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Abstract Regulation of blood flow in the microcirculation
depends on synchronized vasomotor responses. The vas-
cular conducted response is a synchronous dilatation or
constriction, elicited by a local electrical event that spreads
along the vessel wall. Despite the underlying electrical
nature, however, the efficacy of conducted responses varies
significantly between different initiating stimuli within the
same vascular bed as well as between different vascular
beds following the same stimulus. The differences have
stimulated proposals of different mechanisms to account
for the experimentally observed variation. Using a compu-
tational approach that allows for introduction of structural
and electrophysiological heterogeneity, we systematically
tested variations in both arteriolar electrophysiology and
modes of stimuli. Within the same vessel, our simulations
show that conduction efficacy is influenced by the type
of cell being stimulated and, in case of depolarization, by
the stimulation strength. Particularly, simultaneous stimula-
tion of both endothelial and vascular smooth muscle cells
augments conduction. Between vessels, the specific elec-
trophysiology determines membrane resistance and con-
duction efficiency—notably depolarization or radial cur-
rents reduce electrical spread. Random cell-cell variation,
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ubiquitous in biological systems, only cause small or no
reduction in conduction efficiency. Collectively, our simu-
lations can explain why CVRs from hyperpolarizing stimuli
tend to conduct longer than CVRs from depolarizing stim-
uli and why agonists like acetylcholine induce CVRs that
tend to conduct longer than electrical injections. The find-
ings demonstrate that although substantial heterogeneity is
observed in conducted responses, it can be largely ascribed
to the origin of electrical stimulus combined with the spe-
cific electrophysiological properties of the arteriole. We
conclude by outlining a set of “principles of electrical
conduction” in the microcirculation.

Keywords Conducted response - Gap junctions -
Heterogeneity - Arteriole - Modeling

Introduction

Conducted vasomotor responses (CVRs) are believed to be
important for flow regulation in the microcirculation. The
mechanism is mediated by fast electrical signaling through
intercellular gap junctions within the vascular wall and
is independent of perivascular nerves or blood flow and
pressure [2, 14, 16, 39]. The CVR is elicited by either
mechanical or pharmacological stimuli that opens specific
ion channels in the plasma membrane of vascular cells.
Despite the universal electric component, the CVR displays
a remarkable heterogeneity [8, 9, 19, 23]. It is well-known
that the endothelial cell (EC) layer is optimized for elec-
trical spread in terms of cell-cell coupling and morphology
as opposed to the overlying smooth muscle cell (SMC)
layer [11, 17, 21, 26, 39]. The vasomotor response, how-
ever, requires that the electrical signal be transmitted from
the EC layer to the SMC layer, through myoendothelial gap
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junctions (MEGIJs) [1, 37] and/or by diffusion of vasoactive
agents, e.g., NO or prostaglandins [12, 24]. The biophysical
properties of the two cell types determine the overall elec-
trical flows and partly explain why agonists acting on the
EC layer produce stronger conduction compared to agonists
acting on the SMC layer. Yet, different agonists acting on
the same cell type within a single arteriole produce differ-
ences in CVRs [9]. Such differences are also observed using
a single agonist applied to vessels from different vascular
beds [8]. The roots of this heterogeneity are the focus of
the present study. Whereas some variation is due to experi-
mental procedures, e.g., differences in tissue trauma, exact
temperature, perfusion solutions, etc., much heterogeneity
is inherent to the biological systems in the form of cellu-
lar differences. Within the same cell type, general cell-cell
variation in the composition of ion channels, exchang-
ers, and pumps (collectively denoted ion transporters)
exists. In a single vessel, the variation is mostly due to
stochastic processes [29]. Between different vascular beds,
pronounced variation in ion transporter furnishing may
be found.

The control of parameters afforded by computational
modeling facilitates studies of heterogeneity and function
[18]. Here, we employ this approach using previously well-
established models for the EC and SMC of the rat mesentery
[21, 25, 34] to test the following hypotheses: (1) CVR
variation is observed between vascular beds because ion
channel furnishing is optimized to any given bed. Stochas-
tic cell-cell variation within vessels of the same vascular
bed does not give rise to CVR variation (in the former case
the mean of one or more parameters is changed whereas
only the standard deviation changes in the latter). (2) Ago-
nists give rise to different CVRs because of their specific
mode of action. For example, two agonists may show dif-
ferences in their cellular target(s), their downstream current
generating characteristics as well as activation/inhibition of
additional ion transporters in the membrane. Introduction of
structural, electrophysiological, and/or morphological het-
erogeneity enables a systematic investigation of the sources
of the observed variation in the CVR. Our simulations
show that the particular electrophysiology of a vascular bed
determines the ability to conduct. For example, dissimi-
lar endogenous resting membrane potentials (Vi rest) of the
EC and SMC layers result in radial current flows that limit
conduction. In terms of agonists, the targeted cell type(s)
matter. Moreover, agonists that modulate ion transporters
in the membrane may affect conduction if applied glob-
ally, but have only negligible effects if applied locally. Thus,
heterogeneity in conduction as observed within a single ves-
sel type derives mostly from how much and which cell
type(s) is stimulated. Between different vessels, heterogene-
ity additionally derives from the variation in biophysical
properties. Despite the diverse origins of variation, we
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conclude by extracting a set of “principles” for efficient
conduction.

Materials and methods

A comprehensive model of a rat mesenteric arteriole with
electrically sealed ends was developed based on previously
published electrophysiological models [25, 34]. Morphol-
ogy and diffusion were modeled as previously described
[19, 21], i.e., one layer of ECs is surrounded by one layer
of SMCs, see Fig. 1. SMCs are orientated perpendicular to
the ECs and to the vessel length axis. The modeled ves-
sel segment is 745 um long with a diameter of 124 yum and
consists of 96 ECs and 240 SMCs, each SMC and EC are
divided into 8 and 20 segments, respectively. The total num-
ber of segments is therefore 96 - 20 + 240 - 8 = 2 - 1920.
The mean myoendothelial gap junction (MEGJ) resistance
is set to 900MS2 per SMC, whereas homocellular gap junc-
tional (GJ) resistances between ECs or SMCs are set to
3MQ and 90MS2, respectively [28, 42] (homocellular GJ
resistance is assumed to be homogeneously spread along the
borders of the cell) [11]. These resistances are converted to
permeabilities according to [25].

The first part of the vessel (denoted the vessel head), i.e.,
cells (ECs, SMCs, or both) located within the first 62 um
of the vessel, was either voltage clamped to —20 mV or
injected with current (typically £100 pA per cell, see details
below) to initiate a conducted response, i.e., a spread of
current along the vessel from the stimulated site. Unless
otherwise stated, the membrane potential (V) profile of a
conducted response was assessed in the SMC layer 1.0 s
after the onset of stimulus. Conduction profiles were mea-
sured phenomenologically [21] using an exponential decay:

. _kl x+y y—x
Vi) =k[e 7 1o O L (cosh( : )—i—lcosh( )
sinh (})

ey

Equation 1 was used to fit only the conducted region,
defined as the region beyond the initial 150 um of the
vessel, in the SMC layer [21]. Equation 1 describes the
electrical and not the mechanical vasomotor response.

In this study, we focus on electrical signalling in the arte-
riolar wall, i.e., we present the changes in Vy, that result
from application of local electrical stimuli. We assume
that the size of vasomotor response is reflected in the
Vi change. This is because the activity of voltage-gated
CaZ*-channels (VGCCs) is a function of Vy,. The result-
ing change in [Ca2*] is followed by a vasomotor response,
i.e., a vasodilatation upon hyperpolarization and vasocon-
striction upon a depolarization [6]. The size of a vasomotor
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Fig. 1 Schematic drawing of the virtual vessel and its EC and SMC constituents. Ion transporter abbreviations are described in Table S1

response is therefore a monotone (but not necessarily linear)
function of the degree of SMC polarization.

The system of ordinary differential equations was solved
using SUNDIALS CVODE GM-RES solver (Lawrence
Livermore National Laboratory, California) with relative
and absolute tolerances of 10~* and 10~?, respectively.

Heterogeneity The following types of cell-to-cell hetero-
geneity were considered:

In ion transporters:  Variation in parameter values between
individual cells was introduced using our previously
described modeling strategy [18]. Specifically, for every
ion transporter j, the parameter describing the maximal
activity, amax, j, (see Table S1) was drawn from a normal
distribution with a mean equal to the original model [19]
and an standard deviation (SD) set to k - amax, j, Where
k €[0.0,0.2].

In cell capacitance (Cr,) or gap junctions (GJs):

Introduced as above in the C, or maximal GJ/MEGJ
activity of every EC and every SMC.

Furthermore, variations in the following parameters were
considered:

Between EC-types: A previously published EC model is
based on a mainly CI™-type EC (predominantly Cl™-
driven) with a Vp et around —25 mV [34]. As a
range of endogenous resting potentials of ECs has been
reported [31], we constructed a hyperpolarized K*-type
EC (Vm.rest ~ —65mV). Reducing the activity of the
volume-regulated anion-channel (VRAC, see Table S1)
by 90 % and the inward-rectifying K*-channel (Kir)

activity by 30 % in the model, yielded a Vy st Of
—65 mV.

In the SMC layer: A permanent depolarization or hyper-
polarization of the SMC layer was introduced by a
constant injection of +/ — 2.0 pA into each SMC.0

In agonists: The following modes of current injections
were used to simulate the different modes of action
of different agonists: (1) Simple injection in either cell
type or simultaneously in both cell types, (2) injec-
tion in both cell types as well as local/global inhibition
of either VRAC and the non-specific cation-channel
(NSCna) upon hyperpolarization or the big conductance
Ca’*t-activated KT -channel (BKc,) and voltage-gated
KT -channel (Ky) upon depolarization.

Results

Figure 2 shows Vy,-profiles following either direct current
stimulation or voltage clamp in either cell layer of the ref-
erence Cl-type arteriole. The difference between a voltage
clamp and a current injection is the amount of current given:
In the former, the supply of current required to achieve a
given voltage is essentially unlimited, while a fixed current
is supplied in the latter. Hence, the V,-response to a current
injection will depend on the input resistance, e.g., a well-
coupled cell layer dampens the V,-response and vice versa
(see Fig. 2a, c). Stimulation of the SMC layer yields a large
local response but poor signal conduction, while stimula-
tion of the EC layer yields the most efficient conduction as
previously reported [17, 21, 38, 39] but essentially no local
response. Here, we define conduction efficiency as how
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Fig. 2 Biophysical properties
of the cell layers and the type of
stimulation determine the
electrical spread. Vp,-profiles in
the SMC layer (full curves) and
the EC layer (dotted lines) are
shown for a Cl-type arteriole
after 1.0 s of stimulation of

Current injection
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efficient a fixed amount of charge spreads along the vessel
wall.

Cell-cell variation: electrical heterogeneity

Figure 3a shows conduction profiles in the SMC layer
of a K-type arteriole with heterogeneity in ion transporter
activities in response to a depolarizing current stimulation of
both cell layers. Variation in ion transporter activities only
slightly reduced electrical spread (grey curve) compared to
a vessel without variation (black curve). The reduction in
conduction happens because of the random occurrence of
cells that dissipate more current compared to SD= 0 % cells
(see insert). Upon hyperpolarizing stimuli, however, hetero-
geneity in ion transporters produced no significant reduction
in conduction efficiency. Variation in other cellular param-
eters, e.g., homocellular gap junctional activity or cell
capacitance, however, showed virtually no effect on con-
duction efficacy (Fig. S3). This is because the well-coupled
EC layer effectively eradicate variation in local electrical
properties.

Figure 3b shows that conduction efficiency is propor-
tional with the length of an EC because the EC layer is
the main electrical pathway (conversely, the dimensions
of the SMC are largely insignificant), i.e., the number of
membranes to cross is proportional to the overall, average
resistance of the cell layer. This value may differ between
vascular beds.

@ Springer
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Endothelial heterogeneity As some studies report individ-
ual ECs to be heterogeneous in terms of Vi res [5, 31], we
constructed two “extreme” types of endothelium in terms
of Vi rest. From these, the following EC layers were com-
pared: (1) the K™-type EC, (2) the C1™-type EC, and (3) a
50-50 % mixture of the two types. Table 1 shows the ref-
erence membrane potentials of uncoupled ECs and SMCs
as well as the coupled cells embedded in the arteriolar wall
at steady state. The Vi rest Of the Cl-type arteriole fits with
Vm,rest of pressurized arterioles from rat mesentery, mea-
sured to be around —50 mV [13, 36]. Table 1 also shows that
large differences in membrane potential cannot be main-
tained within an electrically well-coupled tissue like the EC
layer (with coupling, essentially no variation in Vi rest 1
observed). Indeed, even in a 50-50 % K-/Cl-type EC layer
with 20 % ion transporter heterogeneity but without MEGJ
coupling, the SD < 0.15 mV at steady state, illustrating the
effectiveness of the well-coupled endothelium to smoothen
out local electrical variation.

Reducing conduction efficiency: dissipating current flows
A robust conducted vasomotor response balances two
opposing requirements: First, conduction efficiency depends
on charge spreading longitudinally within the EC layer. Sec-
ond, the vasomotor response depends on sufficient charge
being transferred to the SMC layer (force generation being
dependent on input resistance, the open-probability pro-
file and activity of VGCCs, and the Ca2+—sensitivity of the
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Fig. 3 Cell-to-cell variation has limited effect on conduction
efficiency. a Variation in ion transporter activities slightly reduces
electrical conduction due to local current leaks. SMC layer V-
profiles of K-type arterioles with (grey) or without (black) 20 %
heterogeneity in ion transporter activities are displayed after 1.0 s
of stimulation (+100 pA of cells of both cell layers of the vessel
end). The grey curve represents the mean (dark grey) and standard
deviation (light grey fill) of three independent arterioles (hardly
visible). The dashed grey line represents Vi rest. The insert
shows that the reduced conduction efficiency results from random
occurrences of leaky cells that dissipate more current across the

SMC). Thus, robust conduction is a balance between longi-
tudinal spread (in the EC layer) and radial spread (“to” the
SMC layer). If electrically uncoupled cell layers that dis-
play differences in Vi et suddenly becomes electrically
coupled, radial current flows ensue. Accordingly, MEGJs
provide for global radial currents if the endogenous rest-
ing potentials between the EC layer and SMC layer are
wide apart. With sufficient MEGJ permeability, the endoge-
nous potentials of the cell layers collapse into a single
Vi rest- To preserve energy, the membrane resistance (Ry)
of vascular cells is likely to be largest at Vi rest. Thus,
membrane dissipation increases with differences between
the endogenous Vp rest Of a cell layer and the arteriolar
Vi rest.- In the Cl-type arteriole, radial currents are large as
VEC  — VSMC ~ 34mV, but they are small in the K-

m,rest m,rest

Table 1 Computational steady state values of membrane potentials
(Vi in mV) in arterioles either without (N) or with (Y) homo- and
heterocellular gap junctions. In both types of arterioles, ion transporter
heterogeneity of either 0 or 20 % was introduced. Standard deviations
below 0.09 mV were not included. n = 3

SMC K-type EC Cl-type EC
N 0% -594 -64.6 -253
N 20% -59.6+3.2 -652+5.5 -28.8+10.5
SMC  K-type EC ‘ SMC  Cl-type EC ‘ SMC  Cl/K-type EC
YO0% -62.4 -62.8 —-53.7 -529 —-55.8 —-56.1
Y20% -63.5 -64.0 —54.2 -535 —-56.7 -56.6

12001 M depolarization
[ hyperpolarization
1000+
800
3
~_ 600
~<
400+
200+
0 -54mV -53mV -51mV
120 ECs 136 ECs 200 ECs
a 124pm a 93um a 62um

plasma membrane (see text). Figure S3 shows that similar het-
erogeneity in gap junctional conductances or cell capacitances
virtually have no effect on conduction. Thus, high variation in
a cellular parameter has limited effect on conduction. b Mean
endothelial cell length impacts conduction efficiency. Reducing
the length of an EC (here, a Cl-type) decreases conduction effi-
ciency as more membranes to cross is equivalent to increased
resistance. The length constant in the SMC layer following stimu-
lation (—100 pA in ECs of the vessel head). The arteriolar Vi rest
is shown in the white bars.

type arteriole: ngrest — Vrsnl\,fecst ~ —5mV (see Table 1).

A similar difference in endogenous Vy rest may occur upon
sustained but specific depolarization of a cell layer, e.g., the
SMC layer upon discharge from sympathetic nerves. Hence,
a depolarized SMC layer was constructed by permanently
injecting 2 pA into every SMC providing an endogenous
VSMC of —46mV (ie., VEG — VSMC ~ 20mV). Sim-
ilarly, a hyperpolarized SMC layer was produced by a
permanent injection of —2 pA. These SMC layers were
coupled to the K-type EC layer. Finally, a depolarized Cl-
type arteriole was also produced by inhibiting the activity
of KT-leak and slightly reducing activities K*-channels of
the SMCs (endogenous ngl\fg; of —50mV). Figure 4 shows
how overall electrophysiology, depolarization, and radial
currents may alter Ry, that ultimately affects conduction.
The Cl-type arteriole displays weaker conduction efficiency
compared to the K-type arteriole. Even upon depolarization
of both arteriole types to the same Vi reg, the K-type con-
ducts better (compare Fig. 4b, e). Figure 4a to ¢ shows that
conduction efficiency is diminished by increasing depo-
larization (membrane conductance of depolarized cells
increase due to increased activation of repolarizing currents,
i.e., cells dissipate more current [4, 21]). This tendency is
summarized in Fig. 4f.

In general, dissipative flows are complex because they
depend on the combined properties of all ion transporters
and GJs. The Vp et depends on steady state flows

@ Springer



Pflugers Arch - Eur J Physiol

-30 -30 —30
A K-type B K-type +2pA C K-type -2pA
—40
—40] —40 A=1460pm
> AV, =9.4mV
-_— Vinges: -50
E —50 A=1780um I 50
-~ - , ~
5 AV, =13.3mV AV =127mY 60 A=1890um
> 60 Ve -60 s AV, =15.0mV
------------------------------------- - -70
A=1580um Vowos
AV, =13.9mV
~70 m -70 80 AV, =13.8mV
Ceol ——F \=1725um _ _
80 80 0 A=1660um
("} 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
vessel length / um vessel length / ym vessel length / um
-30 D -30 E 16, F
Cl-type Cl-type depol
14
—40 —40) — EEl depolarization
- e OO A=1110um AV, = 7.8mV 12t [ hyperpolarization
> A=1160pm Vinest >
E =50ty AV, =8.4mV/ —sof TTTTTTTTTTTTTTTmmmm s s s s £ 10
S e e o e e o e e e e e e e e e e e e . AV, =8.7mV —
~ AV, =8.8mV //— 2 8
>E 60 ;60 A=1010pm g
A=1080um > 6
<
~70 -70
4
-80 —80 -48mV -54mV -48mV -62mV -75mV
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0
vessel length / um vessel length / ym Depol +2pA —2pA
Cl-type Cl-type K-type K-type K-type

Fig. 4 Depolarization of Vy rest and radial currents decrease con-
duction efficiency. 100 pA of either depolarizing (upper curves) or
hyperpolarizing (lower curves) current was injected for 1.0 s into ECs
in vessel heads with different electrophysiological properties (Vi rest’s
are shown as dashed lines). The resulting conduction profiles in the
SMC layers of the arteriole and the corresponding length constants
using Eq. 1 are shown. Also, the relative efficiency of conduction
is reflected in the distal polarization change, AV end = |Vm.end —
Vi, rest|, where Vi eng is the membrane potential of the distal SMC
and Vi rest 1S the resting potential, is shown for each Vp-profile. a
K-type arteriole. b Depolarized K-type arteriole: the SMC layer in a

of ionic species across the membrane. A perturbation of
Vmrest 1S counteracted by resetting currents, e.g., repo-
larizing currents upon depolarization. Strong counteracting
feedback currents decrease conduction efficiency. Figure
4 illustrates that both the specific furnishing of ion trans-
porters, Vi rest as well as sustained endogenous differences
between the EC and SMC layers influence conduction
efficiency.

Agonist variation: heterogeneity in stimuli

To test the hypothesis that the variation in conduction effi-
ciency observed in the same vessel exposed to different
agonists, e.g., acetylcholine, bradykinin, adenosine, etc.,
reflects their particular modes of action, three simple sets of
simulations were set up.

Mode of action: effect of cell type(s) being stimulated
Figure 5a and b display reference Vp-profiles following
current injection of £100 pA, respectively, into the EC
layer as a dashed black line. Stimulation of both layers
(fully drawn lines) boost signal conduction. A combination

@ Springer

K-type arteriole was depolarized permanently by injecting +2 pA into
each SMC. ¢ Hyperpolarized K-type arteriole: Permanent injection
of —2 pA into each SMC. d Cl-type arteriole. e Depolarized Cl-type
arteriole: Reducing particularly KT -channel activities, a depolarized
arteriole was constructed with the same Vi est as in (b). f Summary
plot showing conduction efficiency in terms of AV, end. The Vi rest of
the SMC layer of the arteriole is indicated in each bar. Compared to
the K-type arteriole, conduction efficiency decreases by depolarization
and even more in the Cl-type arteriole. This shows that both radial cur-
rent flow and depolarization tend to increase charge dissipation and
hence, impair conduction

of two factors increase the local charge availability within
the EC layer leading to a conduction boost as observed
by the increase in AV, eng: First, no current from the EC
layer is now required to produce the local Vp-response
in the SMC layer. Second, as seen in Fig. 2, stimulation
of the well-coupled EC layer produces a weak local V-
response but efficient conduction whereas SMC stimulation
gives rise to a strong local Vy,-response but weak conduc-
tion. Given similar magnitudes of stimulation within the
two layers, a local electrical gradient is therefore gener-
ated, providing an additional charge flow from the SMC
layer to EC layer through MEGIs at the local site (see
insert), thereby enhancing conduction. The fully drawn
grayscale curves in Fig. 5 illustrate that the conduction boost
depends on the size of the simultaneous stimulation of the
SMC layer.

Upon a depolarizing stimulus, the boost also (albeit to a
lesser extent) depends on level of SMC-SMC coupling or,
similarly, on the area of SMC layer that is stimulated (e.g.,
50 pA injected across twice as many SMCs). Both leads to
a smaller Vy-response, i.e., less dissipation due to opening
of repolarizing channels.
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Fig. 5 The cell type targeted by an agonist affect conduction. A
current injection into either (/) ECs (black dashed curve) or (2)
simultaneously into ECs and SMCs (full curves, see legend for
injected currents) of the vessel head results in stronger conduction
profiles. This reflects the comparably low and high coupling resis-
tances in the EC and SMC layers, respectively (see text for details).

Mode of action: amount of current generated Similarly,
charge availability also depends on the concentration of
a specific agonist as well as its ability to generate cur-
rent upon stimulation of a cell. Due to voltage-gated
ion channels, the relation between current input and cur-
rent dissipation need not be linear. Figure 6 displays
AVm.end = [Vm,end— Vi, rest| as a proxy for conduction effi-
ciency in three types of arterioles, namely the Cl-type and
K-type arterioles as well as the depolarized K-type
arteriole. Again, the effect of different electrophysiolo-
gies on conduction is clearly visible. Conduction effi-
ciency decline with increasing depolarizing current injec-
tions (decreasing curvature in Fig. 6a), i.e., the rela-
tive charge dissipation increases with the strength of the
stimulus as expected. The lack of resetting ion chan-
nels that would open in response to hyperpolarization
explains why increasing hyperpolarizing stimuli do not
change conduction efficiency to any significant extent
(Fig. 6b).

Consequently, electrical spread depends on (1) the local
coupling characteristics (Fig. S4), (2) the mode of action of
an agonists, i.e., which cells are targeted (Fig. 5), and (3)
the specific electrophysiology including how much current
is generated (Fig. 6).

Agonist modulation of ion channels In the final set of simu-
lations, the local current injection was combined with either

Hyperpolarization

0 100 200 300 400 500 600 700

vessel length / ym

a Depolarizing current of 100 pA used. b Hyperpolarizing current
of 100 pA used. The insert shows that stimulation of the SMC layer
(a) produce a strong local response whereas EC layer stimulation (b)
produces a weak local response but strong conduction. Thus, dual stim-
ulation produces an extra current gradient towards the EC layer (c),
i.e., making more charge available for longitudinal spread (d)

100 % inhibition or 100 % activation of two specific ion
channels (two ion channels giving strong currents oppos-
ing the perturbation were selected to emphasize the effect).
Upon hyperpolarization, we chose the NSCn, and VRAC, in
the model, these channels are constitutively active but they
also display strong inward currents upon hyperpolarization.
Upon depolarization, we chose the repolarizing BK¢, and
Ky channels. Figure 7 shows that upon local stimulation
of both cell layers, the additional local inhibition/activation
of these channels gave rise to significant changes in the
local response but almost no change at the distal site. The
surplus of charge obtained by the local inhibition of few
channels induces a stronger local Vp,-response that in turn
opens other ion channels and consequently limits the gain
in longitudinal spread of charge (compared to the whole
vessel, the small decrease in local charge dissipation is
negligible). On the other hand, a global activation or inac-
tivation of these ion channels across the whole vessel had
a large impact on electrical spread (dashed black lines) as
previously described [2, 19, 39].

Discussion

The well-coupled endothelium and the morphological lay-
out of ECs and SMCs are known to be crucial for effi-
cient electrical spread along the vascular wall [11, 17,
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Fig. 6 Stimulus strength may affect conduction efficiency. The relative to Vi rest = OmV, i.e. the upper and lower parts show

local and vessel-end responses (relative to Vi rest) in (1) a K-
type arteriole (dark grey), (2) a Cl-type arteriole (grey) or (3) a
depolarized K-type arteriole (light grey) are shown as a function
of increasing levels of a local current stimulus into the EC layer
of the vessel head. A box displays AV, = [Vmlocal — Vm,end|

41]. Yet, despite decades of research, the question of why
conduction is heterogeneous within and among vascular
beds remain largely unresolved [8, 9, 14]. Recently, we
showed that conduction depends on stimulus strength, rest-
ing membrane potential as well as global ion channel
modulation [19]. Building on those findings, the present
study shows that observed heterogeneity within a single
type of vessel derives from different modes of agonist
action, particularly in terms of cellular target(s) and current
generation. Heterogeneity between different vessel types
may additionally derive from different electrophysiologi-
cal, morphological, and/or biophysical properties. Finally,
variation in conduction is unlikely to be based on ubig-
uitous cell-cell variation or any additional ion transporter
modulations induced locally by an agonist.

Biophysics govern the fundamental charge flows Figure 2
emphasizes the critical dependence on the EC layer for elec-
trical spread and cellular morphology as previously reported
[17, 38, 39]. MEGIJ coupling provides for the subsequent
polarization of the SMC layer (Fig. S1) [20]. Extensive
intercellular coupling decreases input resistance. In turn,
this reduces the local change in Vi, in response to a current
perturbation (Figs. 2c and 5). In isolated EC tubes, current
in the nano-ampere range can be easily injected into a single
EC [2], demonstrating that gap junctions are generally open
pores with high current conductance in the EC layer.
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the local and vessel-end amplitudes, respectively. a High depo-
larization strength decreases conduction. The curvature implies
that current dissipation increases with higher input currents result-
ing in less efficient conduction. b Hyperpolarization strength only
slightly affects conduction efficiency

Agonist heterogeneity

Figures 2, 5, and 6 suggest that a major source of variation
in electrical spread within the same type of vessel derives
from the mode of action of an agonist, particularly cellular
targets and current generation.

Cell target of stimulation Stimulation of a given cell type,
i.e., ECs, SMCs or both simultaneously, give rise to large
differences in conduction reflecting the coupling within the
given cell layers (Figs. 2 and 5). Accordingly, a set of
observational rules may be put forth for stimuli that pro-
duce a change in Vp,: (1) Observation of a local (electrical)
response with weak conduction is likely caused by an ago-
nist that activates the SMC layer only. (2) Observation of
strong conduction without a local response is caused by
an agonist that activates the EC layer only. (3) Observa-
tion of a local response with strong conduction is likely
caused by an agonist that directly or indirectly activates both
cell layers. Observation of a local response without con-
duction can also be induced by non-electrical agonists, e.g.,
by modulation of Ca®*-sensitivity [6]. Notably, simultane-
ous stimulation of both cell types causes a conduction boost
(Fig. 5) as the strong local response in the SMC layer pro-
duces an electrical gradient to the underlying EC layer.
This boost may be important in relation to conduction
induced by various paracrine and metabolic effectors.
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Fig. 7 Local and global ion channel modulations. 100 pA of hyper-
polarizing or depolarizing current was injected to both ECs and SMCs
of the vessel head with or without {VRAC and NSCy,} or {BKc, and
Ky} activity modulation. The local and distal membrane potential as
well as the length constant, A, are shown in the columns. Activity of
either {VRAC and NSCyj,} (hyperpolarization, left) or {BKc, and Ky}

Particularly, it can explain the strong conduction of ACh.
Although muscarinic activation depolarize isolated SMCs,
strong ACh-induced hyperpolarization of SMCs is evident
in intact vessels. This is due to direct electrical coupling
through MEGIJs and to the release of substances from the EC
layer that subsequently hyperpolarize the SMC layer, e.g.,
prostaglandins, eicosanoids, and NO [12, 24]. Although
EC dependent, the latter means of SMC hyperpolariza-
tion increase charge availability locally in the EC layer,
leading to a conduction boost. The direct and indirect stim-
ulation of the EC and SMC layers, respectively, explains
(at least partly) the strong conduction induced by ACh.
Indeed, this mechanism fit with experimental observations
showing that inhibition of diffusible factors from the EC
layer increases ACh-induced conduction decay [24, 40].
Moreover, it can also explain why direct current injec-
tion in the EC layer produce weaker conduction (A ~
1.2 um) compared to a similar level of local hyperpolar-
ization induced by ACh (A ~ 1.9 um) in hamster feed
arterioles [14].

Amount of generated current We have previously shown
that the size of a depolarizing stimulus is inversely related
to conduction efficiency [19]. In case of hyperpolarization,
however, the stimulus strength did not affect conduction
efficiency (Fig. 6b). Depolarization induces activation of
repolarizing currents [4] but no analogous currents are

(depolarization, right) was either normal (control, full black lines),
100 % activated locally (light grey) or 100 % inhibited locally (dark
grey). The size of the grey boxes denote the difference from control.
Global activation or inhibition across the entire vessel is also shown as
dashed grey and dashed black lines, respectively. The stars (x) denote
the resting potential of the Cl-type arterioles

found upon hyperpolarization. Therefore, increasing depo-
larization but not hyperpolarization induce a decrease in
conduction efficiency (the nonlinearity in the current dis-
sipation/retain ratio upon depolarization also explains why
ion transporter heterogeneity reduces conduction in Fig. 3a).
The difference ultimately depends on the particular fur-
nishing of ion transporters. For example, hyperpolarization-
activated cyclic nucleotide-gated ion channels introduce
nonlinearity in the current dissipation/retain ratio in the
hyperpolarized region and such channels have been found
in, e.g., lymphatic SMCs [30]. Therefore, other vascular
beds may behave differently from rat mesenteric arteri-
oles upon hyperpolarization. In the depolarized region,
however, we expect the finding to be robust due to the
universal occurrence of repolarizing channels. A strong
depolarizing stimulus is therefore associated with a lower
conduction efficiency because Ry, is reduced both locally
and beyond. As charge spreads from the stimulation site,
however, the decline in charge density reduces the Vp,-
response, i.e., Ry increases. Therefore, conduction effi-
ciency improves with greater distance from the stimulation
site [21], i.e., a strong stimulus conducts longer than a weak
stimulus [21].

The total amount of current generated by an agonist
depends on (1) the number of stimulated cells [39], (2) the
local concentration of agonist, and (3) the ability of the ago-
nist to generate current. Variation in current generation may
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in turn explain some of the variability between experiments.
Particularly, both pressure ejection and microiontophore-
sis can produce relatively large differences in drug delivery
depending on the micropipette tip, the ejection time, and
the flow rate of the perfusate [22]. Indeed, microiontophore-
sis of ACh has been observed to extend up to 100 um in
both directions from the pipette tip [27] which likely adds to
the strong conduction induced by ACh. Finally, current may
also be induced by external changes in electrolyte concen-
trations that change Nernst potentials. Specifically, a voltage
clamp works either by injection of a suitable amount of cur-
rent that clamps the potential or by “clamping” the Nernst
potentials (partly obtained by KCI addition). Current gener-
ation and voltage clamping are thus fundamentally different:
Despite the current injection of 100 pA and voltage clamp
to —20 mV give rise to similar local responses in the SMC
layer (Fig.2a, b), the local responses in the highly conduct-
ing EC layer are dissimilar (Fig. 2c, d—a difference from
—38 to —20 mv).

Modulation of ion transporter activity An agonist may
modulate, i.e., activate, or inhibit more than one ion trans-
porter. Thus, we hypothesized that an agonist could enhance
electrical conduction by limiting current dissipation locally
in addition to current generation and vice versa. However,
combining current injection with a local modulation of two
ion channels that display strongly opposing currents does
not significantly change conduction efficiency (Fig. 7). This
is a consequence of the plethora of cellular ion channels: If a
few ion channels that restore Vi, res¢ are inhibited locally, the
local response is enhanced which in turn increases the open
probability of other Vi, rest-restoring ion channels. Thus, a
large portfolio of ion channels need be affected locally to
limit total dissipation and thereby increase conduction effi-
ciency. On the other hand, a global alteration of one or more
ion channels may significantly change conduction effi-
ciency (Fig. 7) as previously described [2, 19]. Modulation
of ion transporters may appear in two principally different
flavors: (1) Modulation of constitutively active ion trans-
porter(s) that maintain the resting potential, e.g., the Na/K
exchanger or non-specification channels. Global applica-
tion of such an agonist changes the endogenous Vi rest Of
the cell layer and may have pronounced effect on com-
munication along the vessel (Fig. 4) [2, 19]. For instance,
although different isoforms of (e.g., T- and L-types) VGCCs
exist, the open probability for all isoforms increases approx-
imately in the same Vp-range, i.e., a global depolariza-
tion to ~ —30mV not only produce constriction but also
increase the sensitivity to additional depolarizing stimuli.
(2) Modulation of ion channels that restores Vi, subse-
quent to a perturbation, e.g., repolarizing Ky-channels.
Such channels have a modest influence on Vi reg itself but
affect how strongly a cell “opposes” a change in Vi rest
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(or equivalently restores Vp rest). Hence, inhibition of such
channels limits current dissipation and increases longitu-
dinal spread along the vessel. It may be speculated that
some agonists operate predominantly by a global modula-
tion of conduction ability (i.e., the second “flavor”) instead
of directly by generating current.

Systemic heterogeneity

Variation in electrical spread also derives from differ-
ences in electrophysiological or morphological properties
between vascular beds. The different furnishing or activity
of ion channels may substantially affect the dynamic range
of conduction (Figs. 4 and 6). Obviously, conduction effi-
ciency is sensitive to EC-EC coupling (Fig. S5), but EC
length is equally important (Fig. 3b), and recently we stud-
ied the importance of MEGIJs in shaping the V,-profile in
the SMC layer [20]. Finally, subtle changes in the particu-
lar SMC-SMC or MEG]J coupling may influence conduction
depending on stimulus (Fig. S4).

Heterogeneity in endogenous Vi rest Provided that MEGJs
are present, electrical spread is determined by the interplay
between the overall ion transporter furnishing within the
EC and the SMC as well as the intercellular coupling prop-
erties. Figures 4 and Fig. 6 illustrates that conduction is
affected by depolarization and the radial currents that arise
due to different endogenous Vy, rest (although the K-type
endothelium may be somewhat hypothetical, arterioles of
very hyperpolarized ECs have been observed [7, 13]. Yet,
the Vi rest €vidently differs between vascular beds [9, 16,
36, 41] and differences between the endogenous Vi rest Of
each layer are likely to occur). For instance, tonic discharge
of noradrenaline from sympathetic nerves may depolarize
the SMC layer. The consequent reduction in conduction
efficiency (Fig. 4) is a function of two complementary
effects: (1) The endogenous difference in Vi rest between
the EC and SMC layers provide for radial current flows
that dissipate charge, thereby diminishing electrical spread
(Fig. 4b). The added cost in conduction efficiency suggests
that the endogenous resting potentials of the EC and SMC
layers should be relatively similar. (2) In some regions of
Vi rest, the regulation of Vy, may be stronger than in oth-
ers, i.e., a perturbation of Vi ret from, e.g., =50 to —40 mV
show weak decay to steady state compared to a perturba-
tion from, e.g., Viprest = —40mV to —30mV because
of differential activation windows of highly conducting ion
channels (in this case repolarizing K'-channels) [4, 19].
Current dissipation and hence, conduction efficiency, is a
complex function of the particular ion transporter furnishing
and V.

In terms of endothelium, the “type” of EC layer
also affects conduction properties (Fig. 4b). It has been



Pflugers Arch - Eur J Physiol

reported that individual ECs within some EC layers have
unequal Vi rest- At steady state, however, heterogeneity in
Vi within the EC layer is not consistent with an integrated
and well-coupled EC layer (see, e.g., Table 1).

Electrical heterogeneity Heterogeneity in the maximal
activity of plasma membrane ion transporters slightly
reduces conduction in the depolarized region (Fig. 3)
because of the random occurrence of “leaky” cells. Other
cells will be more resistant to charge loss but as the
leak/retain-relationship is nonlinear (the slope of the I'V-
curve is larger than unity) charge dissipation is larger than
charge conservation. Only leaky SMCs are observed as the
high input resistance produce slight differences in the Vp,-
profile. Regarding other kinds of electrical heterogeneity,
e.g., in gap junction conductance or cell capacitance, vir-
tually no effects on longitudinal spread of charge were
observed (Fig. S3).

Additional SMC layers The effect of additional SMC lay-
ers (all else being equal) has previously been shown to
increase the electrical decay [26, 41]. This is due to dilu-
tion of charge: increasing the number of cells that receives
charge diminishes the Vp-response in those cells. The
relative importance of SMC-SMC coupling also increase
with more SMC layers. Recently, we showed that vessels
with relatively few MEGJs must compensate by increas-
ing the SMC-SMC coupling to maintain a smooth electrical
response along the vascular wall [20]. With more SMC
layers, however, SMC-SMC coupling needs not be large
because current need only spread to a limited number of
cells in the radial direction.

Function of MEGJs in conduction The existence of MEG]J
and their ability to facilitate charge flows between cell
layers are well documented [32]. Most studies point to a
decisive functional role for MEGJs in facilitating direct
feedback between the two layers [1, 13, 37]. In vitro, clas-
sical CVR studies show evidence of instantaneous radial
electrical communication [14, 15]. In vivo, however, the
extent of coupling between endothelial and smooth muscle
cells has been disputed [3, 10, 33]. Based on the observa-
tion that Vy, is different in the two cell layers, it has been
suggested that the electrical coupling between the layers is
weak. We have previously shown that strong MEGJ cou-
pling may be suboptimal as it diminishes both conduction
efficiency [18] and the ability of the cell layers to respond
in electrically semi-independent ways, which also speaks
against a strong cell-cell coupling via MEGIJs in the vascular
wall.

The local action of an agonist-induced CVR may
involve several factors. ACh, for instance, produces dif-
ferent endothelium-derived hyperpolarizing factors at the

local site, and it appears likely that the cell-cell commu-
nication may involve both MEGJs and secreted factors. In
the conducted region, however, it appears most likely that
MEG] plays a dominant role in the communication between
endothelial and smooth muscle cells. The rapid spread of the
CVR up and downstream from the stimulation site strongly
indicates a direct electrical coupling via MEGJs between the
cell layers. Secretion of diffusible factors from the endothe-
lium would be expected to produce a much slower vascular
response compared to what have been observed experimen-
tally. Such a pharmacomechanical dilation has only been
reported following a slow, short-range Ca®t-wave in the
EC layer [12, 35]. That CVR-inducing agonists may pro-
duce a range of vasoactive substances locally, whereas the
conducted region depends on functional MEGIJs for radial
signalling not only agrees with most experimental evidence,
e.g., [15, 16, 24, 37, 39] but also provides an explanation of
the strong conduction observed by stimulation with agonists
like ACh or bradykinin [9, 14] as seen in Fig. 5.

Model limitations Limitations related to this study include
(general limitations are described elsewhere [19, 25, 34]):
(1) Some ion transporters are modeled as ohmic resistors
that show no current saturation, i.e., such ion transporter
models are increasingly active outside the physiological rel-
evant regions. As this may compromise model behavior in
extreme cases, care was taken to avoid extreme potentials.
In other words, outside the physiological Vy-range of rat
mesenteric arterioles, the model is questionable as it is only
optimized to data within this Vy-range. (2) The steady state
criterion applied here (see SI) does not ensure a mathe-
matical steady state but terminates at a sufficiently slow
moving pseudo-steady state. However, this is probably also
the case for “real” systems which are never allowed to relax
to steady state. (3) Finally, it should be noted that no varia-
tion in MEG] distribution was included in these simulations.
MEGIJs may significantly influence the Vp,-profile in the
(poorly conducting) SMC layer [20] as a full-fledged vaso-
motor response depends on sufficient charge reaching (or
being generated in) this layer.

Conclusions

Circumstances leading to heterogeneity in electrical spread
along the arteriolar wall were studied using a computational
approach. Within a single type of vessel, the stimulated cell
type(s) and current generation ability produce variation. In
particular, depolarization activates highly dissipating repo-
larizing currents. Simultaneous stimulation of both cell
layers augments electrical spread. Between vascular beds,
conduction efficiency additionally depends on variations in
electrophysiology and morphology and can be altered by
global modulations, e.g., changes in either flow, pressure
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or globally applied agonists. Finally, because electrical sig-
nals spread through the well-coupled endothelial cell layer
electrical cell-cell variation is largely homogenized.

The preceding discussion leads to the following “prin-
ciples of conduction” for achieving a strong electrically
induced vasomotor response in a vessel (provided the EC
layer is the primary electrical pathway):

1. The electrical spread induced by an agonist depends
on both activation of particular cell type(s) and on the
amount of current induced locally.

2. Conservation of charge: Overall, an efficient CVR
depends on charge “staying” in the EC layer, i.e., a lim-
ited dissipation of charge to the extracellular medium
or to the SMC layer.

3. The vasomotor response depends on (1) charge spread
to the SMC layer and (2) how efficiently this charge
translates into force generation.

For example, SMC-SMC coupling needs be low to pro-
mote a strong Vy,-response as well as a localized vasomotor
response. Yet, coupling need be high enough to smoothen
the Vp-response in the SMC layer, e.g., charge SMCs
without MEGIs.

In conclusion, numerous factors determine the conduc-
tion efficacy of a given stimulus. This explains the observed
heterogeneity in conduction among independent studies.
However, the basal biophysical considerations above pro-
vide a unifying mechanistic understanding of the electrical
process.
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