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Zusammenfassung 

Anpassung der CO2-Permeabilität verschiedener Zellen und Organellen an ihren 

spezifischen Stoffwechsel  

Mariela Eugenia Arias Hidalgo 

Seit mehr als 20 Jahren haben sich Hinweise gehäuft, die dem Paradigma widersprechen, dass 

alle Zellmembranen hochdurchlässig für CO2 (wie auch für andere Gase) sind. Es wurde 

gezeigt, dass die CO2-Permeabilität (PCO2) einer Lipidmembran hauptsächlich von zwei 

Faktoren abhängt: dem Cholesteringehalt der Membran und dem Einbau von zum  

CO2-Transport fähigen Proteinen. Abhängig von der CO2-Produktionsrate einer bestimmten 

Zelle, könnte ein zu niedriger PCO2 nachteilige Auswirkungen auf die Zell- und 

Körperhomöostase haben. Die Zielsetzung dieser Arbeit ist es folglich: 1- den PCO2 der 

Membranen dreier frisch isolierter Organellen/Zellen mit einem hohen oder normalen 

Sauerstoffverbrauch, und dementsprechender CO2-Produktion, zu quantifizieren:  

Leber-Mitochondrien, Kardiomyozyten und Hepatozyten. 2- die Eigenschaften dieser 

Membranen zu identifizieren, die dem jeweiligen PCO2-Wert zugrunde liegen, und schließlich, 

3- herauszufinden, ob es eine Korrelation zwischen der CO2-Permeabilität und der aeroben 

Stoffwechselrate der Zellen/Organellen gibt, d.h. ob es somit eine Anpassung des  PCO2 an die 

CO2-Produktionsrate gibt. 

Für diese Dissertation wurden Kardiomyozyten, Hepatozyten und Leber-Mitochondrien von 

Lewis-Ratten isoliert und der PCO2 unter Verwendung der massenspektrometrischen  
18

O-Austausch-Technik gemessen. 

Mitochondrien haben den höchsten PCO2, der je für eine biologische Membran gemessen 

wurde (0,3 cm/s), gefolgt von den Kardiomyozyten mit 0,1 cm/s und schließlich den 

Hepatozyten mit 0,03 cm/s. Der Sauerstoffverbrauch dieser Zellen und Organellen ergab sich 

aus der Literatur zu 1000 nmol∙s-1∙ml
-1

 für Mitochondrien, 297 nmol∙s-1∙ml
-1

 für 

Kardiomyozyten und 69 nmol∙s-1∙ml
-1

 für Hepatozyten. Aus einer Regressionsrechnung 

zwischen PCO2 und O2-Verbrauch ergibt sich eine hochsignifikante positive Korrelation 

zwischen  Sauerstoffverbrauch  der Organellen/Zellen und ihrem PCO2. Der PCO2 ist also 

offenbar an die jeweilige Stoffwechselrate sehr gut angepasst. 

Der hohe PCO2 von Mitochondrien und Kardiomyozyten ist wohl vollständig durch ihren 

niedrigen Cholesteringehalt bedingt. Nur in Hepatozyten wurde ein kleiner Beitrag von 

DIDS-sensitiven CO2-Kanälen gefunden. Die Hauptrolle bei der Anpassung des PCO2 an die 

metabolische Situation scheint also eine Variation des Cholesteringehalts der Zellmembranen 

zu spielen. 
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Abstract  

Adaptation of the CO2 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 CO2 (as they are believed to be for other gases).  

It has been discovered that the CO2 permeability (PCO2) of a lipid membrane depends mainly 

on two factors: the cholesterol content of the membrane and the incorporation or absence of 

proteins capable of CO2 transport. Depending on the CO2 production rate of a certain cell,  

a low PCO2 could impair CO2 release and have detrimental effects on cell and body 

homeostasis. Therefore, knowing that differences in PCO2 exist between different cell types, 

the aims of this work are: 1- to quantify the PCO2 of the membranes of cells/organelles freshly 

isolated from tissues with high and moderate oxygen consumptions and equivalent  

CO2 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 PCO2 values, and finally, 3- finding out if there is a correlation between the  

CO2 permeability and the rate of aerobic metabolism of the cells/organelles, with the aim to 

test the hypothesis that PCO2 value of a membrane is adapted to a certain rate of CO2 

production. 

For this dissertation, isolation of cardiomyocytes, hepatocytes and liver mitochondria of 

Lewis rats was performed, and the membrane PCO2 was determined using the  

mass-spectrometric 
18

O exchange technique. 

Mitochondria have the highest PCO2 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-1∙ml
-1

 for mitochondria, 297 nmol∙s-1∙ml
-1

 for cardiomyocytes, and  

69 nmol∙s-1∙ml
-1

 for hepatocytes. From a regression calculation, there is a highly significant 

positive correlation between the PCO2 and the oxygen consumption of organelles or cells. This 

indicates that PCO2 is perfectly adapted to CO2 production, ensuring that no limitation of  

CO2 release by cells and organelles occurs.  

The high PCO2 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 CO2 channels was found. The most important principle of how PCO2 is 

adapted to metabolism seems to be a variation of membrane cholesterol.   
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Introduction 

It has been believed that CO2 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 CO2 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 CO2 permeabilities found for these cells.    

Mass spectrometric method to determine membrane CO2 permeability 

Most of the evidence on the variability of CO2 permeabilities (PCO2) has been produced using 

the mass spectrometric technique to measure PCO2 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 
18

O between HCO3
-
, CO2 and H2O, the rate of 

disappearance of C
18

O
16

O 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 CO2 and HCO3
-
 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
18

O
16

O / HC
18

O
16

O2
-
 with a degree of  

18
O-labelling of 1%. When carbonic anhydrase-containing cells or organelles are added to the 

chamber, they rapidly take up C
18

O
16

O, which is associated with a fall in extracellular 

C
18

O
16

O (Figure 1, first phase). The speed of this process depends on the permeability of the 

membrane to CO2 (PCO2) and on the speed of the intracellular conversion of CO2 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
- 

(PHCO3-). Both permeabilities can be calculated by a fitting procedure from the time course of 

the entire curve of disappearance of C
18

O
16

O as it occurs after the addition of cells (Figure 1). 

PCO2 derives predominantly from the first phase, PHCO3- mostly from the second phase.  

For this analysis, the intracellular carbonic anhydrase activity (CAi) 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 C18O16O 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 PCO2 

The permeability to CO2 of different natural and artificial membranes can be highly variable. 

For example, phospholipid bilayers have been reported to exhibit a very high  

CO2 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 PCO2 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 CO2 permeability (Itel et al., 2012). On the other hand, it has been shown that 

the movement of CO2 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 PCO2 

of a biological membrane are: 1) the cholesterol content of the membrane and 2) the presence 

or absence of CO2 channels.  
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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 PCO2, respectively (Itel 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 PCO2. 

According to Itel et al. (2012), who measured PCO2 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 PCO2 

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 PCO2 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 PCO2 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 PCO2. 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.    

CO2 channels  

Most striking evidence for the involvement of protein channels in CO2 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 CO2 transport. If these channels are inhibited, the PCO2 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 AQP0, 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 CO2. 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 PCO2 as it happens with 

red blood cells.  
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Metabolism and PCO2 

In all cells and mitochondria it is expected that a given O2 consumption is associated with an 

equal CO2 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 CO2 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 CO2 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 O2/(g∙min), very high compared to other tissues and organs like the 

liver, which has an oxygen consumption of 0.05 ml O2/(g∙min) (both numbers from Schmidt 

& Thews, 1986).  Determining the PCO2 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 CO2 permeability across cell 

membranes. 

Therefore, the aim of this study is to measure CO2 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  

CO2 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 CO2 permeability and metabolic rate. 
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Results  

For this thesis, Lewis Rats were used to obtain the cells and organelles under the project 

numbers of the Niedersächsisches Landesamt für Verbraucherschutz und 

Lebensmittelsicherheit Nos. 33.9-13/1225 (cardiomyocytes), 2015/102 (mitochondria) and 

15/2048 (hepatocytes). 

In this section, intracellular/intraorganellar CA activities and PCO2 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 PCO2.  

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., “CO2 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 (CAi) 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 CAi 

activity found for mitochondria, cardiomyocytes and hepatocytes.  

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

reflects the number of rats. 

Sample CAi 

Mitochondria 675 (SD ± 151, n=8)
1
 

Cardiomyocytes 5070 (SD ± 2140, n= 17)
2 

Hepatocytes 1898 (SD ± 591, n=8) 

                            1. Arias-Hidalgo et al., 2016, 2. Arias-Hidalgo et al., 2017 
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PCO2 of Mitochondria 

In the case of mitochondria, transmission electron microscopy, dynamic light scattering and 

O2 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 PCO2, experiments with control organelle suspensions, pre-incubation with  

FC5-208A (an extracellular CA (CAe) 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).   

 

Figure 2: CO2 permeability of mitochondria in suspension and the effect of extracellular CA inhibitor  

FC5-208A (2.5·10-5 M) and the CO2 channel inhibitor DIDS (1.0·10-4 M).  ANOVA p=0.29. From left to right n=24, n=10, 

n=5. Bars represent SD. (Arias-Hidalgo et al., 2016) 

 

PCO2 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 PCO2 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.  
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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
18

O
16

O 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
18

O
16

O 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 PCO2 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 + 

Triton 

NVCS + 

FC5-208A 

FC5-208A,    5 

min pre-

incubation 

Ethoxzolamide, 5 

min 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 

n 13 4 5 3 3 
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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 1.0·10-5M). 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 100µm. (Arias-Hidalgo et al., 2017). 
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PCO2 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 (CAe) 

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 (± 0.07, n=7) found in 

the presence of FC5-208A plus DIDS. This shows that DIDS has no significant effect on the 

CO2 permeability. It also shows that 0.10 rather than 0.2 cm/s is the correct PCO2 of 

cardiomyocytes. 

 

Figure 4: CO2 permeability of cardiomyocyte suspensions and the effect of inhibitors. Under control conditions PCO2 was 

0.23 cm/s (± 0.11; n =14). 1·10-4 M DIDS had no effect and yielded a PCO2 of 0.23 cm/s (± 0.12; n =7). However, 2.5·10-5 M 

of the extracellular CA inhibitor FC5-208A reduced PCO2 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) 
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Figure 5: CO2 permeabilities of cardiomyocytes pre-incubated with 2.5·10-5 M extracellular CA inhibitor FC5-208A, 

without and with 1·10-4 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 PCO2. (Arias-Hidalgo et al., 

2017) 

 

PCO2 of Hepatocytes 

During the fitting procedure of control experiments with freshly isolated hepatocytes from the 

rat, most of the PCO2 values did not reach convergence (PCO2≥0.1cm/s). However, when 

incubating cells in FC5-208A (the CAe 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 CAi in addition to CAe.  

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, 2
nd

 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.  

 

 

 

Figure 6: Original mass spectrometric recordings of liver cells under different conditions. A- Hepatocyte suspension under 

control conditions with addition of 5·10-5 M CAe 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 µM Verapamil and measured under this 

condition. Addition of 5·10-5 M FC5-208A to the ongoing experiment (second arrow). D- Hepatocytes preincubated with  

20 µM Verapamil were added into the solution in the measuring chamber that contained 20 µM Verapamil plus 5·10-5 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 µM, which is 32 times its IC50 for Metformin  

(Ahlin et al., 2011), 14 times greater than the IC50 described for serotonin (Boxberger et al., 

2014) and 6 times the I50 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 PCO2 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 PCO2, 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 PCO2 to be 

0.03 cm/s (±0.01, n=8 rats). In the presence of 1·10
-4

 M DIDS, this value fell to 0.02 cm/s 

(±0.006, n=8 rats) as can be seen in Figure 7, which shows a significant effect of DIDS on 

PCO2 (P=0.017).  
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Figure 7: PCO2 of rat hepatocytes and the effect of DIDS. In both cases the concentration of FC5-208A was 5·10-5 M and that 

of DIDS 1·10-4 M. * indicates a significant difference (Student’s paired t-test, t=3.098, df=7, p=0.017).  

 

Correlation between metabolism and PCO2 and the relationship of these 

parameters with membrane cholesterol. 

Table 3 summarizes the information about PCO2 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 PCO2 of different cell types and mitochondria. 

 

Type of cell/organelle 

Rate of Oxygen 

Consumption 

(nmol∙s-1∙ml
-1

) 

 

PCO2 

(cm/s) 

MDCK 12
a 

0.017
e 

Basolateral membrane PCE 54.7
b 

0.022
f 

Rat Hepatocytes 69.3
c
 0.03

 

Rat Cardiomyocytes 297
d 

0.1
g 

Mitochondria 1000
a 

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 O2 consumption show a higher PCO2 than cells with lower metabolism. Actually,  

Figure 8 shows that there is an excellent and practically linear correlation between PCO2 and  

O2 consumption (or CO2 production). This might suggest that there is an adaptation of 

membrane PCO2 to the rate of aerobic metabolism.  

As discussed above, PCO2 depends basically on two factors: cholesterol content of the 

membrane and the presence of CO2 channels. Itel et al. (2012) have already explained that 

there is a negative correlation between the PCO2 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 PCO2 (Figure 9). It is apparent that cholesterol is the major 

determinant of the CO2 permeability of many cells from mammalian tissues. In the data of 

Figure 9, CO2 channels have no influence, except a very minor one in the case of hepatocytes.  

 

Figure 8: Linear regression between PCO2 and O2 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 PCO2 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 O2 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 PCO2 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 PCO2 to O2 consumption/CO2 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 O2 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 CO2 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 CO2 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 CAII 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 PCO2 so high that the membrane offers no noticeable resistance to CO2 diffusion 

(i.e PCO2≥10; Endeward & Gros, 2005; Endeward et al., 2014), we calculate a CAi of 3,740,  

which represents the minimum CA activity necessary to explain the mass spectrometric 

results (Arias-Hidalgo et al., 2017). The CAi 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 CAII 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 PCO2 of mitochondria, hepatocytes and cardiomyocytes 

The influence of CO2 channels  

In mitochondria and cardiomyocytes we find no effect of DIDS and therefore no contribution 

of DIDS-sensitive CO2 channels to PCO2. In the case of mitochondria, the only known 

aquaporin is AQP8 (Calamita et al., 2005),  and this AQP is no CO2 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 CO2 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, PCO2 is reduced by a third in the presence of DIDS (from 

0.03 cm/s to 0.02 cm/s). From the known CO2 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 CO2 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  CO2 (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 CO2 

channels involved, but we are not able to specify which specific protein contributes to 

hepatocyte CO2 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 PCO2; the lower the cholesterol the higher the 

permeability. This is shown impressively in Figure 11(black dots), where it is seen that  

PCO2 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 PCO2 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 

CO2 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 PCO2 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 PCO2 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 PCO2. Moreover, Figure 11 shows that for a large number of cells, if not for most, 

cholesterol is the most dominating determinant of PCO2. As will be discussed below, it appears 

that the incorporation of CO2 channels into biological membranes, in order to achieve  

a sufficiently high CO2 permeability, is rather an exception than a rule. Most cells seem to 

owe their specific PCO2 value to the cholesterol in their membranes.     
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In this discussion of cholesterol effects on PCO2, it is important to state that we present mean 

values of cholesterol as well as PCO2 for the whole membrane of the cell. In many cases the 

cell membrane will not exhibit homogeneous distribution of cholesterol and thus not 

homogeneous CO2 permeabilities.  It remains to be studied how specific regions of the cell 

membrane, like lipid rafts, behave. 

    

 

Figure 11: Effect of cholesterol on CO2 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 CO2 permeability to the rate of O2 

consumption 

Arias-Hidalgo et al. (2016) have described an approach to estimate the efficiency of  

CO2 release by various cells or organelles of highly different sizes. They calculate a “whole 

cell /organelle CO2 membrane conductance, CM” as the product of membrane  

CO2 permeability times cellular/organellar membrane area, PCO2·A = CM. They relate this 

parameter to the “whole cell/organelle CO2 production, �̇�CO2” and use the ratio PCO2·A/�̇�CO2 

as a measure of the efficiency of CO2 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 

�̇�CO2. 

Table 4: Ratio between CO2 membrane conductance and CO2 production for several 

cell types and mitochondria. 

Cell/Organelle CM/�̇�CO2 (cm
3
/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 CM/�̇�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 CO2 release. With these values, we can 

conclude that mitochondria are maximally optimized for the release of CO2 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 CM/�̇�CO2 for cells compared to 

mitochondria, however, do not imply that CO2 release by the cells is insufficient, as will be 

explained below. The conclusion here is simply that mitochondria possess an exceptionally 

optimized CO2 release mechanism.  
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Endeward et al. (2014), using a simple mathematical model, have studied at which value PCO2 

becomes critical for the release of CO2 by a respiring cell.  They found that, for cells 

producing CO2 at a rate of that of the maximally working heart, CO2 permeabilities < 0.1cm/s 

will begin to impair CO2 release, with a serious effect being exerted by a PCO2 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 PCO2 values 

<0.01cm/s  are expected to become limiting for an adequate CO2 exchange, while a 

permeability of 0.03 cm/s as found here, allows an unimpeded CO2 release by these cells. 

Although the cells of Table 4 have quite different PCO2 values, their PCO2 value offers no 

limitation to the CO2 release under the conditions given by their respective rates of oxygen 

consumption or CO2 production. Thus, we can conclude that the PCO2 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 CO2 release.  

 

Exceptions to the rule 

We have shown above that there is a positive correlation between aerobic metabolism and 

PCO2. Cells from tissues with higher metabolic rate and mitochondria have a higher  

CO2 permeability, and vice versa, showing the principle of biological adaptation of membrane 

CO2 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 Düttingdorf et al., 1999) combined with a very low PCO2 of 0.0015cm/s 

(Endeward & Gros, 2005), while the basolateral membrane has a lower cholesterol content 

(Meyer zu Düttingdorf et al., 1999) and a much higher PCO2 of 0.02 (Endeward & Gros, 

2005).   
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The very low apical PCO2 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 

PCO2 between apical and basolateral membranes relate to the different physiological role each 

of the two membranes has. Endeward & Gros (2005) described that the PCO2 of the apical 

membrane constitutes a very effective barrier against the high CO2 concentration found in the 

lumen of this part of the intestine and therefore protects the cell interior from a high CO2 

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 PCO2 of these membranes fit in with what is to 

be expected on the basis of the metabolism of these cells (Figure 8, 2
nd

 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 CO2. In this case, red 

blood cells have not a high aerobic metabolism but they possess nevertheless a high PCO2 of 

0.15 cm/s due to the strong expression of the two CO2 channels AQP1 and RhAG. This 

property is of course due to the red cells’ physiological role of gas transport. The high  

CO2 permeability of the erythrocyte membrane allows an efficient exchange of CO2 (and 

perhaps O2) between red blood and the lung and tissue.    

 

Final remarks 

From our work we can conclude that most cells present a PCO2 that correlates with their 

aerobic metabolism and that cholesterol seems to play the central role in the adaptation of 

PCO2 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 PCO2 to CO2 production, and whether it is CO2 channels that 

adapt PCO2 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 CO2 acts as an evolutionary force that controls the 

cholesterol/phospholipid ratio of cells membranes, allowing cells to achieve an optimal PCO2 

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 PCO2 is confirmed. 

2. Cardiomyocytes and mitochondria exhibit a high PCO2 due to the low cholesterol of their 

membranes. 

3. Only in the case of hepatocytes, a minor contribution of DIDS-sensitive CO2 channels to 

PCO2 was found.   

4. Evidence in favor of a correlation between PCO2 and aerobic metabolism of cells and 

organelles is presented. Most of the cells show the novel biological principle of adaptation 

of membrane CO2 permeability to their rate of CO2 production. 

5. Cholesterol seems to play a dominant role in the adaptation of PCO2 to the aerobic 

metabolism of cells and organelles.  

6. In mitochondria and cells, although they have quite different PCO2 values, PCO2 is never 

limiting for their individual maximal CO2 release under physiological conditions. 

7. Mitochondria seem exceptionally well adapted to CO2 release.  

8. Apical membranes of proximal colon cells and erythrocyte membranes represent 

exceptions from the principle of metabolic adaptation of PCO2, and show how a specialized 

physiological role of a cell can also have an influence on PCO2.  
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