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The lungs and kidneys are pivotal organs in the regulation of body
acid–base homeostasis. In cystic fibrosis (CF), the impaired renal
ability to excrete an excess amount of HCO3

2 into the urine leads
to metabolic alkalosis [P. Berg et al., J. Am. Soc. Nephrol. 31,
1711–1727 (2020); F. Al-Ghimlas, M. E. Faughnan, E. Tullis, Open
Respir. Med. J. 6, 59–62 (2012)]. This is caused by defective HCO3

2

secretion in the β-intercalated cells of the collecting duct that
requires both the cystic fibrosis transmembrane conductance regu-
lator (CFTR) and pendrin for normal function [P. Berg et al., J. Am.
Soc. Nephrol. 31, 1711–1727 (2020)]. We studied the ventilatory
consequences of acute oral base loading in normal, pendrin knock-
out (KO), and CFTR KO mice. In wild-type mice, oral base loading
induced a dose-dependent metabolic alkalosis, fast urinary
removal of base, and a moderate base load did not perturb venti-
lation. In contrast, CFTR and pendrin KO mice, which are unable to
rapidly excrete excess base into the urine, developed a marked
and transient depression of ventilation when subjected to the
same base load. Therefore, swift renal base elimination in
response to an acute oral base load is a necessary physiological
function to avoid ventilatory depression. The transient urinary
alkalization in the postprandial state is suggested to have evolved
for proactive avoidance of hypoventilation. In CF, metabolic alka-
losis may contribute to the commonly reduced lung function via a
suppression of ventilatory drive.
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Adequate regulation of acid–base homeostasis is essential to
maintain normal cellular function and metabolism, and

several intra- and extracellular mechanisms maintain blood pH
within a narrow range. CO2/HCO3

� is the most important
buffer system in plasma qua its large buffering capacity along
with the body’s ability to regulate HCO3

� and CO2 elimination
via the kidneys and lungs (1).

It is well-established that mammals hypoventilate in response
to metabolic alkalosis, whereby they retain CO2 and thus restore
plasma pH (2–5). This respiratory compensation to an alkali load
is rapid but remains incomplete (6, 7). On the other hand, the
textbook conception asserts that renal adaptation to acid–base dis-
orders is a slow process that requires hours to days before reach-
ing full effect (1). Renal compensation to alkalemia is normally
attributed to reduced HCO3

� reabsorption and decreased H+

secretion in the proximal tubule (1), but recent studies highlight
the importance of a markedly up-regulated HCO3

� secretion in
the cortical collecting duct of the renal tubular system during base
loading (8, 9). Here, HCO3

� secretion is governed by base-
secreting β-intercalated cells, where HCO3

� is secreted via the
apical Cl�/HCO3

� exchanger, pendrin (SLC26A4) (10).
Metabolic alkalosis is the most prevalent acid–base disorder

among patients admitted to the intensive care unit (11) and
hospitalized patients in general (12), and elevated arterial
blood pH is associated with increased mortality in both surgical
and medical patients (13). Given the diverse etiology, high inci-
dence, and potentially fatal outcome, a better understanding of

the physiological response to metabolic alkalosis stands para-
mount for both diagnostics and treatment. Metabolic alkalosis
can develop due to several pathological conditions, primarily
diseases or syndromes affecting renal acid–base handling (14).
As an example, patients suffering from cystic fibrosis (CF) have
an increased risk of developing acute (15) and chronic (16)
metabolic alkalosis.

CF is caused by loss-of-function mutations in the gene
encoding the cystic fibrosis transmembrane conductance regula-
tor (CFTR) anion channel and affects multiple organs. This
includes recurrent lung infections, poor lung function, and gas-
trointestinal malabsorption (17). Recent studies have found
decreased pendrin abundance and function in CF, leading to
deficient renal HCO3

� excretion, explaining the characteristic
metabolic alkalosis in these patients (8, 9, 18). Renal inability
to correct an alkalosis could cause excessive hypoventilation,
which in combination with poor lung function could entail dire
respiratory consequences. Corroborating this, a clinical study
found that pronounced metabolic alkalosis contributes to acute
hypercapnic respiratory failure in adults with exacerbations of
CF (19). However, the potential connection between an
impaired renal HCO3

� excretion in CF and respiratory failure
has not been examined.
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In conditions when our blood experiences alkalosis, a pro-
nounced kidney response is initiated causing a marked
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Understanding how the lungs and kidneys respond when
challenged to eliminate excess base is not only relevant in a
pathological setting. The purpose of the alkaline tide, a long-
known normophysiological process, has remained unresolved.
The alkaline tide describes the acute rise in urine pH observed
in the postprandial state (20, 21) that attends the alkaliniza-
tion of plasma pH when gastric acid secretion is stimulated
upon ingestion of a meal. Recent evidence suggests urine pH
and base excretion increase via a secretin-mediated pendrin-
and CFTR-dependent increase of β-intercalated cell HCO3

�

secretion in the collecting ducts of the kidney (8). The molecu-
lar mechanism was recently discovered and reviewed (22), but
the physiological relevance of this response remains unclari-
fied. Here, we speculate that it serves to diminish the need for
respiratory retention of CO2 to compensate postprandial
alkalosis.

To study the interplay between respiratory and renal compen-
sation to an acute gastric alkali load, we assessed how impaired
renal HCO3

� excretion, due to the absence of either pendrin or
CFTR expression, affects the ventilatory response to an acute
alkaline challenge. We hypothesized that when pendrin knockout
(KO) and CFTR KO mice were subjected to an acute base load,
their inability to increase renal HCO3

� excretion would exacer-
bate the metabolic alkalosis, causing depression of ventilatory
drive and thus hypoventilation. To address this hypothesis, we
employed simultaneous measurements of metabolic rate and ven-
tilation using barometry and intermittently closed respirometry.
This enabled continuous measurements of ventilation and air
convection requirement (ACR) before and after an acute base
load. These experiments were further supplemented by metabolic
cage studies and blood gas analyses.

Results
Variation of Ventilation, CO2 Production, and ACR. As expected
from nocturnal animals, ventilation and CO2 production
increased markedly during nighttime (Fig. 1B). The air convec-
tion requirement for CO2 (ACRCO2), namely the minute venti-
lation relative to the CO2 production (ultimately expressing
milliliter air ventilated per milliliter CO2 excreted [mLair/
mLCO2]), is a stable parameter reflecting the respiratory sys-
tem’s ability to maintain stable arterial pCO2 (PaCO2) values at
any metabolic rate (Fig. 1B). It permits quantitative comparison
of ventilation, where a drop of ACRCO2 reflects hypoventilation
and an increase of PaCO2. The mean minute ventilation was
highly dependent on the metabolic rate, expressed as CO2 pro-
duction (Fig. 1C).

Gastric NaHCO3 Gavage Imposes a Significant and Dose-Dependent
Alkaline Challenge. Systemic acid–base status was assessed in
C57BL/6J mice 1, 2, and 4 h after either a control gavage, a
moderate dose of NaHCO3 (200 mM; ∼4 mmol NaHCO3/kg
body weight [BW]), or a high dose of NaHCO3 (400 mM;
∼8 mmol NaHCO3/kg BW). Compared to control-treated ani-
mals, plasma pH and standard HCO3

� were markedly increased
1 and 2 h after administration of the high dose (Fig. 2 A and B).
Both parameters were also elevated, but to a lesser extent, in the
mice receiving the moderate dose, most pronounced 1 h after the
gavage. Compared with control gavage-treated mice, venous
pCO2 was increased only in the mice receiving the high dose (Fig.
2C). Plasma Cl� also decreased in a dose- and time-dependent
manner in the NaHCO3-loaded mice (Fig. 2D).

In conclusion, both NaHCO3 gavage doses imposed a signifi-
cant alkaline challenge, which was reflected in higher venous
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Fig. 1. Ventilation is dependent on CO2 production while the ACR for CO2 stays constant. (A) Graphic presentation of the experimental setup for baromet-
ric measurements. (B) Summary _VE, _VCO2, and ACR curves for all WT mice during baseline (17 h). (C) Mean _VE as a function of mean _VCO2, and mean ACR as a
function of mean _VCO2 for all WT mice during a 17-h baseline recording. Note that ACRCO2 has a smaller variation and is largely independent of CO2 produc-
tion. (D) A graphical presentation of the experimental protocol used to assess the effect of an NaHCO3 gavage on ventilation. (E, Left) Paired measurements
from the same mouse receiving a control gavage (black) or NaHCO3 gavage (red). (E, Right) The control gavage adjusted Δ trace. The correlations between
mean _VE and _VCO2 as well as between mean ACRCO2 and _VCO2 were assessed using simple linear regression. Error bars indicate mean ± SEM.
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pH and standard HCO3
�. Further, a clear dose dependency

between NaHCO3 load and plasma alkalinity was found. Fol-
lowing the tested NaHCO3 gavage loads, blood alkalinity
appears to peak around 1 h after the intervention, and blood
pH is normalized 4 h after the challenge.

A 400 mM NaHCO3 Gavage Induces Hypoventilation in Wild-Type
Mice. Before subjecting the pendrin KO and CFTR KO mice to
the barometric protocol, we sought to elucidate whether a ven-
tilatory response to the alkaline challenge could be identified in
wild-type (WT) mice by administering a control gavage or a
moderate (200 mM; ∼4 mmol/kg BW) or high dose (400 mM;
∼8 mmol/kg BW) of NaHCO3. The experimental protocol and
an illustration of how ΔACR and Δ _VE were calculated are shown
in Fig. 1 D and E.

The moderate NaHCO3 dose did not suppress ACRCO2 or
minute ventilation during the 6 h after gavage (Fig. 3), which is
consistent with the unaltered pCO2 in C57BL/6J mice receiving
a 200 mM NaHCO3 gavage (Fig. 2C). This shows that WT
mice can handle a moderate alkaline challenge without signifi-
cant respiratory compensation. In contrast, the high dose of
NaHCO3 produced a significant depression of both ACRCO2

and minute ventilation during the first 2 h post gavage followed
by a gradual recovery (Fig. 3). This is coherent with the
increased pCO2 in C57BL/6J mice receiving a 400 mM
NaHCO3 gavage (Fig. 2C). HCO3

�-induced ΔACR and Δ _VE

were calculated as the paired control gavage-subtracted
responses to the NaHCO3 gavage for each mouse. The 400 mM
NaHCO3 gavage induced a significant decrease of ΔACR and
Δ _VE compared with the 200 mM NaHCO3 gavage.

In summary, WT mice proved capable of handling moderate
doses of NaHCO3 without compromising ventilation. When
challenged with a doubling of the dose, respiratory compensa-
tion became evident. This signifies that acute compensation to
a moderate base load is not handled by the pulmonary system
and that increased renal base excretion may partake to a signifi-
cant extent.

Pendrin and CFTR KO Mice Have Reduced Net Base Excretion after
an NaHCO3 Gavage. Next, we investigated the renal response to
an NaHCO3 gavage (112 mM, 2.24 mmol/kg BW) in the pen-
drin KO and CFTR KO mouse model.

Compared with pendrin WT mice, pendrin KO mice had sig-
nificantly lower urine pH at each of 3 h post the gavage (Fig.
4A). In concordance with the alkaline urine, pendrin WT mice
had a positive net base excretion following the gavage, while
the KO mice proved completely unable to excrete HCO3

� and
had a negative net base excretion (Fig. 4A).

Similarly, CFTR KO mice had a lower urine pH post gavage
compared with CFTR WT mice, albeit the difference was not
as pronounced as for the pendrin KO mice. Accordingly,
CFTR WT mice had a much higher net base excretion com-
pared with CFTR KO mice after gavage (Fig. 4B). These
results confirm and extend that mice lacking either pendrin or
CFTR have severely diminished renal base excretion capabili-
ties when challenged with an acute base load, as previously
demonstrated for urine pH and HCO3

� excretion only (8).

Metabolic and Ventilatory Baseline Characteristics in the Pendrin
and CFTR Mice. Prior to investigating the respiratory response to
an NaHCO3 gavage in the pendrin and CFTR mouse models,
metabolic and ventilatory baseline characteristics were estab-
lished during the baseline period. The quantitative values of
each parameter in both mouse models were in concordance
with previous studies (23–26). The mean ACRCO2 of WT mice
was ∼34 mLair/mLCO2, corresponding to an PaCO2 of ∼31
mmHg (SI Appendix, Methods). This aligns well with directly
measured PaCO2 in conscious mice with an in-dwelling carotid
catheter (23).

A B

C D

Fig. 2. NaHCO3 gavage induces an acute dose-dependent alkalosis. Tail-
vein samples drawn from lightly isoflurane-anesthetized mice showing
venous pH (A), standard (std.) HCO3

� (B), pCO2 (C), and Cl� (D) at baseline
and 1, 2, and 4 h after a control gavage (black), a 200 mM NaHCO3 gavage
(blue), and a 400 mM NaHCO3 gavage (red); n = 10 for time point 0 and n
= 7 or 8 for each following time point. Differences were tested by two-
way ANOVA followed by Tukey posttest for multiple comparisons. *P <
0.05, **P < 0.01, and ***P < 0.001 vs. control; #P < 0.05, ##P < 0.01, and
###P < 0.001 vs. 200 mM. Error bars indicate mean ± SEM.

A B

C D

Fig. 3. Compared with a control gavage, a 400 mM NaHCO3 gavage indu-
ces hypoventilation in WT mice. This effect is absent in mice receiving a
200 mM NaHCO3 gavage. Summary ΔACRCO2 (A) and Δ _VE (B) curves for
WT mice receiving a 400 mM HCO3

� gavage (red, n = 26) and 200 mM
HCO3

� gavage (blue, n = 25). Difference between ΔACRCO2 (C) and Δ _VE

(D) at baseline and 2 h post gavage for the 400 mM group and 200 mM
group. Note that the 400 mM HCO3

� gavage induces a significant decrease
in ACRCO2 and _VE while the 200 mM HCO3

� gavage does not. Differences
were tested by two-way ANOVA followed by Bonferroni’s multiple-
comparisons test. Error bars indicate mean ± SEM.
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Pendrin KO and WT mice presented with comparable venti-
latory characteristics throughout the baseline period (SI
Appendix, Table S1), while CFTR KO mice had a significantly
higher VT, _VE, and _VO2 throughout the baseline period com-
pared with CFTRWT mice (SI Appendix, Table S2). This differ-
ence could very likely be explained by the significantly lower
BW of the CFTR KO mice (SI Appendix, Table S3). Accord-
ingly, when adjusting for weight, no differences between CFTR
WT and KO mice were found during the baseline period (SI
Appendix, Table S4). Mean VT, _VE, _VO2, and ACRCO2 as a
function of BWare depicted in SI Appendix, Fig. S1.

A 200 mM NaHCO3 Gavage Induces Ventilatory Depression in
Pendrin and CFTR KO Mice While This Effect Is Completely Absent in
WT Mice. Next, we wanted to elucidate whether the impaired
ability to increase renal net base excretion (Fig. 4) in pendrin
and CFTR KO mice affected the respiratory response to an
oral base load.

After a 200 mM NaHCO3 gavage, both pendrin and CFTR
KO mice showed significant ventilatory depression (i.e., a low-
ered ACRCO2) 2 h after gavage compared with baseline, while
this effect was absent in the WT group (Fig. 5). Δ _VE is depicted
in SI Appendix, Fig. S2.

The mean HCO3
�-induced ventilatory depression in pendrin

KO mice amounted to 3.1 mLair/mLCO2, which corresponds to
an approximate 8% decrease as compared with the mean base-
line ACRCO2 of pendrin KO mice. In CFTR KO mice, the

magnitude of the ventilatory depression was 4.8 mLair/mLCO2,
which corresponds to an approximate 13% decrease compared
with the mean baseline ACRCO2 of CFTR KO mice. Because
the HCO3

�-induced ΔACRCO2 and Δ _VE were similar between
CFTR WT and pendrin WT mice, the combined group of WT
mice was compared with CFTR KO mice and pendrin KO mice
(SI Appendix, Fig. S3). The HCO3

�-induced ventilatory depres-
sions of CFTR KO mice and pendrin KO mice were of similar
magnitude (4.8 vs. 3.1 mLair/mLCO2, respectively, P = 0.29) and
both were significantly different from the response observed in
WT mice. Also, the HCO3

�-induced Δ _VEs were similar in the
two KO models and showed the same qualitative pattern (SI
Appendix, Fig. S3).

In summary, these data show that pendrin and CFTR KO
mice exhibit significant functional hypoventilation in response
to a moderate, acute base load, while WT mice do not. This
indicates that a loss of pendrin or CFTR, and thus a markedly
reduced capacity for renal base excretion, imposes a significant
burden on the respiratory component of the systemic compen-
sation to an acute base load.

Discussion
A comprehensive understanding of the integrated systemic
response to acute metabolic alkalosis that includes renal func-
tion has yet to be attained. This study aimed to 1) investigate
the acute compensatory mechanisms to an acute gastric base
load, and 2) elucidate how impaired renal HCO3

� excretion, as
seen in CF, affects ventilation following an acute base load.

First, our results demonstrate that WT mice handle an acute
moderate base load (4 mmol/kg BW) without respiratory com-
pensation despite an increase of both plasma pH and standard
HCO3

�. This is illustrated by the absence of changes in

A

B

Fig. 4. NaHCO3 gavage induces an acute urine alkalization and pro-
nounced increased net base excretion in pendrin WT and CFTR WT mice
while these effects are absent in pendrin KO and CFTR KO mice. (A) Sum-
mary pHurine curves for pendrin WT (black, n = 8) and pendrin KO (red, n =
7) mice 3 h post a 112 mM NaHCO3 gavage and pooled averages of ammo-
nium (NH4

+), TA, HCO3
�, and net base excretion for the 3 h post gavage. (B)

Summary pHurine curves for CFTR WT (black, n = 7) and CFTR KO (red, n = 5)
mice 3 h post a 112 mM NaHCO3 gavage and pooled averages of NH4

+, TA,
HCO3

�, and net base excretion for the 3 h post gavage. Note the marked
significant difference in net base excretion between WT and KO mice in
both mouse models. Differences in net base excretion were tested by
unpaired t tests. The urine samples from CFTR WT and CFTR KO mice were
collected in previously published experiments (8) and analyzed for urinary
acid–base parameters. Error bars indicate mean ± SEM.

A B

C D

Fig. 5. Significant hypoventilation is induced by a 200 mM NaHCO3

gavage in pendrin KO mice and CFTR KO mice. (A and B) Summary
ΔACRCO2 curves for KO (red, n = 7) and WT mice (black, n = 7). (C and D)
Differences between ΔACRCO2 at baseline and 2 h post gavage for KO and
WT mice. Note that both pendrin KO mice and CFTR KO mice have a sig-
nificant decrease in ΔACRCO2 2 h post the gavage, while WT mice do not.
Differences were tested by two-way ANOVA followed by Bonferroni’s
multiple-comparisons test. Error bars indicate mean ± SEM.
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ACRCO2, _VE, and pCO2. Second, our results show that a lack
of pendrin or CFTR, and thus inability to acutely increase uri-
nary HCO3

� excretion (8, 9, 18), causes a marked depression
of ACRCO2 in mice when given an acute NaHCO3 gavage.
Compared with WT mice, both pendrin and CFTR KO mice
responded with a significant ventilatory depression in the first 2
h after receiving a moderate dose of NaHCO3 gavage (4 mmol/
kg BW). In contrast, ventilation and ACRCO2 of the WT mice
were unaffected by the moderate dose but, when subjected to a
doubling of the dose, these mice also responded with significant
ventilatory depression.

As diurnal variation could affect our results, we also pro-
duced an experimental series of pendrin WT and pendrin KO
mice exposed to a high dose of NaHCO3 (8 mmol/kg BW) at
1600 hours instead of 0830 hours (SI Appendix, Fig. S4). In this
setting, the high-NaHCO3 dose also produced a depression of
ventilation and ACRCO2 in WT mice of similar magnitude as
found in Fig. 3. Also, in this series, pendrin KO mice tended to
have a larger HCO3

�-induced ventilatory depression than WT
mice (P = 0.056).

Combined, our results indicate that acutely increased renal
base excretion is fully capable of correcting a moderate alkaline
challenge without the need for a ventilatory response. When
this ability to increase urinary HCO3

� is impaired, such as in
CF, even a moderate dose of alkali triggers a marked ventila-
tory depression.

A remarkable finding of this study is that renal adaptation via
increased urine HCO3

� excretion occurs immediately and that
the threshold for renal activation appears to be reached before
respiratory compensation initiates. Thus, while a gavage load of 4
mmol NaHCO3/kg BW does not elicit respiratory compensation
in WT mice, we have previously found that an NaHCO3 dose as
low as 2.24 mmol/kg BW triggers a drastic rise of urine base
excretion in WT mice (8). This acute increase of urinary base
excretion is fully dependent on pendrin and CFTR function and
therefore adequate function of the β-intercalated cells of the col-
lecting duct (8). These findings indicate that the distal part of the
kidneys, more specifically the β-intercalated cells, responds
acutely to a systemic alkalotic disturbance. This is in stark contrast
to the classic “textbook” understanding of how an acute alkalosis
is compensated (Introduction).

An important question would be how these findings can be
integrated into a meaningful physiological understanding. The
most frequent physiological acid–base disturbance is postprandial
alkalosis, coined “the alkaline tide.” Intriguingly, in snakes and
other reptiles, this postprandial alkalization causes a decrease of
ventilation relative to CO2 production (ACRCO2), and therefore a
rise in PaCO2 (27). Seen in this context, our results suggest that
the increase in urine HCO3

� excretion following an acute gastric
NaHCO3 challenge, or a meal, could serve to ameliorate the
need for respiratory compensation in this state.

Another question would be what clinical impact our findings
pose. Patients suffering from CF have an increased risk of devel-
oping metabolic alkalosis (16), and alkalosis has been attributed
to a role in the acute hypercapnic failure observed in the end
stage of this disease (19). Our findings provide a concrete mech-
anistic explanation for this observation. In addition, elevated
PaCO2 is strongly associated with increased mortality among CF
patients (28). Numerous factors could explain the increased
PaCO2 in patients with CF, including decreased lung function
and decreased alveolar gas exchange, but also metabolic alkalo-
sis. To what extent each factor contributes is currently undeter-
mined. However, our results show that in a mouse model of CF,
metabolic alkalosis causes excessive respiratory hypoventilation.
Whether the impaired renal base excretion in CF indeed is a
contributing factor to the increased overall mortality remains
uncertain, but we advocate that more attention should be
directed toward managing the acid–base status of CF patients.

Another relevant clinical setting is chronic kidney disease
(CKD) patients receiving HCO3

�-rich dialysate (29). To our
knowledge, nothing is known about CFTR function in CKD
patients, but recent evidence suggests that in the case of acido-
sis, a common complication to CKD, these patients also have
reduced pendrin expression (30). In combination with reduced
kidney function, this would reduce the capacity for renal base
excretion. Indeed, some CKD patients develop metabolic alka-
losis during dialysis (31–34), but it has never been studied
whether this combination of an acute alkalic load and impaired
renal excretion capabilities affects ventilation. Respiratory
depression in CKD patients receiving hemodialysis has been
described (35, 36), pointing toward a potential correlation. If
true, our results could aid in the understanding of this utmost
unfortunate complication during dialysis treatment.

In this study, we induced metabolic alkalosis by NaHCO3

gavage loading (Fig. 2). The alkalosis achieved by this method
is presumably mediated through several concurring physiologi-
cal mechanisms. First, basolateral export of HCO3

� into the
bloodstream by parietal cells will occur following a likely
increase of apical H+ secretion due to alkalization of the ven-
tricular pH. Second, HCO3

� will be absorbed in the duodenum
along with water. Hence, the degree of alkalosis will reflect the
overall balance of HCO3

� absorption, cellular buffering, and
secretion of HCO3

� in the intestine, pancreas, liver, and kid-
ney. Despite that the CF mouse model used in this study is a
transgenic mouse with intestinal correction of CFTR (37), dif-
ferences in this balance can be expected between CFTR KO
and WT mice. Hence, CF mice may have their aggravated and
prolonged alkalosis due to impairment of both renal and gas-
trointestinal HCO3

� handling.
It is conceivable that by introducing a metabolic alkalosis

through a gastric gavage a feedforward signal from the gut to
the kidney is initiated. In this understanding, the activation of
renal base excretion is driven by an alkalosis sensed in the gut,
rather than the systemic acid–base disturbance. In this regard,
we and others have previously found that the gastrointestinal
hormone secretin activates renal HCO3

� excretion (8, 38).
Here, we also found that mice receiving an NaHCO3 gavage
have higher plasma secretin than mice receiving a control
gavage (8), but it is plausible that other pathways are involved.
To further elucidate what triggers the increase in renal base
excretion, other ways to introduce an acute metabolic alkalosis
could be explored, for example intravenous infusion of alkaline
saline or an experimentally induced respiratory alkalosis. None-
theless, we believe that a gastric administration of excess base
more closely mirrors physiological conditions.

It is possible that respiratory compensation does occur in
WT mice when challenged with the moderate dose of NaHCO3

but that the magnitude of the effect precludes us from finding
it with our current experimental setup. A close inspection of
Fig. 3A does indeed suggest that ACRCO2 could be slightly
decreased 2 to 4 h post the gavage.

It should be noted that similar to the β-intercalated cells of
the kidney, CFTR and pendrin also colocalize and cofunction
in the airway epithelia (39). Here, pendrin-dependent HCO3

�

transport likely serves the purpose of maintaining an alkaline
airway surface liquid layer to prevent bacterial infection (40).
Whether the loss of airway expression of pendrin and CFTR
could confound our results is undetermined, but we believe
that it is very unlikely that airway HCO3

� transport contributes
to systemic acid–base homeostasis or ventilation control.

In conclusion, this study demonstrates a rapid renal compen-
sation in response to an oral base load. When the renal mecha-
nisms governing HCO3

� secretion in the distal tubule are
impaired, excessive respiratory compensation is necessary. This
challenges the conventional paradigm regarding renal adapta-
tion to an acute alkalosis under both normal and pathological
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conditions. Our findings provide a sound explanation for the
physiological relevance of the postprandial alkaline tide in the
urine, an observation more than 150 y old. Lastly, our results
have highly relevant implications for clinicians treating patients
with CF and other patients suffering from a concurrent
decrease in lung and kidney function.

Materials and Methods
Animals. Littermates from heterozygous breeding pairs were used in experi-
mentswith genetically modifiedmice. Animals were bred in the animal facility
of the Department of Biomedicine, Aarhus University. Mice of both sexes
were used with similar body mass and age between the groups (SI Appendix,
Table S3). Ten-week-old C57BL/6J mice (Janvier) were used to investigate the
time course of plasma pH and standard HCO3

� changes following acute gastric
base load. C57BL/6J mice were acclimatized in the animal facility of the Depart-
ment of Biomedicine, Aarhus University for 1 wk before the experiments.

The pendrin KO mouse, with a genetic background of 129S1/SvImJ, was
purchased from The Jackson Laboratory (JAX stock no. 018424) (41).

The CFTR KO mouse (CFTR S489X-; FABP-hCFTR), with a genetic back-
ground of C57BL/6 and 129P2/OlaHsd, was also purchased from The Jackson
Laboratory (JAX stock no. 002364) (37). The CFTR KO mouse expresses human
CFTR under the activity of the rat fatty acid–binding protein 2 intestinal pro-
moter. This corrects the otherwise lethal intestinal phenotype of thesemice (37).

All mice had ad libitum access to normal drinking water and standard
rodent chow and were kept on a 12-h light/dark cycle throughout the experi-
ments and during housing in the animal facility.

Acute Base Load via Gavage. In all experiments, mice were given either an
NaHCO3 gavage solution or a control solution with a volume of 20 μL/g BW.
For the assessment of systemic acid–base parameters and barometric measure-
ments, the NaHCO3 solution consisted of distilled water with 2%mass glucose
and either 200 or 400 mM NaHCO3 (equivalent to a dose of 4 or 8 mmol
NaHCO3/kg BW, respectively).

For the measurements of urine pH and urine acid–base parameters, the
NaHCO3 solution consisted of distilled water with 2% mass glucose and 112
mMNaHCO3 (equivalent to a dose of 2.24 mmol NaHCO3/kg BW). In all experi-
ments, the control solution consisted of distilled water with 2%mass glucose.

Assessment of Systemic Acid–Base Parameters. Blood was sampled with glass
capillaries (CLINITUBES; Radiometer) from lightly anesthetized mice (isoflur-
ane anesthesia, tail-vein samples) and analyzed with an ABL80 Flex blood gas
analyzer (Radiometer) immediately after collection. Blood was drawn at base-
line and 60, 120, and 240 min after a gastric gavage of either 4 or 8 mmol
NaHCO3/kg BWor control solution.

Measurements of Urine pH and Urine Acid–Base Parameters. Pendrin WT and
KO mice were acutely administered 2.24 mmol NaHCO3/kg BW. Following
gavage, micewere placed inmetabolic cages for 3 h, while urinewas collected in
funnels covered with parafilm to allow for precise, immediate urine collections
(42). Urine samples were collected every hour with a micropipette and kept at
�20 °C until further analysis. Urine pH was measured each hour while the
remaining acid–base parameters were measured in one sample comprising the
weighted average of all the urine collected in the 3-h period. Urine samples col-
lected from CFTRWT and KOmice undergoing the same protocol in a previously
published study (8) were also included and net base excretionwasmeasured.

Urine pHwasmeasuredwith amicro pH electrode (pH-400; Unisense). Urine
[HCO3

�] was measured using a custom-built infrared CO2 sensor–based system
(43). Urine [NH4

+] was measured via an Orion High-Performance Ammonia
Ion-Selective Electrode (Thermo Scientific; 9512HPBNWP) with the use of
ammonia pH-adjusting Ionic Strength Adjuster (Thermo Scientific; 951211) as
previously done (9, 44). Urine [titratable acid] ([TA]) was measured by titration
using the method of Chan (45) modified to small-volume samples (9, 44). Net
base concentration was calculated as [HCO3

�] � ([TA] + [NH4
+]) and multiplied

by the corresponding 3-hweight-adjusted diuresis to yield net base excretion.

Barometric Measurements of Ventilation and Metabolism.
Experimental setup. Metabolic rate and ventilation were measured using
intermittent-closed respirometry. The setup comprised a total of four cham-
bers (1.1 L) for measurements. Each chamber (one at a time) was flushed with
compressed air at a rate of 2.5 standard liters per minute for 2 min controlled
by a flow controller (Sierra Instruments). Hereafter, the chamber was sealed
by solenoid valves and the next chamber was flushed, resulting in a 2-min
flushing and a 6-min sealed cycle for each chamber.

When a chamber was closed, ventilation was measured by a barometric
method based upon the original method developed by Drorbaugh and Fenn
(46). When the same chamber was subsequently flushed with air, the accumu-
lated CO2 and consumed O2 during the closed period were measured, result-
ing in the above-mentioned intermittent, closed system (23, 47, 48).

Each chamber was connected to an air inlet, an air outlet, and a
temperature-regulating system (maintaining an in-chamber temperature of
∼22 °C at all times). Also, temperature, relative humidity (Humitter; Vaisala),
and pressure variations caused by ventilation (First Sensor; HCLA02X5DB)
were monitored inside the chamber.

To measure O2 consumption and CO2 production in each closed cycle, the
excurrent air, when flushed, passed through a drying filter containing CaCl2
to a calibrated gas-analyzing system (Ametek Applied Electrochemistry) con-
sisting of an O2 and a CO2 sensor and analyzer (P-61B, N-22M, CD-3A, and S-
3A/I). Before the start of each experiment and after gavage the sensors were
calibrated with dried outside air (20.95% O2 and 0.04% CO2) and with a mix-
ture of 5% CO2 in dried outside air. The gas mixture for calibration was deliv-
ered by a precision W€osthoff gas-mixing pump. Ventilation frequency and
tidal volume were calculated from the volume-related pressure changes inside
the chamber during each closed cycle.

All data were collected by a data-acquisition system (BIOPAC; MP150) at
100 Hz. After the end of the experiment, data were exported to Wolfram
Mathematica (version 7;Wolfram Research) and analyzed in a script that auto-
matically identified and integrated each CO2 and O2 top and bottom relative
to their baselines and calculated O2 uptake ( _VO2, mLO2/min) and CO2 produc-
tion ( _VCO2, mLCO2/min) using the closed period of the chambers. The script also
detected each breathing-related chamber pressure fluctuation and calculated
median tidal volume (VT, mL) and median respiratory frequency (fR, per
minute) in each closed period. Minute ventilation ( _VE, mL/min) was calculated
from VT and fR. The respiratory quotient was calculated as _VCO2/ _VO2. Subse-
quently, _VO2, _VCO2, VT, and _VE were weight-adjusted.

Quantitative comparison of ventilation in different animals requires deter-
mination of ACR for CO2 or O2 (i.e., ACRCO2, mLair/mLCO2 or ACRO2, mLair/mLO2)
and was calculated for each cycle. ACRCO2 is the minute ventilation relative to
the CO2 excretion ( _VE/ _VCO2) and reflects PaCO2 (see SI Appendix, Methods for
further details).

A presentation of the experimental setup and ventilatory data recordings
is in Fig. 1A and B.
Experimental protocol. Conscious, unrestrained mice were weighed and
placed in the four separate respirometry chambers. The chambers were trans-
lucent on one side, allowing natural incident light.

After an overnight baseline measurement period of 17.5 h (1500 to 0830
hours), the mice were weighed and acutely administered either 4 or 8 mmol
NaHCO3/kg BW or the control solution. For a subset of experiments, mice
underwent an 8-h baseline recording from 0800 to 1600 hours before the
gavage.

Following gavage, the mice were returned to their chambers and postgav-
age measurements ensued over the next 6.5 h. The mice underwent the
above-mentioned protocol twice separated by a 24-h resting period, thus
yielding an NaHCO3 gavage recording and a control gavage recording for
each mouse (see Fig. 1D for a schematic representation of the protocol). To
investigate the effect of an NaHCO3 gavage vs. a control gavage, the paired
measurements were subtracted (NaHCO3 vs. control), yielding Δ traces show-
ing the differential effect of the two gavagemaneuvers (Fig. 1E).

For every experimental cycle, two mice received a control gavage and two
mice received an NaHCO3 gavage. In experiments with KO and WT mice, each
cycle included twoWT and two KOmice.

However, one pendrin WT mouse did not yield results due to technical
problems with the setup, one CFTR KOmouse was euthanized due to acciden-
tal administration of the gavage load into the lungs instead of the gastric
ventricle, one CFTR “WT”mousewas excluded because it was found to be het-
erozygous in the postmortem control genotyping, and one pendrin KOmouse
was excluded due to an extreme ventilatory depression (SI Appendix, Fig. S5).

Statistical Analysis. Prism 9.2.1 (GraphPad Software) was used for the graphi-
cal depiction of results and statistical analysis. The distribution of data was
assessed by plotting QQ plots and, when relevant, model validation was per-
formed by plotting residual plots and homoscedasticity plots. If the datasets
could not be characterized as normally distributed and log transformations
could not properly adjust for this, nonparametric tests were used.

Statistical differences were assessed as follows: A comparison between two
groups was performed with Student’s t test or Mann–Whitney U test where
relevant. Multiple comparisons between more than two groups were con-
trolled for using one-way ANOVA. A comparison between two groups with
more than one intervention was performed by two-way ANOVA followed by
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correction for multiple comparisons. A comparison of data collected time-
dependently was performed by two-way ANOVA followed by correction for
multiple comparisons. Regression analysis of two variables was performed
using simple linear regression. Regression analysis of more than two variables
was performed using multiple linear least-squares regression. Differences in
sex distribution were testedwith Fisher’s exact test

All tests were two-sided and performed at a significance level of 5%. The
statistical test used is specified in each figure legend. All values are presented
asmean values± SEMunless stated otherwise.

Study Approval. Handling and experiments on mice were approved by
Danish animal welfare regulations (Dyreforsøgstilsynet, Approval no. 2016-
15-0201-01129).

Data Availability. All study data are included in the article and/or SI Appendix.
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