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Zusammenfassung

Anpassung der CO,-Permeabilitéat verschiedener Zellen und Organellen an ihren

spezifischen Stoffwechsel
Mariela Eugenia Arias Hidalgo

Seit mehr als 20 Jahren haben sich Hinweise geh&uft, die dem Paradigma widersprechen, dass
alle Zellmembranen hochdurchléssig fir CO, (wie auch flr andere Gase) sind. Es wurde
gezeigt, dass die CO,-Permeabilitdt (Pcoz) einer Lipidmembran hauptsachlich von zwei
Faktoren abhédngt: dem Cholesteringehalt der Membran und dem Einbau von zum
CO,-Transport fahigen Proteinen. Abhangig von der CO,-Produktionsrate einer bestimmten
Zelle, konnte ein zu niedriger Pco2 nachteilige Auswirkungen auf die Zell- und
Koérperhomoostase haben. Die Zielsetzung dieser Arbeit ist es folglich: 1- den Pco, der
Membranen dreier frisch isolierter Organellen/Zellen mit einem hohen oder normalen
Sauerstoffverbrauch, und dementsprechender  CO,-Produktion, zu quantifizieren:
Leber-Mitochondrien, Kardiomyozyten und Hepatozyten. 2- die Eigenschaften dieser
Membranen zu identifizieren, die dem jeweiligen Pcoo-Wert zugrunde liegen, und schlielilich,
3- herauszufinden, ob es eine Korrelation zwischen der CO,-Permeabilitdt und der aeroben
Stoffwechselrate der Zellen/Organellen gibt, d.h. ob es somit eine Anpassung des Pco; an die
CO,-Produktionsrate gibt.

Fur diese Dissertation wurden Kardiomyozyten, Hepatozyten und Leber-Mitochondrien von
Lewis-Ratten isoliert und der Pco, unter Verwendung der massenspektrometrischen
180-Austausch-Technik gemessen.

Mitochondrien haben den hoéchsten Pcop, der je flr eine biologische Membran gemessen
wurde (0,3 cm/s), gefolgt von den Kardiomyozyten mit 0,1 cm/s und schlieRlich den
Hepatozyten mit 0,03 cm/s. Der Sauerstoffverbrauch dieser Zellen und Organellen ergab sich
aus der Literatur zu 1000 nmol-s™ml* fiir Mitochondrien, 297 nmol-s™mlI* fiir
Kardiomyozyten und 69 nmol-s™ml™ fiir Hepatozyten. Aus einer Regressionsrechnung
zwischen Pco, und Op-Verbrauch ergibt sich eine hochsignifikante positive Korrelation
zwischen Sauerstoffverbrauch der Organellen/Zellen und ihrem Pco,. Der Pcoy ist also
offenbar an die jeweilige Stoffwechselrate sehr gut angepasst.

Der hohe Pco, von Mitochondrien und Kardiomyozyten ist wohl vollstandig durch ihren
niedrigen Cholesteringehalt bedingt. Nur in Hepatozyten wurde ein Kkleiner Beitrag von
DIDS-sensitiven CO,-Kanalen gefunden. Die Hauptrolle bei der Anpassung des Pcoz an die
metabolische Situation scheint also eine Variation des Cholesteringehalts der Zellmembranen
zu spielen.
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Abstract

Adaptation of the CO, permeability of various cells and organelles to their specific

metabolic needs
Mariela Eugenia Arias Hidalgo

During the last 20 years, evidence has been accumulated that contradicts the paradigm that all
cell membranes are highly permeable to CO, (as they are believed to be for other gases).
It has been discovered that the CO, permeability (Pcoz) of a lipid membrane depends mainly
on two factors: the cholesterol content of the membrane and the incorporation or absence of
proteins capable of CO, transport. Depending on the CO, production rate of a certain cell,
a low Pcoy could impair CO, release and have detrimental effects on cell and body
homeostasis. Therefore, knowing that differences in Pco, exist between different cell types,
the aims of this work are: 1- to quantify the Pco, of the membranes of cells/organelles freshly
isolated from tissues with high and moderate oxygen consumptions and equivalent
CO; productions, respectively. We have studied liver mitochondria, cardiomyocytes and
hepatocytes; 2- to identify the characteristics of the membranes that constitute the basis of the
different Pco, values, and finally, 3- finding out if there is a correlation between the
CO; permeability and the rate of aerobic metabolism of the cells/organelles, with the aim to
test the hypothesis that Pco, value of a membrane is adapted to a certain rate of CO,
production.

For this dissertation, isolation of cardiomyocytes, hepatocytes and liver mitochondria of
Lewis rats was performed, and the membrane Pco, was determined using the
mass-spectrometric 0 exchange technique.

Mitochondria have the highest Pco, ever measured for a biological membrane, 0.3 cm/s,
followed by cardiomyocytes with 0.1 cm/s, and finally, hepatocytes with 0.03cm/s. The rates
of oxygen consumption of these cells and organelles according to the literature is
1000 nmol-s™ml* for mitochondria, 297 nmol-s™ml* for cardiomyocytes, and
69 nmol-sml™ for hepatocytes. From a regression calculation, there is a highly significant
positive correlation between the Pcoz and the oxygen consumption of organelles or cells. This
indicates that Pco, is perfectly adapted to CO, production, ensuring that no limitation of
CO; release by cells and organelles occurs.

The high Pco, of mitochondria and cardiomyocytes seems to be essentially determined by the
low cholesterol content of these membranes. Only in hepatocytes a small contribution of
DIDS-sensitive CO, channels was found. The most important principle of how Pcoy is
adapted to metabolism seems to be a variation of membrane cholesterol.



Introduction

It has been believed that CO, transport takes place freely by diffusion across the lipid phase of
cell membranes. However, in the past 20 years evidence has accumulated that not all cell
membranes behave as expected under this paradigm. The present study intends to determine
the CO, permeability of a number of membranes from various interesting tissue cells and to
study the molecular basis and the possible physiological significance of the different values of
the CO, permeabilities found for these cells.

Mass spectrometric method to determine membrane CO, permeability

Most of the evidence on the variability of CO, permeabilities (Pco,) has been produced using
the mass spectrometric technique to measure Pco, of plasma membranes (Wunder & Gros,
1998; Endeward & Gros, 2005; Endeward et al., 2006, 2014; Itel et al., 2012). With this
method, utilizing the exchange of 'O between HCOs;, CO, and H,O, the rate of
disappearance of C*®0™0 from the extracellular fluid is followed by a mass spectrometer
equipped with a special inlet system for fluids as first described by Itada & Forster (1977).
From the time courses the permeabilities for CO, and HCOj3™ are obtained using the fitting
procedure explained in Endeward & Gros (2005). In this system, the cells, organelles or
vesicles to be studied are exposed to a solution of C**0*0 / HC®0*0, with a degree of
80-labelling of 1%. When carbonic anhydrase-containing cells or organelles are added to the
chamber, they rapidly take up C*®0*0, which is associated with a fall in extracellular
C'®0'0 (Figure 1, first phase). The speed of this process depends on the permeability of the
membrane to CO; (Pco2) and on the speed of the intracellular conversion of CO; to HCO3
that is catalyzed by the intracellular carbonic anhydrase. The slower phase following this first
phase is dominated among other parameters by the permeability of the membrane for HCO3
(Pucos-). Both permeabilities can be calculated by a fitting procedure from the time course of
the entire curve of disappearance of C**0*0 as it occurs after the addition of cells (Figure 1).
Pcoz derives predominantly from the first phase, Pycos- mostly from the second phase.
For this analysis, the intracellular carbonic anhydrase activity (CA;) must be known and is
determined independently in cell/organelle lysates, also by mass spectrometry.
All experiments are terminated by the addition of an excess of CA in order to establish final

isotopic equilibrium.
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Figure 1: Original recording of a mass spectrometric experiment with isolated hepatocytes (in the presence of verapamil and
extracellular carbonic anhydrase inhibitor, see below). The decay of the concentration of C**00 in the mass spectrometric
reaction chamber is plotted semi-logarithmically versus time. After addition of the cells, a characteristic biphasic time course
of the signal is seen, indicating that intact CA-containing cells have been added. The arrow “Cells” indicates where cell
suspension was added, the arrow “CA” indicates where the experiment was terminated by the addition of excess CA. The
Arrow “Fast Phase” points to the first fast phase developing after the addition of cells, the arrow “Slow Phase” points to the

subsequent slower phase of the same process.

Parameters influencing Pco;

The permeability to CO, of different natural and artificial membranes can be highly variable.
For example, phospholipid bilayers have been reported to exhibit a very high
CO; permeability (Pco2) of 0.35 cm/s (Gutknecht et al., 1977) or even 3.2 cm/s
(Missner et al., 2008), while other membranes such as the apical membrane of colon

epithelium present a very low Pco, of 0.0015 cm/s (Endeward & Gros, 2005).

It has been demonstrated that the amount of cholesterol in the membrane has a dramatic
influence on the CO, permeability (Itel et al., 2012). On the other hand, it has been shown that
the movement of CO, occurs not only across the lipid phases of membranes; instead, protein
gas channels present in the membrane can substantially improve the transport of this molecule
across the membrane (Nakhoul et al., 1998; Endeward et al., 2006, 2008; Itel et al., 2012).

We can then conclude that it appears that the two most important parameters influencing Pco>
of a biological membrane are: 1) the cholesterol content of the membrane and 2) the presence

or absence of CO, channels.



Cholesterol content of the membrane

It has been observed that, when phospholipid vesicles or MDCK cell membranes are
experimentally depleted of or enriched with cholesterol, they show drastic increases or
decreases in Pcoy, respectively (ltel et al., 2012; Kai & Kaldenhoff, 2014; Tsiavaliaris et al.,
2015). These data suggest that the amount of cholesterol in cell membranes is a crucial factor

of Pcoo.

According to Itel et al. (2012), who measured Pco, with the mass spectrometric technique,
membranes with a cholesterol content under approximately 20 mol% possess a very high
permeability (i.e. >0.1cm/s). If the amount of cholesterol is increased to 40%, the Pco:
decreases by a factor of 10 (0.01 cm/s), and if one increases the cholesterol content even
further to 70%, as it is present in the apical membrane of colon epithelium, the Pco, decreases
by a factor of 100 (0.0015cm/s). The same findings were confirmed with the stopped-flow
technique in which an increase in the cholesterol content of a vesicle from 0 to 50%, reduces

the Pcoy at least by a factor or 10 (Tsiavaliaris et al., 2015).

Differences in the cholesterol content of different biological membranes will have an
incidence on the Pco,. A few examples of this have been collected for red blood cells
(Endeward et al., 2006), MDCK cells (Itel et al., 2012) and the apical membranes of colon
epithelia (Endeward & Gros, 2005). Until now, no freshly isolated cells from tissues of

greatly varying rates of oxygen consumption have been examined.

CO, channels

Most striking evidence for the involvement of protein channels in CO, transport has been
obtained in the human red blood cell membrane, where proteins AQP1 (Endeward et al.,
2006) and Rhesus-associated glycoprotein (RhAG; Endeward et al., 2008) are responsible for
> 90% of the CO; transport. If these channels are inhibited, the Pco, of the red cell membrane

decreases by a factor of 10 from 0.15 cm/s to 0.015cm/s.

Another group has identified other aquaporin isoforms like AQPO, AQP4, AQP5, AQP6 and
AQP9 (Geyer et al., 2013a) and non-erythroid members of the family of Rhesus protein
associated glycoproteins, RhBG and RhCG (Geyer et al., 2013b), that are also capable of
transporting CO,. The expression and abundance of these proteins is different in every cell
type and is not yet known if they also play such an important role for Pco; as it happens with

red blood cells.



Metabolism and Pco;

In all cells and mitochondria it is expected that a given O, consumption is associated with an
equal CO, production. This requires that in these tissues, both gases meet no major diffusion
resistance when passing through the cell membrane. The model presented by Endeward et al.
(2014) considers the CO, production rate under maximal exercise conditions for a
cardiomyocyte. Using Fick’s law, this model predicts that permeabilities lower than 0.1 cm/s
in conditions of maximal metabolism will exert a limiting effect on the release of CO, by

these cells.

The heart and mitochondria possess the highest metabolic rates among mammalian tissues or
organelles. The estimated oxygen consumption of the heart, under conditions of maximal
aerobic exercise, is 0.4 ml O,/(g:min), very high compared to other tissues and organs like the
liver, which has an oxygen consumption of 0.05 ml O,/(g-min) (both numbers from Schmidt
& Thews, 1986). Determining the Pco, of these cell types and combining them with the data
available for other cell types with lower metabolic rates (Itel et al., 2012), will allow us to see
if there is a correlation between aerobic metabolism and CO, permeability across cell

membranes.

Therefore, the aim of this study is to measure CO, permeability of the membranes of
cardiomyocytes and mitochondria (two systems with an exceptionally high rate of aerobic
metabolism) and hepatocytes (as a control, a cell of moderate metabolic rate). Furthermore,
it is intended to probe to which extent different membrane cholesterol contents and/or protein
gas channels, such as aquaporins and Rhesus proteins, are involved in varying
CO; permeabilities. This information is expected to yield new insights into the mechanism of
gas exchange of cell membranes in active tissues and, specifically, allow us to see if there is a
positive correlation between CO, permeability and metabolic rate.



Results

For this thesis, Lewis Rats were used to obtain the cells and organelles under the project
numbers of the Niederséchsisches Landesamt fir  Verbraucherschutz  und
Lebensmittelsicherheit Nos. 33.9-13/1225 (cardiomyocytes), 2015/102 (mitochondria) and
15/2048 (hepatocytes).

In this section, intracellular/intraorganellar CA activities and Pco, values of mitochondria,
cardiomyocytes and hepatocytes will be presented and discussed. Also, the most important
special problems that occurred during these measurements will be remarked on. The major

goal is to establish the relationship between metabolism and Pcos.

The results of mitochondria have been already published in Arias-Hidalgo et al., 2016 and of
cardiomyocytes in Arias-Hidalgo et al., 2017. The results obtained for hepatocytes will be
published as Arias-Hidalgo et al., “CO, permeability of rat hepatocytes and the influence of
FC5-208A” (manuscript in preparation).

Estimation of the intracellular/intraorganellar carbonic anhydrase activity

Intracellular/intraorganellar CA activity (CA;) must be known in order to be able to calculate
the Pco2 of the cells and organelles from the mass spectrometric records (Endeward & Gros,
2005). This activity is estimated using the lysate from each preparation, also by means of
mass spectrometry (Endeward & Gros, 2005). The following table summarizes the CA;

activity found for mitochondria, cardiomyocytes and hepatocytes.

Table 1: CA, activity of mitochondria, cardiomyocytes and hepatocytes. The “n”

reflects the number of rats.

Sample CA;
Mitochondria 675 (SD * 151, n=8)"
Cardiomyocytes 5070 (SD + 2140, n= 17)°
Hepatocytes 1898 (SD + 591, n=8)

1. Arias-Hidalgo et al., 2016, 2. Arias-Hidalgo et al., 2017



Pco of Mitochondria

In the case of mitochondria, transmission electron microscopy, dynamic light scattering and
O, consumption experiments were performed to establish the morphological and functional
conditions of the organelles in suspension. In all cases, the mitochondria from the rat liver
were found to have a > 70% normal and intact morphology, normal maximal oxygen
consumption and a high respiratory control ratio (RCR). Thus, the mass spectrometric
measurements were performed with mitochondria that were morphologically and functionally

in very good condition (for more details see: Arias-Hidalgo et al., 2016).

To assess the Pcoz, experiments with control organelle suspensions, pre-incubation with
FC5-208A (an extracellular CA (CA¢) inhibitor) or with DIDS (an AQP1- and RhAG-gas
channel inhibitor) were performed. In all three cases a permeability 0.3 cm/s was found, with
no significant difference between any of the treatments (Figure 2).
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Figure 2: CO, permeability of mitochondria in suspension and the effect of extracellular CA inhibitor
FC5-208A (2.5-10° M) and the CO, channel inhibitor DIDS (1.0-10 M). ANOVA p=0.29. From left to right n=24, n=10,
n=5. Bars represent SD. (Arias-Hidalgo et al., 2016)

Pco, of Cardiomyocytes

All our cardiomyocyte cell suspensions had a low vitality of around 6% on average (2-14%).
The method we use to estimate the Pco, requires that only living cells are capable of giving a
mass-spectrometric signal. To check if non-vital cells could be interfering with our findings,

two experiments were performed.



The first one was to carry out mass-spectrometric recordings with completely non-vital cell
suspensions. These non-vital cells were studied under control conditions and also with
addition of Triton, or extra- or intracellular CA inhibitors, respectively. The non-vital cell
suspensions (0% vitality) were obtained occasionally, when the heart cannulation took longer
than 5 minutes, or when there were problems during the perfusion. The mass spectrometric
records were analyzed using a semi logarithmic plot (C**0'°0 signal logarithmized, time
non-logarithmized) and the slope of these plots after the addition of non-vital cells (with and
without Triton or CA inhibitors) was compared with the initial slope of the uncatalyzed rate of
the decay of C*®0™0 as it occurred before the addition of cells. If a ratio of these slopes
equal to 1 is found, it means that there is no difference between the initial slope (uncatalyzed
reaction) and the slope after the addition of cells, and therefore it follows that the added cells

possess no CA activity accelerating the reaction.

The results summarized in Table 2 shows that after the addition of non-vital cells there is no
change in the rate of the reaction (1st column). The same is found when non-vital cells are
lysed with Triton (2nd column), pre-incubated with extracellular CA inhibitor FC5-208A (3rd
and 4th column), or the extra- plus intracellular CA inhibitor ethoxzolamide (5th column).
This means that non-vital cardiomyocytes lack of extracellular as well as intracellular CA
activity, which could interfere with the mass spectrometric technique to measure Pco, of

living cardiomyocytes.

Table 2: Ratios of the slopes of mass spectrometric recordings before and after

addition of non-vital cardiomyocytes in suspension. ( Arias-Hidalgo et al., 2017)

Treatment NVCS NVCS + NVCS + FC5-208A, 5 | Ethoxzolamide, 5
Triton FC5-208A min pre- min pre-
incubation incubation
Mean ratio 1.06 1.08 1.04 1.02 0.99
SD +0.04 +0.05 +0.05 +0.02 +0.05
n 13 4 5 3 3




The second approach, to establish the potential influence of non-vital cardiomyocytes on the
mass spectrometric measurements, was staining the cell suspensions with DNSA.
This experiment showed a marked difference in DNSA staining between vital and non-vital
cardiomyocytes. As is apparent in Figure 3, we found a strong fluorescence in living
cardiomyocytes (rectangularly shaped) but none in the non-vital rounded cells. This confirms
that CA is present only in living cardiomyocytes. Thus, two lines of evidence show that
non-vital cardiomyocytes are devoid of CA, meaning that they will not contribute to the mass

spectrometric signal and have no influence on the signal generated by the vital cells.

Figure 3: DNSA staining of a suspension of isolated cardiomyocytes. A, B, C represent three views from a partially vital
cardiomyocyte suspension. On the left, the three sections viewed by phase contrast microscopy, on the right, the same
sections viewed in the DNSA fluorescence mode (DNSA concentration 1.0-10°M). Comparing phase contrast and
fluorescence pictures, it is apparent that the living cardiomyocytes, which conserve their rectangular shape, are intensely
stained for carbonic anhydrase, while the rounded non-vital cardiomyocytes are unstained and thus contain no CA. In phase
contrast microscopy no red blood cells, and in fluorescence microscopy no stained cells other than living cardiomyocytes are
visible. Bars 100um. (Arias-Hidalgo et al., 2017).



Pco. was again estimated in control experiments without any additions, and with cells
preincubated in FC5-208A or DIDS, respectively. In this case, a significant difference
between experiments under control conditions and with FC5-208A was found (Figure 4).
The effect of FC5-208A indicates that vital cardiomyocytes possess an extracellular CA (CAg)
that will affect the mass spectrometric signal and distort the calculation of permeabilities.
Therefore, the experiments in the presence of DIDS had also to be repeated with a
simultaneous incubation in FC5-208A, to check if perhaps an effect of DIDS was obscured by
the effect of extracellular CA. As seen in Figure 5, Pco2 in the presence of FC5-208A
(0.10 cm/s (= 0.06; n =15)), does not differ from the value of 0.11 cm/s (x 0.07, n=7) found in
the presence of FC5-208A plus DIDS. This shows that DIDS has no significant effect on the
CO; permeability. It also shows that 0.10 rather than 0.2 cm/s is the correct Pco, of

cardiomyocytes.
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Figure 4: CO, permeability of cardiomyocyte suspensions and the effect of inhibitors. Under control conditions Pcq, was
0.23 cm/s ( 0.11; n =14). 1-10* M DIDS had no effect and yielded a Pco, of 0.23 cm/s (+ 0.12; n =7). However, 2.5-10° M
of the extracellular CA inhibitor FC5-208A reduced Pcq, significantly to 0.10 cm/s (+ 0.06; n =15). n from left to right: 16, 7,
13. Bars are SD. ANOVA yields P=0.0016. With Dunnett’s posttest FC5-208A is significantly different from control (*),
DIDS has no effect. (Arias-Hidalgo et al., 2017)



10

0.20+

o

-

[5)]
1

CO, permeability (cm/s)
= =
a3

0.00-

Treatment

Figure 5: CO, permeabilities of cardiomyocytes pre-incubated with 2.5-10° M extracellular CA inhibitor FC5-208A,
without and with 1.10“ M DIDS. n from left to right: 15, 7. Bars represent SD. Student’s t test: p=0.88. The right-hand
column shows that in the presence of FC5-208A, as in its absence (Fig. 4), DIDS has no effect on Pcq,. (Arias-Hidalgo et al.,
2017)

Pco, of Hepatocytes

During the fitting procedure of control experiments with freshly isolated hepatocytes from the
rat, most of the Pco, values did not reach convergence (Pcoz>0.1cm/s). However, when
incubating cells in FC5-208A (the CA. inhibitor), the permeability on the other hand became
extremely low (Pco2~0.01cm/s). This observation would be explicable, in case the supposedly
extracellular CA inhibitor would enter the cell interior and inhibit CA; in addition to CA..
We note that the extracellular inhibitor FC5-208A is usually impermeable to cell membranes
because it is a polyvalent organic cation (Perut et al., 2015). In the case of the hepatocytes —
unlike to what we see with cardiomyocytes, mitochondria and also erythrocytes — we observe
upon addition of FC5-208A to an ongoing mass spectrometric control experiment, an upward
shift of the record (see Figure 6 A, 2nd arrow). All other cells mentioned show either no effect
in this experiment or a downward shift if there is extracellular CA present. A computer
simulation performed in our laboratory (data not published) indicates that such an upward
shift upon addition of a CA inhibitor occurs only, if the inhibitor enters the cells and inhibits

intracellular CA.
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This is confirmed in Fig. 6B, where, instead of FC5-208A, we add the highly
membrane-permeable CA inhibitor ethoxzolamide, which as predicted leads to a strong
upwards shift of the recorded curve. Thus, both the model calculation and the experiment of
Figure 6B indicate clearly that in the case of hepatocytes FC5-208A crosses the cell

membrane and inhibits intracellular CA.
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Figure 6: Original mass spectrometric recordings of liver cells under different conditions. A- Hepatocyte suspension under
control conditions with addition of 5-10° M CA, inhibitor FC5-208A during the ongoing experiment (second arrow).
B- Identical experiment as in A, but with addition of the permeable CA inhibitor ethoxzolamide instead of FC5-208A to the
ongoing experiment (second arrow). C- Hepatocytes preincubated for 5min in 20 pM Verapamil and measured under this
condition. Addition of 5:10° M FC5-208A to the ongoing experiment (second arrow). D- Hepatocytes preincubated with
20 pM Verapamil were added into the solution in the measuring chamber that contained 20 uM Verapamil plus 5-10° M
FC5-208A (first arrow). Isotopic equilibrium was finally established at the end of the experiment by addition of excess CA

(second arrow). This was the standard way in which all experiments were performed.
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The first step to solve this problem was searching for possible transporters in the hepatocyte
membrane that might be able to transport the inhibitor into the cell. Rat liver expresses OCT1
(Wang et al., 2015), an organic cation transporter, which would be a candidate for the uptake
of FC5-208A by hepatocytes. Verapamil, a known OCT1 inhibitor, was used to block this
transporter with a concentration of 20 pM, which is 32 times its ICsy for Metformin
(Ahlin et al., 2011), 14 times greater than the 1Cso described for serotonin (Boxberger et al.,
2014) and 6 times the Iso for tetraethylammonium (TEA; Zhang et al., 1998), in order to
achieve a nearly complete inhibition. After 5min incubation of the cell suspensions with
Verapamil (Figure 6C), addition of the FC5-208A during the ongoing experiment did not lead
anymore to the upwards “bump” in the mass spectrometric record. This shows that no
inhibition of intracellular CA occurred anymore (Figure 6C). Of course, the inhibition of
extracellular CA persisted. After these findings, pre-incubation of cells with Verapamil was
included in all the experiments in order to be able to use the FC5-208A for inhibition of
extracellular CA only. Thus, it was possible to determine the Pco, for the hepatocytes without
the distorting influence of extracellular CA activity. Figure 6D shows that in the presence of
both, Verapamil and FC5-208A, we obtained the usual record for or organelle or cell

suspensions as may be seen in Arias-Hidalgo et al. (2016, 2017).

For the standard determinations of hepatocyte Pcop, cells were pre-incubated with Verapamil,
but the equally necessary extracellular CA inhibitor was added to the measuring chamber
before starting the experiments. Thus the cells were exposed to FC5-208A only in the moment
they were pipetted into the measuring chamber. This procedure was chosen to minimize the
possibility of the FC5-208A entering the cells. With this precaution, we found the Pco; to be
0.03 cm/s (+0.01, n=8 rats). In the presence of 1-10* M DIDS, this value fell to 0.02 cm/s
(x0.006, n=8 rats) as can be seen in Figure 7, which shows a significant effect of DIDS on
Pcoz (P=0.017).
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Figure 7: Pco, of rat hepatocytes and the effect of DIDS. In both cases the concentration of FC5-208A was 5-10"° M and that
of DIDS 1-10™* M. * indicates a significant difference (Student’s paired t-test, t=3.098, df=7, p=0.017).

Correlation between metabolism and Pco, and the relationship of these

parameters with membrane cholesterol.

Table 3 summarizes the information about Pco, and oxygen consumption for mitochondria,
cardiomyocytes and hepatocytes (this work). Additionally data for MDCK cells and the
basolateral membrane of proximal colon epithelia (PCE) were included.

Table 3: Oxygen consumption and Pcq, of different cell types and mitochondria.

Rate of Oxygen Pcoz
Type of cell/organelle Consumption (cm/s)
(nmol-s*ml™)
MDCK 128 0.017°
Basolateral membrane PCE 54.7° 0.022"
Rat Hepatocytes 69.3° 0.03
Rat Cardiomyocytes 297° 0.19
Mitochondria 1000° 0.3

a-Arias-Hidalgo et al., 2016 b-Converted from Del Castillo et al., 1991 c- Converted from Foy et al. 1994 d- Converted from Schmidt &
Thews, 1986 e-Itel et al., 2012 f-Endeward & Gros, 2005 g-Arias-Hidalgo et al.,2017.
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The sequence of values in Table 3 shows clearly that membranes of cells or organelles with
a high O, consumption show a higher Pco, than cells with lower metabolism. Actually,
Figure 8 shows that there is an excellent and practically linear correlation between Pco, and
O, consumption (or CO, production). This might suggest that there is an adaptation of

membrane Pco; to the rate of aerobic metabolism.

As discussed above, Pco, depends basically on two factors: cholesterol content of the
membrane and the presence of CO, channels. Itel et al. (2012) have already explained that
there is a negative correlation between the Pco, and the cholesterol content of the membrane
of liposomes. Here, we are able to show the same correlation, but for freshly isolated intact
cells and organelles, confirming his observations that membrane cholesterol content correlates
negatively with the value of Pcoz (Figure 9). It is apparent that cholesterol is the major
determinant of the CO, permeability of many cells from mammalian tissues. In the data of

Figure 9, CO, channels have no influence, except a very minor one in the case of hepatocytes.
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Figure 8: Linear regression between Pco, and O, consumption for (from left to right) MDCK cells, the basolateral membrane

of colon epithelium, hepatocytes, cardiomyocytes, and mitochondria. R=0.99, p<0.0001.
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Figure 9: Linear regression between Pco, and cholesterol content of the membrane for (from left to right) mitochondria,
cardiomyocytes, hepatocytes and the basolateral membrane of colon epithelium. In red (¢) is the permeability of hepatocytes
with DIDS, and in blue (*) the hepatocyte permeability without DIDS. R=0.97, p=0.004.

If we plot two of the three parameters of Figure 8 and Figure 9 in a different combination,
namely O, consumption versus membrane cholesterol, we see again a good correlation
(Figure 10). Note that the data in Figure 10 contain some additional data from the literature
that could not be included in Figure 8 and Figure 9, because Pco, has not been measured.
The way of looking at the data as implemented in Figure 10 might lend itself to the
speculation that it is the rate of oxidative metabolism that determines membrane cholesterol.
The rate of oxidative metabolism would then be a candidate mechanism for the apparently
excellent adaptation of Pco, to O, consumption/CO, production of a cell. However, this is

highly speculative and no data seem available in the literature to support this idea.
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Figure 10: Linear regression of O, consumption versus the cholesterol content of membranes primary isolated cells. Data
point from left to right are: cardiomyocytes, skeletal muscle (Schmidt & Thews, 1986; Williams & Smith, 1989) ,
hepatocytes, basolateral membrane of proximal colon ephitelia, neutrophils (Proctor, 1979; Wright et al., 1997). R=0.91
p=0.03.
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Discussion

Intracellular carbonic anhydrase activity of mitochondria, hepatocytes and
cardiomyocytes

It is known that the rat liver mitochondria possess CA V in their matrix. The activity inside
the rat liver mitochondria was estimated by Vincent & Silverman (1982), who reported a
value of 700, very similar to the 675 that we report here, but they also described that the
CA activity is distributed between the matrix and the space between the inner and outer
membrane. This latter observation could not be confirmed by our experiments because the
CA inhibitor FC5-208A (mol.wt. 376.81) is expected to be able to enter the space between the
two membranes through the porins but should not have access to the matrix. As we show in
Figure 2, FC5-208A has no effect on the calculated CO, permeability of mitochondria. If there
was significant extra-matrix CA in these mitochondria, we would expect a marked change of
the mass spectrometric signal upon addition of the inhibitor. Thus, the present results show
that CA is localized entirely in the mitochondrial matrix space. The latter conclusion is in
agreement with the observations of Balboni & Lehninger (1986) in rat liver mitoplasts, which
lack of the outer membrane, and still exhibit a similar rapid uptake of CO; into the matrix as

intact liver mitochondria.

In the case of rat hepatocytes, several membrane-bound and cytoplasmic carbonic anhydrases
have been described. CAIV is the membrane-bound form present on the plasma membrane
and the endoplasmic reticulum, and CAIl and CAIII are in the cytoplasm (Ono et al., 1992;
Dodgson et al., 1993). Using the data published by Ono et al. (1992) and assuming an overall
protein concentration of 200 mg/ml, rat hepatocytes have a CA activity of 1,400 which is in

good agreement with the value of 1,898 obtained from our lysates.

Mitochondria and hepatocytes show a quite good agreement between the CA activities
obtained in our experiments and the ones found in the literature. The situation is not so
uniform in the case of cardiomyocytes. Using the cardiomyocyte lysate data of Villafuerte
et al. (2014) together with the information they give, and in addition assuming an overall
protein concentration of 200 mg/ml for heart tissue, we arrive at a CA activity of undiluted
heart homogenate of between 600-6000 from their data. This is in agreement with our value
of 5000 for isolated vital cardiomyocytes. On the other hand, Schroeder et al. (2013) report an
intracellular CA activity for Wistar rat hearts of only 2.7, which is orders of magnitude lower

than the present value and absolutely incompatible with our mass spectrometric results.
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If we calculate the minimum CA activity necessary to explain our recordings by setting
arbitrarily the Pcoz So high that the membrane offers no noticeable resistance to CO, diffusion
(i.e Pco2>10; Endeward & Gros, 2005; Endeward et al., 2014), we calculate a CA; of 3,740,
which represents the minimum CA activity necessary to explain the mass spectrometric
results (Arias-Hidalgo et al., 2017). The CA, activity of ~5000 is probably almost completely
due to intracellular membrane-bound CA, as is the case in hearts of other species (Bruns &
Gros, 1992; bovine; Geers et al., 1992; rabbit). The expression of cytosolic CAIll in
cardiomyocytes normally occurs at very low levels (Brown et al., 2012; Alvarez et al., 2013;
Torella et al., 2014). This is confirmed by Arias-Hidalgo et al. (2017), who use DNSA
fluorescence staining and confocal imaging to demonstrate that CA is not distributed
homogeneously in the cell but associated with structures. The pattern this staining shows is
consistent with an association of the CA with the longitudinal system of the sarcoplasmic

reticulum.
Mechanistic basis of the Pco, of mitochondria, hepatocytes and cardiomyocytes

The influence of CO, channels

In mitochondria and cardiomyocytes we find no effect of DIDS and therefore no contribution
of DIDS-sensitive CO, channels to Pcoz. In the case of mitochondria, the only known
aquaporin is AQP8 (Calamita et al., 2005), and this AQP is no CO, channel (Geyer et al.,
2013a). Cardiomyocytes, on the other hand, express several AQPs (Butler et al., 2006) but
only AQP1 and AQP4 are candidates for CO, transport (Geyer et al., 2013a). Nevertheless,
AQP4 has not yet been found at the protein level in rat heart (Butler et al., 2006) and AQP1
occurs only in cardiac endothelium but not in the sarcolemma of adult rats (Nielsen et al.,
1993; Netti et al., 2014).

In hepatocytes, on the other hand, Pco; is reduced by a third in the presence of DIDS (from
0.03 cm/s to 0.02 cm/s). From the known CO; channels (Geyer et al., 2013a), only AQP9 is
known to be expressed in the plasma membrane (Huebert et al., 2002). Therefore, AQP9
could be participating in CO, transport. Unfortunately, information about the DIDS sensitivity
of this channel is not available. Another possibility is that rat hepatocytes also express the
non-erythroid forms of Rhesus proteins, RhBG and RhCG, which have been described in the
mouse liver (Liu et al., 2001; Weiner et al., 2003). Both Rhesus proteins are also capable of
transporting CO, (Geyer et al., 2013b), but again, there is no information about the DIDS

sensitivity of these channels.
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Therefore, we do have a DIDS effect, which means that there are DIDS-sensitive CO,
channels involved, but we are not able to specify which specific protein contributes to
hepatocyte CO, permeability.

The influence of membrane cholesterol

Itel et al. (2012) have shown that the amount of cholesterol present in the membrane of
liposomes has a very strong effect on Pcoy; the lower the cholesterol the higher the
permeability. This is shown impressively in Figure 11(black dots), where it is seen that
Pcoz of liposomes decreases by at least two orders of magnitude when membrane cholesterol
increases from 0 to 70%. The red data points in Figure 11 illustrate that the present results, for
membranes of intact cells and mitochondria, agree remarkably well with the results of
Itel et al., (2012) for artificial liposomes. Mitochondrial membranes, with only
3% moles cholesterol/moles total membrane lipid (Alberts et al., 2011), exhibit the highest
permeability ever reported for a biological membrane, 0.3 cm/s (Arias-Hidalgo et al., 2016).
Rat cardiomyocytes possess a membrane cholesterol between 19% (de Jonge et al., 1996) and
26% moles cholesterol/moles of total membrane lipids (Ma et al., 1995), and exhibit a Pco, of
0.1 cm/s (Arias-Hidalgo et al., 2017). In the case of hepatocytes, the permeability of
0.02 cm/s (permeability in the presence of DIDS, thus probably excluding the contribution of
CO; channels) also corresponds quite well with their membrane cholesterol content that
amounts to about 36.5%, the average from the available determinations in the literature
(Storch & Schachter, 1984; Mahler et al., 1988; Burger et al., 2007). Figure 11 includes in
addition previously published pairs of Pco, and membrane cholesterol for the basolateral
membrane of proximal colon epithelium and for the apical membrane of proximal colon
epithelium, both from the guinea pig (Endeward & Gros, 2005). It is apparent that there is an
excellent agreement of the relations between Pco, and membrane cholesterol for biological
membranes on the one hand, and for artificial liposomes on the other hand. Thus, Figure 11
confirms that membrane cholesterol is an extremely important parameter determining
membrane Pco,. Moreover, Figure 11 shows that for a large number of cells, if not for most,
cholesterol is the most dominating determinant of Pco. As will be discussed below, it appears
that the incorporation of CO, channels into biological membranes, in order to achieve
a sufficiently high CO, permeability, is rather an exception than a rule. Most cells seem to

owe their specific Pcog value to the cholesterol in their membranes.
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In this discussion of cholesterol effects on Pcog, it is important to state that we present mean
values of cholesterol as well as Pco, for the whole membrane of the cell. In many cases the
cell membrane will not exhibit homogeneous distribution of cholesterol and thus not
homogeneous CO, permeabilities. It remains to be studied how specific regions of the cell

membrane, like lipid rafts, behave.
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Figure 11: Effect of cholesterol on CO, permeability. In black (+)are plotted the results obtained by Itel et al., 2012 for lipid
vesicles loaded with cholesterol, and in red (¢) the results, from left to right, for mitochondria, cardiomyocytes, hepatocytes
(this work), basolateral membrane of the proximal colon epithelium (Endeward & Gros, 2005), and apical membrane of the

proximal colon epithelium (Endeward & Gros, 2005).
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The biological adaptation of membrane CO, permeability to the rate of O,
consumption

Arias-Hidalgo et al. (2016) have described an approach to estimate the efficiency of
CO; release by various cells or organelles of highly different sizes. They calculate a “whole
cell /organelle CO, membrane conductance, Cy” as the product of membrane
CO; permeability times cellular/organellar membrane area, Pco2-A = Cu. They relate this
parameter to the “whole cell/organelle CO, production, Veoo” and use the ratio Pcoy- AV coo
as a measure of the efficiency of CO; release of the cell or organelle. The ratios resulting for
the cells/organelles studied here plus that for MDCK cells are shown in Table 4. It should be

noted that wherever applicable the maximal oxygen consumptions were used to represent

Vcooa.

Table 4: Ratio between CO, membrane conductance and CO, production for several
cell types and mitochondria.

Cell/Organelle CmV co2 (cm®/nmol)
Mitochondria (maximally activated) 98*
MDCK cells 5.7*
Hepatocytes 2.33
Heart (maximal oxygen consumption) 1.37

*(Arias-Hidalgo et al., 2016)

It is seen that mitochondria possess a Cw/V co2 almost 20 times greater than that of any of the
cells of Table 4. MDCK cells, hepatocytes and cardiomyocytes present ratios in the same
order of magnitude and thus similar efficiencies of CO, release. With these values, we can
conclude that mitochondria are maximally optimized for the release of CO, in comparison to
cells, including cells of especially high metabolic rate such as cardiomyocytes. Of course it
must be noted that the specific oxygen consumption of activated mitochondria of about
1000 nmol/s/ml is considerably higher than that of maximally working cardiomyocytes,
which have about 300 nmol/s/ml. The lower values of Cu/Vco, for cells compared to
mitochondria, however, do not imply that CO, release by the cells is insufficient, as will be
explained below. The conclusion here is simply that mitochondria possess an exceptionally

optimized CO, release mechanism.
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Endeward et al. (2014), using a simple mathematical model, have studied at which value Pco>
becomes critical for the release of CO, by a respiring cell. They found that, for cells
producing CO; at a rate of that of the maximally working heart, CO, permeabilities < 0.1cm/s
will begin to impair CO, release, with a serious effect being exerted by a Pco, of 0.01 cm/s.
In this work, we obtain a permeability of 0.1 cm/s for cardiomyocytes, which can be
considered non-limiting even under conditions of maximal respiration. Applying this same
calculation to cells with lower metabolism such as hepatocytes, we find that only Pco, values
<0.01cm/s are expected to become limiting for an adequate CO, exchange, while a
permeability of 0.03 cm/s as found here, allows an unimpeded CO, release by these cells.
Although the cells of Table 4 have quite different Pco, values, their Pco, value offers no
limitation to the CO, release under the conditions given by their respective rates of oxygen
consumption or CO, production. Thus, we can conclude that the Pco, of various cell types
seems to be perfectly adapted to the specific metabolic activity of each cell type, such that

usually the cell membrane constitutes no noticeable barrier to CO, release.

Exceptions to the rule

We have shown above that there is a positive correlation between aerobic metabolism and
Pcoz. Cells from tissues with higher metabolic rate and mitochondria have a higher
CO, permeability, and vice versa, showing the principle of biological adaptation of membrane
CO;, permeability to the functional needs of each cell. This principle has been shown to apply
to several cells, perhaps even to most cells, but there are at least two exceptions from this

principle.

The first example we will to address is some epithelial cells. These cells are polarized and
show very different characteristics between their apical and basolateral membranes.
A specific example is the epithelial cells of the guinea pig proximal colon (another one would
be the gastric epithelium). The apical membrane in this case has an extremely high cholesterol
content (Meyer zu Duttingdorf et al., 1999) combined with a very low Pco, of 0.0015cm/s
(Endeward & Gros, 2005), while the basolateral membrane has a lower cholesterol content
(Meyer zu Diittingdorf et al., 1999) and a much higher Pco, of 0.02 (Endeward & Gros,
2005).
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The very low apical Pco, seems surprising in view of the fact that colon epithelium has an
average —but not very low — rate of aerobic metabolism. We believe that the differences of
Pcoz between apical and basolateral membranes relate to the different physiological role each
of the two membranes has. Endeward & Gros (2005) described that the Pco, of the apical
membrane constitutes a very effective barrier against the high CO, concentration found in the
lumen of this part of the intestine and therefore protects the cell interior from a high CO;
partial pressure, which would constitute a severe acid load for the epithelial cell. The
basolateral membrane, on the other hand, is expected to be in charge of the nutrient and gas
exchange of these cells, so this explains that the Pco, of these membranes fit in with what is to

be expected on the basis of the metabolism of these cells (Figure 8, 2™ point from left).

The second example, where the principle of Figure 8 does not seem to hold, are red blood
cells, which lack mitochondria and depend in their metabolism mainly on anaerobic
glycolysis (Schmidt & Thews, 1986), a process that does not produce CO,. In this case, red
blood cells have not a high aerobic metabolism but they possess nevertheless a high Pco, of
0.15 cm/s due to the strong expression of the two CO, channels AQP1 and RhAG. This
property is of course due to the red cells’ physiological role of gas transport. The high
CO; permeability of the erythrocyte membrane allows an efficient exchange of CO, (and

perhaps O;) between red blood and the lung and tissue.

Final remarks

From our work we can conclude that most cells present a Pco, that correlates with their
aerobic metabolism and that cholesterol seems to play the central role in the adaptation of
Pcoz to the aerobic metabolism. There are, however, exceptions like the case of red blood
cells. Therefore it will also be interesting to analyze pneumocytes which have similar oxygen
consumption to hepatocytes and colonocytes, but participate crucially in gas exchange.
This example of a special cell might give an indication, whether perhaps it is in general the
membrane cholesterol that adapts Pco, to CO, production, and whether it is CO, channels that

adapt Pcoy to special tasks as gas exchange in red cells.

It is known that cholesterol on the cell membrane is highly controlled by homeostatic
mechanisms and that protein channels are expressed according to the genetic programming of
each cell type. It remains to be asked if CO, acts as an evolutionary force that controls the
cholesterol/phospholipid ratio of cells membranes, allowing cells to achieve an optimal Pco;

without compromising their other structural and functional roles.
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Key Points of this Work

1. A general correlation between cholesterol content of the membrane and Pco; is confirmed.

2. Cardiomyocytes and mitochondria exhibit a high Pco, due to the low cholesterol of their
membranes.

3. Only in the case of hepatocytes, a minor contribution of DIDS-sensitive CO, channels to
Pcoz was found.

4. Evidence in favor of a correlation between Pco, and aerobic metabolism of cells and
organelles is presented. Most of the cells show the novel biological principle of adaptation
of membrane CO, permeability to their rate of CO, production.

5. Cholesterol seems to play a dominant role in the adaptation of Pco, to the aerobic
metabolism of cells and organelles.

6. In mitochondria and cells, although they have quite different Pco, values, Pcoy IS never
limiting for their individual maximal CO, release under physiological conditions.

7. Mitochondria seem exceptionally well adapted to CO, release.

8. Apical membranes of proximal colon cells and erythrocyte membranes represent
exceptions from the principle of metabolic adaptation of Pcop, and show how a specialized
physiological role of a cell can also have an influence on Pcos.
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Abstract

Background/Aims: Across the mitochondrial membrane an exceptionally intense exchange of
O, and CO, occurs. We have asked, 1) whether the CO, permeability, PM‘COE, of this membrane is
also exceptionally high, and 2) whether the mitochondrial membrane is sufficiently permeable
to HCO, to make passage of this ion an alternative pathway for exit of metabolically produced
CO,. Methods: The two permeabilities were measured using the previously published mass
spectrometric **0 exchange technique to study suspensions of mitochondria freshly isolated
from rat livers. The mitochondria were functionally and morphologically in excellent condition.
Results: The intramitochondrial CA activity was exclusively localized in the matrix. P, . of the
inner mitochondrial membrane was 0.33 (SD + 0.03) cm/s, which is the highest value reported
for any biological membrane, even two times higher than P, of the red cell membrane.

Pupcos. Was 2:10° (SD + 210 em/s and thus extremely low, almost 3 orders of magnitude

lowerthan P, . ofthered cellmembrane. Conclusion: The inner mitochondrial membrane is
almost impermeable to HCO,” but extremely permeable to CO.,. Since gas channels are absent,
this membrane constitutes a unique example of a membrane of very high gas permeability

due to its extremely low content of cholesterol.
© 2016 The Authors)
Published by 5. Karger AG, Basel

Introduction

Mitochondria, the organelles responsible for cellular respiration, convert 00, ADP and
energy substrates into ATP, CO, and water: Their O, consumption together with their - about
identical - CO, production requires that both gases meet no major diffusion resistance
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when passing through the mitochondrial membrane from/into the mitochondrial matrix.
While the O, permeability of the mitochondrial membrane has not been accessible to direct
determination, Elder and Lehninger [1] and Balboni and Lehninger [2] have presented
qualitative evidence indicating that the inner mitochondrial membrane is permeable to CO,
but not to HCO,". In view of the extremely high rate of CO, production per mitochondrial
volume, one must postulate then that the mitochondrial membrane possesses an unusually
high permeability for CO,. We ask here whether and by which mechanism the mitochondrial
membrane does indeed achieve a high permeability to CO.. This question arises, because
several biological membranes have been reported to possess low C0, permeabilities (0.017
cmi/s for the cell lines MDCK and tsA201, or even 0.0015 cm/s for the apical membrane of
colonic epithelium [3, 4]). Others, such as the red blood cell membrane, on the other hand
possess a much higher CO, permeability of 0.15 em/s [5, 6].

Formethodological reasons, ithas so farnotbeen possible to determine the permeability
of the mitochondrial membrane for CO, quantitatively. Only more recently, the mass
spectrometric ®0 exchange technique developed in our lab [4] has made it feasible to tackle
this problem. This method is suitable to determine P, ., and P, ... notonly of cells but also
of vesicles and organelles [3, 7]. Thus, we determine here the CO, permeability along with
the bicarbonate permeability of the mitochondrial membrane.

We wanted to answer two questions: 1} Does the mitochondrial membrane indeed
possess a very high CO, permeability as expected from its exceptionally high rate of CO,
exchange? 2} If the CO, permeability does turn out to be very high, what is the mechanistic
basis for this property in view of other less permeable biological membranes? 3} Does the
bicarbonate permeability of the mitochondrial membrane allow a significant permeation of
HCO, as an alternative pathway to CO,7 This latter question is still controversial, as Vincent
and Silverman [8] have reported a high HCO_" permeability, similar to that of the human red
blood cell membrane, while Dodgson et al. [9] find a value at least two orders of magnitude
lower than found in red cells.

Materials and Methods

Solutions

Homogenization medium (HM buffer). 0.32 M Sucrose, 1 mM EDTA and 10 mM Tris-HCl and pH adjusted
to 7.4.

0, and €0, Buffers. The “0, buffer” (for measurement of mitochondrial O, consumption) consists of
125 mM KCl, 20 mM MOPS, 5 mM KH,PO, and 1 mM MgCL. The “CO, buffer” (for the measurement of B0
exchange) consists of the same components as the O, buffer, but has 25 mM KCl less [10]. Both buffers were
filtered through a Millipore filter with pore size 0.2 pm.

Lysate Buffer. 60 mM NaCl, 20 mM Hepes, 23.7 mM HSO, and pH adjusted to 7.4.

Isolation of Mitochondria

All experiments were performed using male Lewis rats between 250 and 300 g of body weight
with permission of the local authorities for animal experimentation. Animals were anesthetized with
carbon dioxide and Killed by cervical dislocation. The liver was removed within 5 minutes, washed with
ice cold homogenization medium, cut into pieces and homogenized with a Potter-Elvehjem homogenizer.
Homogenization and centrifugation steps were performed as described by Fernandez-Vizarra et al. [11, 12].

Aninitial centrifugation step was performed at 1000 g for 5 min at 4°C and supernatant was talken and
aliquots transferred into several 1.5 ml Eppendorf tubes. These samples were then centrifuged at 15,000 g
for 2 min at 4°C, supernatant was discarded and the pellets of 2 tubes were combined and resuspended in
HM buffer. This process was repeated until there was only one tube containing the entire sample. This tube
was centrifuged once more, the supernatant was discarded and the pellet was resuspended in O, buffer to
be used for further experiments.
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Characterization of the mitochondrial samples

Protein content. The final mitochondrial pellet was resuspended in O, buffer to a volume of 1000 pl.
10 pl of this suspension were taken for determination of protein content using the Total Protein Kit, Micro
Lowry, Peterson’s Modification, from Sigma ({Sigma-Aldrich, Taufkirchen, Germany). Two determinations of
protein content were performed for each sample.

Parameters. We used the protein concentrations of the mitochondrial suspensions to derive
mitochondrial matrix volume and inner membrane surface area form the data published by Schwerzmann
et al. [13], using their numbers of 1.6 pl/mg protein for matrix volume and 521 cm?/mg protein for inner
membrane surface area. The protein concentration of the suspensions was also used to determine the
number of mitochondria per volume, using the figure 8.7-10° mitochondria per mg of mitochondrial protein
[13].

Electron microscopy. The final mitochondrial pellet was resuspended in a 10-fold volume of fixation
buffer (150 mM HEPES, pH 7.35, containing 1.5 % formaldehyde and 1.5 % glutaraldehyde) at RT. Fixation
was 30 min at RT and overnight at 4°C. Mitochondria were postfixed in 1% osmium tetroxide 2 h at RT and
4% uranyl acetate at 4°C overnight. After dehydration in acetone, samples were embedded in EPON. 50 nm
thick sections were poststained with 4% uranyl acetate and lead citrate [14] and observed in a Morgagni
TEM (FEI), operated in the bright field mode. Images were recorded at 80 kV using a 2K side mounted Veleta
CCD camera, binned to 1K.

Dynamic Light scattering (DILS). DLS studies were performed using a Viscotek 802 instrument
{Viscotek Corporation) equipped with a single mode fiber optics and a 50 mW diode laser (A = 832 nm) at
20°C. The mitochondrial preparation was diluted 1000-fold in O, buffer containing 0.1 %w/v BSA. Prior to
dilution the O, buffer was filtered through a syringe filter (Minisart®) with a pore size of 0.2 um {Sartorius,
Germany). Polystyrene beads of 1 pm diameter {Molecular probes) and a concentration of 1 x 107 beads per
ml were used as a control. The purity of the mitochondrial suspension was estimated from the area of the
mitochondrial peak fraction relative to the total area of all peak fractions including that of the contaminants.

Mass spectrometric assays

A chamber with a volume of 2.2 ml was used that was attached to the high vacuum of the mass
spectrometer via the previously published inlet system [4]. This chamber had a water-jacket that kept the
solutions at 37°C, and contained a stirrer that mixed the content continuously. The pH was adjusted to 7.4
and monitored during the whole procedure with a pH electrode. 50 pl of mitochondrial suspension was used
in each experiment.

Oxygen consumption. O, consumption of mitochondrial suspensions was measured by monitoring
over time the concentration of physically dissolved 0, in the fluid of the mitochondrial suspension in the
mass spectrometer’s chamber. The O, signal produced by the mass spectrometer was proportional to the O,
concentration in the sample. Initially, the sample was equilibrated with air. After the chamber was closed, a
decline of O, concentration in the sample occurred due to mitocheondrial respiration and was recorded via
the mass spectrometer. The slopes of the recordings represent the O, consumption VOZ. Each measurement
consisted of the following phases, as seen in Fig. 1: (1) VOZ of the suitably diluted native mitochondrial

Fig. 1. Original mass spectrometric recording of an

oxygen consumption measurement of a mitochon- e irochondiia
drial suspension. Substrates 5mM glutamate and 220 ] seo
1mM malate (second arrow) and 0.3 mM ADP (third 20 . g Ap?
and fourth arrow) were added. RCR was calculated | Z 1.8 J
using the ratic between oxygen consumption values E 1.6 \‘g\
of the state III (after addition of ADP) and state IV ; 1.4 e
{after ADP has been consumed). 19 Y Ar"
10 ¥
0.8 \
0.6 o
0.4 -

0 50 100 150 200 250 300
Time (s)
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suspension, {2) I-zz after addition of glutamate and malate to give final concentrations of 5 and 1 mM,
respectively, (3] 1”02 after addition of ADP at a final concentration of 0.3 mM (giving state IIT respiration),
(4] VOZ after the added ADP has been consumed (giving state IV respiration). Specific Voz values and the
respiratory contrel ratio (RCR = slope of state III / slope of state [V) allowed us to assess the functional
integrity of the mitochondria [10].

Estimation of CO, permeability. The mass spectrometric chamber was filled with isotonic “CO, buffer”
that contained 25 mM *#0-labelled HCO, as described before [4]. The pH was adjusted to 7.40 at 37°C. The
mass spectrometer followed the concentration of C*®0?0 in the chamber fluid. Due to the exchanges of 80
with water, the C**0'%0 concentration declined over time. After addition of the mitochondrial sample into
the chamber, this decline was accelerated, yielding a first fast phase followed by a second slower phase, as is
seen in Fig. 4. The acceleration was due to the exchange of 30 between the pools of CO, and water inside the
mitochondria, which was sped up by intramitochondrial carbonic anhydrase {CA). After the second phase of
C'30°0 decline had been recorded for a sufficiently long time, a high concentration of CA was added to the
chamber to establish final isotopic equilibrium {see Fig. 4). The two phases after addition of mitochondria
seen in TFig. 4 were used to derive the CO, permeability (P __ ) of the mitochondrial membrane in the
manner described previously [4].

Inhibitorsused inseveral experiments were: extracellular carbonic anhydrase inhibitor 2,4,6-trimethyl-
1-{4-sulfamoyl-phenyl)-pyridinium perchlorate salt (FC5-2084; [15]) in a final concentration of 2.5:10° M,
and the inhibitor of the gas channels aquaperin-1 and RhAG 4.4-Diiscthiocyanato-2.2 -stilbenedisulfonate
(DIDS) in a final concentration of 1.0x10* M [16, 6]. Mitochondrial samples were preincubated with
inhibitor{s) for 5 min.

Determination of intramitochondrial carbonic anhydrase activity. Mitochondria were kept frozen
overnight and thawed the nextday. 1 il of Triton 10% was added to each 100 Wl of mitochondrial suspension.
22 1l of the same Triton solution were also added into the measuring chamber of the mass spectrometer
containing “lysate buffer” with 25 mM labelled bicarbonate. The experiment was then terminated by the
addition of excess CA to establish final isotopic equilibrium. This record was analyzed to obtain the carbonic
anhydrase activity and then related to the mitochondrial volume estimated for each sample to obtain the
activity inside the mitochondrium. CA activity A was defined as acceleration factor {A+1] of the uncatalysed
hydration velocity minus 1. In other words, the total rate of CO, hydration v, is given by k_,.-{A+1)-[CO,],

{
coz CO2
where k__is the uncatalysed rate constant of CO, hydration, and [CO,] is the concentration of dissolved CO,.

M,CO2

Statistical Analysis

Data are presented as means and * SD. For comparisons between more than 2 groups with one
independent variable, we used one way ANOVA. Dunnett's post-test was used to allow comparisons with
the control group.

Results

Characterization of the mitochondrial preparations

We worked with mitochondrial suspensions containing 32 {SD £ 4; n = 8} mg protein/
ml. The oxygen consumption (state Il11} was 97 (SD + 38; n = 28} nmol 0,/min/mg protein
and the RCR was around 10 (SD = 5; n = 8). State three respiration rates and RCR values
were in the range of literature values for liver mitochondria [10, 13, 17, 18]. In transmission
electron microscopy, the mitochondria appeared morphologically intact and little other
material was seen (Fig. 2}. The average shortest diameter of the mitochondrial profiles
obtained by electron microscopy was 0.73 (SD £ 0.11, n=18) pm (the average longest
diameter was 0.89 (SD = 0.13) um). In addition, we determined the size of the mitochondria
by DLS. Fig. 3B shows a measurement of a preparation yielding an average radius of 0.44
(5D £ 0.12) um (Fig. 3B). Averaging the radii from several DLS measurements using different
dilutions of the mitochondrial suspension and various scanning rates of acquisition gave a
final diameter of 0.98 (SD £ 0.18, n = 12} pm. The short diameter of 0.73 um from electron
microscopy is in excellent agreement with the value given by Schwerzmann etal. [13],and all
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Fig. 2. Electron microscopic image of isolated mi-
tochondria. Their shape and structure are well pre-
served, and only moderate contamination with other
membranes or other cellular components is found.
Complete bar = Zpm.

diameters mentioned are in the range given
in the literature [19]. In addition to the
overall radius, the DLS measurement allows
us by quantification of the areas of the DLS
peaks to give an estimate of the purity of the
sample. This value was approximately 70%,
a figure compatible with the degree of purity
seen in the electron micrograph of Fig. 2.
This is considered a very satisfactory degree

of purity.

Determinations of mitechondrial CO, and

HCG permeability

Among the measurements of
ED-exchange in mitochondrial suspensions
(Fig. 4}, we performed 32 experiments with
control conditions, and 12 with each of the
inhibitors, FC5-208A and DIDS, respectively.
The CO, permeability values obtained from
the fitting procedure [4 ]| were either between
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Fig. 3. DLS experiments cf radii distribution and
relative abundance of particles. (A) Size distribu-
tion histogram of polystyrene beads reveal a mean
average radius of 0.47 + 0.11 pm, which agrees well
with the manufacturer's specification when taking
the uncertainty of the DLS derived intensity size dis-
tribution of approximately 10 to 15% into account.
{B) Representative size distribution histogram of a
mitochondrial preparation. The mean average radius
of the mitochondria is 0.44 + 0.12 um {main peak
distribution). Low and high molecular weight con-
taminations of the mitochondrial preparation with
proteins and other cellular components are shown
as distributions of the minor peaks. The error cor-
responds to the half-width of the peak size. The rela-
tive purity of the mitochondrial preparation is found
to be approximately 70%.

0.3 and 0.4 cm/s, or they were > 400 cm/s and did not reach convergence. This shows that
a} the permeability of the mitochondrial membrane is > 0.3 cm/s, b} it may be even higher
than 0.4 cm/s, but this cannot be demonstrated because the method becomes insensitive to
P, cor @boVe ~ 0.4 cm/s. In the case of control measurements of mitochondria in the absence
of inhibitors, 8 out of 32 measurements did not converge and P . . in these 8 measurements
thus appeared to be > 0.4 cm/s. In the presence of the extracellular CA inhibitor FC5-208A 2
out of 12 measurements did not converge, and in the case of experiments in the presence of
DIDS 7 out of 12 measurements did not converge. The results shown in Fig. 5 are based on
the P, ., values obtained up to a value of about 0.4 cm/s. So, in most cases, the calculated
P, o Values range between 0.3 and 0.4 cm/s. Thus, at least in the control experiments and

those in the presence of FC5-208A, the means given in Fig. 5 should be fairly reliable and the
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Fig. 4. Original mass spectrometric recording of an
experiment with rat liver mitochondria. Mass 46
(C'30%%0) is plotted logarithmically versus time. 1%
arrow indicates addition of mitochondrial suspen-
sion to reaction chamber;, 2% arrow indicates addi-

Fig. 5. CO, permeability of mitochondria in sus-
pension and the effect of extracellular CA inhibitor
FC5-208A (2.5-10-°M) and the CO, channel inhibitor
DIDS {1.0-10* M). ANOVA p = 0.29. From left to right
n=24,n=10,n= 5 Bars represent 5D.

tion of an excess of carbonic anhydrase to establish
final isotopic equilibrium.

true values should not be significantly higher than shown.

From control experiments, we calculated a mean bicarbonate permeability of 2-10°¢
cm/s (SD + 2-10° cm/s, n = 39). This is a very low value compared to red cells [6] but it is
still significantly different from 0 (p < 0.0001}. Mean intra-matrix CA activity was found to
be 675 (SD + 151, n = 8). This activity is high, yet still a little less than 5% of the exceptionally
high human intraerythrocytic CA activity.

The mitochondrial CO, permeability we obtain under control conditions is 0.33 ¢cm/s
(SD = 0.03; n =24; Fig. 5}, which is twice as high as the value of 0.15 cm/s reported for the
human red cell membrane [5, 6]. Because extracellular CA activity could interfere with the
P, co» Calculations, we performed experiments in the presence of FC5-208A, a membrane-
impermeable and thus extracellular and extramitochondrial CA inhibitor. Organelles pre-
incubated with FC5-208A exhibit the same permeability of 0.32 cm/s (SD £ 0.03; n =10},
indicating that no extramitochondrial CA is present in our mitochondrial suspensions.
Finally, we performed experiments with DIDS, a CO, channel inhibitor (of aquaporin 1 and
RhAG [5, 6, 16]}, and obtained a P, of 0.34 cm/s (SD £ 0.06; n = 5), again identical to

control PM'CDZ.

Discussion

Stereological Mitochondrial Parameters

The calculation of P, . from the two phases of C'*0'*0 decline seen in Fig. 4 requires
knowledge of the mitochondrial matrix volume and the surface of the inner mitochondrial
membrane [4]. These values have been determined for rat liver mitochondria by
Schwerzmann et al. [13], who report a matrix volume of 1.6 pl/mg mitochondrial protein
and a surface area of the inner membrane of 521 cm?/mg protein. Matrix volume rather
than total mitochondrial volume and inner membrane rather than outer mitochondrial
membrane were chosen, because a} all mitochondrial CA is present in the matrix (see
below), and b} the outer mitochondrial membrane has large pores und thus is less likely to
offer a significant resistance towards permeation of CO, as well as HCO, in comparison to
the inner mitochondrial membrane. For the mitochondrial matrix volume, various estimates
have been obtained. Besides the value employved here, 1.6 pul/mg protein as reported by
Schwerzmann et al. [13], Halestrap and Quinlan [20] obtained values of 0.46 and 1.68 ul/mg
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(where they preferred the estimate 0of 0.46 ul/mg). Cohenetal. [21] reported matrix volumes
between 0.85 and 1.4 pl/mg, and Vincent and Silverman [8] found a value of 1.4 pl/mg. We
tested the effect of assumed matrix volumes of 1 ul/mgand 0.46 pl/mg on the calculated CO,
permeabilities, and found for both these values average P, values remaining between 0.2
and 0.4 cm/s, L.e. very similar to the P - value calculated with a matrix volume of 1.6 pl/
mg. Thus, the P . values of Fig. 5 do not depend very much on the value chosen from this
range of mitochondrial matrix volumes. This is due to the fact that, at the given experimental
CA activity of the mitochondrial lysate, the calculated intra-matrix CA activity increases as
mitochondrial volume decreases, and these two changes largely compensate each others’
opposite effectson P, ..

Imperfect Purity of Mitochondrial Preparation

As discussed above, the present mitochondrial preparation is not entirely pure, the
contaminations amounting to 30% according to DLS measurements (Fig. 3}. On the other
hand, we use here the mitochondrial parameters derived from another study, that of
Schwerzmann et al. [13], which raises the question to which extent their parameters are
applicable to our preparations. A first consideration concerns the present preparation
technique. This technique is almost identical to the one used by Schwerzmann et al. [13],
with one majorexception: we did not include the final step used by Schwerzmann et al. [13],
Percoll gradient centrifugation intended to reduce microsomal contamination. We tested
the effect of this step and found no improvement of the purity of the preparation, but an
impairment of the functional properties of the mitochondria after Percoll. Therefore, this
step was omitted. This suggests that the purity of the present preparation may be similar
to that of Schwerzmann et al. [13]. A second consideration concerns the hypothesis that
the data of Schwerzmann et al. [13] refer to a 100% pure preparation, while 30% of the
protein of our preparation is not due to mitochondria. Which error in our estimate of P
would this situation cause? 30% contaminating proteins would reduce the mitochondrial
volume and surface as calculated from Schwerzmann’'s data [13] by 30%, and at the same
time increase calculated intra-matrix CA activity by 30%. As mentioned above, the reduction
in volume and the increase in activity largely compensate each other, such that the average
Py oz Of @ representative group of experiments is calculated to fall from 0.32 cm/s to 0.29
cmy/s, an error negligible in view of the limitations of the present method. In conclusion,
even if there is a major difference between the purities of the preparations of Schwerzmann
et al. [13] and of this paper, this has no relevant effect on the value of mitochondrial P
The same holds for P

M,HCO3-"

MLCoz

Mitochondrial Carbonic Anhydrase Activity

For rat liver mitochondria at 37°C we report here an intra-matrix CA activity of 675,
indicating that the intra-matrix rate of CO, hydration is accelerated over its uncatalysed
value by a factor 675+1 = 676. For guinea pig liver mitochondria at 25°C, Dodgson et al. [9]
have reported a standard k__of 0.13 ml/s/mg protein. Using the above matrix volume of
1.6 ul/mg, this gives an activity of 2030 in the matrix of these mitochondria. The difference
between this value and the present one can be due to the difference in species and/or to the
difference in temperatures. For rat liver mitochondria at 25°C, Vincent and Silverman [8]
report a mitochondrial CA activity of 700, very similar to our value at 37°C. However, they
conclude from digitonin subfractionation experiments that about one half of this CA activity
is located in the space between inner and outer mitochondrial membrane, and only the other
half in the matrix. We cannot confirm this latter conclusion, as the membrane-impermeable
inhibitor FC5-208A (mol.wt. 376.81} should be able to enter the space between the two
membranes through the porins but should not have access to the intra-matrix space. As
apparent from Fig. 5, FC5-208A has no effect on calculated CO, permeability, which means
that the mass spectrometric signal is not detectably altered by the presence of FC5-208A.
If there were significant extra-matrix CA in these mitochondria, we would expect a marked
change of the mass spectrometric signal upon addition of the inhibitor Thus, the present
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results yield CA activities that are in a range similar to previously reported values, but show
that CA is localized entirely in the mitochondrial matrix space. The latter conclusion is in
agreement with the observations of Balboni and Lehninger [2], who observed that rat liver
mitoplasts, which are devoid of the outer mitochondrial membrane and the intermembrane
space, exhibit a similar rapid uptake of CO, into the matrix as intact liver mitochondria.

The localization of CA within the mitochondrium is relevant for the present study,
because the "0 exchange technique observes the exchange of CO, and HCO, between the
compartment containing the CA and the surrounding space devoid of CA [7]. If the space
containing the CAisthematrix,and both the space betweenthe twomitochondrial membranes
and the extramitochondrial space are free of CA, then the permeabilities measured here for
C0, as well as HCO" should refer to the sum of the diffusion resistances of the inner and the
outer mitochondrial membrane. In view of the fact that the outer membrane has large pores
and is known to be quite permeable, it is likely that our permeability results essentially
reflect the properties of the inner mitochondrial membrane.

Low Mitochondrial Bicarbonate Permeability

Williams [22] has early on postulated that it is HCO, rather than that CO, leaves the
mitochondrial matrix. Elder & Lehninger [1] and Balboni and Lehninger [2] have presented
several lines of evidence indicating that it is more likely that CO, is the permeating species.
In view of this discussion it is of interest to know what the permeability of the (inner)
mitochondrial membrane for HCO, is. This question has been studied by Dodgson et al. [9],
who used the same *0-exchange technique that we apply here. Their approach differs from
the present one by the theoretical treatment. They consider the membrane permeability for
€O, tobe infinite and derive the two parameters intramitochondrial CA activity and membrane
bicarbonate permeability from mass spectrometric recordings such as the one shown in Fig.
4 (see method in [23]}. In our treatment the intramitochondrial CA activity is determined
independently, and the two parameters membrane P and P .. are derived from the
mass spectrometric recordings [1]. Therefore, the results for P, ., obtained by Dodgson et
al. [9] and in the present paper are not strictly comparable, even if the experimental mass
spectrometer recordings were identical. However, since we find here an exceptionally high
CO, permeability of the mitochondrial membrane, it can be expected that assuming it to be
infinite does not affect the calculated value of P _very much. Thus, it is not surprising

that our value for P 2-10°% cm/s, is well w#cﬁicr? the range of values between 10 and

10 cm/s reported bN;HICJUE)dgson et al. [9]. These values are almost three orders of magnitude
lower than the P . of about 10 cm/s in human red cells, which possess the chloride-
bicarbonate exchanger AE1 in their membrane [6, 24, 25]. The present mitochondrial P o
of 2-10°° cm/s is about as low as the P, .. of hagfish red cells, which lack the AE1 and have
been reported to exhibita P, . of << 10° cm/s [26]. Both bicarbonate permeabilities can
be considered to be close to zero. This would be clearly lower than the mitochondrial P
of 9-10° cm/s reported by Vincent and Silverman [8], but would agree with the reports of
Chappell and Crofts [27] and Elder and Lehninger [1], who concluded that bicarbonate is
virtually impermeable in the inner mitochondrial membrane. In summary, we confirm here
the concept of Elder and Lehninger [1] and Balboni and Lehninger [2] that bicarbonate does
not play a significant role in mediating the transfer of CO_- HCO,_ across the mitochondrial

membrane.

High Mitochondrial CO, Permeability, Significance and Mechanism

Physiclogical Significance. If CO, is the only form in which all species of the CO,/HCO,/
H,CO0,/C0.* system can pass the inner mitochondrial membrane, then all CO, produced from
0, inside the mitochondrion has to permeate this membrane in the form of CO.,,. If we take
oxygen consumptions as an approximation of CO, production rates, we can use the state
11l mitochondrial oxygen consumption measured m this study, , V = 97 nmol 0 /min/mg
protein [see Results). We convert this to VOZ per volume using the matrlx Volume of 1.6 pl/
mg, and obtain a I’DZ per matrix volume of ~ 1000 nmol/s/ml. One can now compare this
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figure with the O, consumption of a cell line in culture, MDCK, which exhibits a low oxygen
consumption of 1 25 fmol/min/cell [28]. Converting this number to Vv o, ber cell volume, we
obtain about 12 nmol/s/ml. This is a 100x lower specific v o than that of mitochondria.

Mitochondria seem to be well adapted to the high v w0 Dy their high P, of 0.3 cm/s,
whereas MDCK cells are obviously able to sufficiently release their CO,, produced at a 100x
lower rate, in spite of their much lower P . of 0.017 cm/s [3]. However the size and
surface area of a mitochondrion and a MDCK cell are greatly different. In order to obtain
a rough estimate of the efficiencies in releasing CO, achieved by mitochondria vs. MDCK
cells, we can calculate the ratio of whole organelle/cell CO, membrane conductance, C , over
whole cell/organelle CO, production, V. Membrane conductances are given by P A
representing the total membrane area of the single cell or organelle. For mitochondria one
obtains G, = 0.3 cm/s - 6.0-10% cm? = 1.8-10°% cm?3/s (A taken from [13]), for MDCK cells G, =
0.017 cm/s 7-10° cm?® = 12-10°® cm?®/s (A calculated from a cell diameter of 15um assuming a
spherical shape of the MDCK cell}. I*’Cmper mitochondrion with a matrix volume of 1.84-10"°
cm? [13] is obtained from the above ¥ per volume to be 1.84-10° nmol/s. I' , of aMDCK
cell is obtained analogously to be 12 nmol/s/cm3 1.77-10° cm? = 2.1-10° nmol/s (the cell
volume being calculated from the diameter of 15 pm}. For the ratio of C over v w0z We obtain
then for mitochondria: CM/I’CUZ =1.8-10®% cm3/s / 1.84-10"° nmol/s = 98 cm?®/nmol, and for
MDCK cells: C /I wz = 12-10% cm?/s / 2.1-10° nmol/s = 5.7 cm®/nmol.

Thus, mitochondria possess an almost 20 times greater membrane CO, conductance
per rate of CO, production than MDCK cells. We conclude that mitochondria possess an
especially perfect optimization of CO, release across their membranes when compared to
MDCK cells. This advantage would disappear, if the mitochondrial membrane had a similarly
low CO, permeability as MDCK cells have.

Mechanism of High €O, Permeability of Mitochondria. Several authors have shown that
a major parameter determining the permeability of phospholipid and cell membranes is
the cholesterol content of the membrane [3, 29-31]. Itel et al. [3], Kai and Kaldenhoff [30]
and Tsiavaliaris et al. [31] have shown that the CO, permeability of liposomes and artificial
phospholipid membranes - like that of cell membranes - is in addition governed by the
presence or absence of membrane gas channels. The content of cholesterol can reduce P, .
from > 0.16 cm/s in the absence of cholesterol to ~ 0.002 cm/s in the presence of 70%
mol% cholesterol per total lipids, i.e. by at least two orders of magnitude [3, 29]. This finding
implies that cell membranes with a normal cholesterol content of 30-40% can have a rather
low CO, permeability, such as for example MDCK cells with a P, . of 0.017 cm/s [3]. In
tissues with a high metabolic rate, such as the heart, such a permeability would be limiting
for cellular CO, release [7]. Thus, it is important that cell membranes in such tissues acquire
a substantially higher membrane P .. Itel et al. [3] have shown in artificial phospholipid
membranes that an effective means to achieve this is to incorporate protein gas channels
into the membrane. [ncorporating the gas channel aquaporin 1, they were able to increase
P, co» In @ membrane containing 50 mol% cholesterol up to 10-fold. Thus, in tissues of high
metabolic rate P, . can become high in spite of a high cholesterol content of the membrane,
which may be needed for other reasons such as establishing the desired mechanical
properties of the membrane [32] or because of cholesterol’s general barrier function [33].

The mitochondrial membrane seems to constitute an example in which a novel
constellation of the two above parameters leads to an unusually high CO, permeability.
Mitochondrial membranes (inneraswell as outer} have an extremely low cholesterol content,
amounting to an about 40-fold lower value compared to the cholesterol levels in plasma
membranes [34, 35]. This per se is expected to impart a high P, ., to the mitochondrial
membrane, which on the basis of the data of Itel et al. [3] can easily assume the value
reported here, 0.3 cm/s. On the other hand, the mitochondrial membrane does not seem
to possess any known protein gas channel. This is compatible with the lack of an effect of
DIDSon P ., as seen in Fig. 5; DIDS has been shown to be an effective gas channel inhibitor
[16] both for aquaporin 1 and for Rhesus-associated glycoprotein [5, 6]. Furthermore, while

many aquaporin isoforms have been shown to function as protein gas channels [36], the
DrrC “A:*)
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only isoform known to be present in mitochondria, aquaporin 8 [37, 38], does not conduct
CO, [36]. The available evidence thus points to the mitochondrial membrane exhibiting a
very high CO, permeability due to extremely low cholesterol content in spite of the absence
of gas channels.
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Abstract

Aim: To determine the CO, permeability (Pog,) of plasma membranes of
cardiomyocytes. These cells were chosen becanse heart possesses the high-
est rate of O consumption/CO, production in the body.

Methods: Cardiomyocytes were isolated from rat hearts using the Langen-
dorff technique. Cardiomyocyte suspensions exhibited a vitality of 2-14%
and were studied by the previously described mass spectrometric *20-
exchange technique deriving Pego. We showed by mass spectromerry and
by carbonic anhydrase (CA) staining that non-vital cardiomyocytes are free
of CA and thus do not contribute to the mass spectrometric signal, which
is determined exclusively by the fully functional vital cardiomyocytes.
Results: Lysed cardiomyocytes vielded an intracellular CA activity for
vital cells of 3070; that is, the rate of CO» hydration inside the cell is
accelerated 5071-fold. Using this number, analyses of the mass spectromet-
ric recordings from cardiomyocyte suspensions
0.10 cm s ! (SD + 0.06, n = 15) at 37 °C.
Conclusion: In comparison with the Pcos of other cells, this value is quite
high and about idendcal to that of the human red cell membrane. As no
major protein CO; channels such as agquaporins 1 and 4 are present in rat
cardiac sarcolemma, the high Pcos of this membrane is likely due to its
low cholesterol content of about 0.2 {mol cholesterol)-(mol total mem-
brane lipids)_l. Previous work predicted a Pegp of 0.1 cm s~ ! from this
level of cholesterol. We conclude that the low cholesterol establishes a
Pcosz high enough to render the membrane resistance to CO» diffusion
almost negligible, even under conditions of maximal O, consumption of
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The permeability of biological membranes to CO,
(Pcoz) can be modulated over more than two orders
of magnitude. Values reported so far vary between
0.3cms ! for the mitochondrial membrane and
0.00l cms ! for the apical membrane of colon
epithelium. ™ Ttel et al,® Hub er al,' and Kai and
Kaldenhoff’ have shown that the modulation of Pcos
is achieved by wvariations in membrane cholesterol
content and absence/presence of protein gas channels

in the membrane. What is the biological purpose of
the adaptability of Peo: in such a wide range? It
appears plausible that the value of Pcoy may be
related to the CQO, flux that occurs across the cell
membrane considered. Endeward et al,® have pre-
sented a model calculation showing that, for a tissue
exhibiting the maximal O; consumption/CO, produc-
tion of the heart under conditions of heavy exercise

17

of 0.4 mL CO, g tissue ! min 1,” a cell membrane
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Peog of 20.1 cm s L is required, if membrane perme-
ation of CO, is to be a non-limiting process. For
cells with markedly lower rates of CO; production,
a much lower Pras would be sufficient to achieve
this. For example, MDCK cells in culture have an
oxygen consumption of 0.02 mL O3 g * min %% that
is 1720 of the maximal O, consumption of the heart,
and a Peoy of only 0.017 cm s *.* Cardiomyocytes,
which have the highest maximal metabolic rate
among the tissues of the body, appeared to be an
ideal model, therefore, to study whether Prps is well
adapted to the situation of a very high metabolic
rate. A high Pcnp, as seems desirable in this case,
can always be established by low membrane choles-
terol,” but this entails loss of cholesterol’s general
barrier function and its effect on mechanical stability
of the membrane. In cases where this is disadvanta-
geous, a high Peos can be achieved in spite of high
cholesterol by the incorporation of protein gas chan-
nels. An example for this latter situation is the red
blood cell membrane, which loses 90% of its COy
permeability, when the protein gas chaunnels are
absent or inhibited.®

It may be noted that, aside from a relation of Pcop
to the metabolic rate, there can be other factors that
malke specific Pooy values advantageous. One so far
described example of this is the red blood cell, which
has a low metabolic rate but an exceptionally high
rate of Oy and CO; exchange, rendering its high Peog
of 0.15 cmn s 1 essential.®¥ Another case is the colon
epithelium, which has an average metabolic rate but
whose cell interior needs te be protected from very
high GO, partial pressures in the colonic lumen (ap to
0.5 atm).! This protection is achieved by the extre-

mely low Pegy of the membrane of

0001 cms !

Peoz of the basolateral membrane of 0.02 cns L1 In

apical
, in combination with a much higher

the heart, we expect that it is only the necessities of
the rates of oxidative metabolism that determine the
functionally desirable Pcoa of the cardiomyocyte
membrane.

Results

Characterization of the rot cardiomyocytes

Vital cardiomyocytes had a length of 103 pm (SD £ 22}
and width of 20 pm (£6.7). Volume was 12 220 um’
(£3900), surface area was 4870 um?® (£10706) and sur-
(-+800)

(numbers derived from 294 cells}. The average number

face-to-volume (S/V} ratio was 4920 cm !

of cardiomyocytes obtained per heart preparation was
2.3 x 10% their average vitality was 6%.

The average cellular carbonic anhydrase activity
was 3070 (SD + 22504

number of experiments

43

Acta Physiol 2017

# = 35), when all activities measured in lysates were
attributed to the vital cells only (see below).

All mass spectrometric measurements determining
Peoz and activity measurements were carried out with
suspensions of cardiomyocytes.

Non-vital cell experiments

Because the fraction of vital cells in our preparations
was low, and the measurements were carried out with
mixtures of vital and non-vital cells, it was important
to know the carbonic anhydrase activities of vital vs.
non-vital cells. For this purpose, we studied cardiomy-
ocyte suspensions that contained exclusively non-vital
cells. Such preparations were obtained occasionally
when the time interval between opening of the thorax
and start of coronary perfusion had become too long;
that is, the cardiac tissue was hypoxic for longer than
usual. We added the suspensions into the mass spec-
trometer chamber and analysed the slopes of the mass
spectrometric records using a semilogarithmic scale. It
should be pointed outr that the present mass spectro-
metric technique does not give a change in signal, nei-
ther with intact cells nor in lysates, when no carbonic
anhydrase is present.” Figure 1a shows the slope after
the addition of the non-vital cells {arrow in Fig. 1a),
which may be compared with the slope before the
addition of cells. As seen in Table 1, first column
‘WNVCS’, the ratio between both slopes is about 1.
This means that there is no difference between the
slope of the uncatalysed rate of the reaction
HCEOM¥O, + H « HP0 + GO0 or H'0 +
C'%0, and the slope after the addition of a non-vital
cell suspension. This is in contrast to the change in
slope seen after the addition of lysate of vital cells as
apparent in Figure 1b. In addition to the lack of a
change in slope, there is in Figure 1a also no biphasic
time course of %00 appearing after the addition
of the cells, as it would be characteristic for intact
CA-containing cells and is illustrated for a vital cell
experiment in Figure lec.

All results for nou-vital cell preparations are sum-
marized in Table 1. Non-vital cells produce no change
in slope of the mass spectrometric record even after
they have been lysed in the presence of 0.1% Triton
X-100 (Table 1, second column “NVCS+Triten’). This
means that the non-vital cells possess no CA accelerat-
ing this reaction, neither intra- nor extraccllularly.
This conclusion is confinned by the observation that
neither the extracellular CA  inhibitor FCS-208A
(Table 1, third and fourth columns) nor the mem-
brane-permeable intracellular CA inhibitor ethoxzo-
lamide (Table 1, fifth column) has any effect on the
slopes seen after the addition of non-vital cells. In
conclusion, there is no CA activity in non-vital cells

2 © 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha 12887
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Figure | Original recordings of mass spectrometric experi-
ments with isolated cardiomyocytes. The decay of the con-
centration of C'®*0%0 in the mass spectrometric reaction
chamber is plotted semilogarithmically vs. time. (a} Non-vital
cardiomyocytes, cell density 2.2 x 10° cells mL™" and vital-
ity 0%. After the addition of cells, almost no change in the
slope of the mass spectrometric signal is seen, and also no
biphasic decay of C**0'0 as in Figure 1c is apparent. (b}
Lysate of vital cells. Cell density before lysis was 0.3 x 108
cells mI.™", and vitality was 3%. After the addition of lysate,
an increase in the slope of the time course of C¥00 is
seen. (c} Vital cell suspension was 0.23 % 10° cells mL™%,
and vitality 7%. After the addition of the cells, the character-
istic biphasic time course of the signal is seen, indicating that
intact CA-containing cells have been added. Arrows indicate

where cell suspension/lysate was added.
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that could affect the time course of C**O*0 observed
with the mass spectrometric technique. This implies
that the presence of non-vital cells will not affect the
mass spectrometric signal produced by vital cardiomy-
ocytes, meaning that the presence of non-vital cells in
the present cardiomyocyte suspensions does not dis-
turb the analysis of the vital cardiomyocytes.

To further check the concept that non-vital car-
diomyocytes possess no CA and thus do not con-
tribute to the mass spectrometric signal, we stained
the present cardiomyocyte suspensions with the sul-
phonamide DINSA, which exhibits blue fluorescence
when bound to CA.° The three examples of details
from cardiomyocyte suspensions (Fig. 2a c) viewed by
phase-contrast microscopy (panels on the left}) and by
fluorescence microscopy (panels on the right) show
clearly that living intact, rod-shaped cardiomyocytes
emit strong blue fluorescence, while the rounded
non-vital cardiomyocytes exhibit no fluorescence. In
phase-contrast microscopy, no other cells than car-
diomyocytes are recognizable, and likewise in the fluo-
rescence mode, no other cells than cardiomyocytes
exhibit DNSA staining. In summary, two different
approaches indicate that in our preparation only
intact living cardiomyocytes possess carbonic anhy-
drase, and thus, only these cells can contribute to the
mass spectrometric signal such as that given in

Figure 1c.

CO; and HCO; permeabilities of cardiomyocytes

Records from “vital’ cardiomyocyte suspensions with
vitalities varying between 2 and 149%, such as the one
shown in Figure Ic, were used to derive the perme-
abilities of CO, and HCOZ. Cell vitality remained
stable during the time interval of ca. 1 h, in which the
mass spectrometric permeability measurements were
taken. Figure 3 shows the results for Pooy from a first
set of measurements. Under control conditions, Pcaa
was 023 cms ! (£0.11; » =14). 1 x 10 * M DIDS
had no effect and yielded a Peos of 0.23 cm s 1
(£0.12; 7= 7). However, 2.5 x 10 ° M of the extra-
cellular CA inhibitor FC5-208A reduced Prg, signifi-
cantly to 0.10 em s ' (£0.06; # = 15). The effect of
FC5-208A indicates that vital cardiomyocytes possess
an extracellular CA that will affect the mass spectro-
metric signal and disturb the calculation of permeabil-
ities. We have therefore repeated these measurements
with FC35-208A present under control conditions as
well as in the presence of DIDS. As shown in Fig-
ure 4, Py values of 0.10 cms ' (£0.06; 7 = 15) in
the presence of 2.5 x 10 * M FCS-208A,
01l ems * (D07, u=7) in the presence  of
2.5 x 10 *m FC5-208A plus 1% 10 *m DIDS,
were obtained. This latter result shows that DIDS has

and

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12887 3
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Table | Ratios of the slopes of mass spectrometric recordings before and after addition of non-vital cardiomyocyte suspension

NVCS + FC5-208A, 5-min Fthoxzolamide, 5-min
Treatment NVCS NVCS + Triton FC5-208A pre-incubation pre-incubation
Mean ratio 1.06 1.08 1.04 1.02 0.99
SD +0.04 +0.05 +0.05 +0.02 +0.05
7 13 4 5 3 3

Slape ratios after the addition of 100% non-vital cell suspension {NVCS) into the mass spectrometric reaction chamber, non-
vital cells with 0.1% Triton X-100 added, non-vital cells with 2.5 x 107° a of the extracellular carbonic anhydrase inhibitor
FC5-208A added directly before the measurement or after S-min pre-incubation with FC5-208A, or non-vital cells $-min pre-
incubation with 1 x 10™* M membrane permeable CA inhibitor ethoxzolamide. The non-vital cell suspensions had an average
cell density of 3.5 x 10° mL™'. SD, standard deviation, » number of preparations. anova P > 0.05. Nane of the ratios given
are significantly different from 1.0, indicating that there is no CA activity present in all conditions.

Figure 2 DNSA staining of a suspension
of {vital} cardiomyocytes. a, b, ¢ repre-
sent three views from a partially vital
cardiomyocyte suspension. On the left,
the three sections viewed by phase-
contrast microscopy and, on the right,
DNSA fluorescence {DINSA concentra-
tion 1.0 x 107 m) of the same sections.
Comparing phase-contrast and fluores-
cence pictures, it is apparent that the liv-
ing cardiomyocytes, which conserve their
rectangular shape, are intensely stained
for carbonic anhydrase, while the
rounded non-vital cardiomyocytes are
unstained and thus contain no CA. In
phase-contrast microscopy no red blood
cells and in fluorescence microscopy no

stained cells other than living cardiomy-
ocytes are visible. Bars 100 pm.

11,12

not DIDS sensitive, and/or to the substantial scat-

ter in the present data for Pacos..

no significant effect on the CO, permeability of
cardiomyocytes (Student’s #-test, P = (.88). It also
shows that 0.10 rather than .2 cm s * is the correct
Peoo of cardiomyocytes.

Pricos. is found to be 2.1 x 10 *cms !
(£2.0 x 10 3, n=15) in the presence of FC5-208A,

Discussion

and 2.6 x 10 *cms * (£2.6 x 10 3, #=7) in the
presence of both FC5-208A and DIDS. Thus, DIDS in
this case does not seem to reduce Pryeos., which may
be related to the involvement of NBCnl in cardiac
sarcolemmal HCOJ transport, a transporter that is

Properties of present cardiomyacyte preparation

For the present purpose, it is essential to have a sus-
pension of cardiomyocytes rather than the usual
preparation of cardiomyocytes attached to the surface
of a culture plate. As evident from the literature, this

4 © 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12887
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Figure 3 CO; permeability of cardiomyocyte suspensions
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Figure 4 CO; permeabilities of cardiomyocytes pre-
incubated with extracellular CA inhibitor FC5-208A. » from
left to right: 15, 7. Bars represent SD. Student’s #test:

P =0.88. Left-hand column shows that in the presence of
FCS5-2084A, as in its absence (Fig. 3}, DIDS has no effect on

PCOZ‘

implies that many cells are lost over time. When adult
cardiomyocytes are not adherent to a surface but
remain in suspension, a majority lose vitality within
hours.*® ** For this reasor, the vitalities scen here are
not greater than 6% on average (2 14%). They fall to
this value within about 1 h after the first centrifuga-
tion of the crude suspension of freshly isolated car-
diomyocytes, and then remain at this level of vitality
between 2 and 4 h after the first centrifugation. In this
condition, the vital cells retain the characteristic rod-
like shape, while the non-vital cells have become
rounded, as seen in Figure 2. Another feature of the
non-vital cells is seen in Figure 5a,b, which show iso-
lated cardiomyocytes from this study stained for
s-myosin. [t is apparent that the vital rod-shaped cells
exhibit
clearly visible cross-striations. In contrast, the rounded

longitudinally oriented myofilaments and

cells, while still expressing o-myosin, have lost all
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structural properties of myofilaments, an observation
in general agreement with the literature.'>''” The
vital cells of the present preparation, on the other
hand, can be demonstrated to be functionally intact
from their ability to contract upon electrical stimula-
tion. Rod-shaped cardiomyocytes were attached to
laminin-coated glass coverslips and stimulated by elec-
trodes as described in Mutig ef 4l,'* Representative
traces of a stimulation-induced calcium transient and
the associated contraction are shown in Figure Sc,d.
Quantification of the shortening of the sarcomeres
during contraction yielded (i} for a stimulation fre-
quency of 1 Hz, a diastolic sarcomere length of
1.819 + 0.048 (SD} pm, which fell during contraction
by 0.075 £ 0.042 um (four rats, 59 cells), (i) for a
frequency of 3 Hz, a diastolic length of 1.813 +
0.050 wm, reduced during contraction by 0.080% +
0.044 ym (four rats, 60 cells), and (iii) for a frequency
of 5 Hz, a diastolic length of 1.800 + 0.054, reduced
by 0.086 4+ 0.041 wm during contraction (four rats,
57 cells). Thus, the myocytes contracted with ampli-
tudes increasing from 4.1% at 1 Hz to 4.8% at § Hz.
In conclusion, the rod-shaped vital cardiomyocytes
used here for the mass spectrometric measurements
are clearly functional both in terms of Ca®* transient
and in terms of contractile behaviour.

Carbonic anhydrase activity of vital cardiomyocytes

We report here a carbonic anhydrase activity of car-
diomyocytes of 5070 at 37 °C, a number indicating
that the rate of CO, hydration in a myocyte is acceler-
ated over the uncatalysed rate by a factor of
5070 + 1. This number refers to the whole cell after
lysis with Triton and encompasses the contributions
by all cytosolic and all membrane-bound forms of
CA. This includes intra- as well as extracellular car-
bonic anhydrase. The present CA activity seems to be
exclusively due to isolated cardiomyocytes, as the iso-
lation procedure removes all other cell types such as
endothelial cells and erythrocytes by repeated low-
speed centrifugation.™ Microscopic inspection of the
suspensions of isolated cardiomyocytes showed com-
plete absence of red cells, and the DNSA staining as
shown in Figure 2 revealed that no cells other than
intact cardiomyocytes are stained for CA. Qur figure
for cardiomyocyte CA activity is in rough agreement
with the number one can derive from the measure-
ments of whole myocardium homogenate reported by
Villafuerte ef al.,” If one assumes that the Sprague
Dawley rat hearts used by them had an overall protein
concentration of 200 mg mL °, one can estimate that
their reported lysate CA activities indicate a whole-cell
activity of between 600 and 6000, a range consistent
with our above figure for Lewis rat cardiomyocytes.

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12837 5
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Figure 5 o-Myosin staining and excitation—contraction coupling in isolated rat cardiomyocytes. (a,b} Immunocytochemical

demonstration of o-myosin in vital (rod-shaped} and non-vital {rounded} cardiomyocytes. Filament structure and cross-striations

are clearly seen in vital cells, but lost in non-vital cells. Framed sections appear in greater magnification to the left or the right

of the frames respectively. (¢} Ca®* transient of a vital cardiomyocyte elicited by an electrical pulse, Ca”

5 :
* concentration

expressed as the ratio of Fura-2 fluorescence after excitation at 340 and 380 nm. (d} Time course of the sarcomere length during

the contraction associated with the Ca** transient shown in (c).

The number of about 5000 is, however, in marked
contrast to the number reported by Schroeder et al.,**
who derived from '3*C magnetic resonance spec-
troscopy an average CA activity in the cytoplasm of
ventricular myocytes from Wistar rats of only 2.7. We
note that the present mass spectrometric results are
incompatible with an activity of this order of magni-
tude. We can calculate a minimum CA activity neces-
sary to explain the present mass spectrometric
recordings of the decay of C'*0'0 (Fig. 1c) by set-
ting Pcoy arbitrarily high enough to render the mem-
brane resistance for CO, negligible, that is to
Pcos = 10 cm's 1.5 This yields a minimum intracel-
lular CA activity of 3740 (SD + 1710; n = 31; signifi-
cantly different from 5070 with P < 0.01) in intact
cardiomyocytes, ruling out a substantially lower CA
activity for these cells.

It has been reported that a multitude of CA iso-
forms is present in the myocardium. While often
cytosolic CA has not been detectable in heart homoge-
nates after correction for CA attributable to residual
red blood cells (rabbit, Geers et al.,*%; rat, Moyni-
han®?), it has been shown that some cytosolic CA II is
expressed in normal cardiomyocytes, probably at very
low levels.”* 2¢ In addition, mRNA of cytosolic CA
XIIT has been observed in mouse heart.” but protein
expression of CA XIII in hearts has not been studied.
Scheibe e al.,”® have presented a comprehensive
immunocytochemical study on mouse hearts, in which
the presence of CA XIV and CA IV in the sarcolemma
was demonstrated. In addition, however, Scheibe
et al.,”® found that most of these membrane-bound
CAs plus the membrane-bound CA IX are associated
with intracellular membranes of longitudinal and

(] © 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12887
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Figure 6 Confocal image of DINSA-stained vital rat car-
diomyocytes. Blue fluorescence results from DNSA bound to
carbonic anhydrase. The fluorescence pattern is compatible
with staining of the sarcoplasmic reticulum, especially the
longitudinal system. The dark areas within cells represent
nuclei. No contribution of mitochondria to the staining is
expected, as heart mitochondria do not possess carbonic
anhydrase activiry.*!

terminal sarcoplasmic reticulum and T tubules. This is
in agreement with Sender ef al.,”® who found CA IV
in rat und human hearts to be associated with sar-
colemma as well as sarcoplasmic reticulum and T
tubules. Tt is also in agreement with Geers ef al,??
who found an especially high activity of membrane-
bound CA activity in rabbit heart, several-fold higher
than they observed in other striated muscles. Further-
more, this agrees with Bruns and Gros,*® who found a
majority of the CA of bovine hearts to be associated
with intracellular membranes and sarcolemma and
whose DINSA staining pictures suggest that most of
this CA is intracellular rather than sarcolemmal. This
view is confirmed for the present intact isolated car-
diomyocytes by the present confocal images of DINSA-
stained cells as seen in Figure 6. It is apparent that at
better resolution the blue fluorescence is not homoge-
ncous as in Figure 2, but exhibits an intracellular
structure with a longitudinal orientation. This pattern
is compatible with staining of the sarcoplasmic reticu-
lum 32 3

For the present study, it is of interest whether there
is a significant difference between the actual intracel-
lular CA activity and the activity derived from whole
lysate, because we use the latter to represent the for-
mer in our analysis of the "*O exchange data. Correct
derivation of CO, and bicarbonate permeabilities
from the present mass spectrometric recordings
requires knowledge of the true intracellular CA activ-
ity. Thus, it is important to assess whether a signifi-
cant part of the total CA of whole-cell lysates is

associated with  the sarcolemma, and thus
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extracellular, and functionally not accessible in the
intracellular space. The results of Scheibe er 2l.,** and
those of Bruns and Gros® indicate that by far most of
the CA is intracellular. This is supported by the
DNSA staining of the present cardiomyocytes (Fig. 2),
which show a strong and nearly homogeneous intra-
cellular staining without any visibly pronounced stain-
ing intensity in the region of the sarcolemma. This is
also seen in the confocal image of the present car-
diomyocytes in Figure 6, which shows strongly stained
intracellular structures without marked sarcolemmal
staining. In the following, we will attempt to quantita-
tively estimate the contribution of the extracellular
sarcolemmal CA to the activities measured in whole-
cell lysate. Bruns and Gros®® have produced highly
purified sarcolemmal vesicles from bovine hearts and
found their specific CA activity to be 15 U mL mg ?,
where 1 mL means 1 mL of sarcolemmal vesicle sus-
pension and 1 mg means 1 mg of sarcolemmal mem-
brane protein. The plasma membrane of many cells,
including red blood cells, has a ratio of membrane
protein to membrane lipid of about 1 : 1. Therefore,
we adopt here the estimate of membrane protein per
membrane area, 4.6 x 10  {mg membrane pro-
tein}-(um’ membrane area) ', as determined for red
cell ghosts by Dupuy and Engelmann.®® Further, we
use the cardiomyocyte parameters single cardiomy-
ocyte volume 12 220 pm? and cardiomyocyte surface
area 4870 um®, as given above. With these parame-
ters, we calculate that one single cardiomyocyte pos-
sesses 2.2 x 10 ®mg of membrane protein. This
corresponds to 1.8 mg sarcolemmal membrane protein
per mL cardiomyocyte volume. By multiplication with
the above specific sarcolemmal CA activity, one
obtains a contribution of sarcolemmal CA activity to
the overall cardiomyocyte CA activity of 27 activity
units. This is no more than 0.5% of the total overall
activity of 5070 activity units. In other words, the
contribution of extracellular sarcolemmal CA to the
whole cardiomyocyte lysate activity is negligible.
Thus, 5070 is a reliable estimate of the intracellular
activity of cardiomyocytes.

We must also ask how easily the intracellular mem-
brane-bound CAs are functionally accessible from the
cytoplasm. As discussed by Scheibe ez al.,2% two of the
three CA isoforms mentioned above, CA XIV and CA
[X, have their active centre oriented towards the space
outside the sarcoplasmic reticulum, that is towards the
cytoplasmic space. Morcover, the sarcoplasmic reticu-
lum membrane is expected to be ecasily permeable for
CO, due to its low cholesterol content,®3” and likely
also to bicarbonate by its established transport path-
way for anions,®® which is duc to a non-selective
monovalent anion channel.* Thus, it can be expected

that not only intracellular CA IX and CA XIV but

2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12337 7
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also intracellular CA TV is functionally accessible from
the cytoplasm and therefore contributes to cytoplas-
mic CA activity. The latter conclusion is compatible
with the report by Schueider et 21,% who found that
intracellular membrane-bound CA TV contributes to
intracellular CA activity in oocytes and in mouse
nearomnes.

The intracellular CA activity of ~5000 found here
speeds up the uncatalysed half-time of CQO, hydration
from 5 s to 1 ms. This is physiologically meaningtul
for at least two groups of cellular functions. Intracel-
lular CA can substantially facilitate intracellular CO,
diffusion and thus CO, elimination from the car-
diomyocyte.¥ However, in cells of the intracellular
diffusion distances of cardiomyocytes, a CA activity of
5000 is required for half-maximal facilitation, and an
activity <1000  would be without any effect
(Gros ef al.,"; V. Endeward and G. Gros, unpub-
lished). Do inhibition of intramyocytic CA and the
associated lack of intracellular facilitated CO, diffu-
sion impair cardiac performance? Clinical or slightly
abave-clinical doses of acetazolamide did not affect
maximal cardiac output in horses™ and did not affect
exercise tolerance in humans. ™ However, doses of
acetarolamide  considerably  above-clinical  ones
resulted in a strong reduction in exercise tolerance in
but has not been stud-
that in this lat-
ter case maximal cardiac output may have been

rats.** It appears conceivable
led with such doses of acetazolamide

reduced due to the inhibition of cardiomyocyte CA. It
should be noted here that permeation of acetazo-
lamide, especially across sarcolemma, is probably
slow,¥ so fully inhibitory effects of acetazolamide
within striated muscle cells may often not be reached
in vivo. Another function of intracardiomyocyte CA
has been pointed out by Spitzer et 2k, %, who found
that this CA helps to accelerate intracellular effective
H* mobility and intracellular dissipation of acid. In
addition to these functions related to intracellular
transport processes, CA activity is essential for the
numerous acid basc-exchanging membrane trans-
porters of the heart by providing a rapidly accessible
intracellular source {or sink) for H* and HCOj. For
this reason, many epithelia that intensely secrete or
absorb acids or bases possess high intracellular CA
activities.* ™ For example, it can be estimated from
the dats of Stiel et L% that gastric mucosa has an
intracellular CA activity of ~10 000. Thus, the present
cardiomyocyte CA activity seems to be adequately

high for the functions mentioned.

No carbonic anhydrase activity in non-vital cardiomyocytes

The above figure for intracardiomyocyte CA activity
depends on the premise that non-vital cells exhibit no
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CA activity. This is crucial not only for the activity
attributed to vital cardiomyocytes but also for the
interpretation of the mass spectrometric recordings,
which are taken to represent vital cells alone. We have
established this fact (i} by studying "*O exchange in
suspensions of 100% non-vital cells and (ii) by DNSA
staining of the usual mixture of 2 14% vital car-
diomyocytes and a majority of non-vital cells. 100%
non-vital cardiomyocytes resulted from cardiac tissue
hypoxia, when the time interval between opening
the thorax and start of the perfusion was >5 min or
when perfusion was obstructed by air bubbles. Fig-
we 1 and Table 1 demonstrate that non-vital cell
suspensions at normal densities did not produce a
significant mass spectrometric signal, neither under
control conditions nor in the presence of Triton X-
100. Also, extra- as well as intracellular CA inhibi-
tors did not have any influence on the mass spectro-
metric recording. This shows clearly that non-vital
CA  activity.
DNSA staining of partly vital cardiomyocyte suspen-

cardiomyocytes no  longer possess
sions as shown in Figure 2 confirm this. Only wital
cells, whose characteristic shape is preserved, show
DNSA staining, while the rounded non-vital cells
exhibit no staining whatsoever. Because, as discussed
above, most of the intracellular CA of cardiomy-
ocytes is associated with intracellular membranes,
the loss of CA may indicate the known damage to
and loss of sarcoplasmic reticulum and T tubules
linked to the process of conversion of vital to non-
vital cardiomyocytes.!” We conclude that non-vital
cardiomyocytes do not centribute to the mass spec-

trometric signal due to their complete lack of CA.

CO; permeability of cardiomyocytes

The effect of the extracellular carbonic anhydrase
inhibitor FCS-208A on Peoyy shows that the mass
spectrometric signal is affected by some extracellular
CA, which is likely due to the sarcolemmal extracellu-
lar CA of intact cardiomyocytes. It is unlikely that this
CA is enzyme released from non-vital cells as the
above studies indicate that our preparations of non-
vital cardiomvocytes have no CA at all. It is essential
that the extracellular CA activity is suppressed in
order to obtain correct estimates of Prgas The Peon
thus determined turns out to be 010 cm s * (Figs 3
and 4).

This Pcq» value is similar to the Pegs of about
0.15 cmfs reported for human red blood cells.®” It is
about 10 times higher than the Peos of 0.015 cm s *
of MDCK cells® and 100 times higher than the Py
of 0.0015 cms |

of colon epithelium.! Endeward ez al,® have pre-

of the apical epithelial membrane

sented 2 model calculation showing that a Pogy of

8 © 2017 Scandinavian Physiological Society, Published by John Wiley & Sons Ltd, doi: 10.1111/apha 12887
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0.1 cms  is about the minimum membrane perme-
ability necessary to ensure an unimpaired release of
O, from the maximally metabolizing cardiomyocvte
(specific 04mlg tis-
suc * min Y). Thus, two cell types with a very high

oxygen  consumption
rate of gas exchange, red cells and cardiomyocytes,
share a Poaa of about 0.1 em s . This value can be
considered very high and is only exceeded by the
Praa of the mitochondrial membrane, which exhibits
the highest Pegy reported so far for a biclogical
membrane, 0.33 cm s 22

Mechanism of high CO; permeability of cardiac sar-
coleruma. Tiel et al,® have shown that two major fac-
tors determine the CO, permeability of a biological
membrane, the cholesterol content and the possible
incorporation of protein gas channels. Cholesterol has
an extremely powerful effect on membrane Py in
that it can lower Pegs drom >0i6cms ! to

00028 cms Y, when its

increased from { to 70% (moles cholesterol}-{moles of

membrane content is

total membrane lipid) 1> A second strong influence
can be exerted by the incorporation of gas channels
into the membrane. Itel e 2l,® have shown that
reconstitution of aquaporin 1 into liposomes can
increase Pegy 10-fold. Thus, a high Pegs can be
achieved in biological membranes either by low
cholesterol or by the insertion of protein gas channels.

Rat hearts have been reported to express the RINA
for AQPL, AQP6, AQP7 and AQP11.°° Purified rat
cardiomyocytes showed RNA mainly for AQP1, and
to a minor extent for AQP3, AQP4, AQPS, AQP7
and AQPI1. While protein expression could be
demonstrated for AQPI, AQP4 protein was not
detectable in the rat heart;’® and AQP3 and AQP7
show no CO, permeability.”™ The major potential
CO, channel in heart is thus AQPL. This AQP, how-
ever, is essentially localized in the heart endothelium,
but not in the sarcolemma.”” ** Becanse the CO,
pathway of AQPI has been shown to be strongly
inhibited by DIDS,*” the present data, which exhibit
no effect of DIDS on Pogs, alse indicate that AQPT is
not present and does not act as a GO, channel in the
cardiomyocyte membranc. We conclude that cardiac
sarcolermma likely expresses no significant amounts of
a CO5 channel.

Why then is Peop of this membrane so high? It
has been reported that cardiomyocyte membranes
have a low cholesterol content compared to many
other cell membranes. This may seem surprising as
cholesterol affords mechanical stability to mem-
branes. However, it also causes membrane rigidity,
which may be speculated to be disadvantageous for a
muscle cell undergoing substantial deformation dur-
ing contraction. Membrane cholesterol expressed in
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{mol cholesterol}-(mol  total lipid} ® has been
reported to be between 0.19,°° 0.25,°° and 0.26°7
for rat cardiomvocytes. Weglicki er 2l.,"* found a
similar ratio of 0.23 in dog cardiomyocytes. All these
values around 8.2 mol mol * are not expected to sig-
nificantly affect Pcop of a phospholipid membrane as
demonstrated in phospholipid vesicles by Itel es 2L,
Pure phospholipid membranes exhibit a Pepy of
>0.16 coms ~.3% Thus, the
of 01lcms !

the especially low cholesterol content of cardiomy-

present high Pcos
can be easily explained on the basis of

ocytes. We conclude that the high Poos of cardiac
sarcolemmma contributes to an adequate CO» transport
in heart muscle with its very high metabolic rate. This
property is
membrang’

similar to the case of the mitochondrial
achieved through low membrane choles-
terol rather than through incorporation of gas channels.

Materials and methods

Cardiomyocyte isolation

The following protocol is adapted from the one used
by Niederbichler ef 2l All experiments were per-
formed using male Lewis rats between 250 and 300 g
body weight and were approved by the Niedersichsis-
ches Landesamt fir Verbraucherschutz und Lebens-
mittelsicherheit.

The heart perfusion and the cardiomyocyte isolation
were performed using sterile techniques. Animals were
anaesthetized with isoflurane, anticoagulated with
1000 U of heparin sodium, and a bilateral thoraco-
tomy was performed. The distal aortic arch was can-
nulated and secured to the cannula, then together
with the entire heart removed from the thorax and
mounted on a Langendorf! perfusion system.

Initiation of heart perfusion took place within 30 s
of removal of the organ from the animal. All the per-
fusion solutions were supplemented with taurine
{2-aminocthanesulphonic acid, intended to dampen
increases in intracellular Ca**, thus protecting isolated
cardiomyocyte preparations®) and BDM (2,3-butanc-
dione monoxime, intended to inhibit myosin ATPase
and thereby prolong cardiomyocyte viability®™), cquili-
brated with 95% /5% CQ,, and pH adjusted to
7.4 at 37 °C. The perfusion started with 1 mm cal-
cimm-contalmng Krebs-Henseleit buffer (KHB) for
5 min, followed by 5-min perfusion with a calcium-
free KHB. Enzyme digestion was then performed with
92 myg collagenase type I (260 U g *; Worthington
Biochem. Corp., CellSystems Biotechnologie Vertrieb,
Troisdorf, Germany} and 13 mg hvaluronidase from
bovire testes {Sigma, Deisenhofen, Germany) that
were added to 150 mL perfusate volume. After
10 min, 1.8 mL of 100 mM CaCly was added to this

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha 12887 9
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perfusate, vielding a calcium concentration of 1.2 mm,
and perfusion was continued for 10 min. The heart
was then removed from the cannula, and the atrium
was cut away. The ventricles were gently minced and
resuspended in 10 mL of calcium-containing enzyme
solution.

The tissue suspension was further dispersed by
repeated aspiration into a sterile glass pipette. Then,
the suspension was allowed to stand for 5 min at
room temperature, during which time the remaining
coarse picces of tissue settled down. Thereafter, the
supernatant was pipetted off and centrifuged at 60 g
for 60 s. The pellet was washed first with 10 mL
Ca?"-containing KHB supplemented with 2% bovine
serum albumin (BSA} and then with Ca®"-KHB with
6% BSA. After each washing step, the suspension was
centrifuged at 60 g for 60 s and the supernatant was
discarded. This procedure was repeated two more
times with the remaining heart pieces, using
smaller-diameter glass pipettes each time. All the col-
lected single-cell suspensions were combined and
resuspended in DMEM, centrifuged again and resus-
pended in a bicarbonate-free  buffer containing
117 mM NaCl, 5.7 mm KClL 1.2 mm NaH, POy,
0.66 mm MgSO*7H,O, 10 mm glucose, 5§ mm Na-
pyravate, 10 mu creatine, 20 mu Hepes and 1.25 mm
CaCly*H,O. Afier one more centrifugation step, the
supernatant was discarded and the final pellet sus-
pended in an equal volume of the same buffer. This
suspension was used for the subsequent experiments.

Cardiomyocyte density was determined using a
micrascope; cell viability was assessed from cell mor-
phology and from trypan blue dye exclusion. Myo-
cytes with a rodlike shape, clearly defined edges and
visible striations usually represent viable cells, whereas
cells without these characteristics are non-viable.

For the intracellular volume and surface determina-
tion, the length and width of the nearly rectangular cells
were determined and volume and surface area were cal-

culated for ellipsoids as described by Sorenson et al.,%

Contraction records, Ca’ ' transients and immunocyto-
chemistry

For functional analysis and immunocytochemical stud-
ies, cardiomvocytes were resuspended in DMEM
(D5796; Sigma) and MI99 (12350-039; Thermo
Fisher, Schwerte, supplemented  with
10 mmot L ! L-glutathione {G4251; Sigmal,
0.2 mgmL ' BSA {A3803; Sigma), 1% antibiotic
Fisher,

Germany)

solution  {penicillin/streptomycin;  Thermo
10000 Um b, pH 7.4 at 37 °C.

The cardiomyocytes were then plated onto laminin-
coated glass coverslips {Roche, 11243217001, Man-

nheim, Germany) and incubated for 3 h at 37 °C, 5%
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CO,. After 2 h, dead cells were removed and fresh
supplemented M199 was added.

Single-cell sarcomere contraction and relaxation anal-
vsis. The single-cell contraction and relaxation analy-
sis was performed using a variable-rate CCD video
camera system {MyoCam®; TonOptix Corp., Milton,
MA, USA) as described previously.™® Briefly, a cover-
slip with adherent cardiomyocytes was placed into a
custom-made perfusion chamber and perfused at
37 + 0.5 °C with Hepes buffer containing in mmol/L:
NaC} 117, KC1 5.7, NatLPO, 1.2, MgSQ4 .66, glu-
cose 10, sodinm pyruvate 3, creatine 10, Hepes 20,
EGTA 0.01, CaCl, 1.25, pH 7.4.5

The cardiomyocytes were clectrically  stimulated
with MyoPacer® EP Cell Stimulator (TonOptix Corp.)
and changes in sarcomere length at 1 Hz, 3 Hz and
5 Hz were recorded. For contraction analysis, 20 30
single twitches were averaged and diastolic sarcomere
length and contraction amplitude were calculated
using lonWizard®™ software (IonOptix Corp.).

Analysis of intracellular Ca®* transients. Intracellular
Ca®* transients of single cardiomyocytes were recorded
simultancously with sarcomere shortening using a dual-
excitation fluorescence photomultiplier system (IonOp-
tix Corp.) as described previously.”® Briefly, cardiomy-
ocytes were loaded with 2 g Fura-2 AM {Invitrogen™
Corp., Molecular probes™, Fugene, OR, USA} and incu-
bated for 30 min at 37 °C, 5% CQO;. Then, cells were
rinsed twice for 15 min., and fluorescence measure-
ments were taken as described previously.!® Ratio tran-
sients were analysed and diastolic ratic and ratio
amplitude, together with a number of kinetic parame-

ters, were calculated using lonWizard® software.

Myosia immunocyicchemistry. Fluorescent staining of
cardiomyocytes was performed as described previ-
ously.® Briefly, after fixation and permeabilization,
cardiomyocytes were incubated for 1 h with rabbit
anti-o-MyHC  (rabbit-a-huMYHS6, polyclonal, Bio-
Genes, Berlin) primary antibody, rinsed with PBS
without Ca®"/Mg** {L1825; BioChrom, Berlin, Ger-
many} for 15 min. and incubated for another hour
with a specific goat anti-rabbit secondary antibody
Alexa Fluor 488 (polyclonal, A11008; Thermo Fisher,
Dreieich, Germany) respectively. Fluorescent images
were recorded using an Olympus IXS51 microscope
and processed with celiSens (Olympus Corp., Tokyo,

Japan} and macE software packages.

DNSA staining

5-Dimethylaminonaphthalene-1-sulphonamide

(DNNSA} has a  SO,NH, attached to an aromatic

14 © 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12887
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nucleus that binds to carbonic anhydrase forming a
highly fluorescent complex that can be detected by flu-
orescence microscopy.’™™ Suitably diluted cell sus-
pensions were incubated for 10 min with a final
concentration of 1.0 x 18 7 M DNSA; an aliquot was
placed on a glass slide and covered with a cover slip.
A fluorescence microscope Keyence Biozero BZ-9000
Generation II (Keyence Deutschland, Neu-Isenburg,
Germany] was used to observe DNSA {luorescence.
Excitation filter was 360/40, emission filter 460/50,
dichroic mirror 400 (DAPT filter set OP-66834). Expo-
sure time of the DNSA-incubated specimen to the
exciting light was 0.5 s. Objective was S Plan Fluro
20%/0.45. Pictures were captured by the BZ Image
Application (Kevence}. We studied vital cell suspen-
sions {average vitality 6%} and fully non-vital cell sus-
pensions.

For confocal imaging of DNSA-stained cardiomy-
ocytes, cells were plated onto laminin-coated glass
coverslips (Roche, 11243217001) and incubated for
Th at 37 °C, 5% CO,. Afterwards, dead cells were
washed away with fresh supplemented M199. This
was allowed to drip off and 20 ul. of 10 * 1 DNSA
in PBS was added to the cells on the coverslips.
Caoverslips were then put inversely onto a glass micro-
scope slide. Images were acquired with an Olympus
FluoView 1800 confocal microscope {(Olympus, Shin-
juku, Japan) with a 4}x objective. DINSA-stained cells
were Imaged using a 405-nm laser for excitation.

Emission was recorded from 440 to 520 nm.

Mass spectrometric assays

Ve have previously reported how the €O, permeabil-
ity of plasma membranes can be determined for
cells in suspension using a mass spectrometric
method 2426567 [y principle, cells are exposed to a
solution of C¥OQY¥OMHC?O*0,
labelling with "*C of 1%. In a first phase, carbonic

anhydrase-containing cells rapidly take up C'*00.

with a degree of

The kinetics of this process depends on the permeabil-
ity of the membrane to CO; and on the speed of the
intracellular conversion of CO, to HCO;3, that is on
intracellular carbonic anhvdrasc activity. The rate of
disappearance of CT* G0 from the extracellular fluid
is followed by a mass spectrometer equipped with a
special inlet system for fluids as first described by
ltada and Forster.® From the time course of this first
phase of disappearance of C™O'™0 (as seen in
Fig. e, first phase after addition of cells), the mem-
brane permeability for CO;, can be calculated, if the
intracellular carbonic anhydrase activity has heen
determined independently. After this first rapid phase
of the mass spectrometric record, a slower phase fol-
lows (also seen in Fig. Ic), which reflects reactions
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Clnisn
and H,'0. Thus, this second phase allows one to

and transport processes of HC™O™0, |

determine membrane HCOZ permeability {complete
method reviewed in Endeward ef al..®).

To perform mass spectrometric measurements, a
chamber with a volume of 2.2 mL was used that was
attached to the high vacoum of the mass spectrometer
via the previously published iniet system.* This cham-
ber had a water jacket that kept the solutions at
37 °C, and contained a magnetic stirrer that mixed
the content continuously. The pH was adjusted to 7.4
and monitored during the entire measurement with a
pH elecirade. Fifty microlitre of cardiomyocyte sus-
pension was used in each experiment.

All experiments were performed using a buffer that
contained 92 mm NaCl, 57 mm KCL, 1.2 mm
NaH,PCOy4, 0.66 mm MgSO7HLO, 10 mm glucose,
5 mM Na-pyruvate, 10 mm creatine, 20 mm Hepes and
1.25 mm CaCl;*H, O, called CM solution. 1.93 mL of
CM solution was added to the measuring chamber
together with 220 uL of 250 mm *$O-labelled bicar-
bonate solution {degree of labelling 194). Then, 50 pL
of the final cell suspension was added. After the charac-
teristic biphasic time course of CH¥0*0 had been
recorded, the experiments were terminated by the addi-
tion of excess carbonic anhydrase in order to reach final
isotopic equilibrium in the suspension within the reac-
tion chamber.

In several experiments, the extracellular carbonic
anhydrase 2,4, 6-trimethyl-1-(4-sulfamoyl-
phenyl)-pyridinium perchlorate salt (FC5-208A%) was

inhibitor

used in a final concentration of 2.5 x 10 ° mand/or the
inhibitor of the aquaporin-1 gas channel 4.4'-diisothio-
cyanato-2.2"-stlbenedisulfonate (DIDS; Sigma-Aldrich,
Taufkirchen, Germany) in a final concentration of
1 x 16 * m.* Ethoxzolamide (Sigma-Aldrich} was used
in some other experiments as a highly membrane-
permeable carbonic anhydrase inhibitor.

Carbonic anhydrose activity of cardiemyacytes

Activities were determined in the following way. After
first performing a normal mass spectrometric measure-
ment with control cells, 22 pl. 109 Triton was added
to the chamber to lyse all cells. Cell lysis led to a
straight line in the semilogarithmic plot of C*060
vs. time, whose slope was used to calculate the car-
bonic anhydrase activity (for example, see Fig. 1b).
CA activity +1 Is obtained as the ratio of the slope
after cell lysis over the slope before the addition of
cells as indicated by the arrow. Dividing the activity
of the lysate by the total volume of all cells present,
and multiplying it by the total chamber volume, gives
anhydrase activity. As

the intracellular carbonic

explained above, we use for this calculation not the

© 2017 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha. 12887 I
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total number of all cardiomyocytes but rather the
total number of vital cardiomyocytes.

Experiments with non-vital cell suspensions were
performed, when occasionally cell suspensions with
0% vitality were obtained (e.g. when the time interval
between opening the thorax and starting coronary per-
fusion had been too long). We measured these non-
vital cell suspensions under the following conditions:
(i} the untreated cell suspension, (i) the cell suspension
with 0.1% Triton added to ensure that all cells were
open, {iii) the cell suspension measured immediately after
the addition of the extracellular CA inhibitor FCS-2084A,
which inhibits the extracellular CA activity only, and (iv)
cells exposed to FCS-208A for an extended period of
time of 5 min, (v] cells pre-incubated with ethoxzo-
lamide, which is highly membrane permeable and
inhibits intra- as well as extracellular CA  activity
completely.

Statistical analysis

Data are presented as means + SD. Student’s unpaired
t-test was used for comparisons between two groups.
For comparisons between more than two groups with
one independent variable, we performed one-way
AnovA with Dunnett’s post boc test to allow multiple
comparisons with the control group.
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