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Ischemia causes severe damage in the gastrointestinal tract. Therefore, it is interesting to study how the barrier and transport functions of intestinal epithelium change under hypoxia and subsequent reoxygenation. For this purpose we simulated hypoxia and reoxygenation on mucosa-submucosa preparations from rat distal colon in Ussing chambers and on isolated crypts. Hypoxia (N2 gassing for 15 min) induced a triphasic change in short-circuit current (Isc): a transient decrease, an increase and finally a long-lasting fall below the initial baseline. During the subsequent reoxygenation phase, Isc slightly rose to values above the initial baseline. Tissue conductance (Gt) showed a biphasic increase during both the hypoxia and the reoxygenation phases. Omission of Cl− or preincubation of the tissue with transport inhibitors revealed that the observed changes in Isc represented changes in Cl− secretion. The radical scavenger trolox C reduced the Isc response during hypoxia, but failed to prevent the rise of Isc during reoxygenation. All changes in Isc were Ca2+-dependent. Fura-2 experiments at loaded isolated colonic crypts revealed a slow increase of the cytosolic Ca2+ concentration during hypoxia and the reoxygenation phase, mainly caused by an influx of extracellular Ca2+. Surprisingly, no changes could be detected in the fluorescence of the superoxide anion-sensitive dye mitosox or the thiol-sensitive dye thiol tracker, suggesting a relative high capacity of the colonic epithelium (with its low O2 partial pressure even under physiological conditions) to deal with enhanced radical production during hypoxia/reoxygenation.
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INTRODUCTION

Intestinal hypoxia, e.g., caused by arterial or venous thromboembolism or mechanical compression, is a severe gastroenterologic disease associated with a high lethality (Haglund and Bergqvist, 1999). A reduction in mucosal blood flow impairs energy supply to the high energy demanding intestinal epithelium leading to severe mucosal damage and a loss of the barrier function of the epithelium. This damage may be even exaggerated after reperfusion/reoxygenation due to the production of reactive oxygen species. The generation of these oxidants begins already during the hypoxic phase due to the accumulation of hypoxanthine and the proteolytic conversion of xanthine dehydrogenase into xanthine oxidase. Hypoxanthine is oxidized to xanthine, which is then further oxidized to uric acid; both reactions lead to the production of superoxide ([image: image]•). When oxygen supply is restored during reperfusion/reoxygenation, radical production is exaggerated by [image: image]• generation in mitochondria (Dröge, 2002; Gonzalez et al., 2015).

Beside radical production, a further challenge for the epithelium during the ischemic/hypoxic phase is the fall in ATP production, with severe consequences for the activity of ATP-dependent enzymes such as the Na+-K+-ATPase, which is the motor for transcellular absorption or secretion of many solutes across epithelia (Kaplan, 1985). In excitable tissues such as heart, brain or vascular smooth muscle cells, however, the fall of the ATP/ADP ratio triggers a protective mechanism, i.e., the activation of ATP-sensitive K+ (KATP) channels. The opening of these channels hyperpolarizes the membrane and thereby decreases energy demand via reduced excitability (for review of these channels, see Hibino et al., 2010). Ionic currents sensitive to sulphonylurea derivatives (which are prototypical blockers of KATP channels), however, have also been measured across the basolateral membrane of colonic epithelium of man (Maguire et al., 1999) and rat (Hennig and Diener, 2009). These channels function as heterooctamers (Babenko et al., 1998) consisting of four pore-forming subunits (Kir) building an inwardly-rectifying K+ channel and four regulatory, sulphonylurea-binding (SUR) subunits. On the molecular level, two pore-forming isoforms (Kir 6.1 and Kir 6.2) and two regulatory subunits (SUR1, SUR2B) have been identified on the mRNA as well as the protein level in colonic epithelium (Pouokam et al., 2013). As these channels play a central role in the protection of excitable tissues against hypoxia (e.g., Hund and Mohler, 2011), we investigated the impact of hypoxia/reoxygenation on the barrier and ion transport functions of the intestinal epithelium and the contribution of these channels to the changes induced. Ussing chamber experiments with mucosa-submucosa preparations and imaging experiments with isolated crypts from rat colon were conducted for this investigation.

MATERIALS AND METHODS

Tissue Preparation

Wistar rats of both sexes were used with a body mass of 170–220 g for imaging experiments or of 180–280 g for Ussing chamber experiments. The animals were bred and housed at the institute of veterinary physiology and biochemistry of the Justus-Liebig-University Giessen at an ambient temperature of 22.5°C and air humidity of 50–55% on a 12 h: 12 h light-dark cycle with free access to water and food until the time of the experiment. The rats were numbed by a stroke on the head and killed by cervical dislocation (approved by the named animal welfare officer of the Justus Liebig University, administrative number 487_M) and performed according to the German and European animal welfare law.

The colon was flushed with an ice-cold Tyrode solution and then put into ice-cold bathing solution. The serosa and muscularis propria were stripped away by hand to obtain the mucosa-submucosa preparation of the distal colon. Briefly, the colon was placed on a small plastic rod with a diameter of 5 mm. A circular incision was made near the anal end with a blunt scalpel and the serosa together with the tunica muscularis were gently removed in the proximal direction. Two segments of the distal colon of each rat were used for the experiments.

Solutions

The Ussing chamber experiments were carried out in a Tyrode solution containing (in mmol·l−1): NaCl 140, KCl 5.4, HEPES (N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid) 10, glucose 12.2, CaCl2 1.25, MgCl2 1. The pH was adjusted with NaOH to 7.4. For the Cl−-free buffer, NaCl and KCl were replaced equimolarly by Na gluconate and K gluconate. For the Ca2+-free buffer, CaCl2 was omitted. For crypt isolation, a Ca2+- and Mg2+-free Hanks's balanced solution was used containing 10 mmol·l−1 EDTA (ethylenediamine tetraacetic acid), pH was adjusted with tris-base (tris(hydroxymethyl)-aminomethane) to 7.4. The isolated crypts were stored in a high potassium Tyrode solution consisting of (mmol·l−1): K gluconate 100, KCl 30, HEPES 10, NaCl 20, MgCl2 1, CaCl2 1.25, glucose 12.2, sodium pyruvate 5 and 1 g·l−1 BSA; pH was 7.4. All solutions were either gassed with room air to mimic normoxic conditions or with N2 to induce hypoxia.

Crypt Isolation for Imaging Experiments

For the isolation of intact colonic crypts, the mucosa-submucosa preparation was fixed on a plastic holder with tissue adhesive and transferred for about 5–7 min to the EDTA solution. The tissue sample was vibrated once for about 30 s in order to isolate intact crypts. They were collected in high K+ Tyrode buffer, similar to the intracellular medium (Böhme et al., 1991). The isolation procedure was performed at 38°C.

The crypts were attached to the surface of a cover slip (diameter 22 mm) with the aid of poly-L-lysine (0.1 mg·ml−1; Biochrom, Berlin, Germany). For Ca2+-imaging, they were incubated for 60 min with 2.5 μmol·l−1 fura-2 acetoxymethylester (AM) in the presence of 0.05 g·l−1 pluronic acid (Life Technologies, Darmstadt, Germany). Afterwards, the dye which was not taken up by the cells was washed away. Then the preparation was transferred to a gas-tight hypoxia chamber (own design; see inset of Figure 6). The chamber had a volume of 2 ml. It was perfused with 140 mmol·l−1 NaCl Tyrode at about 5 ml·min−1. In order to mimic normoxic or hypoxic conditions, the superfusing solutions were continuously gassed with air or with N2.

Changes in the cytosolic Ca2+ concentration were monitored as changes in the fura-2-ratio (emission at an excitation wave length of 340 nm divided by the emission at an excitation wave length of 380 nm; emission was measured at a wave length above 410 nm). In order to measure mitochondrial production of hydrogen peroxide (H2O2), the crypts were incubated for 60 min with 5·10−6 mol·l−1 mitosox at room temperature. Potential production of superoxide anion ([image: image]•) was monitored as changes in the mitosox signal (emission above 580 nm at an excitation wave length of 390 nm). For the registration of changes in the cytosolic concentration of reduced glutathione (GSH), the crypts were incubated with for 60 min with 2·10−5 mol·l−1 thiol tracker violet stain at room temperature. The GSH concentration was monitored as changes in the thiol tracker violet signal (emission above 410 nm at an excitation wave length of 380 nm).

The imaging experiments were carried out on an inverted microscope (Olympus IX-50; Olympus, Hamburg, Germany), equipped with an epifluorescence set-up and an image analysis system (Till Photonics, Martinsried, Germany). Several regions of interest (ROI's) were selected, each one with the size of one cell. Data were sampled at 0.2 Hz. The baseline in the fluorescence signal was measured for several minutes before any drug was added.

Short-Circuit Current Measurement

The tissue was fixed in a modified Ussing chamber, bathed with a volume of 3.5 ml on each side of the mucosa-submucosa preparation and short-circuited by a computer-controlled voltage-clamp device (Ingenieur Büro Mußler, Aachen, Germany) with correction for solution resistance. The tissue was incubated at 37°C and the electric activities were measured on an area of 1 cm2. Tissue conductance (Gt) was measured every min by the voltage deviation induced by a current pulse (±50 μA, duration 200 ms) under open-circuit conditions. Short-circuit current (Isc) was continuously recorded on a chart recorder. Isc is expressed as μEq·h−1·cm−2, i.e., the flux of monovalent ion per time and area with 1 μEq·h−1·cm−2 = 26.9 μA·cm−2.

Drugs

BaCl2 and GdCl3 were dissolved in an aqueous stock solution. Bumetanide was dissolved in ethanol (final maximal concentration 0.25% v/v). 2-APB (2-aminoethoxydiphenyl borate), glibenclamide (Boehringer Mannheim, Mannheim, Germany), NPPB, pinacidil and trolox C were dissolved in dimethylsulphoxide (final maximal concentration 0.25% v/v). All fluorescent dyes were obtained from Life Technologies, (Darmstadt, Germany). If not indicated differently, drugs were from Sigma (Taufkirchen, Germany).

Statistics

Results are given as means ± one standard error of the mean (SEM) with the number n of analyzed tissues or cells received from at least three animals. For the comparison of two groups, either a student's t-test or a Mann-Whitney U-test was used. An F-test decided, which test method had to be used. To compare more than two groups, an analysis of variance was performed followed by post-hoc Tukey's -test. P < 0.05 was considered to be statistically significant.

RESULTS

Hypoxia and Subsequent Reoxygenation Modulate Ion Transport across Rat Colonic Epithelium

Hypoxia reached by means of N2 gassing for 15 min in Ussing chambers was preceded and followed by room air gassing in order to mimic normoxia and reoxygenation, respectively. Baseline in short-circuit current (Isc), which is a measure of net ion movement across the epithelium, at the end of the normoxic period amounted to 1.55 ± 0.98 μEq·h−1·cm−2 (n = 8). As a response to hypoxia, a triphasic change (Figure 1A) in Isc was induced. It consisted of an initial, transient decrease (Dec1 in Figure 1A) of −0.91 ± 0.20 μEq·h−1·cm−2 under the initial baseline. This was followed by a transient rise (peak) of 0.57 ± 0.17 μEq·h−1·cm−2 and finally a long-lasting decrease (Dec2 in Figure 1A) of −1.26 ± 0.19 μEq·h−1·cm−2 (Table 1) under the initial baseline. Approximately 10 min after the start of the hypoxic phase, the Isc reached a stable plateau (Figure 1A). Reoxygenation caused the Isc to rise again after a delay of about 7 min. After 15 min in air gassing, the Isc had risen by 0.37 ± 0.20 μEq·h−1·cm−2 (Table 1) compared to the baseline at the end of the N2 period and further rose to value of 1.69 ± 1.38 μEq·h−1·cm−2 (n = 8) above the current during the hypoxic period, when the reoxygenation period was extended to a duration of 30 min (Figure 1A). In time-dependent control experiments with continuous air gassing, only a slight increase in Isc was observed (Figure 1B), which rose by 0.35 ± 0.2 μEq·h−1·cm−2 (n = 15) in the same time interval as described above for the hypoxia/reoxygenation experiments.


[image: image]

FIGURE 1. Effect of hypoxia (N2, black bar) and reoxygenation on Isc (A) in comparison to a time-dependent control (B) continuously gassed with air (white bar). Dec1, Peak and Dec2 mark the minimal respective maximal changes in Isc quantified in Tables 1–3. Values are means (symbols) ± SEM (gray area), n = 8 (A) or 15 (B). For statistics, see Table 1.



Table 1. Effect of drugs modulating K+ channel activity on the Isc induced by hypoxia/reoxygenation.

[image: image]

Hypoxia caused a strong increase in tissue conductance (Gt). It rose from 28.6 ± 3.4 mS·cm−2 at the end of the normoxic period to 42.5 ± 7.2 mS·cm−2 (n = 8, P < 0.05) during the hypoxic phase. Switching back to air gassing during the reoxygenation phase did not lead to a recovery of the Gt, which remained stable at an elevated level for about 15 min, before a secondary rise in Gt was observed (Figure 2A). In time-dependent control experiments with continuous air gassing, only a slight increase in Gt was observed (Figure 2B) from 26.5 ± 2.8 mS·cm−2 to 34.0 ± 5.6 mS·cm−2 in the same time interval as described above for the hypoxia/reoxygenation experiments. Due to the strong secondary increase in Gt during the late reoxygenation phase, which suggests a damage of the colonic epithelium, in all subsequent experiments the reoxygenation period was limited to 15 min.


[image: image]

FIGURE 2. Effect of hypoxia (N2; black bar) and reoxygenation on tissue conductance (A) in comparison to a time-dependent control (B) continuously gassed with air (white bar). Values are means (symbols) ± SEM (gray area), n = 8 (A) or 15 (B).



Involvement of K+ Channels

To find out whether K+ channels play a role in the response to hypoxia and subsequent reoxygenation, blockers of K+ conductances known to be involved in rat colonic epithelial ion transport (Strabel and Diener, 1995; Schultheiss and Diener, 1997; Warth and Barhanin, 2003) were used. Preincubation of the tissue with Ba2+ (10−2 mol·l−1 at the serosal side), a nonselective K+ channel blocker (Cook and Quast, 1990), caused a significant reduction in the peak of Isc observed during hypoxia (Figure 3A, Table 1). Administration of serosal BaCl2 caused a paradox transient increase in Isc, which is known to represent the transient activation of Ca2+-calmodulin dependent Cl− secretion (Hardcastle et al., 1985).


[image: image]

FIGURE 3. The nonselective K+ channel blocker Ba2+ (10−2 mol·l−1 at the serosal side; gray bar) suppresses the peak in Isc induced by hypoxia (A), whereas the KATP channel blocker glibenclamide (5·10−4 mol·l−1 at the serosal side) was ineffective (B). Values are means (symbols) ± SEM (gray area), n = 6–10. For statistics, see Table 1.



In order to investigate the involvement of KATP channels, the tissue was pretreated with glibenclamide (5·10−4 mol·l−1, at the serosal side), an inhibitor of this type of [image: image]channels (for review of the drugs acting on KATP channels, see Seino and Miki, 2003). However, neither the triphasic change in Isc during hypoxia nor the secondary rise in Isc during the reoxygenation were altered in the presence of glibenclamide (Figure 3A, Table 1). Also preincubation with pinacidil (5·10−4 mol·l−1, at the serosal side), an opener of KATP channels, did not alter the currents induced by hypoxia/reoxygenation (Table 1) suggesting that KATP channels are not involved in the induction of the currents by hypoxia/reoxygenation in this tissue.

The Currents Induced by Hypoxia/Reoxygenation Represent Changes in Cl− Secretion

Changes in Isc across colonic epithelium often represent changes in anion secretion. In order to be secreted, Cl− is taken up across the basolateral membrane via the Na+-K+-2Cl− cotransporter (NKCC1) and leaves the cell via apical anion channels mainly of the CFTR (cystic fibrosis transmembrane conductance regulator) type (for review see Greger, 2000). The driving for Cl− exit across these channels is the negative membrane potential, which is dominated by a K+ diffusion potential generated by K+ efflux via basolateral K+ channels (Strabel and Diener, 1995; Warth and Barhanin, 2003). In order to find out, whether the changes in Isc observed during hypoxia/reoxygenation represent changes in Cl− transport, blockers of key ion transporters involved in Cl− secretion were used.

In the presence of bumetanide (10−3 mol·l−1 at the serosal side), an inhibitor of the NKCC1 (for review see Greger, 2000), all three phases of the current response observed during hypoxia were significantly reduced (Table 2). Also the subsequent rise in Isc during the reoxygenation phase was diminished (Figure 4A), although this inhibition did not reach statistical significance (Table 2). In order to block apical Cl− channels, NPPB (10−4 mol·l−1 at the mucosal side), a Cl− channel blocker (Diener and Rummel, 1989), was used. NPPB suppressed the currents induced by hypoxia and reduced (without reaching statistical significance) the secondary rise in Isc during the reoxygenation period (Figure 4B, Table 2). Both bumetanide as well as NPPB induced a fall in Isc, which has to be expected after blockade of basolateral Na+-K+-2C1− cotransporter and of apical anion channels, respectively, because basal Isc in rat colon is dominated by a spontaneous anion secretion, mainly of Cl− (Strabel and Diener, 1995).

Table 2. The transepithelial currents induced by hypoxia/reoxygenation represent changes in Cl− secretion and are blunted by a radical scavenger.

[image: image]
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FIGURE 4. The response to hypoxia/reoxygenation is suppressed by bumetanide (10−3 mol·l−1 at the serosal side; gray bar in A) or NPPB (10−4 mol·l−1 at the mucosal side; gray bar in B). Values are means (symbols) ± SEM (gray area), n = 8–9. For statistics, see Table 2.



Substitution of Cl− with the impermeable anion gluconate showed similar effects (Table 2) indicating that hypoxia and subsequent reoxygenation modulate Cl− transport across the colonic epithelium.

Intracellular Messenger Substances Involved in the Changes in Isc

The reoxygenation phase following hypoxia mimics the reperfusion situation following ischaemia in vivo, which is known to be concomitant with an increased production of oxidants and radicals (Kowaltowski et al., 2009). In order to find out, whether radicals, which are known to act as intracellular signaling molecules (Dröge, 2002), play a role in the currents induced by hypoxia/reoxygenation, tissues were pretreated with trolox C, a derivate of α-tocopherol (Lee et al., 2014; Vergauwen et al., 2015). In the presence of this radical scavenger, the initial decrease and the peak in Isc during the hypoxic phase tended to be reduced and the secondary decrease in Isc was significantly inhibited by 55%. Surprisingly, the increase in Isc during the reoxygenation period remained unaltered in the presence of trolox C (Table 2).

A second messenger known to be involved, e.g., in the response of endothelial cells to hypoxia/reoxygenation is Ca2+ (Schäfer et al., 2003). As this second messenger is also able to induce intestinal Cl− secretion predominantly via stimulation of basolateral Ca2+-dependent K+ channels (Böhme et al., 1991) supported by the transient opening of Ca2+-dependent apical Cl− channels (Hennig et al., 2008), the involvement of Ca2+ in the Isc response evoked by hypoxia/reoxygenation was investigated.

In the absence of serosal Ca2+, the peak in Isc during the early hypoxic period was significantly reduced suggesting that this phase is caused by the transient stimulation of Ca2+-dependent Cl− secretion. When in addition the release of Ca2+ from intracellular stores was inhibited with 2-APB (10−4 mol·l−1), a blocker of inositol-1,4,5-trisphosphate (IP3) receptors (Maruyama et al., 1997), all three phases of the Isc response during hypoxia were significantly diminished (Table 3).

Table 3. Role of Ca2+ in the hypoxia/reoxygenation-evoked changes in Isc.

[image: image]

Changes in the Cytosolic Ca2+ Concentration

Ca2+ measurements at fura-2-loaded isolated crypts in imaging experiments revealed a slow increase of the cytosolic Ca2+ concentration during hypoxia (Figure 5). When switching back to the perfusion of the chamber with air-gassed buffer solutions, the fura-2 ratio signal further increased (Table 4). At the end of the experiment, intracellular Ca2+ stores were depleted by cyclopiazonic acid (10−5 mol·l−1), an inhibitor of sarcoplasmic-endoplasmic Ca2+-ATPases (SERCA; Plenge-Tellechea et al., 1997), which served as viability control. Cyclopiazonic acid induced a consistent and prompt increase in the fura-2 ratio signal thus excluding irreversible changes of the colonic epithelium during the hypoxic period. The increase in the cytosolic Ca2+ concentration was abolished when the crypts were superfused with a Ca2+-free solution either alone or in combination with the IP3 receptor blocker 2-APB (10−4 mol·l−1). The same was observed, when the crypts were pretreated with Gd3+ (5·10−6 mol·l−1), a blocker of nonselective cation channels (Frings et al., 1999) responsible for store-operated Ca2+ entry in these cells (Table 4).


[image: image]

FIGURE 5. In fura-2 imaging experiments with isolated crypts a moderate increase in the cytosolic Ca2+ concentration during hypoxia was observed followed by a secondary increase during the reoxygenation phase. At the end of the experiment, cyclopiazonic acid (CPA; 10−5 mol·l−1; filled arrow) was administered as viability control. Values are means (symbols) ± SEM (gray area), n = 40. The inset shows an original tracing which exemplifies the increase in the fura-2 ratio signal more clearly, as the time ensemble presented in the averaged figure tends to dampen signal amplitudes if not all cells respond synchronously. For statistics, see Table 4.



Table 4. Changes in the cytosolic Ca2+ concentration of isolated crypts during hypoxia/reoxygenation.

[image: image]

When the crypts were pretreated with the radical scavenger trolox C (10−4 mol·l−1), no increase in the fura-2 ratio was induced by hypoxia and also the secondary increase during the reoxygenation period was abolished (Table 4).

Involvement of Reactive Oxygen Species

As the production of oxidants in mitochondria starts with the conversion of the superoxide anion ([image: image]•) to hydrogen peroxide (H2O2), a reaction catalyzed by the enzyme superoxide dismutase (Yu, 1994), it was of interest to check the production of potential oxidants in the isolated crypts during hypoxia/reoxygenation. For this purpose, the fluorescent dye mitosox was used. However, the mitosox signal was unaltered during the hypoxia and the subsequent reoxygenation period (Figure 6A). The mitosox fluorescence (arbitrary units) fell by −0.005 ± 0.002 during the hypoxia and by −0.004 ± 0.002 (n = 50) during reoxygenation. In time-dependent control experiments (without hypoxia/reoxygenation), a similar change of the mitosox signal by −0.005 ± 0.002 and by −0.004 ± 0.003 (n = 44) in the same time intervals was observed. At the end of the experiment H2O2 (10−2 mol·l−1) was administered in order to prove the validity of the method. As expected, hydrogen peroxide induced a strong increase in the mitosox fluorescence signal by 0.12 ± 0.004 (n = 50) in the hypoxia group and by 0.16 ± 0.01 (n = 44) in the time-dependent control experiments.


[image: image]

FIGURE 6. Hypoxia (N2 gassing; black bar)/reoxygenation did not affect mitochondrial radical production (A) or cytosolic glutathione concentration (B) in isolated colonic crypts. Values are means (symbols) ± SEM (gray area), n = 75–90. At the end of the experiments, H2O2 (10−2 mol·l−1; filled arrow) was administered as control. The inset shows the hypoxia chamber, in which the crypts (mounted between two glass slides fixed between teflon rings) were superfused with N2- or air-gassed solutions.



Physiological protection against oxidants is insured by glutathione (GSH), the main reducing agent in the cytosol (Mandavilli and Janes, 2010), which keeps thiols in the reduced state in intact cells. In order to find out, whether cytosolic glutathione might “trap” the expected production of oxidants during hypoxia/reoxygenation, changes in the cytosolic glutathione concentration were monitored by loading the colonic crypts with thiol tracker. However, no change in the signal of this fluorescent indicator was observed during the hypoxic period, i.e., during superfusion with N2-gassed solutions, or the subsequent reoxygenation period. Instead, a continuous, time-dependent decrease of the signal, which probably reflects bleaching of the dye, was observed (Figure 6B). The thiol tracker signal (arbitrary units) fell from the beginning to the end of the hypoxia period by −0.06 ± 0.009 and by −0.11 ± 0.01 (n = 90) during the subsequent reoxygenation phase. These values were not different from the changes in time-dependent control experiments, where the thiol tracker fluorescence fell by −0.07 ± 0.005 and −0.09 ± 0.006 (n = 75) in the respective time periods. At the end of each experiment, H2O2 (10−2 mol·l−1) was administered. Hydrogen peroxide induced a prompt decrease of the thiol tracker signal by −0.04 ± 0.005 (n = 90) in the hypoxia experiments and by −0.04 ± 0.005 (n = 75) in the time-dependent control experiments, as has to be expected after challenging the cell with oxidants.

DISCUSSION

The intestinal epithelium is strongly affected by changes in oxygen supply, which has an influence on the expression, cellular localization or activity of several transporters for ions and nutrients in the gut (Ward et al., 2014). In the present study, we observed a triphasic change in electrogenic ion transport measured as Isc across rat distal colon during hypoxia: a transient decrease followed by a short rise in Isc, before the current finally fell below the initial baseline (Figure 1A). Anion substitution experiments (Table 2) and experiments in which Cl− secretion was blocked either by inhibition of the Na+-K+-2Cl−-cotransporter (Figure 4A), which represents the dominant Cl− uptake mechanism across the basolateral membrane (Russell, 2000), or inhibition of Cl− channels (Figure 4B) responsible for Cl− exit across the apical membrane (Greger, 2000), revealed that these changes in Isc represent changes in Cl− secretion.

The transient increase in Isc (“peak” in Figure 1A) thus represents a short-lasting stimulation of anion secretion. Chloride secretion is under the control of intracellular second messengers such as Ca2+, cAMP and cGMP (Binder and Sandle, 1994). The secretory response was inhibited in the absence of serosal Ca2+, especially when this maneuver was combined by the additional presence of 2-ABP blocking the release of intracellularly stored Ca2+ via IP3 receptors (Table 4). Furthermore, hypoxia leads to modest, but consistent increase in the cytosolic Ca2+ concentration of isolated colonic crypts loaded with the Ca2+-sensitive dye fura-2 (Figure 5). Therefore, this current probably reflects a stimulation of Ca2+-dependent Cl− secretion during hypoxia. The dominant mechanism, by which an increase in the cytosolic Ca2+ concentration stimulates Cl− secretion is the activation of Ca2+-dependent basolateral K+ channels, which hyperpolarizes the membrane and thereby increases the driving force for Cl− exit across apical anion channels (Böhme et al., 1991; Strabel and Diener, 1995). This process is supported by the transient opening of Ca2+-dependent Cl− channels in the apical membrane (Hennig et al., 2008). Indeed, in human colonic epithelium chemically induced hypoxia has been shown to activate intermediate conductance Ca2+-dependent K+ channels (Loganathan et al., 2011). An increase in the cytosolic Ca2+ concentration will also stimulate apical Ca2+-dependent K+ channels, which are found in the brushborder membrane, too (Schultheiss and Diener, 1997). This may underlie the Ca2+-dependent (Table 3) initial fall in Isc (“Dec1” in Figure 1A) during hypoxia preceding the transient Cl− secretion leading to a rise in Isc. How these changes in ion transport are initiated is finally unclear. However, during hypoxia epithelial cells release adenosine as shown on T84 cells (Matthews et al., 1995), a human colonic tumor cell line. Thus, paracrine mediators may be involved in the control of epithelial ion channel activity during hypoxia/reoxygenation.

The central role of K+ channels in the initial response to hypoxia is underlined by the action of Ba2+, which suppressed the peak in Isc during hypoxia (Figure 3A) and tended to reduce the initial fall in Isc at the onset of hypoxia (Table 2). Surprisingly, despite functional, morphological and molecular biological evidence demonstrating the expression of ATP-sensitive K+ channels in the basolateral membrane of rat colonic epithelium (Pouokam et al., 2013), neither blockade of these channels with glibenclamide (Figure 3B) nor activation with pinacidil prior the onset of hypoxia had any effect on the electrogenic response evoked by hypoxia or reoxygenation. So despite the expected fall in the cytosolic ATP concentration after impairment of mitochondrial oxidative phosphorylation during hypoxia, KATP channels do not contribute to the changes in colonic ion transport during hypoxia. This clearly contrasts the response of the epithelium from that of excitable tissues, where these channels represent an important protective mechanism via hyperpolarization of the membrane, which finally reduces excitability and thereby the energy demand of these cells (Hibino et al., 2010). Consequently, in colonic epithelia KATP channels must exert other functions, such as to sense the gasotransmitter H2S (Pouokam and Diener, 2011).

The final response, however, of the epithelium to hypoxia consists in a long-lasting fall in Isc (Figure 1A) consistent with an inhibition of anion secretion. Several mechanisms may underlie this reduction in transepithelial current. For example, in T84 cells a decrease in the intracellular level of cGMP and cAMP, i.e., 2 s messengers responsible for activation of transepithelial Cl− secretion, has been observed during hypoxia (Taylor et al., 1998b). Also the activation of an AMP kinase during hypoxia is known to downregulate especially cAMP-induced anion secretion (Collins et al., 2011). Furthermore, already a reduction in the cytosolic ATP concentration alone might directly impair the opening of the CFTR channel, the dominant Cl− channel in the apical membrane (Greger, 2000), as this member of the ABC (ATP-binding cassette) protein family needs phosphorylation for activation and in addition ATP hydrolysis for its gating (Gadsby et al., 2006). On the long-term, there seems even to be a downregulation of this channel on the transcriptional level during hypoxia via the HIF-1 (hypoxia-inducible factor-1) pathway as shown in the colonic cells lines T84 and Caco-2 (Zheng et al., 2009).

Concomitant with the change in Isc, there is a strong increase in tissue conductance, i.e., in the ionic permeability, of the epithelium during hypoxia, which even further rises after a short delay during the reoxygenation period (Figure 2A). A small increase in Gt was also observed in the time-dependent control experiments (Figure 2B). This is probably due to the experimental design, in which we decided to switch between “normoxic” conditions (i.e., gassing with room air containing 20.9% (v/v) O2 instead of pure oxygen), and N2 gassing, to mimic better the in vivo situation of ischemia/reperfusion. Obviously, this seems to limit the normally observed “longevity” of colonic specimens in Ussing chamber setups, which are usually gassed with 95–100% (v/v) O2. In T84 cells, a release of epithelial cytokines such as tumor necrosis factor-α has been shown to play a role in the increase in Gt during hypoxia, which probably reflects an increased permeability of the tight junctions (Taylor et al., 1998a). However, this does not necessarily represent only an unspecific damage of the epithelium due to hypoxia, but may in addition involve a regulated process as inhibition of Ca2+-dependent K+ channels has been shown to reduce the increase in the paracellular permeability during energy depletion in human colon (Loganathan et al., 2011).

Experiments with the radical scavenger trolox C suggest that both the long-lasting inhibition of Isc during the late hypoxia period (Table 2) as well as the rise of the cytosolic Ca2+ concentration during this period (Table 4) involved reactive oxygen species. However, no changes could be detected in the fluorescence of the superoxide anion-sensitive dye mitosox (Figure 6A) or the thiol-sensitive dye thiol tracker (Figure 6B) indicating that the expected increase in [image: image]• or a compensatory fall in the cytosolic glutathione level were below the level of detection and at least much smaller compared to the changes induced by a strong oxidant such as H2O2. In vivo, the situation is most likely different due to the infiltration of the intestinal wall with neutrophil granulocytes, which are a strong source of oxidants (Gonzalez et al., 2015). On the other hand, morphological studies performed at rat intestine suggest that ischemia causes only a modest histological damage in the colon in comparison to small intestine (Leung et al., 1992). Especially, in contrast to the small intestine, colonic mucosal damage was not enhanced by reperfusion, which might correlate with the low level of xanthine oxidase activity (about only 10% of that observed in small intestine) and thus a smaller production rate of reactive oxygen species in this segment of the gut (Leung et al., 1992). This suggests a relative high capacity of the colonic epithelium with its low O2 partial pressure even under physiological conditions (Zheng et al., 2015) to deal with enhanced radical production during hypoxia/reoxygenation.

The colonic epithelium is exposed to daily fluctuations of nutrient contents, microflora and mesenteric blood circulation. Adaptive mechanisms have been developed for facing such threats. Chloride secretion may be a “priming” consequence of epithelial cells which are regularly exposed to stimuli like inflammation correlated with hypoxia, which often is associated clinically with diarrhea (Zheng et al., 2009; Ward et al., 2014). The goal of this secretion could be “flushing” pathogens from the epithelium as if a microbial assault was running.

AUTHOR CONTRIBUTIONS

Conception and design of the work (SS, EP, MD); acquisition (SS, EP), analysis and interpretation of data (SS, EP, MD); drafting, revising and final approval the manuscript (SS, EP, MD).

ACKNOWLEDGMENTS

The diligent care of Mrs. B. Brück, E. Haas, B. Schmitt, and A. Stockinger is a pleasure to acknowledge. We thank Prof. Dr. K. D. Schlüter for his help in adapting the hypoxia chamber.

REFERENCES

 Babenko, A. P., Aguilar-Bryan, L., and Bryan, J. (1998). A view of SUR/KIR6.x, KATP channels. Annu. Rev. Physiol. 60, 667–687. doi: 10.1146/annurev.physiol.60.1.667

 Binder, H. J., and Sandle, G. I. (1994). “Electrolyte transport in the mammalian colon,” in Physiology of the Gastrointestinal Tract, ed L. R. Johnson (New York, NY: Raven Press), 2133–2171.

 Böhme, M., Diener, M., and Rummel, W. (1991). Calcium- and cyclic-AMP-mediated secretory responses in isolated colonic crypts. Pflügers Arch. Eur. J. Physiol. 419, 144–151. doi: 10.1007/BF00373000

 Collins, D., Kopic, S., Bachlechner, J., Ritter, M., Winter, D. C., and Geibel, J. P. (2011). Hypoxia inhibits colonic ion transport via activation of AMP kinase. Ann. Surg. 254, 957–963. doi: 10.1097/SLA.0b013e31821d477f

 Cook, N. S., and Quast, U. (1990). “Potassium channels. Structure, classification, function and therapeutic potential,” in Potassium Channel Pharmacology, ed N. S. Cook (New York, NY: Ellis Horwood), 181–255.

 Diener, M., and Rummel, W. (1989). Actions of the Cl− channel blocker NPPB on absorptive and secretory transport processes of Na+ and Cl− in rat descending colon. Acta Physiol. Scand. 137, 215–222. doi: 10.1111/j.1748-1716.1989.tb08741.x

 Dröge, W. (2002). Free radicals in the physiological control of cell function. Physiol. Rev. 82, 47–95. doi: 10.1152/physrev.00018.2001

 Frings, M., Schultheiss, G., and Diener, M. (1999). Electrogenic Ca2+ entry in the rat colonic epithelium. Pflügers Arch. Eur. J. Physiol. 439, 39–48. doi: 10.1007/s004249900159

 Gadsby, D. C., Vergani, P., and Csanidy, L. (2006). The ABC protein turned chloride channel whose failure causes cystic fibrosis. Nature 440, 477–483. doi: 10.1038/nature04712

 Gonzalez, L. M., Moeser, A. J., and Blikslager, A. T. (2015). Animal models of ischemia-reperfusion-induced intestinal injury: progress and promise for translational research. Am. J. Physiol. Gastrointest. Liver Physiol. 308, G63–G75. doi: 10.1152/ajpgi.00112.2013

 Greger, R. (2000). Role of CFTR in the colon. Annu. Rev. Physiol. 62, 467–491. doi: 10.1146/annurev.physiol.62.1.467

 Haglund, U., and Bergqvist, D. (1999). Intestinal ischemia - the basics. Langenbeck's Arch. Sur. 384, 233–238. doi: 10.1007/s004230050197

 Hardcastle, J., Hardcastle, P. T., and Noble, J. M. (1985). The secretory action of barium chloride in rat colon. J. Physiol. 361, 19–33. doi: 10.1113/jphysiol.1985.sp015630

 Hennig, B., and Diener, M. (2009). Actions of hydrogen sulfide on ion transport across rat distal colon. Brit. J. Pharmacol. 158, 1263–1275. doi: 10.1111/j.1476-5381.2009.00385.x

 Hennig, B., Schultheiss, G., Kunzelmann, K., and Diener, M. (2008). Ca2+-induced Cl− efflux at rat distal colonic epithelium. J. Membrane Biol. 221, 61–72. doi: 10.1007/s00232-007-9078-0

 Hibino, H., Inanobe, A., Furutani, K., Murakami, S., Findlay, I., and Kurachi, Y. (2010). Inwardly rectifying potassium channels: their structure, function, and physiological roles. Physiol. Rev. 90, 291–366. doi: 10.1152/physrev.00021.2009

 Hund, T. J., and Mohler, P. J. (2011). Differential roles for SUR subunits in KATP channel membrane targeting and regulation. Am. J. Physiol. Heart Circul. Physiol. 300, H33–H35. doi: 10.1152/ajpheart.01088.2010

 Kaplan, J. H. (1985). Ion movements throught the sodium pump. Annu. Rev. Physiol. 47, 535–544. doi: 10.1146/annurev.ph.47.030185.002535

 Kowaltowski, A. J., De Souza-Pinto, N. C., Castilho, R. F., and Vercesi, A. E. (2009). Mitochondria and reactive oxygen species. Free Radic. Biol. Med. 47, 333–343. doi: 10.1016/j.freeradbiomed.2009.05.004

 Lee, J. H., Kim, B., Jin, W. J., Kim, J. W., Kim, H. H., Ha, H., et al. (2014). Trolox inhibits osteolytic bone metastasis of breast cancer through both PGE2-dependent and independent mechanisms. Biochem. Pharmacol. 91, 51–60. doi: 10.1016/j.bcp.2014.06.005

 Leung, F. W., Su, K. C., Passaro, E. Jr., and Guth, P. H. (1992). Regional differences in gut blood flow and mucosal damage in response to ischemia and reperfusion. Am. J. Physiol. Gastrointest. Liver Physiol. 263, G301–G305.

 Loganathan, A., Linley, J. E., Rajput, I., Hunter, M., Lodge, J. P. A., and Sandle, G. I. (2011). Basolateral potassium (IKCa) channel inhibition prevents increased colonic permeability induced by chemical hypoxia. Am. J. Physiol. Gastrointest. Liver Physiol. 300, G146–G153. doi: 10.1152/ajpgi.00472.2009

 Maguire, D., MacNamara, B., Cuffe, J. E., Winter, D., Doolan, C. M., Urbach, V., et al. (1999). Rapid responses to aldosterone in human distal colon. Steroids 64, 51–63. doi: 10.1016/S0039-128X(98)00096-8

 Mandavilli, B. S., and Janes, M. S. (2010). Detection of intracellular glutathione using thiol tracker violet stain and fluorescence microscopy. Curr. Protoc. Cytometry Chapter 9, Unit 9.35. doi: 10.1002/0471142956.cy0935s53

 Maruyama, T., Kanaji, T., Nakade, S., Kanno, T., and Mikoshiba, K. (1997). 2APB, 2-aminoethoxydiphenyl borate, a membrane-penetrable modulator of Ins(1,4,5)P3-induced Ca2+ release. J. Biochem. 122, 498–505. doi: 10.1093/oxfordjournals.jbchem.a021780

 Matthews, J. B., Tally, K. J., Smith, J. A., Zeind, A. J., and Hmjez, B. J. (1995). Activation of Cl secretion during chemical hypoxia by endogenous release of adenosine in intestinal epithelial monolayers. J. Clin. Invest. 96, 117–125. doi: 10.1172/JCI118010

 Plenge-Tellechea, F., Soler, F., and Fernadez-Belda, F. (1997). On the inhibition mechanism of sarcoplasmic or endoplasmic reticulum Ca2+-ATPases by cyclopiazonic acid. J. Biol. Chem. 272, 2794–2800. doi: 10.1074/jbc.272.5.2794

 Pouokam, E., Bader, S., Brück, B., Schmidt, B., and Diener, M. (2013). ATP-sensitive K+ channels in rat colonic epithelium. Pflügers Arch. Eur. J. Physiol. 465, 865–877. doi: 10.1007/s00424-012-1207-7

 Pouokam, E., and Diener, M. (2011). Mechanims of actions of hydrogen sulfide at rat distal colonic epithelium. Brit. J. Pharmacol. 162, 392–404. doi: 10.1111/j.1476-5381.2010.01026.x

 Russell, J. M. (2000). Sodium-potassium-chloride cotransport. Physiol. Rev. 80, 211–276. doi: 10.1016/B978-0-12-374373-2.00027-3

 Schäfer, C., Walther, S., Schäfer, M., Dieterich, L., Kasseckert, S., Abdallah, Y., et al. (2003). Inhibition of contractile activation reduces reoxygenation-induced endothelial gap formation. Cardiovasc. Res. 58, 149–155. doi: 10.1016/S0008-6363(02)00842-8

 Schultheiss, G., and Diener, M. (1997). Regulation of apical and basolateral K+ conductances in the rat colon. Brit. J. Pharmacol. 122, 87–94. doi: 10.1038/sj.bjp.0701353

 Seino, S., and Miki, T. (2003). Physiological and pathophysiological roles of ATP-sensitive K+ channels. Progr. Biophys. Mol. Biol. 81, 133–176. doi: 10.1016/S0079-6107(02)00053-6

 Strabel, D., and Diener, M. (1995). Evidence against direct activation of chloride secretion by carbachol in the rat distal colon. Eur. J. Pharmacol. 274, 181–191. doi: 10.1016/0014-2999(94)00728-P

 Taylor, C. T., Dzus, A. L., and Colgan, S. P. (1998a). Autocrine regulation of epithelial permeability by hypoxia: role for polarized release of tumor necrosis factor alpha. Gastroenterology 114, 657–668. doi: 10.1016/S0016-5085(98)70579-7

 Taylor, C. T., Lisco, S. J., Awtrey, C. S., and Colgan, S. P. (1998b). Hypoxia inhibits cyclic nucleotide-stimulated epithelial ion transport: role for nucleotide cyclases as oxygen sensors. J. Pharmacol. Exp. Ther. 284, 568–575.

 Vergauwen, H., Tambuyzer, B., Jennes, K., Degroote, J., Wang, W., De Smet, S., et al. (2015). Trolox and ascorbic acid reduce direct and indirect oxidative Stress in the IPEC-J2 Cells, an in vitro model for the porcine gastrointestinal tract. PLoS ONE 10:e0120485. doi: 10.1371/journal.pone.0120485

 Ward, J. B. J., Keely, S. J., and Keely, S. J. (2014). Oxygen in the regulation of intestinal epithelial transport. J. Physiol. 592, 2473–2489. doi: 10.1113/jphysiol.2013.270249

 Warth, R., and Barhanin, J. (2003). Function of K+ channels in the intestinal epithelium. J. Membr. Biol. 193, 67–78. doi: 10.1007/s00232-002-2001-9

 Yu, B. P. (1994). Cellular defenses against damage from reactive oxygen species. Physiol. Rev. 74, 139–162.

 Zheng, L., Kelly, C. J., and Colgan, S. P. (2015). Physiologic hypoxia and oxygen homeostasis in the healthy intestine. A review in the theme: cellular responses to hypoxia. Am. J. Physiol. Cell Physiol. 309, C350–C360. doi: 10.1152/ajpcell.00191.2015

 Zheng, W., Kuhlicke, J., Jäckel, K., Eltzschig, H. K., Singh, A., Sjöblom, M., et al. (2009). Hypoxia inducible factor-1 (HIF-1)-mediated repression of cystic fibrosis transmembrane conductance regulator (CFTR) in the intestinal epithelium. FASEB J. 23, 204–213. doi: 10.1096/fj.08-110221

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2016 Schindele, Pouokam and Diener. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_3.gif





OPS/images/inline_2.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif





OPS/images/inline_1.gif





OPS/images/fphys-07-00247-t004.jpg
Hypoxia (means measured
over the final 3 min)

Control 0.0008:+0.01
Trolox G ~0.07£0.32"
ad®+ ~0.01:£001
0Ca?+ -0.10£001"
0 Ca?++2-APB 0.02£001

A fura-2 ratio (340/380 nm)

over the final 3 min)

003002
000042
—0.01:£002

~0.11:£0.08"
~0.001:£0.01

Cyclopiazonic acid
(peak response)

022003
042057
0.3£002"
0.47:£001
0080005

40
46
57
60
36

Changes in the fura-2 ratio signal indluced by hypoxia and subsaquent reoxygenation under control conditions (with C?*), in the presence of the radical scavenger trolox C (10~
mok1~"), after blockade of store-operated Ca?* channels with Ga®* (5:108 mol.~"), in the absence of Ca?* ions or after adcitional blockade of IPs receptors with 2-APB (10~
moti~"). Data are given as change of fura-2 ratio [Atura-2 ratio (340/380nmy)] compared to the baseline just prior the start of the respective gassing period or prior administration of

cyclopiazonic acd 10~ mol-I=1) and are means + SEM. n’

imber of tissues *P < 0.05 vs. control (analysis of variances followed by post-hoc test of Tukey).





OPS/images/cover.jpg
, frontiers
in Physiology

Hypoxia/Reoxygenation Effects
on Ion Transport across
Rat Colonic Epithelium









OPS/images/crossmark.jpg
®

o fark





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-07-00247-g005.gif
(e 0atrse) oneRg-eing





OPS/images/fphys-07-00247-g006.gif
(i 0¢) 1euBIS XOSOUW (i 0ge) 1euBis soxoei oL





OPS/images/fphys-07-00247-g003.gif
(Eq - om?)






OPS/images/fphys-07-00247-g004.gif





OPS/images/fphys-07-00247-t003.jpg
Changes in Isc (Alsc) induced by hypoxia and reoxygenation (1Eq-h=1-cm=2)

Condition Hypoxia

Reoxygenation

Initial decrease (Dect) 0-5 min ~ Peak hypoxia 0-5 min ~ Secondary decrease (Dec2) 5-15min  Peak reoxygenation 3-15 min

With Ca2+ ~091£020 057047 ~126+0.19
0Ca?+ ~0.86£0.14 0.20£005" -094£0.15
0Ca?*+2-APB ~0.20£0.08" 0.05002" ~028+0.10"

0.37:£091 8
050007 13
0.21:£0.05 8

The effects of hypoxia and reoxygenation on s were tested in the presence (ist row) or absence of Ca?* either alone (2nd row) or combined with 2-APB (3rd row; 104 mol.~! at
the serosal side). For definitions of the parameters measured, see legend of Table 1. For better orientation, in the Tst row (with Ca?*) the control response to hypoxia/reoxygenation
(Table 1) is shown again. Ca?* was omitted from the serosal side of the tissue. Data are given as change of s: (lse) compared to the baselie just prior the start of the respective

gassing period and are means + SEM. n = number of tissues. *P < 0.05 vs. control (analysis of variances followed by post-hoc test of Tukey).





OPS/images/fphys-07-00247-t001.jpg
Changes in I (Alsc) induced by hypoxia and reoxygenation (uEqrh~"-cm=2)

Condition Hypoxia Reoxygenation

Initial decrease (Dect) 0-5 min  Peak hypoxia 0-5min  Secondary decrease (Dec2) 5-15min  Peak reoxygenation 3-15min  n

Control ~091:£020 057047 —1.26:0.19 0.37:£0.20 8
BaClp ~054:£0.12 ~0.16:£0.11" -0.81£0.16 0.47:£0.15 10
Giibenclamide —0.80£0.18 024000 ~124£033 0.78+£056 6
Pinacidil ~0.60£0.18 0.49£0.13 ~1.14:£028 054014 5

The effects of hypoxia and reoxygenation on Is; were tested in presence of different K* channel blockers or activators (all administered to the serosal side). Values were taken as follows
(see also Figure 1): Dec: minimal Is; during min 0-5 of the hypoxic perod; peak hypoxa: maximal ls; during min 0-5 of the hypoxic period; Dec2: minimal e, during min 5-15 of the
hypoxic period; peak reoxygenation: maximal ls: during min 3-15 of the reoxygenation period. The first row shows the response to hypoxia followed by reoxygenation in the absence
of inhibitors. Drugs used were: Ba?* (a nonselective K* channel blocker; 102 mol.~"), glibenclemide (an inhibitor of Karp channels; 5-10~* mot4~") and pinacidil (an opener of Krp.
channels; 5.10~% mol.~"). Data are given as change of Is. (Als.) compared to the baseline just prior the start of the respective gassing period and are means % SEM. n = number of
tissues. *P < 0.05 vs. control (analysis of variances followed by post-hoc test of Tukey).






OPS/images/fphys-07-00247-t002.jpg
Changes in Isc (Alsc) induced by hypoxia and reoxygenation (uEq-h=1-cm=2)

Condition Hypoxia Reoxygenation

Initial decrease (Dec1) 0-5min  Peak hypoxia 0-5min  Secondary decrease (Dec2) 5-15min  Peak reoxygenation 3-15 min

s

With CI~ ~091£020 057£0.47 ~1.26+0.19 0.37:£091 8
Ci~-free ~039:£007" ~0.08:+006" ~047:£001" 0.17:£0.07 8
NPPB ~0.14:+0.06" 0.09:+005" ~0.14:£0.00" 0.47:£0.07 9
Bumetanide ~031:£005" 0.04:£002" ~0.49:£0.06" 0.12£0.12 8
Trolox G -0.40£0.12 0.15£0.10 ~055£0.14" 0.36::0.06 6
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