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Abstract

Aim: To identify the physiological role of the acid-base sensing enzyme, soluble
adenylyl cyclase (sAC), in red blood cells (RBC) of the model teleost fish, rainbow
trout.

Methods: We used: (i) super-resolution microscopy to determine the subcellular
location of sAC protein; (ii) live-cell imaging of RBC intracellular pH (pH;) with
specific sAC inhibition (KH7 or LRE1) to determine its role in cellular acid-base
regulation; (iii) spectrophotometric measurements of haemoglobin-oxygen (Hb-
0,) binding in steady-state conditions; and (iv) during simulated arterial-venous
transit, to determine the role of sAC in systemic O, transport.

Results: Distinct pools of SAC protein were detected in the RBC cytoplasm, at
the plasma membrane and within the nucleus. Inhibition of SAC decreased the
setpoint for RBC pH; regulation by ~0.25 pH units compared to controls, and
slowed the rates of RBC pH; recovery after an acid-base disturbance. RBC pH; re-
covery was entirely through the anion exchanger (AE) that was in part regulated
by HCO; -dependent sAC signaling. Inhibition of SAC decreased Hb-O, affinity
during a respiratory acidosis compared to controls and reduced the cooperativity
of O, binding. During in vitro simulations of arterial-venous transit, sAC inhibi-
tion decreased the amount of O, that is unloaded by ~11%.

Conclusion: sAC represents a novel acid-base sensor in the RBCs of rainbow
trout, where it participates in the modulation of RBC pH; and blood O, trans-
port though the regulation of AE activity. If substantiated in other species, these
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1 | INTRODUCTION

Soluble adenylyl cyclase (SAC, ADCY10) is an enzymatic
source of cyclic adenosine monophosphate (cCAMP), a
ubiquitous signaling molecule in all cells." Unlike G-
protein regulated transmembrane adenylyl cyclases
(tmACs; ADCY 1-9), the enzymatic activity of sAC is di-
rectly stimulated by bicarbonate (HCO,") ions,” making
it a putative sensor of intracellular acid-base status. sAC
is primarily found in the cytoplasm, but has also been de-
scribed in mitochondria and the nucleus of various mam-
malian cell lines.” Therefore, the microdomain model
predicts that cAMP is produced in close proximity to its
downstream targets, and is spatially contained by phos-
phodiesterase (PDE) activity.* The down-stream targets of
SAC-produced cAMP are an area of active research and
include: (i) protein kinase A (PKA) that modulates pro-
tein function by phosphorylation; (ii) exchange protein
directly activated by cAMP (EPAC) that regulates pro-
tein function through the rat sarcoma-associated protein
(RAP) pathway?; (iii) cyclic nucleotide gated channels that
regulate cellular ion gradients and membrane potential®®;
and (iv) the novel Popeye domain containing (POPDC)
family that may regulate membrane protein trafficking
and tight junction formation.’

Since its discovery in mammals, sAC has been found in
several other eukaryote taxa, including diatoms, ' ascidi-
ans,''? cnidarians,'® echinoderms,' agnathans,“—”16 elas-
mobranchs,'” and teleosts.'® Functional studies in fishes
have described a role of SAC as an acid-base sensor in the
gills of the spiny dogfish (Squalus acanthias), where it
mediates the recovery from a metabolic alkalosis'’; in the
intestine of marine teleosts, where it regulates HCO;™ se-
cretion and water and ion absorptionlg’zog in the hearts of
the basal Pacific hagfish (Eptatretus stoutii) and lampreys
(Lampetra spp.), where it controls hypoxic heart rates'>';
and in the sperm of Atlantic salmon (Salmo salar), where
it mediates capacitation.’! A recent molecular charac-
terization of sAC in the model teleost rainbow trout
(Oncorhynchus mykiss) revealed the expression of at least
six (and potentially over 20) alternative mRNA splice vari-
ants with broad tissue and subcellular distributions that
may have diverse, but yet uncharacterized functions.'®
The red blood cells (RBCs) of rainbow trout showed robust

findings may have broad implications for our understanding of cardiovascular
physiology in vertebrates.

ADCY10, band 3, bicarbonate, Bohr effect, cCAMP, erythrocyte, fish, phosphodiesterase,

expression of a single SAC isoform of ~110kDa, which is
in line with a previous report of SAC in dogfish RBCs.*

Within RBCs, haemoglobin (Hb) is the principal ox-
ygen (O,) carrier in the blood of most vertebrates. In
many teleost fishes, the binding of O, to Hb is highly pH-
sensitive, where acidic conditions decrease Hb-O, affinity
through the Bohr effect”*** and Hb-O, carrying capacity
through the Root effect.” Teleosts take advantage of this
exceptional pH-sensitivity of Hb to enhance the unloading
of O, at their eyes,zs’26 swim bladders,?” and swimming
muscles.?®>?° However, during systemic acidoses, adren-
ergically stimulated sodium-proton exchangers (-NHE)
on the RBC membrane must be activated to safeguard
RBC pH; and Hb-0, affinity. Other pathways involved in
pH; and volume regulation in fish RBCs are the anion ex-
changer (AE), sodium-potassium-chloride co-transporters
(NKCC) and potassium-chloride co-transporters (KCC).
In fishes, the regulation of RBC pH; and ion homeostasis
have largely been studied by bulk measurements across
time scales that exceed the dynamic exchanges of gases
and ions in the circulation (i.e., minutes for circulatory
transit and seconds for capillary transit).**** In human
RBCs, live-cell imaging experiments with pH-sensitive
fluorophores revealed that RBC intracellular pH (pH,)
regulation is rapid and depends entirely on the AE.*
Full recovery of pH; after ammonia pre-pulses (a tech-
nique to induce an intracellular acidosis) was achieved in
<2min,*® which is more than double the rate observed in
mammalian mesangial cells,*® type-1 carotid body cells
from rats,” or ventricular myocytes from guinea pigs.*
However, live-cell measurements of pH; regulation in the
nucleated RBCs of fishes have not been attempted. Given
the importance of RBC pH; for systemic O, transport in
teleosts, there is a critical need to characterize the cellular
pathways of pH; sensing and regulation over physiologi-
cally relevant time scales.

The aquatic environment is notoriously prone to hy-
poxia (low O,) and hypercapnia (elevated PCO,) that
can lead to respiratory acid-base disturbances, whereas
exhaustive exercise and feeding on large meals can pro-
duce a metabolic acidosis and alkalosis, respectively.”’38
In addition, water-breathers normally have low inter-
nal PCO,, resulting in a lower HCO;~ buffer capacity.
Therefore, fishes regularly experience large fluctuations
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in blood pH and [HCO;] that far-exceed the range ob-
served in air-breathers”; for instance, rainbow trout can
tolerate plasma [HCO; ] ranging from <2 to ~50 mM.***
It has been suggested that SAC may act as a sensor of acid-
base conditions inside RBCs that mediates pH-sensitive
0, transport,'® but functional data are currently lacking.
The HCO; ™ -sensitivity (ECs,) of SAC activity varies across
vertebrate species, and was found to match typical blood
[HCO, ] of ~5mM in dogfish,!” ~7mM in rainbow trout'®
and ~25mM in mammalian sAC.? These enzymatic char-
acteristics would allow sAC to modulate cellular cAMP
concentrations in response to small changes in RBC
[HCO;™]. In addition, the abundant presence of carbonic
anhydrase (CA) within RBCs* rapidly establishes an equi-
librium between the acid-base equivalents HCO; ™, H*and
CO,, potentially allowing intracellular sAC to function as
a general sensor of metabolic and respiratory acid-base
disturbances in the blood, which has been demonstrated
in other cell types.*

Based on these considerations, we hypothesized that
sAC functions as an intracellular acid-base sensor in the

RBCs of rainbow trout and plays a role in mediating pH-
sensitive Hb-O, transport. To test this idea, we used two
highly specific small-molecule sAC inhibitors, KH7 and
and have

LRE1* that do not affect tmAC at<:tivity46'48

ACTA PHYSIOLOGICA Sikata

well-validated effects on rainbow trout sAC.'® To address
the putative acid-base sensing functions of sAC, we (i)
characterized the subcellular localization of sAC pro-
tein using immunocytochemistry and confocal super-
resolution microscopy, (ii) studied the kinetics of RBC
pH; regulation by confocal live-cell imaging with the pH-
sensitive fluorophore SNARF-1 and ammonia pre-pulses
to induce acid-base disturbances, and (iii) tested the ef-
fects of sAC inhibition on the Hb-O, binding kinetics in
live RBCs by spectrophotometry in steady state and cy-
cling gas conditions that mimic circulatory transit.

2 | RESULTS

2.1 | Immunocytochemistry

Representative super-resolution immunofluorescence
images depicting the subcellular distribution of sAC pro-
tein in the RBCs of rainbow trout (N=6) are presented in
Figure 1A. Images with a larger subset of cells are shown
in the supplement (Figure S1). Within RBCs, SAC protein
was present in distinct locations that are highlighted in
a signal-intensity profile throughout the cell (Figure 1B):
(i) the cytoplasm, where the sAC signal had a patchy
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FIGURE 1 (A)Immunocytochemical localization of soluble adenylyl cyclase (sAC) in rainbow trout red blood cells (RBC). Blood was

incubated in tonometers for 1h and fixed cells were immuno-stained with an anti-sAC antibody (magenta) raised against the C1 subunit of

the rainbow trout protein, with an anti-a-tubulin antibody to visualize the marginal band (green) and with DAPI to visualize the cell nucleus

(blue). (B) Signal intensity profiles (arbitrary units; AU) for sAC, a-tubulin and DAPI, along a transect through the RBC (see panel A for
orientation). Distinct pools of SAC protein were detected (C) in association with the plasma membrane; (D) in the RBC cytoplasm; and (E)
within the nucleus. Results are representative of N=6 fish, and images showing a larger subset of cells and no-primary antibody controls are

available in the supplement (Figure S1).
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distribution; (ii) associated with the plasma membrane;
and (iii) within the nucleus. However, we found no evi-
dence of sAC protein in the mitochondria of rainbow trout
RBCs (see Figure S2). These patterns in the sub-cellular
distribution of RBC sAC are detailed further by 3D recon-
structions of optical sections throughout single cells (see
Video S1).

2.2 | Live-cell imaging

The loading of RBCs with the pH-sensitive fluoro-
phore SNARF-1 yielded a robust signal that was sta-
ble well-beyond the 30min experiments (Figure 2A).
Using confocal microscopy, we were able to record
RBC pH separately in the cytoplasm and the nucleus.
Throughout this study, we report RBC pH; as that
measured in the cytoplasm of the cells, which is most
relevant for the function of proteins involved in RBC
acid-base regulation (e.g., membrane transporters), and
O, and CO, transport (e.g., Hb and CA). However, the
kinetics of nuclear pH regulation were also considered
in our statistical analysis and are reported whenever
significant differences were detected between the two
cellular compartments. RBC pH; was stable during the
initial perfusion with control saline, but large changes
were observed during ammonia pre-pulses (Figure 2B).
As expected, perfusion with 30mM NH,CI induced a
sharp increase in RBC pH; that remained elevated until
switching back to the control saline (without NH,CI),
when RBC pH; decreased and undershot the baseline
pH;. A corresponding pattern was observed when the
data were expressed as RBC [H*]; (Figure 2B, right y-
axis). After this induced intracellular acidosis, control
RBCs were able to recover pH; and [H']; in less than
1 min; however, the kinetics of RBC pH, regulation were
clearly affected by the inhibition of SAC with KH7 and
LREL.

Figure 3A shows the baseline RBC pH; averaged over
the 2min of perfusion with control saline before the
ammonia pre-pulse. A significant main effect of treat-
ment (p<0.001) indicates that sAC inhibition affected
baseline RBC pH;, which on average was 7.87 +0.07 in
control, 7.62+0.03 in KH7- and 7.63+0.06 in LRE1-
treated RBCs; a similar pattern was observed when
the data were expressed as RBC [H*]; (Figure S3). This
was not due to differences in the acid-base conditions
of the perfusion salines, as no significant differences
were observed between treatments and average values
were: control saline pH 8.09 +0.00 (p =0.347), total CO,
(TCO,) 5.19+£0.04mM (p=0.702); and high ammonia
saline pH8.10+0.00 (p=0.710), TCO, 4.79+0.07 mM
(p=0.446), and temperature for all salines 14.8 +0.3°C

(p=0.382). On average pH in the nucleus was 7.68 + 0.07
in control, 7.56 +0.03 in KH7- and 7.56 +0.05 in LRE1-
treated RBCs and a significant compartment effect
(p=0.003) indicated these values were significantly
different from those in the cytoplasm. When data from
all treatments were pooled, baseline RBC pH; was sig-
nificantly higher (p=0.001; Figure 3B) and [H']; was
lower than in the nucleus (p<0.001; Figure S3B). A
non-significant treatmentxcompartment interaction
(p=0.194) indicated that sAC inhibition had similar ef-
fects on RBC pH; and nuclear pH.

Figure 4 shows the minimum RBC pH; that was in-
duced by the ammonia pre-pulses. A significant main
effect of treatment indicates that drug additions to the
saline affected the degree of intracellular acidification
(p<0.001). In RBCs treated with KH7 the minimum RBC
pH; was significantly lower compared to controls, whereas
a trend (p=0.067) indicated differences between DMSO-
and LREI1-treated cells. The same pattern was observed
when the data were expressed as the change in pH; rel-
ative to baseline RBC pH; (data not shown), or the maxi-
mal RBC [H"];, where KH7-treated RBCs had significantly
higher values compared to controls and a trend (p=0.088)
indicated the same for LRE1 (Figure S4).

Figure 5A shows the recovery of RBC pH; after intra-
cellular acidification due to the ammonia pre-pulses. A
significant main effect of treatment indicates that drug
additions affected the rate of RBC pH; recovery (p <0.001;
Figure 5B). The initial slope of the RBC pH; recovery
was 1.26+0.21 pHunitsmin™" in controls and decreased
significantly in RBCs treated with KH7 (0.75+0.06) or
LRE1 (0.82+0.07). In addition, a significant compart-
ment effect (p=0.031) indicated different rates of pH
recovery between the cytoplasm and the nucleus. On av-
erage across treatments, pH; in the cytoplasm recovered
significantly faster (p=0.003) than that in the nucleus
(Figure 5C). A non-significant treatment X compartment
interaction (p=0.915) indicated that sAC inhibition had
similar effects on RBC pH; and nuclear pH. Despite the
higher [H*]; in KH7 and LRE1-treated cells, the rate of
[H*]; recovery after ammonia pre-pulses was not signifi-
cantly different from controls (Figure S5). However, when
the treatments are compared at similar RBC pH; during
the initial recovery phase (pH; 7-7.5), control RBCs main-
tained significantly larger H" fluxes compared to KH7- or
LRE1- treated cells, as indicated by non-overlapping 95%
CIs (Figure 5D).

A separate series of experiments was performed to
identify the membrane transporters involved in RBC
pH, recovery and the underlying cellular signaling path-
ways downstream of sAC. Figure 6A shows the kinet-
ics of RBC pH; recovery after an acid-base disturbance.
Specific inhibitors of membrane transporters were only
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FIGURE 2 (A) Live-cell imaging of red blood cells (RBC)
from rainbow trout loaded with the pH-sensitive fluorophore
SNARF-1, showing the cell nucleus and mitochondria surrounding
it (see Figure S2 for additional validation). For each run,
fluorescence was averaged over three RBCs, recording separately
from the cytoplasmic and nuclear compartments and subtracting
the background signal (indicated as red areas of interest in

panel A). (B) Measurements of RBC intracellular pH (pH;; in the
cytoplasm) as a function of time (min). RBCs were perfused with
a physiological saline (pH 8.00, 15°C, 21 kPa PO,, 0.3kPa PCO,)
containing either: 0.25% DMSO as a carrier control, or the specific
small-molecule sAC inhibitors KH7 (25pM) or LRE1 (50 uM).

An acid-base disturbance was induced by ammonia pre-pulses
(replacing 30 mM NaCl with NH,C1) for 3min. The right y-axis
shows the corresponding changes in RBC intracellular proton
concentration ([H*];; nM; in the cytoplasm). All data represent
means +SEM for N=6 fish (and N=5 for LRE1).

added to the control saline during the recovery period
to prevent confounding effects on acid loading during
ammonium pre-pulses. The inhibition of the AE (with
DIDS) significantly decreased the rate of RBC pH;

FIGURE 3 Baseline red blood cell (RBC) intracellular pH (pH;;
in the cytoplasm) representing average values for the initial period
(0-2min) before the ammonia pre-pulses shown in Figure 2. (A) A
significant main effect of treatment indicates that baseline RBC pH;
was affected by drug additions: (i) 0.25% DMSO as a carrier control,
(ii) the specific small molecule sAC inhibitors KH7 (25 uM) and (iii)
LRE1 (50 pM). Post-hoc analysis identified significant differences
from the control that are indicated by * (p <0.05). (B) On average
baseline RBC pH; was significantly (by ~0.1 pH units) higher in

the cytoplasmic compartment compared to the nucleus of the cell
(p=0.001). All data are shown as means+ SEM with individual
values for N=6 fish (and N=5 for LRE1).

recovery compared to controls (Figure 6B). In contrast,
the inhibition of RBC NHE (with DMA), or KCC and
NKCC (with bumetanide) had no significant effects on
RBC pH; recovery. The same pattern was observed when
the data were expressed as the rate of RBC [H*]; recov-
ery, that was significantly slower in DIDS-treated cells
(Figure S6) and when the recovery was expressed as H*
fluxes (Figure 6C).

Figure 7A shows the kinetics of RBC pH; recovery in
the presence of specific inhibitors of PDEs (IBMX), PKA
(H89), and EPAC1 (CE3F4). IBMX treatment resulted in a
significantly higher RBC pH; after the ammonia pre-pulse,
compared to control RBCs. In addition, IBMX caused a
significant increase in the rate of RBC pH; recovery com-
pared to controls, whereas neither H89 nor CE3F4 affected
the rate of RBC pH; recovery under the tested conditions
(Figure 7B). A significant compartment effect (p =0.023)
indicated that, on average across treatments, the rate of
RBC pH; recovery was significantly faster in the cyto-
plasm (p=0.009) compared to the nucleus (Figure 7C).
A non-significant treatmentxcompartment interaction
(p=0.969) indicated that the inhibition of PDEs with
IBMX had similar effects on RBC pH; and nuclear pH.
When the data were expressed as the rate of RBC [H];
recovery, there was no treatment effect, (Figure S7), which
is supported by the calculated H* fluxes during RBC pH;
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FIGURE 4 The minimum red blood cell (RBC) intracellular
pH (pH;; in the cytoplasm) during the intracellular acidosis induced
by the ammonia pre-pulses shown in Figure 2. A significant main
effect of treatment indicates that the minimum RBC pH; was
affected by drug additions: (i) 0.25% DMSO as a carrier control, (ii)
the specific small molecule sAC inhibitors KH7 (25 M) and (iii)
LRE1 (50 pM). Post-hoc analysis identified significant differences
from the control that are indicated by * (p <0.05). All data are
shown as means + SEM with individual values for N=6 fish (and
N=5 for LRE1).

recovery, where 95% confidence intervals overlap in all
treatments (Figure 7D).

2.3 | Haemoglobin-oxygen binding
The Hb-O, binding characteristics of rainbow trout whole
blood are shown in Figure 8. The PO, at which Hb is 50%
saturated (Ps,) describes the affinity of Hb-O, binding
(Figure 8A). Hb P5, was 4.0kPa in control blood (0.3kPa
CO,) treated with DMSO, and increased significantly
(p<0.001) to 7.2kPa during a respiratory acidosis (1kPa
CO,). KH7 had no effect on Hb P, in normocapnia, but
a significant drugx CO, interaction (p=0.009) indicated
that during a respiratory acidosis Hb P, was higher in
KH7 (9.1kPa) compared to DMSO-treated RBCs. The Hill
coefficient (ny;) describes the cooperativity of Hb-O, bind-
ing (Figure 8B) and was significantly lower in KH7 treated
blood compared to controls (p <0.001), and during a res-
piratory acidosis compared to normocapnia (p<0.001).
However, there was no significant drugxCO, interaction,
indicating that KH7 had similar effects on ny; in both CO,
treatments.

To address the physiological significance of RBC sAC
under in vivo-like conditions, blood was exposed to cycling
gas tensions (O, and CO,) that mimic circulatory transit in
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FIGURE 5 (A)Kinetics of red blood cell (RBC) intracellular
PH (pH;; in the cytoplasm) recovery after acidification with an
ammonia pre-pulse (means+95% CIs) in the presence of: (i) 0.25%
DMSO as a carrier control, and (ii) the specific small molecule
sAC inhibitors KH7 (25uM) and (iii) LRE1 (50 pM). The right
y-axis shows the corresponding changes in RBC intracellular
proton concentration ([H*];; nM; in the cytoplasm). (B) Average
initial rates of RBC pH; recovery were significantly affected by sAC
inhibition. Post-hoc analysis identified significant differences from
the Ctrl that are indicated by * (p <0.05). (C) On average RBC pH;
recovery was significantly faster in the cytoplasm compared to the
nucleus (p <0.004). Data are means + SEM with individual values
for N=6 fish (and N=5 for LRE1). (D) H* fluxes during recovery as
a function of RBC pH; (means +95% CIs).

rainbow trout, and Hb-O, saturation was measured in real-
time (Figure 9A). As expected, Hb-O, saturation decreased
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FIGURE 6 (A)Kinetics of red blood cell (RBC) intracellular
pH (pH;; in the cytoplasm) recovery after acidification with an
ammonia pre-pulse (means=+95% CIs). The right y-axis shows the
corresponding changes in RBC intracellular proton concentration
([H*);; nM; in the cytoplasm). Inhibitors of membrane transporters
were added after the ammonia pre-pulse: (i) 0.25% DMSO as a
carrier control, (ii) dimethyl amiloride (DMA; 30 uM), an inhibitor
of sodium-proton exchangers (NHE), or (iii) bumetanide (Bum;

10 uM) an inhibitor of potassium-chloride co-transporters (KCC)
and sodium-potassium-chloride co-transporters (NKCC); and

(iv) an anion exchanger inhibitor (DIDS; 10 uM). (B) The average
initial rate of RBC pH; recovery was affected by drug additions

as indicated by a significant treatment effect. Post-hoc analysis
identified significant differences from the Ctrl that are indicated by
*(p<0.05). Data are shown as means + SEM with individual values
for N=6 fish (and N=10 for Ctrl). (C) H" fluxes during RBC pH;
recovery as a function of time (means +95% CIs).
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FIGURE 7 (A)Kinetics of red blood cell (RBC) intracellular
pH (pH;; in the cytoplasm) recovery after acidification with an
ammonia pre-pulse (means+95% CIs) in the presence of: (i) 0.25%
DMSO as a carrier control, (ii) 3-Isobutyl-1-methylxanthine (IBMX;
50 M), an inhibitor of phosphodiesterases (PDE), (iii) H89 (1 pM)
an inhibitor of protein kinase A (PKA), and (iv) CE3F4 (25 uM)

an inhibitor of exchange protein directly activated by cAMP 1
(EPAC1). The right y-axis shows the corresponding changes in RBC
intracellular proton concentration ([H*]; nM; in the cytoplasm).
(B) Average initial rates of RBC pH; recovery were significantly
affected by drug additions. Post-hoc analysis identified significant
differences from the Ctrl that are indicated by * (p <0.05). (C) On
average the rate of RBC pHj recovery was significantly faster in the
cytoplasm compared to the nucleus (p=0.009). Data are shown as
means + SEM with individual values for N=6 fish (and N=10 for
Ctrl). (D) H* fluxes during RBC pH; recovery (means +95% CIs).

85UB017 SUOWIWIOD BA RSO 3|edtjdde 3y} Aq peusenob afe Sjo1ie YO ‘@SN JO S3|NJ Joy A%Iq1T 8UIIUO A8|IM UO (SUORIPUCD-pUR-SLLBI LD AB | Im" AReIq Ul [UO//SA1Y) SUORIPUOD PUe SWw L 8U3 89S *[7202/20/6T] Uo ArigiTauliuo A8|im eiuioied JO AiseAun Aq S0zyT eude/TTTT OT/I0p/wo0 A3 1M Ateiq Ul juo//Sdiy Wwody papeojumod ‘0 ‘9T.T8 LT



HARTER ET AL.

BB A -TA PHYSIOLOGICA

(A) — ; (B) : .
144 drug: P =0.093 Fessocsq 2.0q-------rooo-- drug: P <0.001
CO2:P <0.001 ' C02:P <0.001
124 drugxCO2: P = 0_0093 77777777 idrungOZ P : 0.591
154----- @b

_ 3 o £
@ g [— AR, = > A : :
o E ! O !
=3 | | Tior o F e
T Y et

G4----- oececoconandbasenand : x
o | &

%o ! 3 3
T Em 054 ]
‘ > | ! ‘

24 S
T oeneee VT [ SRR SR
ctrl KH7 ctrl KH7

FIGURE 8 Haemoglobin (Hb)-oxygen (O,) binding
characteristics of rainbow trout whole blood. (A) Hb-O, binding
affinity, measured as the partial pressure of O, at which Hb is 50%
saturated (Ps,). (B) The cooperativity of Hb-O, binding is described
by the Hill coefficient (ny;). Blood was equilibrated in tonometers
for 1h with either: (i) 0.25% DMSO as a carrier control; or (ii) the
specific small molecule sAC inhibitor, KH7 (25 pM). Measurements
were performed at either 0.3 kPa mimicking resting arterial levels
(solid symbols), or 1kPa PCO, to simulate a respiratory acidosis
(open symbols). All data are means + SEM with individual values
for N=7-8 fish.

significantly (p<0.001; Figure 9B) from 93.1+0.8% and
91.5+1.7% for controls and KH7 in arterial conditions,
to 34.3+2.0% and 39.3+1.8% in venous conditions, and
then increased to 90.8 +0.7% and 89.2 +1.9% upon return
to arterial conditions. Importantly, SAC inhibition with
KH?7 affected Hb-O, saturation and the effect was depen-
dent on the gas conditions, as indicated by a drugxcon-
dition interaction (p=0.006). The difference between
arterial and venous Hb-O, saturation (AHb-O, sat.) rep-
resents the amount of O, that could be unloaded to a
tissue (Figure 9C). When RBC sAC was inhibited with
KH7, AHb-O, sat. was significantly lower (—52.2+1.7%;
p=0.002) compared to control RBCs (—58.8 +1.8%), indi-
cating that O, unloading from Hb could be impaired at
the tissues.

3 | DISCUSSION

3.1 | Subcellular distribution of sAC

Super-resolution imaging of rainbow trout RBCs revealed
sAC protein throughout the cytoplasm as well as in as-
sociation with the plasma membrane and the nucleus
(Figure 1A), where these different pools of SAC may ful-
fill dedicated physiological functions.”* The subcellular
distribution of SAC can inform on its spatial association

with downstream targets and other proteins within RBCs,
to infer potential signaling pathways. SAC in the RBC cy-
toplasm is likely closely associated with the abundant CA
pool within RBCs, which establishes a rapid equilibrium
between H, HCO,™ and CO,. This may enable cytosolic
SAC to act as a general sensor of metabolic and respira-
tory acid-base disturbances in the blood. In addition, CA
catalytic activity is actively modulated by cAMP-induced
phosphorylation, such as shown in rainbow trout gill tis-
sues.”® A role of sAC in the HCO, -dependent phospho-
rylation of RBC CA remains to be tested, but could have
important consequences for systemic gas transport. On
the other hand, the pool of membrane sAC may be closely
associated with membrane transporters, where it may
work with tmACs to provide localized cAMP signals to ac-
tivate membrane transport of ions and H*. The physiolog-
ical functions of mitochondrial SAC in mammalian cells
may include a regulation of the electron transport chain
in response to endogenously produced CO,.*> However, a
potential absence of mitochondrial sAC in rainbow trout
RBCs (Figure S2) raises new questions about the regula-
tion of oxidative phosphorylation in RBCs and perhaps
other cell types. Finally, nuclear sAC may be involved in
cAMP-mediated gene expression and, as it may not be as-
sociated with CA, could function exclusively in sensing
local [HCO;™]. Our findings confirm the presence of local-
ized pools of SAC throughout the RBCs of rainbow trout,
and more research is needed to understand their indi-
vidual physiological functions. Therefore, our subsequent
experiments aimed at determining the role of membrane,
cytosolic and nuclear sAC as putative acid-base sensors in
RBCs.

3.2 | Sensory functions of SAC

Using live-cell imaging we were able to measure the RBC
pH; of single nucleated RBCs in real time (Figure 2A).
At 15°C and a saline pH of 8.09, average RBC pH; was
7.87+£0.07 measured in the cytoplasm (excluding the nu-
cleus, which had a lower pH). These RBC pH; values, are
relatively high compared to some previous studies (e.g.,
pH;, 7.55-7.64 using the freeze-thaw technique),”! but are
still within the range reported for rainbow trout (e.g., pH;
7.86 at saline pH 8.19, using the DMO and C1™ distribution
methods).”® Work in human RBCs using SNARF showed
that higher pH; values may also result after calibrations
with the nigericin method,* but the suitability of other
methods (e.g., null point calibration) for pH; measure-
ments in the separate compartments of nucleated RBCs
remains to be tested. When RBC sAC was inhibited with
either one of two specific SAC inhibitors (KH7 or LRE1),
steady-state baseline pH; was ~0.25 pH units lower
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FIGURE 9 (A)Haemoglobin-oxygen saturation (Hb-O, sat.) measured spectrophotometrically in rainbow trout blood in vitro. Samples
were exposed to cycling arterial (16kPa PO,, 0.3kPa PCO, at 15°C) and venous conditions (5.3kPa PO, and 1kPa PCO,) that mimic in vivo
values (dashed lines indicate changes in gas tensions). Before these measurements, blood was equilibrated in tonometers for 1h with either:
(i) 0.25% DMSO as a carrier control; or (ii) the specific small molecule sAC inhibitor, KH7 (25 uM). (B) Average Hb-O, sat. during arterial
and venous conditions were analyzed with a linear-mixed model that detected significant effects of drug treatments, conditions and their

interaction (drugx cond). (C) The change in Hb-O, sat. (AHb-O, sat.) during transition from arterial to venous conditions, represents the

amount of O, that can be unloaded to the tissues, and was significantly lower in RBCs treated with KH7 compared to Ctrls (p=0.002). Raw
data in (A) and means + SEM with individual values for N="7-8 fish in (B and C).

compared to that of DMSO-treated controls (Figures 2B
and 3A). Conceptually, the stimulation of sAC activity
by HCO;~ would lead to a localized production of cAMP,
which is confined by the activity of PDEs that degrade the
signaling molecule as it diffuses away from its origin.*>’
Indeed, the inhibition of PDEs (with IBMX) significantly
increased RBC pH; compared to controls (see Figure 7A),
likely by magnifying the effects of sAC-produced cAMP
on RBC pH;. This framework may also explain the pre-
vious findings of a lower pH; when human RBCs were
suspended in a HCO, -free saline,” where putative SAC
activity would likely be decreased. Combined, these data
provide the first functional evidence for a pivotal role of
sAC in sensing and mediating pH; setpoints in vertebrate
RBCs.

We then used ammonia pre-pulses to induce a tran-
sient intracellular acidification that was reflected in cor-
responding changes in RBC pH; and [H*];, Ammonia

pre-pulses have been shown to induce acid-base distur-
bances that activate sAC, such as in coral sperm, where
cellular cAMP levels increased 10-fold.>* When RBC sAC
was inhibited with KH7, the cells became significantly
more acidified than controls but also than LRE1-treated
cells (Figure 4 and Figure S4). A detailed study of the re-
combinant SAC protein in rainbow trout found that 25 pM
KH7 inhibits both the baseline and HCO; -stimulated ac-
tivities of sAC, whereas 50 uM LREI has no effect on the
baseline activity and only inhibits the HCO; -stimulated
component.'® These differences in the mode of action of
the two inhibitors can likely account for the greater ef-
fects of KH7 on RBC minimum pH; compared to LRE1.
After ammonia pre-pulses, control RBCs recovered pH;
by membrane transport of acid-base equivalents over the
course of ~1min (Figure 2B), but KH7 or LRE1-treated
RBCs had significantly slower rates of RBC pH; recovery
(Figure 5). Surprisingly, the rate of [H*]; recovery was not
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significantly different between treatments (Figure S5), de-
spite the larger trans-membrane H* gradients in the KH7
and LRE1 treated RBCs, where baseline pH; was lower.
However, when the H* fluxes during recovery were com-
pared over similar ranges of RBC pHj, it became clear that
SAC inhibition led to significantly lower H" fluxes com-
pared to control RBCs (Figure 5D), indicating an impair-
ment of pH; regulation. Combined, our data show that two
sAC inhibitors with different modes of action significantly
affected the setpoints for pH; regulation and the kinetics
of pH; recovery in rainbow trout RBCs and thus support
the hypothesis that sAC functions as an intracellular acid-
base sensor in the regulation of cellular homeostasis over
physiologically relevant time scales.

3.3 | Role of sAC in Hb-O, binding

We further addressed the physiological significance of SAC
signaling by measuring Hb-O, binding characteristics under
steady-state conditions. As expected, Hb Ps, increased dur-
ing a respiratory acidosis due to the Bohr effect, however,
the change was greater in RBCs treated with KH7 compared
to DMSO controls (Figure 8A). An effect of KH7 on Hb
P, was not observed in normocapnia, indicating that the
mechanism is likely through changes in RBC pH;. KH7 also
decreased the cooperativity of Hb-O, binding (ny) in both
normocapnia and during a respiratory acidosis (Figure 8B).
To determine the in vivo relevance of these findings, we ex-
posed RBCs to cycling gas tensions that mimic those during
circulatory transit in rainbow trout. In arterial conditions,
Hb-O, saturation was >90% in all treatments and decreased
significantly during the transition to venous conditions
(Figure 9A). The fact that arterial Hb-O, saturation was
apparently not affected by the effects of KH7 on baseline
RBC pH;, can likely be explained by the sigmoidal shape
of the oxygen equilibrium curve, resulting in small effects
of pH; on Hb-0, saturation at high PO,,”* and the absence
of a significant Root effect in rainbow trout over the tested
range of RBC pH; >7.2° (but also consider).”’” A significant
interaction effect between drug treatments and the arterial
and venous conditions (drugxcondition) indicates that the
inhibition of RBC sAC with KH?7 affected the kinetics of O,
unloading (Figure 9B). RBCs treated with DMSO unloaded
58.8+0.02% of their O, during transition from arterial to
venous conditions, which is in line with in vivo measure-
ments in rainbow trout during strenuous exercise in a swim
tunnel.>® However, when RBC sAC was inhibited with KH7,
O, unloading decreased significantly by ~11% (Figure 9C).
This change in Hb-O, unloading could have significant
systemic consequences if it occurred with every pass of the
RBCs through the circulation and could be even greater
considering the short times available for gas exchange at

the capillaries in vivo. Combined, these data support our
hypothesis that SAC is also involved in mediating the un-
loading of O, from pH-sensitive Hb, in the highly dynamic
acid-base environment of the microcirculation.

The finding that sAC inhibition compromised Hb-O,
unloading in venous conditions may seem at odds with the
increased Hb P, during a respiratory acidosis. However,
these measurements were performed at very different time
scales that result in fundamentally different acid-base ki-
netics. The inhibition of SAC under steady-state conditions
compromises the RBC's ability to maintain its pH; setpoints,
which is consistent with the reduction in baseline RBC
pH; observed during live-cell imaging (Figure 3) and an in-
crease in Hb P, during a respiratory acidosis (Figure 8A).
However, in vivo acid-base conditions will never be in a
steady state. At the tissue capillaries, metabolically pro-
duced CO, diffuses into the RBCs and is rapidly converted to
H* and HCO,™ by the abundant CA pool within the cells.*
Based on in vivo measurements of arterial and venous RBC
pH; and PCO,"" in rainbow trout and the pK, at 15°C*, the
intracellular HCO;~ concentration in RBCs increases from
7 to 12mM during capillary transit, causing a significant
stimulation of SAC activity (ECs,~7mM)."® A continuous
hydration of CO, during capillary transit of the RBCs is
only possible if the two products of the hydration reaction
are rapidly removed from the cytoplasm. The H* will largely
bind to oxygenation-dependent buffer groups on Hb, pro-
vided by the large Haldane effect of teleosts,” while HCO,~
is exported into the plasma in exchange for Cl™ by the AE,
a membrane transporter that is driven by the concentration
gradients for the two ions.” Conceptually, a delay in the
activation of the AE or a decrease in its transport capacity
would slow the CO, hydration within the RBCs due to the
intracellular accumulation of HCO; . This would reduce
the intracellular availability of H", which is a critical driver
of 0, unloading through the large Bohr effect in teleosts.*?
Therefore, our findings in the dynamic acid-base conditions
during simulated arterial-venous transit, link cAMP signal-
ing by sAC with the activity of the AE pathway.

In fact, our transporter inhibition experiments indicate
that the AE was the primary transporter involved in the
recovery of RBC pH; after ammonia pre-pulses (Figure 6),
which is consistent with findings in human RBCs.** The in-
complete inhibition of AE may be due to the lower DIDS
concentration (10ptM) compared to that used in previous
studies (300puM),” which was necessary to exclude po-
tential interactions with RBC sAC (see methods section).
Importantly however, there were no detectable contribu-
tions of NHE, KCC or NKCC to RBC pH; recovery, which
indicates that the effects of SAC inhibition on RBC acid-
base regulation are through a functional link with the AE.
Specifically, we propose that: (i) high PCO, during capillary
transit increases RBC HCO;~ concentration and activates
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SAC on the plasma membrane; (ii) localized cAMP signal-
ing may regulate the rate of AE through post-translational
modifications of the transporter; and (iii) the inhibition of
this pathway with KH7 delays HCO; ™~ export, the formation
of H" and therefore, impairs pH-sensitive O, unloading
from Hb (Figure 10A,B). If substantiated in vivo, a role of
RBC sAC in mediating acid-base dependent Hb-O, binding,
could fundamentally change our understanding of how ver-
tebrates regulate O, delivery in the microcirculation.

3.4 | Downstream targets of SAC

Additional experiments were performed to identify the
cellular pathways involved in cAMP signaling through
RBC sAC (Figure 7). The mammalian AE protein has
several tyrosine phosphorylation sites that modulate
transporter activity,*®> and also the binding of glyco-
lytic enzymes, deoxy-haemoglobin® and CA®"®® to the
cytoplasmic domain of the exchanger. The physiological
role of these post-translational modifications and protein-
protein interactions are still poorly understood,”” but
represent potential pathways by which sAC-produced
cAMP could regulate RBC AE function. For instance, the
sAC-mediated capacitation of human sperm depends on
the activity of AE that is regulated by PKA-dependent

Putative Mechanism

Red blood cell

ACTA PHYSIOLOGICA Mikakkad

tyrosine phosphorylation.” In our experiments, we tested
whether PKA and EPAC1 pathways played a role in regu-
lating RBC pH; recovery but found no evidence for their
involvement under the tested conditions. Future studies
using a wider range of inhibitors, concentrations and ex-
perimental conditions may help shed light on this issue,
but alternative cAMP targets should also be considered.
An involvement of EPAC2 and especially POPDC proteins
is possible and would represent a novel avenue in the reg-
ulation of AE activity and RBC acid-base homeostasis.’
In fact, POPDC2 mRNA is present in published rainbow
trout RBC transcriptomes,”’ but its physiological func-
tion is still unknown. A lack of specific pharmacological
POPDC inhibitors is currently hindering experimental
work in this area, but a membrane-permeable disruptor
peptide that was recently described’* has promise for fu-
ture studies. Interestingly, the latter study also described
interactions between POPDC proteins and PDE4 in mouse
cardiomyocytes. In rainbow trout RBCs, the inhibition of
PDEs (IBMX) significantly increased the rate of RBC pH;
recovery (Figure 7B), however, did not show an effect
on [H*]; recovery (Figure S7A) or H* fluxes (Figure 7D).
Therefore, it seems that the effects of IBMX on pH; recov-
ery are not through changes in membrane transport, but
rather due to the effects on pH; setpoints. Based on our
combined data, there is promise in exploring functional

FIGURE 10 Putative mechanism of soluble adenylyl cyclase (SAC) signaling in rainbow trout red blood cells (RBC). (A) sAC is an
intracellular acid-base sensor in RBCs that produces cAMP. (B) cAMP activates membrane transporters to regulate cellular pH; and pH-
sensitive Hb-O, transport. (C) If nuclear sAC regulates gene expression in response to chronic acid-base disturbances in fish, this may be an
important mechanism of phenotypic plasticity after feeding, exercise, or elevated CO,.*
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links between POPDC proteins and the regulation of the
AE, RBC acid-base homeostasis and Hb-O, binding.

3.5 | Putative roles of nuclear sAC

The use of confocal microscopy during live-cell imaging
enabled separate measurements of RBC pH; in the cyto-
plasm and the nucleus. Across all experiments, nuclear pH
was consistently ~0.1 pH units lower than pH in the cyto-
plasm (Figure 3B). A lower nuclear pH may contribute to
the observed discrepancy between cytoplasmic pH; meas-
ured by live-cell imaging and the freeze-thaw methods
on cell homogenates. Furthermore, this finding is in line
with a previous study that reported H" gradients between
the cytoplasm and the nucleus of two mammalian cancer
cell lines.” Other studies on worm,’ jellyfish” and plant
models’® did not detect differences between cytoplasmic
and nuclear pH, and concerns have been raised about
interference of densely packed DNA with SNARF meas-
urements in the nucleus.”” However, in our experiments
we performed separate calibration curves for the nuclear
and cytoplasmic compartments, which should account
for any extrinsic influences on the fluorescent signal.
Interestingly, we detected no compartment specific effects
of sAC inhibition in any of the measurements describ-
ing RBC pH; kinetics (treatment X compartment p >0.05;
Figures 3-5), thus indicating that sAC plays a similar role
in regulating cytoplasmic and nuclear pH. The pH recov-
ery was slower in the nucleus compared to the cytoplasm
(Figures 5C and 7C and Figure S7B), which may suggest
that nuclear pH simply follows whole cell pH; regulation
and perhaps that the nucleus has a higher buffer capacity
compared to the cytoplasm. The lower pH in the nucleus
will typically correspond to a lower [HCO; | (assuming
that PCO, is equilibrated across the nuclear membranes)
and therefore, more HCO;~ will be necessary to stimu-
late SAC. Therefore, nuclear SAC may respond to chronic
acid-base disturbances rather than the recurring changes
in HCO;  concentrations that occur during circulatory
transit.

In mammalian systems, nuclear sAC signaling has
been shown to mediate the cAMP response element bind-
ing (CREB) pathway to regulate acid-base-dependent gene
expression.7&79 When rainbow trout and other fishes are
exposed to chronic hypercapnia, they compensate blood
pH in the course of 48 h, by accumulating plasma HCO5~
to concentrations that can exceed normal levels by 10-
fold.***! Also postprandial metabolic alkaloses can greatly
increase plasma HCO,™ after feeding in rainbow trout®*®!
and sharks, where sAC in gill cells has been shown to me-
diate the compensation for the acid-base disturbance.'’”
We propose that RBC nuclear sAC may sense chronic

increases in HCO;  concentration and regulates gene
expression through the cAMP-PKA-CREB pathway as
part of an integrative physiological response to acid-base
disturbances in fishes (Figure 10C). Transcriptional in-
vestigations of nucleated RBCs have shown important re-
sponses to environmental stressors®” and to RBC aging.g3
Therefore, studying the transcriptional response of nucle-
ated vertebrate RBCs to acid-base disturbances, in combi-
nation with specific inhibitors of SAC and its downstream
targets, may hold the key to detect putative mechanisms
of acid-base dependent gene expression. Potentially, this
approach may reveal novel cellular pathways of pheno-
typic plasticity in fishes, which has great relevance for un-
derstanding the effects of anthropogenic environmental
change on aquatic ecosystems.

4 | CONCLUSION AND
PERSPECTIVES

One of the fundamental functions of the vertebrate car-
diovascular system is to match the supply of O, to the
demand of the metabolizing tissues, but the cellular
mechanisms that mediate this process are still poorly
understood. Vertebrate RBCs experience highly variable
gas tensions and acid-base conditions with every cycle
through the circulation and are in a favorable position
to detect localized imbalances before they have systemic
consequences.**® The exchange of O, and CO, by RBCs
in the microcirculation are dynamic processes that occur
within a few seconds®"*® and may require a rapid control
of cellular acid-base fluxes. The novel findings from our
work provide the first functional evidence that sAC is an
acid-base sensor in the RBCs of rainbow trout, is involved
in the regulation of pH; setpoints, the rate of acid-base
fluxes through the AE, and may play a role in regulating
gene expression in nucleated RBCs. In addition, prot-
eomic evidence also supports the presence of a full-length
187kDa sAC protein in both the cytosolic and membrane
fractions of human RBCs.*”*® Therefore, an extension of
our findings to other species may have broader implica-
tions for our fundamental understanding of cardiovascu-
lar physiology in vertebrates.

5 | MATERIALS AND METHODS

51 | Animals and husbandry

Juvenile rainbow trout (Oncorhynchus mykiss, Walbaum
1972) of both sexes were obtained from Thomas Fish
Company (Anderson, CA, USA) and raised in a recircu-
lating system with 10L tank size. Artificial freshwater
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(in pM: KCl 4, MgSO, 6, NaHCO; 64, CaCl, 30, NaCl 16,
pH: 7.00-7.20) was made according to previous studies
on acid-base physiology in rainbow trout,* was kept at
15°C with dissolved oxygen levels above 90% and water
quality was monitored daily. Fish were fed every day
(Skretting, Classic Fry, Tooele, UT, USA), but feeding was
withheld for approximately 24h before sampling. At the
time of experiments, the average body mass of the fish
was 14.63+2.19g (mean+ SEM). Animal husbandry and
the following experimental procedures were performed
in compliance with all Institutional Animal Care and Use
Committee (IACUC) guidelines and were approved by the
Animal Care program at the University of California San
Diego (Protocol No. S10320).

5.2 | Blood sampling

Rainbow trout were euthanized in 70mg/L benzocaine
and a terminal blood sample of ~100uL was taken by
caudal puncture into a heparinized syringe. Blood was
spun down in a table-top centrifuge (500g; 3min) and
the plasma was removed and stored at 4°C. The RBC pel-
let was rinsed three times with filter sterilized Cortland'’s
saline to remove platelets and white blood cells (in mM:
131 NaCl, 5.1 KCl, 1.6 CaCl,, 0.9 MgSO,, 6 NaHCO,, 3
NaH,PO,, 5.6 glucose; 300 mOsm, pH adjusted to 7.8 with
NaOH).” The washed RBCs were resuspended in 20mL
of saline (haematocrit <1%) and left to equilibrate over-
night on a tilt-shaker at 17°C to reverse the adrenergic ef-
fects of sampling stress, as described previously.”

5.3 | Live-cell imaging

Perfusate saline solutions were prepared fresh each day (in
mM: 132.3 NaCl, 3 KCl, 1.5 CaCl,, 1.5 MgCl,, 10 HEPES,
2.8 glucose; 300mOsm). To mimic arterial blood condi-
tions perfusates were equilibrated to 0.3kPa, 21kPa PO,
in N,,”® from a pre-mixed gas cylinder (Praxair, Danbury,
CT, USA). During equilibration with the gas at 15°C, so-
lutions were adjusted to pH8.00 with 0.1 M NaOH until
stable. A subsample of 50 pL. RBC suspension was pipetted
onto a 0.1% poly-L lysine coated glass coverslip and left
to settle for 10 min in a humidified chamber. Thereafter,
the cover slip was rinsed three times with saline to re-
move cells that did not settle. The pH-sensitive fluoro-
phore SNARF-1-AM (Invitrogen S22801, Waltham, MA,
USA) was made up in DMSO and aliquots were diluted
with fresh saline for a final concentration of 20 pM. This
SNAREF solution was pipetted (50 uL) onto the cover slip
with settled RBCs and incubated in a humidified cham-
ber for 1h. Thereafter, the cover slip was rinsed three
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times with saline and quickly mounted into a closed im-
aging chamber (Warner Instruments RC43C, Hamden
CT, USA). The chamber was perfused with saline at
2mLmin~" at 15°C from header tanks that were continu-
ously bubbled with the equilibration gas. Immediately be-
fore each run, the drugs were added to the perfusates and
pH was measured at 15°C (Fisher Accumet 13-620-850
electrode, Hampton, NY, USA; and Denver Instruments
UB-10 meter, Bohemia, NY, USA). TCO, was measured
in triplicate using a Corning 965 (Corning Instruments,
Corning, NY, USA) and HCO;~ was calculated using the
Henderson-Hasselbalch equation and published pK, and
solubility values.”

At the beginning of each trial, RBCs were perfused for
12 min with control saline (with 0.03% DMSO). Image ac-
quisition was started after 10 min of perfusion. To induce
an acid-base disturbance RBCs were perfused with a high-
ammonia saline for 3min (Am; replacing 30mM NaCl
with NH,CI), and then perfusion was switched back to the
control saline for 3min before the end of the trial. This
ammonia pre-pulse technique® loads the cells with NH,
and NH,*, where the diffusible NH; gas enters more rap-
idly, reacts with intracellular H" to form NH,", and causes
an initial increase in RBC pH;. Upon return to the control
solution NH, diffuses out of the cells leaving behind H*
and some NH,*. The result is an intracellular acidification
that must be corrected by the cells through membrane
transport of acid-base equivalents and provides a mech-
anistic tool to study the cellular mechanisms involved in
acid-base homeostasis.

To study the role of sAC in sensing intracellular
acid-base disturbances, the above experiments were en-
tirely performed in the presence of 25pM KH7 (Tocris
Bioscience, Minneapolis, MN, USA) or 50pM LRE1
(Sigma-Aldrich, St. Louis, MO, USA), two specific, small-
molecule inhibitors of SAC.***” To test which membrane
transporters are involved in the recovery of RBC pH;,
additional experiments were performed with dimethyl
amiloride (DMA; 30 pM; Sigma) an inhibitor of NHE, bu-
metanide (Bum; 10 pM; Sigma) an inhibitor of NKCC and
KCC, and with 4,4’-Diisothiocyano-2,2’-stilbenedisulfonic
acid (DIDS; Thermo Fisher Scientific, Waltham, MA, USA)
an inhibitor of the AE. At high concentrations (exceeding
50pM), DIDS has been shown to inhibit the enzymatic
activity of recombinant SAC from rainbow trout'® and
therefore, the specific inhibition of AE in intact RBCs was
targeted with a low concentration of 10pM DIDS. RBCs
were only perfused with these membrane transporter in-
hibitors after the ammonia pre-pulse, to avoid confound-
ing effects on acid loading. Finally, an additional series of
experiments was run to investigate the intracellular cAMP
signaling pathways downstream of sAC. Therefore, RBCs
were perfused with 3-Isobutyl-1-methylxanthine (IBMX;
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50 pM; Sigma), an inhibitor of PDEs, H89 (1 uM; Cayman
Chemical, Ann Arbor, MI, USA) an inhibitor of PKA, or
CE3F4 (25pM; Sigma) an inhibitor of EPACI1. All inhib-
itor stocks were made up in DMSO and stored at —80°C,
but DIDS was made fresh each morning and kept on ice
until use, because preliminary trials indicated a rapid loss
of potency of DIDS stock solutions.

Imaging was with a confocal laser-scanning micro-
scope (Zeiss Observer Z1 with LSM 800) with a 63x Plan-
Apochromat objective and ZEN blue edition software
v.2.6 (Carl Zeiss AG, Oberkochen, Germany). SNARF was
excited with an argon laser at 488 nm and emitted fluo-
rescence was recorded simultaneously at 586 and 639 nm
every 1.3s at 1024x 1024 pixels and a 2 Airy unit pin-
hole. The accumulation of SNARF in intracellular com-
partments allowed differentiating the nucleus (validated
against 4',6-diamidino-2-phenylindole stained RBCs;
DAPI Thermo Fisher; Waltham, MA, USA) and the mito-
chondria (see Figure S2 for validation). RBC pH; was mea-
sured in three cells per run and separately for the nucleus
and the cytoplasm by drawing regions of interest around
these compartments (measurements in mitochondria
were not possible due to the rapid movement in live RBCs;
see Video S2). The ratio of the fluorescence signal at both
wavelengths was used to generate the raw experimental
data and the background signal was subtracted. At the
end of each run, calibration curves were generated by per-
fusing the cells with high-potassium salines (in mM: 140
KCl, 1.5 CaCl, 1.5 MgCl, 10 HEPES, 2 NaCl; 300 mOsm)
of known pH (measured at 15°C as described above), con-
taining 10 pM nigericin (Thermo Fisher) to permeabilize
the cells.*® This calibration method was chosen (over a
null-point calibration) in an attempt to improve the cali-
bration results for the nuclear compartment by permeabi-
lizing both plasma and nuclear membranes. Six calibration
points were generated for each run, to determine the linear
relationship between pH and the absorbance ratio of each
region of interest. These individual calibration curves were
then used to calculate RBC pH; separately for each cell
and compartment and the data of the three cells was av-
eraged for each run. We validated our measured RBC pH;
values against the expected pH; versus pH, relationship
(pH;=0.858 x pH.+0.899) that we determined experimen-
tally using the freeze-thaw method®® on a separate group
of freshwater rainbow trout, and that matches previously
reported data using the DMO (pH;=0.725x pH.+1.80) or
C1™ distribution (pH;=0.821 X pH,+1.05) methods.**

5.4 | Haemoglobin-oxygen binding

RBCs were sampled and stored overnight as described
above. The cells were rinsed three times and re-suspended

in Cortland's saline at 5% haematocrit. Aliquots of 300 pL
were loaded into individual tonometers and equilibrated
at 15°C to 21kPa PO, and either 0.3 or 1% PCO, to induce
arespiratory acidosis and treated either with 0.03% DMSO
as a carrier control or 25uM KH?7 to inhibit SAC. After 1h
of equilibration, 2 pL of blood were loaded into a Blood
Oxygen Binding System (BOBS Loligo, Viborg, Denmark)
for the spectrophotometric measurement of Hb-O, bind-
ing characteristics. Oxygen equilibrium curves (OEC)
were generated by stepwise increases in PO, (0.5, 1, 2, 4,
8, 16, 21kPa) at 15°C. The absorbance of the blood was
recorded once per second at 430 and 390 nm, which rep-
resent the O, dependent and O, independent (isosbestic)
wavelengths in the absorption spectrum of Hb. The ratio
between the recordings at these two wavelengths was used
to generate the raw data. To correct for linear drift, two
calibration steps were performed at the beginning and end
of the run, each equilibrating blood to gas tensions that
yielded full Hb oxygenation (99.7kPa PO,, 0.3kPa PCO,)
and deoxygenation (0kPa PO,, 0.3kPa PCO,). These cali-
brations allowed the calculation of Hb-O, saturation from
the ratio-metric raw data, as described previously.”!

A separate trial was run to assess the effects of sAC
inhibition on Hb-O, binding under dynamic in vivo-like
conditions. RBCs were prepared as described above, equil-
ibrated in tonometers (0.3 kPa PCO, and 21kPa PO,) and
treated either with 0.25% DMSO as a carrier control or
25puM KH7 to inhibit SAC. Samples of 2L were loaded
into the BOBS and gas tensions were cycled every 4 min
between arterial (0.3kPa PCO, and 16kPa PO,) and ve-
nous conditions (1kPa PCO, and 5.3kPa PO,) that mimic
maximal exercise in rainbow trout.”>**

5.5 | Immunocytochemistry

For RBC fixations, the above tonometry trials were re-
peated with cells resuspended in saline, as plasma proteins
can interfere with the quality of antibody staining. RBCs
were fixed and immunostained as previously described,”
with custom-made purified rabbit polyclonal antibodies
raised against the C1 subunit of the rainbow trout sAC
protein'® (Genscript Biotech Corporation, Piscataway,
NJ, USA), monoclonal mouse antibodies against tetrahy-
mena a-tubulin (DSHB12G10, Developmental Studies
Hybridoma Bank, Iowa City, USA), cytochrome c oxidase
IV (COX IV; mAbcam33985; Abcam, Boston, MA, USA)
and the a-F1 subunit of ATP synthase (ATP5A, 15H4C4;
Abcam), and DAPI (Thermo Fisher). Secondary anti-
bodies were goat-anti-rabbit Alexa Fluor 647 or Alexa
Fluor 568 for sAC, and goat-anti-mouse Alexa Fluor 488
for a-tubulin, ATP5A and COX IV (Invitrogen). Super-
resolution images were acquired with the Zeiss AiryScan
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detector system, on cells resuspended in PBS with a
mounting medium (Invitrogen ProLong P36980) or em-
bedded in 1% low-melt ultrapure agarose (Invitrogen) to
prevent movement.”” Three-dimensional (3-D) process-
ing of optical sections and movie rendering was with the
Imaris software v.9.0. (Oxford Instruments, Abingdon,
UK).

5.6 | Data analysis and statistics

Data were analyzed in RStudio 2023.03.0 using Rv.4.0.4”°
and the ggplot2 package to generate all figures.”” RBC
baseline pH; was calculated from the first 2min of each
recording. RBC minimum pH; represents the lowest value
recorded after the ammonia pre-pulse. RBC pH; recovery
rates were calculated by fitting a linear regression to the
first 10 data points after the minimum pH; and calculating
the slopes for each run. H" fluxes were calculated by mul-
tiplying the pH; recovery slope with the RBC buffer capac-
ity as previously determined for human RBCs using the
SNARF method.*® For the Hb-O, binding experiments,
the last ten Hb-O, saturation readings from each gas equi-
libration step were averaged and used for statistical analy-
sis. The Hb-O, binding affinity (Ps,) and cooperativity
(nyy) were calculated from the parameters of a nonlinear
Hill function that was fit to each run. Parametric as-
sumptions were tested with the Shapiro-Wilkinson's and
Levene's test for normality and homogeneity of variance,
respectively. The main effects of drug additions (con-
trol, KH7, LRE1, and DIDS; or control, IBMX, H89, and
CE3F4; or control, DMA, and Bum) were tested with a
linear mixed model with fish as a random effect (repeated
measures design; Ime function in R). If significant main
effects were detected, post-hoc analysis was performed
using pairwise t-tests with a Benjamini-Hochberg cor-
rection of the significance level. The same analyses were
applied to the measurements of Hb-O, binding, for the
main effects of drug (control vs. KH7), conditions (arterial
vs. venous) and their interaction. All data are reported as
means+SEM, for N=6 fish (unless stated otherwise) and
conform to good publishing practice in physiology accord-
ing to Acta Physiologica guidelines [Acta Physiol (Oxf).
2022;234(1):e13741. 10.1111/apha.13741.].
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