
Zoom-in views of the boxed areas in B, a. (C) Time course of the changes in arterial pressure (Lower) alongwith the changes in arteriole and capillary diameters (Upper).
The line color in C reflects the diameter of the vessels highlighted with the same color in B. (D) Summary data showing the changes in arterial and capillary diameters
caused by pinacidil (n = 25 for arterioles; n = 4 for capillaries). (E) Summary data showing the change in arterial pressure caused by pinacidil. n = 10 mice. *P < 0.05 vs.
control, paired t test. (F) Representative images showing the effect of pinacidil on arterial diameter in papillary muscle from an SMMHCKir6.1-AAAmouse, in which the
KATP functionwas eliminated in smoothmuscle. (G) Original trace showing the effect of pinacidil on the septal arterial luminal pressure in an SMMHCKir6.1-AAAmouse.
(H) Summary data showing the effect of pinacidil on arterial pressure in SMMHCKir6.1-AAA mice. n = 3 mice. *P < 0.05 vs. control, paired t test.
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opening of KATP channels by pinacidil leads to dilation of all
components of the microvasculature (small arterioles and capillaries).
Similar results were obtained from another KATP opener, diazoxide
(SI Appendix, Fig. S2 A–C).
Both vascular endothelial cells and smooth muscle cells have

KATP channels with Kir6.1 as the pore-forming subunit, while
ventricular myocytes have KATP channels with both Kir6.2 and
Kir6.1 as pore-forming subunits (15–17). Therefore, to identify
whether the vasculature KATP channels or the ventricular myo-
cyte KATP channels underlie the vasodilation observed in Fig. 1
B–E, we examined the vasculature in mice with a mutated smooth
muscle Kir6.1 pore-forming subunit (SMMHCKir6.1-AAA mice),
and the function of KATP was abolished, as shown in SI Appendix,
Fig. S2D (16). Kir6.1 appears to be the pore-forming unit of the
KATP channel in vascular smooth muscle cells and coronary en-
dothelial cells (15, 16, 18). While brain pericytes have Kir6.1,
cardiac pericytes appear to have no KATP channels (19). Here we
show that the decrease of arterial perfusion pressure and vasodi-
lation in response to pinacidil are unchanged in the Kir6.1 mu-
tated mouse compared with the wild-type control (Fig. 1 F–H).
Thus, the critical KATP channels that are activated by pinacidil are
not in the vasculature and specifically not in the smooth mus-
cle cells or pericytes. This finding raises the question of how

hyperpolarization signals from the ventricular myocytes affect
contractile elements in the local vasculature.
The simplest and fastest connection between ventricular myo-

cytes and the vasculature would be an electrical connection
through gap junctions (20). Such gap junctions would need to be
present and patent from ventricular myocytes to capillary endo-
thelial cells and thus to capillary pericytes and on to both neigh-
boring endothelial cells in the small end arterioles and vascular
smooth muscle cells. All such gap junctions have been reported in
diverse tissues and cells (13, 21–23) except those between ven-
tricular myocytes and capillary endothelial cells, which have oc-
casionally been noted but more anecdotally (20). To test this
possibility, freshly isolated rat ventricular myocytes were put in a
primary coculture with human cardiac microvascular endothelial
cells, as shown in Fig. 2A. Gap junctions, known to be present in
endothelial cells and in ventricular myocytes, could in principle
establish critical connections between the two very different cell
types. Ventricular myocytes are replete with connexin (Cx) 43 and
Cx45 (24), while capillary endothelial cells normally contain Cx40,
Cx43, and Cx37 (25, 26). If the distinct gap junction types could
readily establish a connection between the two cell types, such a
connection would permit current to flow between connected cells
and would also permit molecules ∼1,000 Da (27) and smaller to
readily diffuse from one cell type to the other. Thus, we used the
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Fig. 2. Rat ventricular myocyte KATP openings hyperpolarize the membrane potential of cultured human capillary endothelial cells. (A) Representative
images showing the physical relationship between ventricular myocytes and the neighboring endothelial cells by monitoring the calcein fluorescence dif-
fusion from endothelial cells to ventricular myocytes in coculture. Calcein was included in patch pipettes. (B) Whole-cell currents with voltage ramps showing
the transient inward current (TIC) in an endothelial cell connected to a rat ventricular myocyte. (C) Diazoxide (Left) and pinacidil (Right) induced membrane
hyperpolarization only in the endothelial cells connected to the paired ventricular myocyte (Bottom). (D) Diazoxide-induced membrane hyperpolarization
seen in a connected myocyte-endothelial cell pair is blocked by 100 μM Ba2+ and 100 μM glibenclamide. (E) Summary data showing the effect of diazoxide on
the endothelial cell membrane potential in coculture (n = 4 and 9 for connected and nonconnected cells, respectively).
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fluorescent marker calcein salt (623 Da) in a patch clamp intra-
cellular solution to determine whether both current and calcein
could pass from one cell type to the other. Fig. 2A shows outlines
of the two cell types in close contact (red, endothelial cells; white,
cardiac ventricular myocytes). The top pair of images show that
when the cells are not electrically connected, the calcein injected
into the patch-clamped endothelial cells does not enter the ven-
tricular myocytes. The bottom pair of images show that when the
endothelial cells and ventricular myocytes are electrically connected,
the calcein moves from the endothelial cells to the ventricular
myocytes after injection into the endothelial cells. Fig. 2B shows the
evidence of current injected from the cardiac myocyte into the en-
dothelial cell when the cell pair is connected. The black line reflects
the current-voltage relationship of the endothelial cell alone when a
voltage ramp from −140 to +40 is applied. The zero-current po-
tential (“reversal potential”) of the endothelial cell is approx-
imately −90 mV and does not change when it is linked to the
ventricular myocyte (red line) by one or more gap junctions (“con-
nected”). In clear contrast, as the voltage ramp moves from −140
to +40, the red line shows the distinctive and different shape at
around −70 mV. Here the current-voltage relationship produced by
the connected hybrid pair of cells that includes an endothelial cell
and a ventricular myocyte, shows a spike of inward current. The
spike of inward (depolarizing) current at around −70 mV reflects the
activation of sodium and calcium channels in the ventricular myocyte
and shows the depolarizing current injected into the endothelial cell.
The spike of inward current disappears when the myocyte is physi-
cally removed (SI Appendix, Fig. S3 A and B). In the connected cell
pair, there is also a small but clear increased inward and outward
current at a very negative and a very positive potential that reflects
current injected into the endothelial cell mainly due to potassium
channels in the ventricular myocytes. This approach provides com-
pelling support for the connectivity of the ventricular myocytes to the
capillary endothelial cells, as suggested by the data in Fig. 1.
To examine the possible role of endothelial cells in contributing

to the vasodilation produced by the KATP channel opener pinacidil
shown in Fig. 1, we carried out current clamp experiments. The
time course of changes in endothelial cell membrane potential
(Vm) was measured when the endothelial cells were either con-
nected or not connected to ventricular myocytes (Fig. 2 C–E). We
saw no change in endothelial cell Vm when the cells were not
connected to ventricular myocytes (from −30.4 ± 2.9 mV to
−29.4 ± 2.8 mV; Fig. 2 C and E). However, when the endothelial
cells were connected to ventricular myocytes by gap junctions,
application of KATP channel activators (e.g., diazoxide 500 μM,
pinacidil 100 μM) produced a hyperpolarization in the endothelial
cells that could be blocked by Ba2+ (100 μM) or a KATP channel
inhibitor (e.g., glibenclamide 100 μM) (Fig. 2 C–E). The results
shown in Fig. 2 indicate that the activation of KATP channels in the
ventricular myocytes underlies the vasodilation observed in the
intact tissue produced by pinacidil shown in Fig. 1. Unlike in rat
ventricular myocytes (12, 28) (SI Appendix, Fig. S4) or capillary
endothelial cells from guinea pig heart (29), KATP openers do not
change whole cell current or membrane potential in human mi-
crovascular endothelial cells, as shown in SI Appendix, Fig. S5.
Taken together, these results show that the vasodilation caused by
pinacidil and diazoxide is not due to KATP channels in the endo-
thelial cells or in vascular smooth muscle cells or pericytes.
In addition to the gap junction-dependent hyperpolarizing ef-

fect of the activation of cardiac myocyte KATP channels on the
nearby microvasculature shown in Figs. 1 and 2, we show an ad-
ditional interesting result in Fig. 3. Here a distinct action of ele-
vated extracellular potassium on cardiac microvascular endothelial
cells is revealed. Elevated [K+]o is routinely used to depolarize
cells (30); however, Fig. 3 shows a circumstance in which an in-
crease in [K+]o hyperpolarizes the membrane potential in cultured
human capillary endothelial cells. Importantly, at potentials close
to the putative resting potentials (−30 to −40 mV) of endothelial

cells, an increase in extracellular potassium (e.g., to ∼15 mM) can
hyperpolarize the membrane potential of the endothelial cells, as
is shown in the current clamp (at current 0) measurement of Vm
reported in Fig. 3 A and B. The voltage clamp measurement at
−40 mV shows the hyperpolarizing current that underlies this
hyperpolarization. Both hyperpolarization effects of [K+] are
blocked by Ba2+ (100 μM), a feature consistent with the inward
rectifier K+ channel (Kir2.1), a critical component of functional
Kir in capillary endothelial cells (13). This unexpected action of
elevated [K+]o occurs because in microvascular endothelial cells,
Kir2.1 has N-shaped current-voltage relationships that “cross
over,” as shown in Fig. 3 D and E, when [K+]o increases from
5 mM to 15 mM (Fig. 3 E, Inset). At −40 mV, there is a clear
increase in outward (hyperpolarizing) current as [K+]o increases
from 5 mM to 15 mM (Fig. 3 C and E).
These observations are supported by the significant differences

in current shown in Fig. 3F, which demonstrate the differences in
elevated [K+]o-activated current at −40 mV (outward, hyper-
polarizing current) versus at −140 mV (inward, depolarizing cur-
rent). Thus, insofar as KATP are activated and other repolarizing
sarcolemmal K+ channels are activated in ventricular myocytes,
there will be an increase in [K+]o surrounding the capillary en-
dothelial cells, which will tend to produce a vasodilating hyper-
polarization (5, 13, 31). We conclude that the ventricular myocytes
produce hyperpolarizing current when KATP channels are acti-
vated and this hyperpolarizing current is injected into the “mi-
crovascular network” to increase microvascular diameter and
increase blood flow. This significant action is augmented by the
local increase in [K+]o outside of the capillary endothelial cells
that tightly surround the ventricular myocytes when the endothe-
lial cell membrane potential is around −40 mV.
A critical element in the observations that we have presented

is the electrical connectivity between and among the cellular
elements. It is through this electrical signaling that the metabolic
state of a specific ventricular myocyte can signal to nearby up-
stream capillaries, pericytes, smooth muscle cells, and arterioles
that it needs more oxygen and food stock to operate. This is the
signaling pathway that underlies electro-metabolic coupling be-
tween the heart muscle and coronary vasculature. We have shown
that the signaling system works, but it is also important to show
key anatomic elements in the signaling pathway. Here we provide
evidence that ventricular myocytes are electrically connected to
capillary endothelial cells and that endothelial cells are electrically
connected to pericytes and vascular smooth muscle in the small
arteries and end arterioles.
As noted above, we have already provided functional evidence

supporting this chain of electrical signaling in heart tissue. Here
we examine the presence of the electrical connections made by
means of gap junctions that involve Cx43. The images in Fig. 4
are whole-tissue mounts of fixed tissue that had been perfused
and then fixed and permeabilized. We use antibodies and fluo-
rescence tags to identify endothelial cells (Fig. 4A, a; WGA,
magenta), ventricular myocytes (Fig. 4A, b; α-actinin, blue), and
pericytes (Fig. 4A, c; NG2, red). Fig. 4 shows the presence of
Cx43 as gap junction patches (green) that run in a linear orga-
nization along the surface membrane of the capillary endothelial
cells and are in the appropriate locations to connect them with
both ventricular myocytes and pericytes (Fig. 4A, g, white ar-
rows). This same figure also shows the presence of Cx43 in the
pericytes that decorate the capillaries and arterioles (Fig. 4A, h
and i, yellow arrows). The zoomed-in images in Fig. 4B clearly
show the colocalization of Cx43 with myocytes, WGA, and NG2
(Fig. 4B, e–k, white and yellow arrows). Higher power image in
Fig. 4B demonstrates few yet clear capillary wall location of gap
junctions (Fig. 4 B, g and k). These gap junctions (Cx43) may link
pericytes to capillary endothelial cells, pericytes to cardiac
myocytes, or capillary endothelial cells to cardiac myocytes. We
highlight some of these locations in Fig. 4C.
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Additional staining of cardiac myocytes using α-actinin with Cx43
shows the presence of gap junction patches at both the intercalated
disk area and the lateral side of the myocytes (Fig. 4 A and B, f).
Matching those lateral lines of gap junctions are the paths of
capillary endothelial cells that are identified by WGA (Fig. 4B, g,
magenta). This image and the zoomed-in images are consistent
with the demonstrated electrical connectivity between myocytes
and endothelial cells demonstrated in Fig. 2 A–E. These images
provide support for the presence of the anatomic hardware
needed for electrical connectivity. Figs. 1, 2, and 6 show that there
are functional consequences of this connectivity.
Here we describe a physiological working model that links the

metabolic need of cardiac myocytes to blood flow through in-
tercellular electrical and chemical communication on a beat-to-
beat basis. While all the aforementioned experiments were per-
formed in the quiescent state to minimize the effect of movement

on the current and arterial/capillary diameter measurements, the
next test was carried out on the electrically stimulated preparations
to mimic the physiological state. As shown in Fig. 5 A and B, when
the papillary muscle was electrically stimulated (50 V for 2 ms) with
different frequencies (over the range 1 to 12 Hz, to reflect the
range of electrical activity common in mice at 37 °C), the perfusion
pressure was different at a constant flow (∼150 μL per minute). In
brief, when the pacing frequency was increased, the perfusion
pressure needed to maintain constant flow decreases (Fig. 5 A and
B). This is consistent with the dilation of arteries at the higher
stimulation rate in physiological ranges (32). When the papillary
muscle was paced at a lower rate (1 Hz), the KATP opener pinacidil
(100 μM) led to the decrease in arterial perfusion pressure
(Fig. 5C). In addition, in the presence of pinacidil, the arterial
perfusion pressure barely changed when the pacing rate was in-
creased from 1 Hz to 8 Hz. When the papillary muscle was paced
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Fig. 3. Elevated [K]o induces endothelial cell membrane hyperpolarization by activating Kir2.1. (A) Representative whole-cell current-clamp recording showing
that elevated [K]o (15 mM) hyperpolarizes an endothelial cell by a Ba2+-sensitive current. (B) Summary data showing Ba2+-sensitive hyperpolarization of the
membrane potential produced by 15mM [K]o (n = 8 cells). *P < 0.05 vs. 5 K; #P < 0.05 vs. 15 K, paired t test. (C) Representative whole-cell voltage-clamp recording
showing a Ba2+-sensitive outward current from an endothelial cell elicited by elevated [K]o (15 mM) at −40 mV. Recordings in A and C are from the same cell. (D)
Current traces from voltage ramp experiments showing that [K]o (15 mM) increases Ba2+-sensitive whole-cell current (due to Kir2.1). (E) Ba2+-sensitive currents
produced by voltage ramps in D. (Inset) Zoom-in view of the region marked by the dashed box showing that [K]o (15 mM) induces an outward current over a
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at 8 Hz, a frequency close to the normal physiological rate for mice,
glibenclamide (100 μM) caused an increase in arterial perfusion
pressure when flow was maintained at a constant level (Fig. 5D).
These data demonstrate that as metabolic demand increases with
an elevation of cardiac electrical activity to a physiological level
(8 Hz), cardiac KATP channels open to engage the local capillary
network to signal blood delivery. Thus, the effect of the KATP
channel agonist decreases and the effect of the KATP channel
antagonist glibenclamide increases. This also suggests that KATP
channels in the heart are normally partially activated (i.e., open)
under physiological conditions (33).

Discussion
Electro-Metabolic Signaling System in Heart. Here we present a new
blood flow control system for the heart, dubbed “electro-metabolic
signaling” (Fig. 6). Our findings integrate diverse features,
some partly established by past work, but together all the elements
are linked with new evidence presented here that provides a ro-
bust solution to physiological blood flow regulation in mammalian
heart. We directly address the question of the apparent over-
abundance of KATP channels in ventricular myocytes (SI Appendix,
Fig. S4) (28) as an adaptive solution that enables rapid “upstream”

electrical regulation of blood flow. Furthermore, we identify the

key roles played by the cellular elements (myocytes, capillary
and vascular endothelial cells, pericytes, and vascular smooth
muscle cells). Together, the components of this electro-metabolic
signaling system enable the heart to optimize oxygen extraction
and blood flow nearly instantaneously to meet dynamic real-time
metabolic needs of the myocytes. An additional key conceptual
element is embodied in the microvascular electrical network (34).
This physiological mechanism is the core process by which blood
flow is regulated in heart as orchestrated by ventricular myocytes.
As the heart rate and workload vary with exercise, physical work,
and biological stress, electrical signals are sent upstream using
the capillary and vascular endothelium as a communication
network (13).
Importantly, electro-metabolic signaling does not negate ad-

ditional processes already characterized that also influence and
tune blood flow (4, 7, 8, 10, 35). A broadly important and central
finding for which we provide important evidence is the electrical
connection from myocytes to capillary endothelial cells that en-
ables the end-user myocytes to regulate the opening and closing
of vascular flow valves composed of pericytes and vascular smooth
muscle cells. Thus, even modest activation of the KATP chan-
nels (as can occur with a decrease in [ATP]i or an increase in
[ADP]i) can inject a net hyperpolarizing current into the local

A

B

C

Fig. 4. The intercellular connections among cardiac myocytes, capillary endothelial cells, and pericytes in mouse right papillary muscle. (A) Immunostaining
showing Cx43 in and between capillary endothelial cells (white arrows), cardiac myocytes, and pericytes (yellow arrows). Cx43 connections between myocytes
and capillary endothelial cells are also observed (cyan arrows). See text in the Results section for details. (B) Expanded view from the white box in A, a. (C)
Further enlarged regions from B (boxed area) showing a gap junction-rich region between ventricular myocytes (Left), a Cx43-rich region aligned with
myocytes and capillary endothelial cells (white arrow) (Middle), and apparent Cx43-rich junctions overlapping with capillary endothelial cells and pericytes
(yellow arrow) (Right). All images were collected using Z-stack with a step of 0.325 μm. These images are Z-projections of the maximum intensity.

7466 | www.pnas.org/cgi/doi/10.1073/pnas.1922095117 Zhao et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
6,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922095117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922095117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922095117


www.manaraa.com

microvascular electrical network to minimally increase blood
flow (28, 34). Thus, there is a wide sensitivity of the system so
that it can respond to metabolic changes. In addition, it enables
a massive ramp-up in its efficacy and responsiveness when
[ATP]i drops more dramatically. While the primary mechanism
is centered on the KATP channels of the cardiac myocytes, there
is a secondary signaling pathway that is much smaller and de-
pends indirectly on electrical activity and on the Kir2.1 of endo-
thelial cells and its sensitivity to extracellular [K+]o. These elegant
and flexible mechanisms provide a fundamental understanding for
blood flow control in the heart. We discuss additional important
features below, some of which are illustrated in Fig. 6.
While electro-metabolic signaling regulates blood flow in

small regions of the heart as physiology demands, additional
factors also influence the details of flow. For example, vaso-
motion, muscle compression, adrenergic and parasympathetic
tone, and many other factors exert an influence on flow even
while electro-metabolic signaling is operational (10, 11, 36).
These factors work together. Electro-metabolic signaling is
driven by the needs of the tissue and can compensate for any
interferences with only a small phase lag, since the overarching

control mechanism is regulated locally by the myocyte metabolic
state and [ATP]i level within these cells.

Electro-Metabolic Signaling Is Local and Timely. In the absence of
extensive energy stores in heart muscle and essential nonstop
operation, blood flow is continuously critical to cardiac function.
It serves to resupply the mitochondria with lipids, carbohydrates,
and protein—the primary energy sources of the heart—to bring
oxygen and remove waste products. The huge number of mito-
chondria rapidly convert raw food stock to ATP to maintain car-
diac function, blood pressure, and regulate circulation. The large
volume fraction of the heart that is mitochondrial reflects this
critical balance. The tight control over the regulation of the blood
flow appears new to many studying the balance between blood flow
and energy consumption. The emergence of the critical roles of
pericytes and small vessel smooth muscle is shown here (Fig. 6 A
and B) and may appear novel (37); however, the early presentation
and description of pericytes in capillaries dates back nearly 100 y
(38). Here we provide evidence that as KATP channels in myocytes
are activated by pinacidil, dilation of capillaries and small arterioles
occurs (Fig. 1 B–D) due to pericytes and smooth muscle cells. We
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Fig. 5. KATP is partially activated (open) under physiological conditions and modulated by heart rate and work in papillary muscle. (A) Representative traces
showing that increased pacing frequency (from 1 to 12 Hz) underlies vasodilation, as evidenced by a decrease in arterial perfusion pressure (when flow is
constant). (B) Summary data showing the decrease in arterial perfusion pressure with an increase in pacing rate (when flow is constant). n = 3 mice. (C and D)
Representative traces showing that pinacidil decreases arterial perfusion pressure at a low pacing rate (1 Hz), and that glibenclamide increases arterial
perfusion pressure at a high (8 Hz) pacing rate (with constant flow). In the presence of pinacidil, an increase in pacing frequency from 1 Hz to 8 Hz does not
change the arterial perfusion pressure (C) (with constant flow).
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also show how pericytes wrap around the capillary endothelium
next to myocytes and at small vessel junctions, enabling the dy-
namics of capillaries and arterioles and the regulation of their
diameter and resistance to flow (Fig. 6 A and B). Thus, the hy-
perpolarization of the vascular network reduces Ca2+ influx to
enhance blood flow, as reported previously (39).
The electro-metabolic signaling regulation is “super-local”

with regard to the vascular components (capillary, pericytes, and
vascular smooth muscle) and myocytes. They talk to one another
electrically through gap junctions and chemically (Fig. 4). The ex-
tent of the communication in space is limited by the size of the
signal, the “leakiness” of the electrical signal, and the organization
of the network. The abundance of capillaries puts approximately
one capillary per myocyte (on average) in cross-section, with an
average capillary length of 50 to 100 microns. There appears to be
approximately one pericyte per capillary (length between branch
points). As shown in Fig. 6 A and B, the pericytes in both living and
fixed tissues have a floppy cell body with spidery arms that wander
around and along the surface of the capillary endothelial cell. The
cell body may span the separation between neighboring capillaries
or along the surface at the junction between several capillary
junctions. Presumably, the narrowing of the capillary reflects con-
traction of the thin arms. The packing of contractile and vascular

structures is organized so that electro-metabolic signaling regula-
tion can work as illustrated in Fig. 6C. In 3D organization, this
places five or six myocytes and capillaries around each myocyte.
Electro-metabolic signaling, a novel system conceptually, bun-

dles direct metabolic sensing with blood flow regulation in a
compact, spatially organized manner. The central elements in this
mechanism and conceptual framework involve the local control of
metabolic needs. The data presented here show how cardiac
anatomy and molecular physiology enable the myocytes to rapidly
sense local metabolic needs and instantly communicate these
needs to the local upstream and neighboring vascular smooth
muscle cells or pericytes (37, 40) through endothelial cells. When
hyperpolarized electrically due to the consequences of downstream
metabolic needs, the contractile cells relax to increase blood flow
in a manner proportional to local downstream needs. At the core
of the investigation is the electrically connected cardiac microvas-
culature that extends from the ventricular myocytes to their local
capillaries and neighboring arterioles. The central features of this
feedback control system are illustrated in Fig. 6D. The heart rep-
resents the ultimate biological development of a tightly controlled
system, since at all flow rates it maximally extracts oxygen from the
blood (1). Starting at the top of the diagram, work by the heart
consumes ATP, and the decrease in [ATP]i proportionally
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Fig. 6. Blood flow control mechanisms in the heart: electro-metabolic signaling. (A) Representative images from fixed tissue showing arteriole (A), pre-
capillary arteriole (PA), capillaries (red, WGA), and pericytes (green, NG2) in mouse papillary muscle. (B) Zoomed- in images showing the structure of capillary
pericytes (green, NG2) around the capillaries (red, WGA). These images clearly show that the capillary pericytes regularly span two or more capillaries with
their processes. (C) Diagram of the structures involved in electro-metabolic regulation of blood flow in the heart. (D) Diagram showing the overall logic of
electro-metabolic regulation of blood flow in the heart.
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activates KATP channels and the efflux of K+. The hyper-
polarizing current of the KATP channels is injected into the
electrical network (of endothelial cells, pericytes, and vascular
smooth muscle cells), while the KATP channel and other increased
K+ channel K+ efflux elevates the likelihood that Kir2.1 channels
in the endothelium produce hyperpolarizing current directly (41).
The hyperpolarization of pericytes and vascular smooth muscle
cells reduces Ca2+ influx through Ca2+ channels, which relaxes
the pericytes and vascular smooth muscle cells to increase blood
flow (39, 42, 43). This serves to restore blood flow and oxygenate
the myocytes, thereby making more ATP and removing waste
products. While this clever system works brilliantly in the heart,
Longden (13) recently showed that in the brain, repolarizing K
currents produce a huge K+ efflux to use the N-shaped Kir2.1
current-voltage curve as the dominate mechanism to produce
vascular relaxation and increased blood flow.

Contribution of Ventricular Myocyte Membrane Potential (Vvm) to
Capillary Endothelial Cell Potential (Vcec). The resting potential of
the ventricular myocytes is approximately −80 mV and becomes
as positive as approximately +40 mV during the action potential
(AP). Thus, the time-averaged potential of the ventricular myocyte,
�V, varies between approximately −60 mV to approximately −20
mV and depends primarily on the AP shape and the heart rate.
The estimated Vcec is between −25 and −70 mV (29, 44). Whatever
�V may be, it will move in the negative direction as KATP channels
in the ventricular myocytes are activated by the drop in [ATP]i
within the ventricular myocytes (34, 45). Thus, activation of the
KATP channels will shorten the AP of the myocytes (46, 47),
leading to a time-averaged potential more negative and closer to
EK (the Nernst potential of K+, approximately −90 mV). At any
given value of �V , the current injected into the local vascular net-
work from the local ensemble of ventricular myocytes depends on
Vcec and the number and location of open gap junctions between
the VMs and the CECs, the conductance of these gap junctions, as
well as the effective local impedance. As a complex 3D dynamic
network, it has not been possible for us to identify and measure
these variables sufficiently to constrain a model of the system.
Additional complexity comes from the interactions among all the
neighboring local systems. Work in progress seeks to identify and
measure all of these elements. Here we have presented data
showing that each of the major components of the electro-metabolic
systems exists and is modulated as described in the text and
shown in Fig. 6. Together, the data shown provide evidence for
electro-metabolic coupling as a system in the heart that regulates
blood flow primarily by the effects of [ATP]i in myocytes with a
modest component attributed by outward current activated by
elevated [K]+ bathing capillary endothelial cells. This elevated
[K+] from the ventricular myocytes activates Kir in a region of its
current-voltage (IV) curve that has a negative slope. However, the
primary driver of blood flow control under the conditions tested is
the [ATP]i in the ventricular myocytes.

Materials and Methods
Animal Handling and Preparation of Mouse Septum and Papillary Muscle. All
animal care was provided in accordance with the guidelines of the University
of Maryland Baltimore’s Institutional Animal Care and Use Committee-
approved protocols. Rats and mice were handled as described previously
(48). NG2-DsRed mice were purchased from The Jackson Laboratory (catalog
no. 008241). Tamoxifen-induced SMMHKir6.1-AAA mice were a gift from
Dr. Colin G. Nichols, Washington University in St. Louis. The fresh heart of each
euthanized mouse was surgically removed and placed into ice-cold Tyrode’s
solution containing the following components: 140 mM NaCl, 10 mM Hepes,
0.5 mMMgCl2, 0.33 mM NaHPO4, 5 mM glucose, 1.8 mM CaCl2, and 5 mM KCl
(pH 7.4 with NaOH), along with 30 mM 2,3-butanedione monoxime (BDM).
After being cleaned of connective tissues, the heart was transferred into a
Sylgard-coated prechilled (4 °C) chamber with Tyrode’s solution containing
30 mM BDM. The heart was pinned down onto the Sylgard layer of the
chamber. The free walls of both ventricles were removed. The septal artery

was exposed and cannulated using a fire-polished bent glass pipette prefilled
with Tyrode’s solution. The pipette used to cannulate the septal artery was
then connected to a pressurized line. The line was pressurized by a peristaltic
pump (Living Systems Instrumentation) that was used to perfuse the artery
when activated. A pressure transducer was used to measure the perfusion
pressure. The flow rate (in μL/min) and arterial perfusion pressure (in mmHg)
were digitized (Digidata 1322; Molecular Devices) and recorded using Axon-
Scope (Molecular Devices). The vascular lumen perfusate was Tyrode’s solution
heated as it traversed the bath superfusate in a gas permeant tube. The
superfusate contained a physiological saline solution (PSS; containing 112 mM
NaCl, 5 mM KCl, 1.2 mM MgSO4, 1.2 mM NaH2PO4, 24 mM NaHCO3, 10 mM
glucose, and 1.8 mM CaCl2) was maintained at 35 to 37 °C with a heater and
temperature controller (Living Systems Instrumentation) and bubbled with 5%
CO2, 20%O2, and 75%N2 to maintain the appropriate pH value. Either arterial
perfusion pressure (∼60 mmHg) or flow rate was kept constant to measure the
other parameter. Unless stated otherwise, a constant flow rate was applied in
the experiments. The flow rate was set accordingly to make the starting
perfusion pressure ∼50 to 60 mmHg. The bath solution was perfused at
∼5 mL/min. The experimental measurement was started after ∼30 min to 1 h
stabilization, when the perfusion pressure increased and stabilized at a certain
level (∼90 to 100 mmHg). For the pacing experiments, the papillary muscle
was stabilized and kept at 1 Hz pacing (50 V, 2 ms) for 30 min to 1 h before
experiments were performed. When necessary, Alexa Fluor 488- or 633-
conjugated WGA (Thermo Fisher Scientific; 20 μg/mL, 30 min) was included
in the luminal buffer for the imaging of blood vessels.

Cell Isolation and Culture. Ventricular myocytes from Sprague–Dawley rats
were isolated and cultured as described previously (48). Human cardiac mi-
crovascular endothelial cells were purchased from Lonza (catalog no.
cc-7030) and plated as instructed in the manual provided with the product.
In brief, the cryopreserved microvascular endothelial cells (1 mL) were
thawed at 37 °C and plated into two 100-mm culture dishes (55 cm2 surface
area) in EGM-2MV medium (cc-3202, Lonza), prewarmed at 37 °C. The cell
density was ∼5,000 cells/cm2. The cells from passages six through eight were
used in the experiments. EGM-2MV cultural medium supplemented with
2.5% FBS was used in the coculture of endothelial cells and rat ventricular
myocytes. The ratio of the ventricular myocyte and the endothelial cells that
were plated was ∼1:5. The cells were cocultured for no more than 48 h at the
time of use in the experiments reported.

Electrophysiology. A conventional whole-cell patch-clamp configuration
(Axopatch 200B, Clampex 8.2, Molecular Devices) was used to acquire the
whole-cell patch-clamp data. The patch pipette solutions contained 30 mM
KCl, 110 K mM aspartic acid, 10 mM NaCl, 1 mM MgCl2, 10 mM Hepes, and
0.05 mM EGTA (pH 7.2 with KOH). The resistance of the pipette was 1.5 to
2 MΩwhen filled with pipette solution. The bath solution contained 140 mM
NaCl, 10 mM Hepes, 0.5 mM MgCl2, 0.33 mM NaHPO4, 5.5 mM glucose,
1.8 mM CaCl2, and 5 mM KCl (pH 7.4 with NaOH). A whole-cell current clamp
configuration was used to measure the membrane potential without
injecting any current into the cell. For the whole-cell current recordings, a
500-ms voltage ramp from −140 mV to 40 mV (for endothelial cells) or from
40 mV to −140 mV (for ventricular myocytes) was imposed. All recordings
were conducted at room temperature with constant perfusate with Tyrode’s
solution in the absence (control) or presence of KATP/Kir2.1 openers and
blockers. For the recordings of cocultured cells, 50 μM calcein disodium salt
was included in the patch pipette. Data were analyzed offline using Clampfit
10.4. Junction potential was subtracted in the presented data.

Immunostaining. Mouse heart was cannulated and perfused using the
Langendorff perfusion system with either Ca2+-free Tyrode’s solution or
regular Tyrode’s solution supplemented with 30 mM BDM at room temper-
ature. WGA (Alexa Fluor 488- or 633-conjugated, 10 μg/mL) and/or Hoechst
(10 μM) were loaded for 30 min, followed by a 10-min wash. Then 4%
paraformaldehyde (in PBS) was perfused for 15 min to fix the heart, followed
by a 5-min wash using PBS. Then the heart was permeabilized using 0.1%
or 0.2% Triton X-100 (in PBS) for 15 min. The heart was taken off the
Langendorff perfusion rig, and the right ventricular papillary muscles or right
ventricle were dissected for whole-mount immunostaining. The tissues were
incubated with the primary antibodies anti-NG2 (AB5320, 1:100; Millipore
Sigma), anti–α-actinin (A7811, 1:1,000; Sigma), and anti-connexin 43 (C6219,
Sigma-Aldrich or MAB3067, EMD Millipore; 1:1,000) over two or three nights
at 4 °C in blocking solution (5% goat serum and 0.1% or 0.2% Triton X-100
in phosphate-buffered saline [PBS]), followed by a 2-h wash with PBS. Then
the tissues were incubated with an Alexa Fluor-conjugated secondary anti-
body (1:200 to 1:3,000) for 4 to 6 h at room temperature, followed by an
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overnight wash with PBS at 4 °C. The tissues then were either mounted on a
Sylgard-coated chamber using a fine needle or glued onto a coverslip and
imaged by upright confocal microscopy (Nikon).

Confocal Imaging. Confocal using a Nipkow disk or a point scanning system
was used to image the vascular bed and the specific cells (e.g., myocytes,
endothelial cells, pericytes, smooth muscle cells) from wild-type, NG2-DsRed,
or SMMHKir6.1-AAA mice. The vessels in wild-type or NG2-DsRed mice
papillary muscles were loaded with Alexa Fluor 488- or 633-conjugated WGA
(20 μg/mL, 30 min) and/or tetramethylrhodamine, methyl ester (TMRM)
(10 nM). WGA and TMRM were perfused from the arterial lumen, followed
by a 30 min wash. Fluorescence of Alexa fluorophores, DsRed, and TMRM
was imaged using inverted (Zeiss) or upright (Nikon) confocal microscopy at
10 to 25 frames per second with a step of 0.5 to 1 μm. To minimize the
movement of the sample, some images were taken from the fixed tissue (as
stated in the figure legends). The images were analyzed and processed offline.
The images in the figures are either reconstructed 3D images or Z projections
with maximal fluorescence intensities.

Pressurization of Isolated Mesentery Artery and Data Analysis. For the pres-
surized mesentery artery experiments, ∼2 to 3 mm of a second-order mesen-
tery artery was dissected and cannulated at both ends, as described previously
(49). After stabilization at 10 mmHg for ∼10 min, the luminal pressure was

increased and maintained at 70 mmHg. Once tone was developed, KATP

opener pinacidil (100 μM) was applied, followed by application of Ca2+

free solution. Acquired data were analyzed offline using ImageJ-win64
(Fiji Is Just ImageJ) and MATLAB (MathWorks) with custom software for
diameters.

Chemicals and Statistics. Unless stated otherwise, all of the chemicals were
purchased fromSigma-Aldrich. Datawere statistically analyzedusing the paired
t test. A P value <0.05 was considered to indicate statistical significance.

Data Availability. All data are contained in the main text and SI Appendix.
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