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Abstract

Background: Glypican 1 (Gpcl) is a heparan sulfate proteoglycan attached to the cell membrane
via a glycosylphosphatidylinositol anchor, where it holds glycosaminoglycans nearby. We have
recently shown that Gpcl knockout (GpeZ™~) mice feature decreased systemic blood pressure.

To date, none has been reported regarding the role of Gpcl on the electrical properties of the

heart and specifically, in regard to a functional interaction between Gpcl and voltage-gated K*
channels.

Methods: We used echocardiography and /n vivo (electrocardiographic recordings) and /n vitro
(patch clamping) electrophysiology to study mechanical and electric properties of mice harts. We
used RT-PCR to probe K* channels’ gene transcription in heart tissue.

Results: Gpcl™~ hearts featured increased cardiac stroke volume and preserved ejection fraction.
Gpcl~ electrocardiograms showed longer QT intervals, abnormalities in the ST segment, and
delayed T waves, corroborated by longer action potentials in isolated ventricular cardiomyocytes.
In voltage-clamp, these cells showed decreased Iy, and Ik voltage-activated K* current densities.
Moreover, Ik showed activation at less negative voltages, but a higher level of inactivation at a
given membrane potential. Kecnh2 and Kcngl voltage-gated K* channels subunits’ transcripts were
remarkably more abundant in heart tissues from GpcZ™~ mice, suggesting that Gpcl may interfere
in the steps between transcription and translation in these cases.
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Conclusion: Our data reveals an unprecedented connection between Gpcl and voltage-gated K*
channels expressed in the heart and this knowledge contributes to the understanding of the role of
this HSPG in cardiac function which may play a role in the development of cardiovascular disease.
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Introduction

Glypican 1 (Gpcl) has emerged as an important modulator of cardiovascular function. We
have recently shown that Gpcl global knockout mice (GpcZ™™) present with cardiac left
ventricular hypertrophy without changes in collagen deposition suggestive of a proliferative
phenotype in ventricular cardiomyocytes [1]. In addition, we also found GpcZ™'~ mice
exhibiting lower systolic blood pressure and unable to develop hypertension after chronic
treatment with norepinephrine. In this last study we found the vascular noradrenergic
response in GpcI™~ mice to be impaired by disrupted intracellular calcium handling and we
were able to pinpoint decreased IP3 receptor activity as a crucial player in Gpcl-mediated
noradrenergic signaling [2]. To date, the effects of Gpcl on heart function and specifically
on cardiac electrophysiology are unknown.

In humans, glypican is a six-member family (Gpc1-6) of heparan sulfate proteoglycans
(HSPG) that are bound to the plasma membrane by a glycosylphosphatidylinositol (GPI)
anchor. Glypicans are essentially extracellular proteins that specifically carry heparan sulfate
glycosaminoglycans (GAG) on their extracellular domain, covalently attached to the core
protein that is thought to be critical for functional interactions with surface receptors [3],

[4]. It has been described that the core protein of HSPG can have independent function.
Nevertheless, the abundance of attached GAG determines the ligand-biding capacity of the
HSPG and thus, has a key role in determining the core protein biological function [5].

The role of Gpcl on ion channels functionalities is virtually unexplored. It was recently
shown that the enzymatic digestion of GAG from endothelial cells affect flow-induced
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dilation mediated by inwardly rectifying K* channels (Kj;) in endothelial cells isolated
from mesenteric adipose arteries of obese mice[6]. In addition, the glycocalyx thickness
was associated with the functionality of the same K;, channels in visceral adipose arteries
and subcutaneous adipose arteries from obese mice and humans[7]. Voltage-gated proton
channels were recently reported to be modulated by HSPG [8]. Remarkably, to date,
there are no reports in the literature aiming at studying the functional connection between
glypicans and voltage-gated K* channels (VGKC).

In this present paper we show original data from studies of various electrophysiological
aspects of global Gpcl knockout (GpcZ™~) mice hearts, seeking alterations that would be in
the context of our recent histological and functional cardiovascular findings in these animals.
First, we show by electrocardiography increased cardiac stroke volume and cardiac output
with preserved ejection fraction in GpcZ™~ mice. Second, surface electrocardiographic
recordings additionally demonstrated longer QT intervals, abnormalities in the ST segment,
and delayed T waves, proposing GpcZ™/~ hearts may pump blood with extended systoles.
Next, at the cellular level, in isolated ventricular cardiomyocytes, we show longer action
potentials and a stunning 50% overall depression on the density of voltage-activated K*
currents in addition to biophysical alterations such as in the channels’ voltage dependence
processes.

Altogether, our data indicate that Gpcl is crucial for cardiac electrophysiology since it
strongly modulates the abundancy and the biophysical properties of voltage-activated K*
currents in the cardiac tissue. This modulation would have critical consequences for the
cardiac physiology as a pump. Our data contributes with new knowledge for studies aiming
at targeting the cardiac dynamics with newly developed therapeutics interventions. We
present Gpcl as a potential player for the development of new therapeutic agents, which
may be particularly important in pro-arrhythmic cardiac diseases.

To assess the role of glypican 1 in heart electrophysiology we have used GpcZ™'~ mice that
was developed in a CD1 genetic background. CD1 mice (wild type) served as control in all
experiments (see methods section for details).

Gpcl™~ mice feature altered cardiac cycle dynamics.

The cardiac function of GpcZ™/~ mice was assessed by transthoracic echocardiography
(Echo). Echo analysis showed no statistical difference in end-systolic and end-diastolic
volumes, and in the ejection fraction between GpcZ™/~ and CD1 mice data. However,
Gpcl™~ mice showed increased stroke volume and therefore increased cardiac output when
compared to CD1 mice (Table 1), suggesting prolonged systolic phase in GpcZ™~ mice.

Electrocardiographic waves show abnormal S-T segment in Gpc1~/~ mice.

Abnormalities in myocardial electric signals are commonly associated with changes in
cardiac mechanical function such as stroke volume and cardiac output, found here by
Echo analysis in GpcZ™'~ mice (Table 1). To assess whole heart electrical properties,
electrocardiograms (ECG) using lead Il, aiming at a ventricular signal, were performed
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on anesthetized mice (Fig. 1). Compared to data from CD1 mice, electrocardiographic waves
from GpcI™~ mice presented significantly prolonged QT intervals, a high frequency of
abnormal S-T segments, and prolonged T waves (Table 2). Abnormal S-T segments were
characterized by deviations of the recorded segment relative to the isoelectric line denoting
suggesting abnormal ventricular repolarization.

Action potentials from Gpc1~/~ ventricular cardiomyocytes show delayed repolarization

phase

The significant alterations in S-T segments and T waves in ECG from GpcI™~ mice strongly
indicate delayed ventricular cardiomyocytes repolarization after an action potential is fired.
The S-T segments in electrocardiography are timely related to the systole period and the T
wave itself represents the ventricular repolarization that determines the diastole onset.

We recorded action potentials in isolated ventricular cardiomyocytes and the results
explicitly confirm the anticipated notion of longer action potentials in ventricular
cardiomyocytes from GpcZ~/~ mice as compared with CD1-cardiomyocytes. The
repolarization periods are consistently longer in GpcZ™/~ mice ventricular cardiomyocytes
(Fig. 2). Detailed analysis revealed no statistical differences in the ventricular
cardiomyocytes’ parameters affecting excitability such as resting potential, action potentials
peak-to-peak amplitude, peak value, maximal rise slope, or the maximal decay slope (Table
3).

Gpcl™~ ventricular cardiomyocytes show reduced voltage activated K* currents featuring
changed voltage dependences.

Families of voltage-activated K* currents recorded under voltage-clamp on ventricular
cardiomyocytes from GpcZ~/~ and CD1 mice are showed as typical traces in Fig 3A and
3B. From each current trace, a sample of I;, currents is taken from the currents’ peak,

and a sample of I is taken at the end of the traces, after 300 ms of depolarization. The
amplitude of both I, and Ik currents densities throughout the current-voltage (I-V) curves
are significantly reduced in Gpc1~/~ ventricular cardiomyocytes relative to CD1 data to 47%
and 51% of the currents’ levels, respectively (Figs 3C and 3D). Individual I-V curves were
transformed into conductance-voltage (G-V) curves by using Ohm’s law, normalized and
averaged, yielding the data showed in Figs 3E and 3F. Individual G-V curves (from I;, and
Ik) were normalized by their maxima and fitted with Boltzmann’s formalism to yield, for
each individual cell studied, a V15, the voltage related to activation of 50% of maximal
conductance, and the maximum slope that relates to voltage sensitivity of the currents.
Individual V1, values from Iy, and Ik, respectively, are plotted on Figs 3G and 3H. As

the data show, the voltage-dependence of Ik, but not Iy, is indeed changed in GpcZ™~ as
compared to data from CD1 ventricular cardiomyocytes: Vy for lyg is —16.22+1.81 mV
for CD1 and —11.05+1.99 mV for Gpc1™/~ ventricular cardiomyocytes, whereas 50% of
Ik is activated at —3.55+2.61 mV in CD1 and at 15.08+3.69 mV in GpcZ™'~ ventricular
cardiomyocytes. Averaged V1, and the maximum slope derived from fittings are shown in
Table 4.

Life Sci. Author manuscript; available in PMC 2024 May 20.



1duasnuely Joyiny aduel|ly yoseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Souza et al. Page 5

Changes in inactivation processes of the K* currents may contribute to delayed
repolarization in ventricular cardiomyocytes from Gpc1™~ mice.

Next, we investigated the inactivation process of the K* currents in the ventricular
cardiomyocytes from CD1 and GpcZ™/~ mice. The inactivation kinetics during a depolarized
periods showed no difference between the ventricular cardiomyocytes from CD1 and Gpcl™
~ mice (Supplementary Fig 1).

We also evaluated the steady-state voltage dependent inactivation of both i, and Ix. We
studied the amplitude of Iz, and Ik at several membrane potentials at +60 mV after a 300
ms pre-pulse at several voltages, one at a time. This conditioning pulse duration is 10-fold
longer than the action potentials in mice ventricular cardiomyocytes and therefore it covers
the physiological significance of voltage-dependent inactivation. Typical currents recorded
with the above voltage clamp protocol is shown in Fig. 4A and 4B. |, (peak) and Ik (end of
a 300 ms depolarization to +60 mV) were normalized by their respective maxima that was
after a =100 mV conditioning period in most cases. The amplitude of the currents activated
(available current) during the +60 mV were averaged and plotted against the respective
conditioning voltage (Figs 4C and 4E). The voltage-dependent inactivation of l;, seems to be
only slightly, non-significantly affected in Gpc1™/~ ventricular cardiomyocytes. However, Ik
currents in GpcI™'~ ventricular cardiomyocytes inactivate at a much more negative voltages
as compared to currents from CD1 mice. Whole inactivation curves from individual cells
were fitted with the Boltzmann’s formalism. V/,, the voltage related to the inactivation

of 50% of the currents during the conditioning pulse were plotted and showed in Fig. 4D
and 4F for Iy, and Ik, respectively. As expected by the average inactivation curves’ shapes,
Ik, but not Iy, from Gpc1~/~ ventricular cardiomyocytes present significantly different V4
values when compared to data from CD1 ventricular cardiomyocytes. The voltage that
inactivates 50% of I, is —49.38+1.72 mV for CD1 and —54.72+5.90 mV for Gpcl™'~
ventricular cardiomyocytes, whereas 50% of Ik is inactivated by —29.19+1.66 mV in CD1
and —46.84+6.78 mV in GpcI~'~ ventricular cardiomyocytes. All fitting-derived parameters
from inactivation analysis is shown in Table 5.

The recovery from inactivation in Iy, and Ik are both altered in Gpc1™~ mice.

At resting potential, K* channels must recover from inactivation process in order to be
activated once again by membrane depolarization. We studied the recovery from a full
inactivating event, established by a 300 ms depolarization period at +60 mV, using voltage
clamp, by means of using the classic three pulses protocol to probe the recovering. The

first pulse to +60 mV lasts 300 ms and is intended to fully inactivate I and Ik. The

second pulse, time-varying and at holding potential, is intended to recover the currents from
inactivation in a voltage- and time-dependent process. Finally, the third pulse to +60 mV

is intended to activate the currents recovered from inactivation during the second pulse.
Therefore, the recovery from inactivation is expressed as the ratio between the currents
during the third pulse relative to currents in the first pulse. Typical currents recorded with
this voltage protocol are shown (Fig. 5A and 5B). Averaged recovery from inactivation data
for Iy, and Ik were plotted against the time recovery (the duration of the second pulse)

(Fig. 5C and 5F). Each full set of recovery from inactivation data (from each individual

cell studied, from CD1 and GpcI™'~ ventricular cardiomyocytes) was individually fitted by a
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single exponential to generate a time constant and a linear factor that is the non-inactivated
fraction of the currents. Data show that the time recovery from inactivation of I, but not I,
was significantly delayed in GpcI™~ cells compared to CD1 ventricular cardiomyocytes. In
contrast, the non-inactivated fraction of the currents, or the currents recovered in less than
10 ms (the shortest second pulse duration) was not altered for Iy, currents from GpcZ™~, but
significantly decreased for Ik in Gpc1™/~ ventricular cardiomyocytes (Fig. 5E and 5H). All
fitting parameters are shown in Table 6.

K* ion channels mRNA expression in Gpc1™~ mice.

Finally, we surveyed the abundance of mRNA for many cardiac K* ion channels’ subunits
in GpeI™~ mice ventricular cardiac tissue as means of detecting possible alterations

in gene expression that would match the functional data shown here. We used reverse
transcriptase cDNA synthesis from mRNA templates extracted and purified from cardiac
ventricular tissues, from CD1 and GpcZ™'~ mice. Next, we amplified gene targets by real
time quantitative polymerase chain reactions (rt-gPCR). Our exhaustive list of target genes
was based on many previously reported studies of murine ventricular cardiomyocytes ion
channels expression [9]-[13]. The ssDNA oligos used as primers in this study are shown

in Supplementary Table 1. The target genes were split in three categories: genes encoding
protein subunits channels related to Ik (Kcnj2, Kenf3, Kenjs, Kenj8, Kenjll1, Kenjl12), to
lio (Kcnaz, Kend2and Kend3), and to I (Kenab, Kenbl, Kenh2, Kengl, Kenel, Kenv2and
Keng?2). It is noteworthy to mention the presence of Kcng2and KenvZin many studies. The
product of these two genes do not form conductive homotetrameric channels, the reason why
they were named silent. The rationale of these genes in our list will be further explained in
the discussion section. Our rt-gPCR analysis’ results are shown in Figs. 6A—C. Among the
genes related to Ik and Iy, No gene has its expression, as measured by mRNA level, altered
in Gpel™~ as compared to CD1 mice strain. However, as many as four genes that relates

to Ik are expressed in different levels in Gpcl™'~ mice: Keng2, Kengl, Kcnel and Kenh?2.
These results support the functional data presented here as it will be discussed in the next
section.

Discussion

The major finding of the present study is that the heparan sulfate proteoglycan Gpcl is
crucial to cardiac function. Our data strongly suggest that Gpc1l contributes to the membrane
expression, as measured by K* current densities, and to the function of voltage-gated K*
channels of ventricular cardiomyocytes, unquestionably affecting cardiac electrophysiology.
Evident differences in the voltage gated K* currents between ventricular cardiomyocytes
from CD1 and GpcI™~ mice cannot be explained by the ventricular cardiomyocytes’
heterogeneity and this matter will be further discussed in this section. The new knowledge
presented here sets the stage for an innovative investigation of new modulators of the cardiac
function, molecules that would interact specifically with Gpcl and the glycosaminoglycans
associated to it to regulate the cardiac function.

The heart fundamentally works as an intermittent pump to ultimately produce convection of
the blood throughout the entire body. This blood convection transports oxygen and nutrients
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to cells, and to move their wastes away from them [15]. Ventricular cardiomyocytes

are all connected electrically in such a way that action potentials are propagated in

three dimensions in the organ as electric excitation waves, the very ones picked up as

ECG waves. Each cell has its own membrane elements and intracellular mechanisms to
couple each intracellular action potential to a contractile event. The resting potential of

a ventricular cardiomyocyte is stable, and it is governed mainly by leakage K* channels,
inwardly rectifying K* channels (Kj;), that provides the K* currents I;. Upon receiving

a suprathreshold depolarization stimulus through an electric synapse, voltage-gated Na*
channels are activated, causing the membrane potential to reverse, reaching tens of millivolts
positive inside the cell. Next, some voltage gated K* currents are activated briefly,
generating the first repolarizing current, the Iy, crucially setting the membrane potential of
the plateaued membrane potential during contraction as a next phase of the action potential.
The plateaued membrane potential is basically a function of three rheogenic membrane
events: i) slowly activating voltage-gated Ca2* channels that provides a sustained inward
Ca?* current, ii) the rectification (decrease in conductance) of the channels that generate I+,
and iii) reversion in Na*-Ca2* exchanger cycles contributing to additional Ca2* entry. The
plateau phase, period when contraction occurs, is terminated by the activation of another
group of voltage gated K* channels, the delayed rectifiers, that provide the current I

to fully repolarize the membrane potential. The delayed rectifiers are delayed by their
voltage dependence and their biophysical properties such as their kinetics of activation and
inactivation. Hence, the different classes of K* channels, each generating Ix1, lio and I, are
of utmost importance for the cardiac physiology.

K* channels determine the strength and the duration of cardiac contraction. In other words,
they determine the cardiac output. Therefore, since we found a strong correlation between
the presence of Gpcl, and the density and the properties of I, and Ik currents in ventricular
cardiomyocytes, we conclude that Gpcl, a HSPG, is a strong modulator of the cardiac
activity.

Our data with GpcZ™'~ mice revealed significant increase in cardiac stroke volume with
preserved ejection fraction, yielding significantly increased cardiac output. GpcZ™'~ mice
also showed consistent abnormal ECG waves, particularly the QT and S-T segments.

The QT interval is significantly delayed and 67% of the S-T segments are abnormal. In
addition, T waves are also significantly delayed (Fig. 1 and Table 2). These two sets of

data strongly indicate deficient repolarization at least in ventricular cardiomyocytes. With
that in mind, we tested and showed, in isolated ventricular cardiomyocytes, action potentials
taking longer to repolarize back to its resting potential with cells from GpcZ™/~ compared

to those from CD1 mice cells (Fig. 2). Hence, we focused on voltage-gated K* channels
expressed by the ventricular cardiomyocytes as a possible molecular mechanism for the
echocardiographic and electrocardiographic abnormalities in GpcZ™'~ cardiac physiology. In
fact, the association between changes in K* currents and cardiac remodeling is well-known,
leading to cardiac arrhythmia, diastolic dysfunction, cardiac hypertrophy, and heart failure
[16]-[19].

Sparse literature can be found regarding the influence of HSPG on the function of ion
channels in general. Shear stress activates inward rectifier K* channel, K;;2.1, in endothelial
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cells by mechanisms that depend on the glycocalyx, an endothelial surface layer, rich in
HSPG. This suggests a possible direct interaction of HSPG with an ion channel [6]. More
recently, it has been shown that GAG modulate human H, 1 channels’ gating properties
with changes in voltage dependence [8]. Another work showed that Gpc3, by holding
GAG within a 10 nm distance from the cell membrane, can interact with the Wnt1
membrane receptor (formerly /nt1 proto-oncogene) such as in hepatocellular carcinomas
regulation [20]-[22] and in circulating tumor cells [23], evidencing direct interaction
between Gpc3 and a membrane protein. It is very plausible to assume that extracellular
molecules can interact with membrane proteins, such as ion channels, by inter molecular
interactions as suggested by other studies [24], [25]. Based on our echocardiographic and
electrocardiographic data, and the above-mentioned studies, we worked on the hypothesis
that GpcZ™'~ modulates voltage gated K* channels in the heart.

At first, we used a voltage clamp protocol consisting of 300 ms depolarizing pulses to
different voltages, from a holding potential of —80 mV, to activate K* current by voltage,

on isolated ventricular cardiomyocytes. This protocol was used without a conditioning
pre-pulse to inactivate voltage gated Na* currents since that maneuver would also decrease
the peak of K* current that is mostly Iy, currents, of our interest. The duration of the pulse
was chosen to cover 10-times the duration of the action potentials recorded in current clamp:
approximately 30 ms (Fig. 2). We evaluated the peak of the K* currents as I;,, and the
current amplitude at 300 ms as lk, within what is commonly evaluated by peers [26], [27].
In fact, these previous studies represent Iy, in mice ventricular cardiomyocytes as a transient
outward current that is completely vanished (inactivated) after a 100-ms depolarization,
hence at 300 ms timepoint Iy, is totally gone. GpcI™~ phenotype shows significantly
depressed Iy, (to 47%) and Ik (to 51%) as shown in Fig. 3. The currents, however, inactivate
with statistically the same time constant, excluding the possibility of a simple inactivation
kinetics process that would decrease the current level after 300-ms depolarizing pulse more
intensively in GpcI™~ ventricular cardiomyocytes (Supplementary Fig. 1). The third K*
current that could interfere with the duration of the action potentials would be the Ik,
generated by leak channels selective to K*, the inwardly rectifier channels. Ik currents
were unaltered in GpcI™'~ ventricular cardiomyocytes when compared to CD1 ventricular
cardiomyocytes (Supplementary Fig. 2). Ikq currents from ventricular cardiomyocytes were
mainly recorded during hyperpolarizing pulses from holding potential. At those potentials
lto and I are not active, therefore, besides leakage, k1 currents are “isolated” from the
other K* currents[28]-[30]. The decrease in Iy, and Ik currents in GpcZ™'~ cells to nearly

a half of the amplitude in ventricular cardiomyocytes from CD1 mice could not be only
explained by a randomly biased groups of ventricular cardiomyocytes. It is noteworthy

to mention that our experiments included isolation of ventricular cardiomyocytes from a
restricted area close to the apex of the ventricle (See methods). Thus, the group of cells
utilized in this study is as homogeneous as possible being from the same region of the heart.
Previous published studies have shown that cardiomyocytes isolated from the ventricular
septum show nearly 50% reduction in Iy, currents when compared to cardiomyocytes
isolated from the ventricular apex region [27], [31]. Our data exclusively show recordings
compatible with Iy, currents isolated from the apex area, validating our specific isolation
from apex ventricular cardiomyocytes. Therefore, we conclude that decreased currents are
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part of the Gpc1~/~ phenotype, and not produced by different populations of ventricular
cardiomyocytes.

Next, we investigated the biophysical properties of the K* currents recorded from the
ventricular cardiomyocytes from GpcZ~/~ mice, seeking functional alterations in these
currents. We investigated activation, inactivation, and recovery from inactivation of I, and
Ik voltage-activated K* currents.

The conductance activation by voltage both for I;, and Ik (See methods) were evaluated. The
conductance activation by voltage for Ik, but not for I, showed a highly significant shift

in voltage. Ik from CD1 mice ventricular cardiomyocytes showed a midpoint activation
(V1/2-act) at —3.55 mV on average. Meanwhile, Ik recorded from Gpc1™/~ ventricular
cardiomyocytes showed V1/_act at +15.08 mV (See table 4 for details). These data denote

an even more deficient repolarization phase due to much less K* current to repolarize the
membrane during the action potential in those cells. The voltage sensitivity of the activation
of Iy, conductance was not significantly changed (Supplementary Fig. 3). A change in
voltage-dependence as seen here for Ik, with a shift of more than 20 mV in the conductance
curve, attest the significance of the data presented here. First, ventricular cardiomyocytes
from different parts of the heart ventricle may have their K* conductance perhaps similarly
changed in amplitude, but changes in the currents’ voltage dependence has not been reported
[18], [18], [31]-[33]. Second, we hypothesize that beyond a change in membrane expression
of these proteins as indirectly induced by the absence of Gpcl, a different amount of
heparan sulfate GAG may be in place since Gpcl is one of the glypicans that has the GAG
anchoring moieties the closest to the membrane, holding GAG negative charges close to the
membrane, therefore close to the channels’ extracellular surface. This feature is key for the
interactions with other membrane proteins by changing the level of those membrane proteins
surface charge screening [34]. It is well documented that charge screening, a possible
interacting mechanism between GAG and ion channels, may change voltage dependence

of voltage gated ion channels. As an example, pH, ionic strength and single charges near

the voltage sensor of an ion channels are able to change the voltage-dependence of ion
channels by simply biasing the voltage across the voltage sensors of these channels [35]-
[39]. In fact, charge screening is also known to re-shape the protein surface, with functional
consequences [40]. It remains to be determined whether charge screening is a major player
in the regulation of cardiac K* channels by Gpc1 as a cause for the altered K* currents
observed in GpcI™~ mice cardiac phenotype, and this is a topic we will investigate in future
studies.

We also interrogated the voltage-dependent inactivation of I, and Ik currents. A pre-pulse
was applied at different voltages and the non-inactivated current after that was evoked.
Once again, Iy, currents biophysical properties were not found altered in ventricular
cardiomyocytes from Gpc1~/~ mice. Differently, Ix showed the midpoint of inactivation
(V1/2-inact) @t more negative pre-pulse voltages causing the inactivation curve to shift to
more negative voltages accordingly, on average from —29.19 mV in CD1 cells to -46.84
mV in ventricular cardiomyocytes from GpcZ™~ mice (Fig. 4; Table 5). Maximal voltage
sensitivity (coincident with maximal slope of the inactivation curve and the fraction of
non-inactivated currents, were not altered in neither current case (Supplementary Fig. 4).
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This almost 20 mV shift also attest that the channels are biophysically altered in GpcZ™~
ventricular cardiomyocytes as compared to cells from CD1 mice. This data corroborates

the delayed repolarization of GpcZ~/~ ventricular cardiomyocytes when in current clamp for
action potentials recording.

The fact that V/2-act and V1/p-inact are shifted in different directions for I from Gpc1 ™~
mice relative to data from CD1 allow us to speculate a mechanism on how the channels that
relate to I are functionally altered. Most likely, the effects of Gpcl on these channels are
localized and we hypothesize it relates to a stabilization of a channel’s voltage sensors states
that are not in the deep resting but still not enough to gate-open the channel’s pore. This
hypothesis would explain the changes in the channels’ activation and inactivation processes
by voltage. Nevertheless, it was not the intention of this study to pinpoint a molecular
mechanism for our findings. Interestingly, an elegant and seminal paper by the research
group of Wonpil Im showed by molecular dynamics analysis that Gpc1l itself and heparan
sulfate chains linked to it most likely interacts with other membrane proteins like K*
channels, and this is definitely a line of investigation we will follow next [41]. It is perfectly
possible that Gpcl itself is able to reach extracellular moieties from membrane proteins and
sustain a modulatory mechanism, since Gpcl possesses an extensive unstructured C-terminal
region that allows that required degree of freedom [42]. These possible interactions are still
unexplored, and it represents a pathway for the next investigating steps regarding the altered
cardiac function of GpcI™~ hearts.

An important aspect of inactivation process in ion channels is the Kinetics of recovery

from inactivation, that reprimes channels to be activated again. GpcZ™~ mice ventricular
cardiomyocytes showed remarkably different recovery from inactivation of both I, and

I currents. In Gpel™'~ ventricular cardiomyocytes, Iy, recovered from inactivation with a
time constant of 117 ms, considerably slower than in CD1 cells that do so in 75 ms (Fig.

5; Table 6). Ik currents, however, did recover from inactivation at similar speed in cells
from both mice strains (Table 6). Moreover, the non-inactivated fraction of I currents has
shown to be different between cells from the two mice strains (Figs. 5G—H). This parameter
is originated either by channels that recover from inactivation within 10 ms (the shorter
interpulse duration) or by a component that is not inactivated by the first 300 ms pulse to
+60 mV. Despite its origin, in practice this parameter means the level of inactivation of I,
but not ly, is significantly changed from 89% of the total Ix in CD1 cells to 80% in Gpcl~/~
cells, an approximate 10% change. This change amount adds up to other changes in Ik to
delay action potentials repolarization in ventricular cardiomyocyte from GpcZ™~ mice.

Finally, we analyzed the transcription level of the genes encoding K* channels implicated in
Ik1, lto and k. We assessed the mRNA expression levels of an exhaustive list of targets that
were selected based on recent studies of mice ventricular cardiomyocytes [10], [11].

In mice, K* channels subunits related to lk4 are channels sensitive to PIP2 (encoded

by Kcnj2 gene), coupled to G-protein (Kcnf3and Kcry5) and the ones modulated by
ATP/ADP ratio (Kcnf5, Keny8, Kenj11 and Kenf12). Interestingly enough, none of these
genes were shown to be transcribed differently when comparing ventricular samples from
CD1 and GpcI™~ mice. Kcnj2[43] and Kcnj5[44] are related to LQT syndrome and
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could be responsible for alterations in ECG waves, however our data showing unaltered I
and unchanged gene transcription in GpcZ™~ mice do not support Kcnj2 [43] and Kenjs
[44] as potential mediators of the changes in K* channels seen in GpcZ™/~ ventricular
cardiomyocytes.

lto currents in mice are carried by ion channels formed by a smaller number of proteins,
encoded by Kcend2, Kend3and Kcna7. These ion channels are all voltage dependent and are
named Kv4.2, Kv4.3 and Kv1.7, respectively. They are all low voltage activated and undergo
fast inactivation so that the repolarization provided by Iy, is brief and serves to set the stage
(the membrane potential) for contraction onset. Despite a decrease in recorded Iy, in GocI™/~
relative to currents recorded in CD1 ventricular cardiomyocytes, these genes were not found
differently expressed. This suggest that Gpcl may regulate Iy, by indirect mechanisms.
Further experiments are needed to pinpoint possible associated signaling partners.

Delayed rectifiers, the channels that support Ik, are diverse. The genes that encode the
subunits to co-assemble as homotetrameric channels are Kcnas, Kenbl1, Kengand Kenh2
that encodes K,1. 5, Kv2.1, Kv7.1 and Kv11.1 (hERG in humans), respectively. Kcnel,
that encodes minK, an important modulatory subunit for both Kv7.1 and Kv11.1, can also
be considered part of Ik [15]. Importantly, the channels formed by Kv7.1 subunits when
co-assembled with minK, feature a well-known activation Kinetics that is apparently too
slow for the time course of an action potential in a ventricular cardiomyocyte of a mouse.
However, it has been elegantly demonstrated before that the targeted disruption of the
Kcng1 gene in mice significantly delays the repolarization phase of the action potentials

in ventricular cardiomyocytes[45]. The changes are observed both in electrocardiographic
waves in living animals as well as in isolated cells. Besides, two overlooked genes appear
as well expressed in mice ventricular cardiomyocytes: Kcng2and KcnvZ. The K* channels
subunits encoded by these two genes do not form functional homotetrameric channels and
therefore are named silent subunits. Despite that, the two subunits encoded by these genes,
K,6.2 and Kv8.2 are implicated in heterotetrameric voltage-gated K* channels when they
co-express with Kv2.1. The final hybrid channels has inactivation properties different from
those from homotetrameric Kv2.1 channels[46]. Our RT-qPCR analysis showed Kcng2,
Kengl and Kenh2transcripts significantly more abundantly transcribed. lon channels are
multimeric membrane proteins that have a biosynthetic pathway composed of several stages,
with multiple regulatory proteins that can be regulated at various levels before insertion in
the cell membrane [47]. Numerous studies have stated that genes encoding ion channels also
have their expression in a heart cell influenced by the electrophysiology of the cell itself
[48], [49]. For instance, in mice, dominant-negative knockout channels triggers upregulation
of some genes for subunits for other channels seemingly as a compensatory mechanism
[27], [50]. In the same direction, some ion channels blockers are enough to upregulate

the expression of the gene for the same blocked channel in a clear short loop of positive
feedback to compensate for the blocked channels. The case happens when mexiletine is
used to block sodium channels [51]. In addition, Ik currents are regulated in the same
short-loop-like way [52]. We conclude that the disparate between the lower amplitude of I
and higher levels of pertaining genes transcriptions fit to this well described mechanism of
compensation described above.
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From our gene target list, the only gene significantly less transcribed in GpcZ™~ mice
relative to CD1 mice was Kcnel. The protein encoded by Kcnel, minK, works as chaperone
for channels formed by Kv7.1 or Kv11.1 subunits. It has been described that minK
increases the half-life of these protein complexes in the endoplasmic reticulum, ultimately
improving cell membrane expression [53], [54, p.]. MinK also have remarkable effects

of K,7.1 and K,11.1 biophysics. In Kv7.1, MinK shifts voltage dependence of activation

to more negative potentials and slows the kinetics of channels activation by two orders

of magnitude [55]-[58]. In Kv11.1, MinK increase total current and shifts activation and
inactivation to more negative voltages [59], [60]. Our findings demonstrate that 1 density
is depressed in the membranes of ventricular cardiomyocytes from GpcZ™~ mice despite the
fact that genes encoding the proteins that form the channels are more intensively transcribed
(Kcengland Kenh2) and less transcribed (Kcnel) as compared with data from ventricular
cardiomyocytes from CD1 mice. Multiple alternative explanations are possible for the
above. If we consider Kcnel transcription levels is reflected in minK protein synthesis, one
would expect less current by downregulation of membrane targeting of channels formed by
Kv7.1 and Kv11.1. However, the biophysical properties of 1k would be differently affected
via Kv7.1 or Kv11.1 by minK. Our Gpc1™/~ data show right shift in the voltage dependence
of Ik activation and left shift in inactivation. Current activation by voltage is differently
affected by minK on Kv7.1 (right shift) and Kv11.1 (left shift). In addition, we showed

a more intense Ik inactivation after a 300 ms strong depolarization in GpcZ™/~ ventricular
cardiomyocytes. It is known that Kv7.1 channels co-expressed with minK as a complex
have minimized inactivation, and that is quite consistent with our data for CD1 recovery
from inactivation of Ik (Fig 5D) [61]. This rationale ultimately suggests GpcZ™'~ ventricular
cardiomyocytes may express less MinK as a complex with Kv7.1. Therefore, the Kv7.1
hypothesis that there may be less MinK expressed following less transcription of Kcnel,

is more plausible. On the other hand, MinK greatly slows down Kv7.1 activation and that
effect would certainly modify the total K* current profile in the first 300 ms depolarizing
pulses used here. However, as stated before, the inactivation kinetics of the K* currents

we recorded was unaltered in GpcZ™/~ ventricular cardiomyocytes and in accordance with
previous reports [62]. Therefore, further detailed investigation is necessary to fully elucidate
the mechanisms above involved in the K* currents recorded from GpcZ ™'~ ventricular
cardiomyocytes.

In summary, we show that the deletion of Gpcl, a HSPG, is strongly associated with
mechanical dysfunction in the heart of mice. This knowledge strongly suggests Gpcl and or,
GAG as potential targets for therapeutics aiming at interfering with the cardiac function to
reestablish normal function of the heart. Our data determines that voltage gated K* channels
play a major role in the effects of Gpcl on cardiac function. Our data sets the stage for a new
avenue of investigation that will put the HSPG in the center of the development of new drugs
and therapeutic approaches for cardiac function clinical and/or surgical intervention.
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Ethical approval

All procedures involving animals were approved by University of Arizona institutional
animal care and use committee — IACUC - approved under the protocols number 18-491 and
19-532, conformed to the Guide for the Care and Use of Laboratory Animals published by
the US National Institutes of Health. The experiments were performed using 8 — 10 weeks
old male CD1 (wild type) (Charles River Laboratories), and Gpcl knockout (GocZ™-). A
breeding pair of GpcI™'~ was kindly donated by Dr. Arthur Lander (UC Irvine, CA) to
AZC. This particular GpcZ™'~ mice strain was developed in a CD1 genetic background
which served as control experiments for comparison. During procedures, all necessary steps
were taken to minimize animal pain and suffering. All the animals are maintained from the
Animal Care Facility of The University of Arizona, Tucson, and housed in standard rodent
cages, under a controlled 12-h light/12-h dark cycle at room temperature (23 = 2°C).

Echocardiography measurement

Transthoracic echocardiography was performed. Mice were anesthetized via the
intraperitoneal injection of ketamine (90mg/kg) and xylazine (10mg/kg). Zoomed two-
dimensional (2D) images were used to determine a short-axis plane alignment in the
transverse B-mode with the papillary muscles, and M-mode was then obtained for
determining cardiac function level. Echocardiography was performed by The University
of Arizona Phenotyping Core.

Electrocardiogram In vivo

Anesthesia in mice was induced with continuous 2% isoflurane (VetOne, Idaho, USA)
into the induction chamber. Placed in the supine position with spontaneous breathing, over
a heating pad constantly maintained the animal body temperature at 37 + 0.5 °C. For
electrocardiogram (ECG) recordings, three stainless steel electrodes were subcutaneously
implanted. Signals from the ECG lead Il was amplified using a DAM-80 AC Differential
Amplifier (World Precision Instruments, Sarasota, FL, USA) and the amplified signal was
low-pass filtered at 300 Hz with a 4-pole Bessel filter LPF-202A (Warner Instruments,
Hamden, CT). Processed signal was then digitalized using a sampling frequency of 1

kHz (PowerLab 4/30, ADInstruments, Colorado, USA). Recordings were analyzed using
LabChart 8 Pro software (AD Instruments, Colorado, USA). Heart rate, PR interval, QT
interval, corrected QT interval (QTc), QRS complex, and T wave duration were measured
using the average of 30 consecutive beats. QT interval was normalized for rodents using
modified Bazett’s equation QTc(n)-B= QT/V(RR/f). Normalization factor (f) is the average
duration of the RR interval of control mice [63], [64].

Myocyte isolation

Ventricular cardiomyocytes were isolated from male CD1 and GpcZ™/~ mice by enzymatic
digestion as described by Shioya with minor modifications [65]. Mice were sedated with
continuous isoflurane, the thorax was opened and the heart was quickly and carefully
removed, mounted in an aortic perfusion system (Langendorff technique) perfused with
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cardiomyocyte isolation buffer (CIB) ((mM): 130 NaCl, 5.4 KCI, 0.5 MgCl», 0.33
NaH,POy, 22 glucose, 25 HEPES, and 0.4 EGTA (pH 7,4)) containing collagenase type

I1 (1 mg/mL) (Gibco, Invitrogen, Carlsbad, CA) protease type XIV (0.06 mg/mL) (Sigma-
Aldrich, St. Louis, Missouri, USA) and trypsin (0,06 mg/mL) (Worthington Biochemical
Corp. Lakewood, NJ, USA), at 37°C. After 9 minutes of perfusion, the heart was removed
from the cannula, atria were disposed, and ventricles were separated. A piece of the

left ventricle between the apex and septum was separated for ventricular cardiomyocytes
isolation. Accordingly, the tissue was submitted to an additional 9 min of digestion at

37°C with CIB supplemented with the same concentration from collagenase type Il, trypsin,
protease type X1V, and 0.7 mM CaCl,. The cells were isolated from the tissue through
gentle agitation using a transfer pipette. The suspension of isolated cells was filtered with

a fabric mesh and centrifuged at 1000 rpm for 30 s. The cells were resuspended and
maintained in a CIB solution containing CaCl2 (1.2 mM) and serum bovine albumin (BSA,
2 mg/mL), for 10 min 37°C. Finally, the cells were centrifuged (1000 rpm for 30 s), the
supernatant discarded, then and kept in Tyrode’s solution with the following composition (in
mM): 140 NaCl, 5.4 KCI, 0.5 MgCl2, 0.33 NaH2PO4, 22 glucose, 25 HEPES and 1.8 CaCl2
(pH 7.4). Cells were used for up to 4 hours after cell isolation.

Cellular electrophysiological whole-cell patch-clamp technique

Whole-cell voltage-clamp and current-clamp recordings were performed on individual
ventricular cardiomyocytes at room temperature (18-20°C), using an Axopatch 200B
amplifier (Molecular Devices, Sunnyvale, CA, USA). Recordings were filtered at 10 kHz
and digitized at a sampling rate of 40 kHz. After achieving the whole-cell configuration,

2 to 3 min was waited to allow the establishment of an ionic equilibrium between the
pipette solution and the intracellular environment. Series resistance was compensated at
least at 70%, and recordings on cells that did not follow that criteria were removed from
this study. Here we dealt with slow voltage-dependent processes, and the speed of the
clamp in large cells as cardiomyocytes would not play a relevant role. In addition, existing
deviations between the commanded voltage and the membrane potential would have similar
effects on both CD1 and GpcZ™'~ data. The recording electrodes had tip resistances of 1-3
MQ. Data was analyzed using Clampfit 11.1 software (Molecular Devices, Sunnyvale, CA,
USA). For the voltage clamp experiments, it was used a pipette solution with the following
composition, in mM: 130 K-aspartate, 20 KCI, 2 MgCl,, 5 NaCl, 5 EGTA, 10 HEPES and
a bathing solution with the following composition, in mM: 130 NMDG, 5.6 KClI, 1.8 CaCly,
0.1 CdCly, 0.5 MgCl2, 11 glucose, 10 HEPES. Both voltage clamp solutions had the pH set
to 7.4 before usage in the same day. During the voltage-clamp protocol, the holding potential
was set at =70 mV.

lyo and Ik voltage gated K* currents were estimated from the peaks of the currents and after
300 ms from the depolarization onset, respectively. When necessary, the current values were
transformed into conductance by Ohm’s law.

Individual conductance-voltage (G-V) curves were normalized by their maxima and
individually fitted with a Boltzmann equation in the form:

Life Sci. Author manuscript; available in PMC 2024 May 20.



1duosnuey Joyiny asuel||y yaseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Souza et al.

Page 15

S S
Vin-at=Vn
L+ slope

G(Vm) =

where G(V,,) is the conductance at a given membrane potential V,,, V,,,_... is the membrane
potential where 50% of the conductance is active and the siope is the voltage sensitivity of
the G-V curve. Parameters V,,,_,, and slope were averaged and expressed as mean + SEM.

Inactivation curves were performed with current values (peak and at 300-ms point) after
conditioning prepulses varying from —100 mV to +50 mV, for 300 ms, in the series.
Individual curves were equally fitted with the Boltzmann equation in the form:

-
Vininat =V
l+e slope

Iv,-,) =

where I(V,_,) is the available current at a given V,_,, V1,,_.... iS the membrane potential

at the pre-pulse where 50% of the currents are inactivated and the slope is the voltage
sensitivity of the curve. Parameters V,,,_,... and slope were averaged and expressed as mean
+ SEM.

Voltage-activated K* currents decays over 300-ms depolarizing pulses were fitted by single
exponentials using no constrains. The generalized equation is as follows:

Y = (YO — Plateau) X e + Plateau

Where Y is the current value at any point in time, Y0 is the current at r = 0, 7 is the time
constant of the inactivation process and the Plateau is the asymptotic value after many time
constants, typically five.

Recovery from inactivation was studied with a triple-pulse protocol, with the first pulse at
+60mV and lasting 300 ms, a second pulse lasting 10-1010 ms (varying at 100 ms), and a
third pulse at +60mV lasting 300 ms as well. The ratio of currents between third and first
pulse was plotted, individually, against the duration of the second pulse. Individual data was
fitted with a single exponential. The time constant and the current amplitude related to the
10-ms second pulse (named non-inactivated fraction) were averaged and expressed as mean
+ SEM.

For current-clamp mode experiments, intended for action potential (AP) recordings, pipettes
were filled with an internal solution composed of (mM): 20 KCI, 130 K-aspartate, 130 KOH,
10 HEPES, 2 MgCly, 5 NaCl, pH set to 7.2 using KOH. In all current-clamp recordings,
cells were bathed with the Tyrode solution composed of, in mM: 132 NaCl, 4 KCI, 1.8
CaCl2, 1.2 MgClI2, 5.5, glucose and 10 HEPES and pH set to 7.4 with NaOH. After

the establishment of the whole-cell configuration, the recording mode was immediately
switched to the current-clamp mode, and resting membrane potential was measured.
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Ventricular cardiomyocytes’ action potentials were evoked by injecting depolarizing current
with the patch pipette, with amplitudes of 200 — 300 pA and 2-3 ms duration.

Quantitative real-time PCR experiments

The ventricle tissues collected were used for total RNA extraction by TRIZOL® (Invitrogen,
CA, USA), and quantified using NanoDrop (Thermo Fisher Scientific, MA, USA).
Quantitative polymerase chain reaction (qPCR) was performed using Power SYBR™ Green
RNA to CT™ RT-PCR kit (Applied Biosystems by Thermo Fisher Scientific), according

to manufacturer’s guidance method. The specific primers (Supplementary Table 1) were
obtained from Integrated DNA Technologies (IDT). Gene expression was normalized by the
housekeeping gene Feflel[14], and expressed as 27AACt,

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 (San Diego, CA, USA).

Data are presented as the mean + S.E.M unless when indicated. Statistical significance
between groups was performed using Student’s t-test (unpaired) and one-way ANOVA with
Bonferroni post hoc testing. For comparison of abnormal ST-segment, a 2x2 contingency
table using the Chi-square test without Yates correction was used. Differences were
considered to be statistically significant when P < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Typical electrocardiogram recordings in CD1 mice (top panels in black) and GpcZ™'~ mice
(bottom panels in red). The middle inserts show typical P-QRS-T complexes from our
recordings, and they evidence the differences in the S-T segments and T waves from the two
different mice strains.

Figure 1. Electrocardiographic recordings in Gpcl™ ™ mice.
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Figure 2. Action potentials from Gpcl‘/ -

repolarization.
A. Representative action potentials recorded in CD1 mice (black) and GpcZ™~ mice (red). In

both cases the activity was elicited by a 3 ms 400 pA current depolarizing stimuli delivered
by the patch pipette. B. shows the average + S.E.M (n=10 for CD1 and n=11 for Gpc1™/~
datasets) elapsed time for repolarization after the stimuli onset.

*Denotes p < 0.05 when comparing CD1 vs Gpcl~/ “with unpaired Student’s t-test. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

mice ventricular cardiomyocytes feature delayed
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Figure 3. Voltage-activated K* currents in ventricular cardiomyocytes from CD1 and Gpcl"‘

mice.

A and B, typical voltage-activated K* currents recorded in voltage-clamped (protocol in the
inset) ventricular cardiomyocytes from CD1 (A, black) and GpcI™~ (B, red) mice are shown
(see methods section for details). Transient outward K* currents (ly,) were taken from the
peak of the recorded currents (circles) delay rectifier K* currents (1) were taken at the end
of a 300 ms depolarizing pulse (triangles). C and D, currents values were normalized by

the cell capacitance before the generation of a current—voltage (I-V) curves by plotting the
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current densities against the membrane potential V,,. CD1 vs Gpcl™'~ data comparison for
lto (C) and for I (D) showed statistical difference, indicated by “£” with P<0.001 (Two-way
ANOVA). E and F, current values were transformed into conductance by the Ohm’s law

to generate conductance-voltage (G-V) curves, normalized by its maxima in the same cell,
averaged and plotted against V. Each individual G-V curve was fitted with Boltzmann
equation (see methods) and generated a V1, and a slope. Note the clear shift in the data
plotted in F that is the voltage dependence for the conductance that generates Ix. G and

H, statistical analysis of V1, from different current and mice strains showed only in the
case of Iy there was a statistical difference when data from CD1 and GpcI™'~ are compared.
Slope data were not different. All plotted data are presented as means + S.E.M. (n = 8-9).
***Denotes p < 0.001 when tested with unpaired Student’s t-test. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Figure 4. Steady-state inactivation of Iy and Ik in ventricular myocytes from CD1 mice and
Gpcl"‘ mice.

A and B, typical current traces recorded in voltage-clamped (protocol in the inset) for

the study of inactivation of I;, and Ik in ventricular cardiomyocytes from CD1 (A,

black) and Gpc1™~ (B, red) mice (see methods section for details). Transient outward K*
currents (lyo) were taken from the peak of the recorded currents (circles) delay rectifier

K* currents (1x) were taken at the end of a 300 ms depolarizing pulse (triangles) and
indicated in the figure. C and D, individual datasets (same cell) for I, (C) and Ik (D) were
normalized by its maxima, averaged, and plotted against the membrane potential during
the conditioning pre-pulse (Vmp-p). Note that the inactivation of Ik showed in D is clearly
shifted to more negative V,p-p values. Individual inactivation curves were fitted with

the Boltzmann’s formalism (see methods) to generate a V12.inact that is the conditioning
voltage that inactivates 50% of the inactivating current, a slope of the curve and a level of
non-inactivating currents after the 300 ms conditioning period. E and F, statistical analysis
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of V1/2.inact from different current and mice strains showed only in the case of Ik there

was a statistical difference when data from CD1 and Gpc1™/~ are compared. All plotted
data are presented as means = S.E.M. (n = 8-10). **Denotes P < 0.01 when tested with
unpaired Student’s t-test. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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Figure 5. Recovery from inactivation of Iy and I in ventricular myocytes from CD1 and Gpcl_/
mice.
A and B, typical current traces recorded in voltage-clamped (protocol in the inset) for the
study of the recovery from inactivation of l;, and Ik in ventricular cardiomyocytes from
CD1 (A, black) and GpcI™~ (B, red) mice (see methods section for details). Transient
outward K* currents (ly,) were taken from the peak of the recorded currents (circles) delay
rectifier K* currents (lx) were taken at the end of a 300-ms depolarizing pulse (triangles)
and indicated in the figure. C and D, individual current values for Ito or IK elicited by the
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second depolarization to +60 mV were normalized by the values for the same type of current
but during the first depolarization to +60 mV. Normalized values were averaged and plotted
against the time to recover period at =70 mV for I, (C) and I (D). Note that the recovery
from inactivation of Iy is remarkably different between datasets from CD1 and Gpc1~/~
mice showed in D. The individual recovery from inactivation plots (one per cell) were fitted
with a single exponential to generate a time constant and a non-inactivated fractional value
that is the level of current after a 10-ms time at =70 mV (the shortest of the series). E and F,
For Iy, recovery from inactivation, but not Ik, the time constant of the data from GpcZ~/~ was
statistically different from CD1 data. G and H, however, the non-inactivated fraction was
remarkably different on for IK. More analysis details and parameters are showed in Table

6. All plotted data are presented as means + S.E.M. (n = 8-10). * Denotes P<0.05 and **
denotes P<0.01 when tested with unpaired Student’s t-test.

Life Sci. Author manuscript; available in PMC 2024 May 20.



1duosnuey Joyiny asuel||y yaseasay yiesH

1duosnuey Joyiny aduel|ly yosessay yiesH

Souza et al.

>

Fold gene expression

Page 29
B C » CD1
Gpct1””
& 5 s 5 - *
» CD1 o » CD1 = * Kk *
Gpe1”” ® a4 Gpc1™” o 4
g_—— 8 — *
{ 52 2 °
‘ < " o *
3 % 1 2l 4+, g N2 ; : 4 1
3 . o S [& 4 3
{-} *'I‘ :{* *'} {’ ;’ 1 -I:} -{- -I- ] 11-*..}....5....:;.. ...... L
¢ u°- p- - ‘E‘ |.E c, -
0 v - ~N ™~ - -~ ~
o~ ™ w © ~ ~N ~N ™ ~N
X ¥ x ¥ g ¢ < < < ¥ ¥ ¥ X ¥ ¥ ¥

Figure 6. mRNA transcription of K* channels genes in ventricular cardiac tissue from CD1 mice
and Gpcl_/_ mice.

Relative expression of K* channels subunits related to Iy currents (A), ly, (B) and Ik (C).
Data from CD1 (gray circles for individual data and black lines for mean £ S.E.M, n=5)

and from Gpc1~/~ (light red circles for individual data and red lines for mean + S.E.M, n=9)
are represented as relative gene expression (272ACt), using Feflel as the housekeeping gene
[14]. * Denotes P < 0.05 and *** denotes P<0.001 from unpaired two-tailed Student’s t-test.
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Table 1.

Echocardiographic parameters from CD1 and GpcZ™~ mice.

CD1 Gpcl™-

End-systolic volume (uL)  37.24 £3.16 (n=10)  35.87 + 2.12 (n=10)

End-diastolic volume (uL) 83.65+4.36 (n=10)  88.75 + 3.48 (n=10)

Ejection Fraction (%) 55.92 £ 1.97 (n=10)  59.78 * 1.46 (n=10)

Stroke volume (uL) 46.42+2.02 (n=10)  52.89 + 2.07 (n=10)*

Cardiac Output (mL/min)  20.55+1.04 (n=10) 26.28 + 1.45 (n=10) *

Data are represented as means + S.E.M. The number of independent experiments (mice) are indicated between parentheses).

*

Denotes p<0.05 when comparing CD1 vs Gpcl'/' with unpaired Student’s t-test.
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Electrocardiographic parameters from CD1 and GpcI™~ mice.

Table 2.

CD1

Gpel™-

Heart rate (bpm)

514.3 + 38.86 (n=6)

569.8 + 20.79 (n=6)

PR interval (ms)

40.33 + 1.33 (n=6)

41.33 + 2.26 (n=6)

QRS complex (ms)

11.17 + 0.54 (n=6)

11.33 £0.71 (n=6)

QT interval (ms)

29.50 +0.95 (n=6)

36.17 + 2.04 (n=6)

QTc interval (ms)

85.76 + 3.1 (n=6)

111.3 +6.48 (n=6) *

T wave duration (ms)

18.67 + 1.43 (n=6)

24.33 £2.07 (n=6) *

Abnormal ST segments (%0) #

0 (n=6)

67% (n=6)*

Page 31

Data presented as mean + SEM, except for the abnormal ST segments analysis. The number of independent experiments (mice) are indicated

between parenthesis.

indicates one hundred P-QRS-T complexes per animal were analyzed.

# . .
denotes p<0.05 with Fisher’s exact test.

*
Denotes p<0.05 when comparing CD1 vs Gpcl ~/~ with unpaired Student’s t-test.
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Table 3.

Resting potential values and action potentials’ parameters in ventricular cardiomyocytes from CD1 and Gpcl™

~ mice.
CcD1 Gpel™=
Resting potential (mV) -89.94 +2.34 (n=10) -86.05 + 1.91 (n=11)
Action potential peak (mV) 18.80 + 4.32 (n=11) 23.48 £ 3.46 (n=11)

Action potential amplitude (mV) 108.70 £4.06 (n=11)  109.50 # 2.53 (n=11)

Maximal dV,,/dt (mV/ms) 139.70 £8.92 (n=11)  114.90 + 8.67 (n=11)

Minimal dV,/dt (mV/ms) -18.66 +1.26 (n=11) -19.10 + 1.83 (n=11)

Data presented as mean + SEM. All datasets were submitted to unpaired Student’s t-test, resulting in no differences between CD1 and Gpcl_/ -
related data. The number of independent experiments (n) is shown between parentheses.
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Table 4.

K* conductance activation voltage-dependent parameters.

CD1 Gpel™-

Vo (MV) -16.22+1.81 (n=9)  —11.05 + 1.99 (n=8)
Slope (mV/e-fold)  14.23 +1.30 (n=9) 15.06 + 1.48 (n=8)
V5o (MV) -355+261(n=9)  15.08 +3.69 (n=8)

Ik
Slope (mV/e-fold) ~ 17.32 £3.14 (n=9) 15.98 + 0.97 (n=8)

Data presented as mean + SEM. The number of independent experiments (n) are indicated between parentheses.

Aok

*
Denotes p<0.001 when comparing CD1 vs Gpc.l_/_with unpaired Student’s t-test.
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Table 5.

K* currents inactivation voltage-dependent parameters.

CD1 Gpcl™-
Vo (MV) -49.38+172 (n=10)  -54.72 +5.90 (n=8)
lto  Slope (mV/e-fold) 10.99 + 0.68 (n=10) 11.53 + 2.03 (n=8)
Non-inactivated fraction 0.37 £0.03 (n=10) 0.42 £0.04 (n=8)
Vs (MV) -29.19+1.66 (=10) -46.84+6.78 (n=8) "~
Ik Slope (mV/e-fold) 11.01 + 2.21 (n=10) 15.31 + 3.47 (n=8)
Non-inactivated fraction 0.66 + 0.04 (n=10) 0.57 £ 0.04 (n=8)

Data presented as mean + SEM, except for the abnormal ST segments analysis. The number of independent experiments is indicated between
parentheses.

Aok

Denotes p<0.01 when comparing CD1 vs Gpc]'/' with unpaired Student’s t-test.
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Table 6.
K* currents recovery from inactivation parameters.
CD1 Gpel™-
Non-inactivated fraction 0.57 £ 0.06 (n=6) 0.58 + 0.03 (n=6)

I, Recovering time constant (ms) ~ 75.03+12.75(n=6) 117,02 +11.86 (n=6) *

Recovered fraction 0.97 £ 0.01 (n=6) 0.99 + 0.01 (n=6)

Non-inactivated fraction 0.89 +0.02 (n=6) 0.80 + 0.01 (n=6)**
Ik Recovering time constant (ms)  464.00 £ 97.95 (n=6)  415.88 + 54.30 (n=6)

Recovered fraction 1.01 +0.01 (n=6) 1.01 £ 0.01 (n=6)

Data presented as mean + SEM, except for the abnormal ST segments analysis. The number of independent experiments (n) are indicated between
parentheses.

*
Denotes p<0.05 when comparing CD1 vs Gpcl ~/~with unpaired two-tailed Student’s t-test.
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