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Abstract Renal K+ retention is activated during pregnancy
through a mechanism unknown to date. Here, we showed that
the renal stimulation of H,K-ATPase type 2 (HKA2), whose
expression was recently identified to be progesterone-
dependent, is part of the mechanism favoring K+ accumula-
tion during gestation. Moreover, investigation of the gesta-
tional phenotype of HKA2-null mice compared to their wild-
type (WT) littermate revealed a decrease in fertility (gestation
was successful in 33 % of HKA2-null mice vs. 83 % of WT
mice) and in litter size (6.5±0.6 and 7.8±0.4 fetuses per litter,
respectively). We also observed that urinary K+ excretion
decreased by 20 % and plasma K+ concentration rose slightly
(11 %) in WT mice during gestation (relative to basal condi-
tions). In contrast, the renal excretion of K+ and plasma K+

levels in HKA2-null mice remained constant during gestation,
whereas fecal K+ excretion increased. As a consequence,
HKA2-null mice did not accumulate K+ in their extracellular
compartment as efficiently as WT mice did. Finally, the link

between inefficient K+ balance adaptations and gestational
complications was established when we observed that these
complications could be reversed with an increased K+ uptake.
Altogether, these results define a novel physiological role for
the HKA2 transporter and uncover a link between K+ metab-
olism and fertility.
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Introduction

Pregnancy is a physiological state that requires both physi-
ological and anatomical modifications of the cardiovascular
and renal systems to allow the gravid females to face the
demands induced by fetal growth. Renal adaptation to preg-
nancy is of particular importance, and alterations in renal
function or kidney diseases during pregnancy are particular-
ly deleterious [34].

Electrolyte metabolism, which is strongly dependent on
proper renal function, is modified during gestation in order
to provide all required elements to the embryo. Fetal devel-
opment requires in particular a large amount of K+, which is
provided by the gravid female. At the end of gestation,
women have accumulated around 300 mmol of K+ [30],
which represents roughly 10–15 % of the total body K+

content or the total K+ intake over a 3-day period.
Interestingly, a case–control study revealed that the risk of
complications like preeclampsia is inversely proportional to
the fiber and K+ dietary intake [19]. It is likely that the
kidney is responsible for this accumulation of K+, but the
mechanisms involved in this process are still unknown. It is
also important to note that, during pregnancy, many factors
favor K+ loss instead of K+ accumulation. For instance, the
filtered load of K+ is higher during pregnancy because the
glomerular filtration rate increases [5]. In addition,
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stimulation of Na+ retention through activation of the renin–
angiotensin–aldosterone system [20, 28, 33], leading to in-
creases in the activity of amiloride-sensitive epithelial sodi-
um channels [48], should promote tubular K+ secretion
through K+ channels in the distal part of the nephron.

Given these apparently divergent observations, on one
hand, a pregnancy-induced potassium retention process and,
on the other hand, a combination of factors that should
contribute to renal K+ leak, we decided to investigate how
the kidney adapts to gestation in the context of K+ homeo-
stasis. Recently, we identified a new renal regulatory path-
way involving progesterone, the H,K-ATPase type 2
(HKA2), and the renal retention of K+ [17]. We found that,
during chronic dietary K+ restriction, adrenal steroidogene-
sis is modified so as to increase the production of proges-
terone and that this hormone promotes renal K+ retention in
control mice but not in those deficient for the HKA2 gene.
Moreover, the presence of the nuclear progesterone receptor
in the distal part of the nephron [22] and the mifepristone
sensitivity of HKA2 expression suggested that this receptor
could be involved in the renal response to progesterone.
HKA2 is an electroneutral transporter [7] that consists of
two subunits, a catalytic α subunit that may combine, in
heterologous systems, with different chaperon-like β sub-
units [12, 21]. The transporter exhibits pharmacological and
transport features common to two closely related P-type
ATPases, the Na,K-ATPase and the H,K-ATPase type 1
(HKA1). It is known that HKA2 may transport Na+ instead
of H+ [9, 10, 12] and it is sensitive to ouabain [2, 11, 45] like
Na,K-ATPase. It also transports H+ and is sensitive to
Schering 28080 [36] as is HKA1. We recently demonstrated
for the first time its physiological relevance in the kidney by
showing its involvement in the circadian rhythm of urinary
K+ excretion and in the preservation of stable plasma K+

concentrations throughout the day [42].
In this study, we tested the hypothesis that a regulatory

pathway, similar to the one we described previously during
dietary K+ depletion [17], is stimulated during gestation,
whereby the increased production of progesterone switches
the kidney to a “K+ reabsorption mode” through the activa-
tion of the HKA2 transporter.

Material and methods

Physiological analysis

Experiments were performed on C57BL/6 wild-type (WT)
and knockout mice for the HKA2 α subunit gene [35]. In
the experiments designed to investigate gestational parame-
ters (percentage of successful fecundation and percentage of
survival), WT and HKA2-null female mice were mated with
WT males for three consecutive nights and then separated.

In these experiments, the females were only weighted every
day (without additional interference). To record physiolog-
ical parameters, pregnant females were placed in metabolic
cages at day 10 post-coitus; following 2 days of adaptation,
food intake and 24-h-period urine samples were measured
and collected from day 12 to 17 (late gestation period).
Nonpregnant females of the same strains were placed in
parallel in metabolic cages to record basal parameters.
Urinary creatinine concentrations were determined using
an automatic analyzer (Konelab 20i; Thermo, Cergy-
Pontoise, France). Urinary K+ concentration was determined
by flame photometry (IL943, Instrumentation Laboratory,
Paris, France). Stools were collected over a 24-h period,
dried, brushed (to eliminate food contaminants), and ho-
mogenized in distilled water (6 ml/g). Proteins were then
precipitated using trichloroacetic acid (20 %) and removed
by centrifugation (10,000×g; 10 min at 4 °C). In other
experiments, females were kept in normal cages and, at
day 17 post-coitus, plasma parameters were recorded by tail
incision on the anesthetized animal with an ABL77
pH/blood gas analyzer (Radiometer, Lyon, France). After
these measurements, nonpregnant and pregnant females
were sacrificed for tissue and organ removal. All animal
procedures were carried out in accordance with the French
legislation for animal care and experimentation.

Quantitative polymerase chain reaction (PCR)

RNAs were extracted from whole kidneys using the TRI
reagent (Invitrogen, Villebon sur Yvette, France) following
the manufacturer’s instructions. One microgram of total
RNA was then reverse-transcribed using the first-strand
cDNA synthesis kit for reverse transcription (RT)-PCR
(Roche Diagnostics, Meylan, France) according to the man-
ufacturer’s instructions. Real-time PCRs were performed on
a LightCycler (Roche Diagnostics, Meylan, France). No
signal was detected in samples that did not undergo RT
or in blank runs without cDNA. In each run, a standard
curve was obtained using serial dilution of stock cDNA
prepared from mouse kidney total RNA. Specific
primers for targeted transcripts were chosen using the
LC Probe Design 2.0 software.

Immunolabelling on microdissected tubules

Microdissected cortical collecting ducts (CCDs) from
nonpregnant and pregnant female mice (day 17 post-
coitus, late period) were treated as recently described
[4, 18, 42] and incubated with an anti-HKA2 (1:400) anti-
body [38] that was previously characterized. After
mounting, the slides were observed on a confocal mi-
croscope (Zeiss Observer.Z1) and images were analyzed
by ImageJ software.

1150 Pflugers Arch - Eur J Physiol (2013) 465:1149–1158



H,K-ATPase activity measurement

Kidney from nonpregnant and pregnant females (day 17 post-
coitus) were perfused as described previously [29] and CCDs
were distinguished and manually microdissected according to
morphological and topographical criteria. ATPase activity in
permeabilized nephron segments was determined bymeasuring
the level of 32P formed after hydrolysis of [γ-32P]-ATP, as
previously reported [51]. Briefly, to avoid contamination with
Na,K-ATPase and to remove K+, pools of four to six CCDs
were rinsed three times in a cold Na+-free and K+-free solution
containing 0.8 mM MgSO4, 1 mM MgCl2, 0.5 mM CaCl2,
100 mM Tris(hydroxymethyl)aminomethane (Tris)–HCl,
1 mg/ml bovine serum albumin, and mannitol up to
400 mOsmol/kg, at pH 7.4. After being transferred into 96-
well flat-bottom plates, CCDs were permeabilized with saponin
(0.5 mg/ml) and a hypotonic solution (10 mM Tris–HCl) was
then added. An assay medium containing 2.5 mMKCl, 10 mM
MgCl2, 1 mM ethylene glycol-bis(β-aminoethylether)-N,N,N′,
N′-tetraacetic acid, 25 mM Tris–HCl, 5 mM Tris–ATP, and
trace amounts of [γ-32P]-ATP at pH 7.4 was then added to the
tubules, and the 96-well plates were incubated at 37 °C for 10
min. Three groups of tubules were treated in parallel: without
inhibitors, with 50 μM Sch28080, or with 1 mM ouabain.
Samples without nephron segments were treated in parallel in
each experiment to determine the spontaneous breakdown of
ATP. Preliminary experiments showed that no activity was
detectable in the absence of added KCl, indicating that the
entire measured activity could be ascribed to H,K-ATPase.
This was also confirmed by the fact that the measured activity
was fully inhibited by Sch28080 (see the “Results” section).

Tissue K+ content

Tissue K+ content was determined as described byMeneton et
al. [35]. Briefly, fetuses or skeletal muscles (gastrocnemius)
were weighed and freshly homogenized in distilled water and
the proteins were precipitated with 10 % trichloroacetic acid.
After centrifugation, at 10,000×g for 10 min at 4 °C, the K+

content of the supernatant was measured using a flame pho-
tometer (IL943, Instrumentation Laboratory, Paris, France).

Results

H,K-ATPase type 2 is stimulated during gestation

HKA2 mRNA expression was measured in the kidneys of
nonpregnant (NP) and pregnant (P, day 17 of the gestation
period) female mice. As shown in Fig. 1a, the level of expres-
sion of HKA2 increased twofold to threefold during the late
phase of gestation compared to nonpregnant conditions. In
parallel, we measured the expression of HKA1 (Fig. 1a) and

found no difference between NP and P groups. At the protein
level, we observed that the labeling of HKA2 on the luminal
side of the CCD is stronger during the late gestation phase
(Fig. 1b (a)) when compared to nonpregnant females, in which
such labeling is hardly visible (Fig. 1b (b)). To confirm the
stimulation of the HKA2 transporter, wemeasured its activity in
the CCD of nonpregnant (Fig. 1c) and pregnant female mice
(late phase; Fig. 1d). HKA2 function was assessed as the K+-
dependent, ouabain-sensitive, and Schering 28080-sensitive
ATPase activity measured in the absence of Na+. Similarly,
HKA1 function was assessed as the K+-dependent, ouabain-
insensitive, and Schering 28080-sensitive ATPase activity mea-
sured in the absence of Na+. As shown in Fig. 1c, HKA2
activity (i.e., ouabain-sensitive ATPase activity) was not detect-
able in the CCDs of nonpregnant female mice; the K+-depen-
dent ATPase activity measured in these CCDs was fully
inhibited by Schering 28080, indicating that it corresponds to
HKA1. Conversely, in pregnant female mice, more than 95 %
of the total K+-dependent ATPase activity was inhibited by both
ouabain and Schering 28080, a specific characteristic of HKA2.

Lack of HKA2 leads to gestational complications

Because the renal HKA2 is stimulated during the late ges-
tation phase, we investigated the consequence of its genetic
ablation on pregnancy. We first observed that HKA2-null
mice had difficulties getting pregnant and we decided to
quantify this effect. As shown in Fig. 2a, 83 % of WT mice
became pregnant after two to three attempts (1 attempt=3
nights in a row with a male), whereas only 33 % of HKA2-
null mice did so. Another difference with HKA2-null mice
is that around 30 % (4 out of 13) of the pregnant female
went beyond their predicted delivery date (days 19–20),
started to decline (i.e., exhibited weight; see Supplemental
Fig. 1), and had to be sacrificed for ethical reasons (Fig. 2b).
During this sacrifice, we observed that they were all bearing
living fetuses. In contrast, only one WT mouse died during
gestation for unknown reasons.

K+ excretion is not adapted to gestation in HKA2-null mice

As shown in Fig. 3a, WT mice increased their food intake
by 20 % during gestation. The increased K+ intake should
have raised urinary K+ excretion in the same proportion;
however, as shown in Fig. 3b and Table 1, gravid WT mice
exhibited decreased urinary K+ excretion compared to the
nonpregnant state. These results indicate that, as expected,
during gestation, renal function is disconnected from the
dietary intake and is switched to a “K+ reabsorption mode.”
The fecal excretion of K+ is also modified during gestation
with a decrease of about 15 μmol/day compared to the
nonpregnant group (Fig. 3c). The gestation-induced renal
and (to a lower extent) fecal K+ retention had an impact on
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plasma K+ concentrations, which increased from 3.70±
0.10 mM in nonpregnant WT mice to 4.10±0.07 mM in
the late gestation phase (Fig. 3d; unpaired Student’s t test p
value=0.006, n=9–13). Similarly to WT mice, HKA2-
deficient mice increased their food intake by 20 % during
the late gestation phase (Fig. 3). In contrast with WT mice,
however, their urinary K+ excretion was not reduced
(Fig. 3f), indicating an inefficient renal adaptation. The fecal
excretion of K+, in the nonpregnant state, was twice higher
than in WT mice and significantly increased during gesta-
tion (Fig. 3g). In spite of these phenotypes, the plasma K+

concentration of HKA2-null mice (Fig. 3h) remained similar
in the nonpregnant state (4.09±0.1 mM, n=12) and during
the late gestation phase (3.85±0.1 mM, n=10).

Tissue K+ content is modified during gestation

Because renal and intestinal K+ retention was not observed
in HKA2-null mice, we examined how this may have af-
fected intracellular K+ levels. As shown in Fig. 4a, the K+

content of muscles (gastrocnemius) from WT pregnant

Fig. 1 Expression of HKA2 during pregnancy. The mRNA levels of
HKA2 and HKA1 α subunits (a), relative to the housekeeping gene
cyclophilin A, were measured in the kidney of nonpregnant (NP, white
bar) and pregnant femalemice (day 17 post-coitus,P, black bar). Results are
shown as the mean±SEM (n=6). **p<0.01, nonpaired Student’s t test. b
CCD fromWTnonpregnant (a) and pregnant (late period of the gestation, b)
were immunolabeled using a polyclonal anti-HKA2 antibody. K-ATPase

activity in Na+-free mediumwas determined in CCDof nonpregnant (c) and
pregnant (day 17 post-coitus, d) female mice in the absence of any inhibitor
(total) or in the presence of 1 mM ouabain or of 50 μM Schering 28080.
Results are shown as the mean±SEM (n=5 for the nonpregnant group and
n=8 for pregnant female mice). For each animal and each condition (basal,
ouabain, and Sch28080), H,K-ATPase activity was determined in four
replicate samples. **p<0.01, nonpaired Student’s t test

Fig. 2 Gestational parameters of WT and HKA2-null mice. a The rate
of fecundation leading to full-term pregnancy was evaluated under
controlled conditions where a WT male was placed with a WT (white
bar) and a HKA2-null (black bar) female for three consecutive nights
in the same cage (this mating period corresponds to one attempt).
Female mice were then isolated and their weight was measured every
day for 9 days. In the absence of an increase in weight after 9 days, the
female is replaced with a male for a second attempt. A maximum of
five attempts was assayed for each female mouse. Results are shown as
percentage of females getting pregnant over the total number (n) of
females tested (n=6 for WT and n=12 for HKA2-null mice). For
females that get pregnant, the mean number of attempts was similar
between WT and HKA2-null mice (two to three attempts). b Percent-
age of WT (white bar) or HKA2-null (black bar) female mice that
survive during the gestation period over the total number (n) of female
tested (n=6 for WT and n=12 for HKA2-null mice)
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females decreased by 15 % at the end of gestation. This
result indicates that WT mice not only retained K+ by
activating their renal HKA2, but also mobilized their inter-
nal K+ pool. Unexpectedly, the muscle K+ content of
HKA2-null mice did not decrease, even though these mice
were not able to retain K+ (Fig. 4b). We then investigated
whether fetus growth could be impacted by the lack of
HKA2. As shown in Fig. 5a, WT mice had 7.8±0.4 pups
per litter, whereas the HKA2-null mice had 6.5±0.6 pups
per litter. However, weight (Fig. 5b) and K+ content

(Fig. 5c) were similar in both strains. Therefore, on average,
the need for K+ is less important in HKA2-null mice than in
WT mice because their litter size is smaller.

Acid–base status during pregnancy is altered in HKA2-null
mice

The increase in food intake also leads to an increase in the
acid load that needs to be excreted to avoid acidosis.
Because HKA2 is also involved in this process [31, 47]

Fig. 3 Adaptation of the K+ balance during gestation in WT and
HKA2-null mice. Nonpregnant (NP) and pregnant (P) WT (a–d,
white bars) and HKA2-null mice (e–h, black bars) were placed in
metabolic cages to measure their food intake (daily mean over a
6-day period, a and e), their urinary K+ excretion (daily mean

over a 6-day period, b and f), their fecal K+ excretion (daily
mean over a 6-day period, c and g), and their plasma K+ values
(at day 17 post-coitus, d and h). Results are shown as the mean±
SEM (n=7 for WT mice and n=7 for HKA2-null mice). *p<0.05,
**p<0.01; nonpaired Student’s t test

Table 1 Physiological parame-
ters of WT and HKA2-null mice
under the basal state and during
the late part of gestation

Results are shown as the mean±
SEM

*p<0.05, **p<0.01; nonpaired
Student’s t test

WT mice HKA2-null mice

Gestation status NP P NP P

Urine parameters

Volume (ml) 1.25±0.18 0.83±0.10** 1.24±0.14 1.57±0.16

Creatinine (μmol) 3,538±221 3,298±173 5,666±567 4,357±640

K+ (μmol) 354±20 276±12** 351±33 326±26

Na+ (μmol) 170±9 165±7 188±16 250±27

pH 6.22±0.08 6.20±0.07 6.30±0.04 6.97±0.29**

Fecal parameters

Dry weight (g) 0.79±0.06 1.00±0.03 0.60±0.04 0.91±0.02

K+ (μmol) 34.8±4.9 18.6±2.8* 71.6±6.8 127.9±8.6*

Plasma parameters

Plasma K+ (mM) 3.72±0.10 4.11±0.07* 4.09±0.10 3.85±0.10

Plasma Na+ (mM) 150.8±1.0 144±0.5** 151.3±1.2 149±1

Hematocrit (%) 38.4±0.8 36.3±0.4* 37.1±1.3 35.9±0.8

Plasma bicarbonate (mM) 20.2±0.6 21.2±1.2 22.0±0.3 17.7±0.7**

pCO2 (mmHg) 49±3 50±2 51±3 53±3

pH 7.20±0.02 7.22±0.01 7.17±0.04 7.16±0.05
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along with H+-ATPase, we measured acid–base parameters
in WT and HKA2-null mice during gestation. As shown in
Fig. 6a, b and Table 1, in WT mice, gestation did not modify
urine and plasma pH nor plasma bicarbonate concentration,
indicating that the kidney adapted efficiently to excrete the
acid load resulting from a higher food intake. Conversely, in

HKA2-null mice during pregnancy, the urine pH became
alkaline (Fig. 6c) and the plasma bicarbonate concentration
decreased significantly (Fig. 6d), indicating the develop-
ment of mild acidosis.

Potassium supplementation restores normal gestational
parameters in HKA2-null mice

To investigate whether the gestational problems of HKA2-
null mice could be linked to their inefficient renal adapta-
tion, which prevents K+ accumulation, we enriched their
drinking water with K+ from the mating day until the deliv-
ery day. As shown in Fig. 7, fecundation rate (a), mortality
(b) and the number of fetuses per litter (c) of HKA2-null
mice (hatched bars) then became similar to those of WT
mice (gray bars) and were not different from those measured
previously in WT without K+ enrichment (Figs. 2 and 5). In
other words, providing more K+ to HKA2-null mice allowed
us to reverse their gestational phenotype.

Discussion

The recent finding that progesterone stimulates the expres-
sion of HKA2 in the kidney during K+ depletion and pro-
motes the renal reabsorption of K+ [17] suggests that this ion
transporter is involved in pregnancy-induced K+ retention
[30]. In the present study, we demonstrated that renal HKA2

Fig. 4 Tissue K+ content during gestation in WTand HKA2-null mice.
Muscle K+ contents were determined in WT (a) nonpregnant (NP) and
pregnant (day 17 post-coitus, P) females or in HKA2-null nonpregnant
and pregnant females (b). Results are shown as the mean±SEM (n=6–
10 mice). *p<0.05; nonpaired Student’s t test

Fig. 5 Fetal growth parameters in WT and HKA2-null mice. a Num-
ber of fetuses per litter from WT (white dots) or HKA2-null (black
dots) mice. Results are shown as individual values and as mean±SEM.
*p=0.033; nonpaired Student’s t test. b Individual weight of fetuses at
day 17 post-coitus in WT (white bar) or HKA2-null (black bar) mice. c
Potassium content (in micromoles per gram of wet weight) of fetuses
were determined in triplicate (three fetuses per litter) from three dif-
ferent pregnant WT (white bar) or HKA2-null (black bar) mice. Re-
sults are shown as the mean±SEM

Fig. 6 Acid–base status during gestation in WT and HKA2-null mice.
Urine pH and plasma bicarbonate content were measured in WT mice
(a, b) and in HKA2-deficient mice (c, d) before gestation (NP) and
during the late period of gestation (P). Results are shown as the mean±
SEM (n=6–10). *p<0.05, **p<0.01; nonpaired Student’s t test
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is indeed stimulated in the late part of gestation: the mRNA
and protein expression of the transporter and its activity all
increase. The phenotype of female HKA2-null mice during
pregnancy also highlighted the role of this transporter in the
correct development of gestation and the link between the
ability to retain K+ and fertility.

Renal solute transport during gestation

The strong physiological changes occurring during gestation
impact the regulation of ion homeostasis. Indeed, two chal-
lenges need to be overcome: (1) maintaining the composi-
tion of the maternal internal milieu within strict limits and
(2) providing the required resources for fetal growth. This is
particularly important for K+, which is the main intracellular
cation and thus an important “brick” in the building of
fetuses. In mice for instance, after the 15th day post-
coitus, each fetus almost doubles its weight every 24 h.
Therefore, the need to provide sufficient amounts of K+ is
particularly important during the late gestation phase, and
this has to be achieved without modifying the physiological
parameters of the pregnant female.

Many investigators had already observed that the accumu-
lation of K+ was of renal origin and was due to an increase in
tubular K+ retention [3, 25, 30]. However, the molecular
mechanism of this retention was subject to debate. Indeed, it
has been proposed that progestin compounds through their
antimineralocorticoid action [41] could have natriuretic and
antikaliuretic effects [8] in the distal part of the nephron. By
itself, this explanation is not satisfying in the context of
pregnancy because it would result in urinary Na+ loss instead
of the reported Na+ retention [26]. Moreover, Quinkler et al.
[40] showed, in vivo, that progesterone has only a weak
antimineralocorticoid effect in humans.

Evidence for the presence of the nuclear progesterone
receptor in the kidney and more particularly in the distal
part of the nephron [22, 23], in addition to the finding of a
novel regulatory pathway involving progesterone and K+

retention [17], opens the way for an alternate explanation
in which the HKA2 plays a major role. As we showed in this
study, this transporter is stimulated in the kidney of gravid
females at the end of the gestation period, and its absence
correlates with gestational defects. In parallel, we also ob-
served that renal ATPase activity that is related to HKA1
(i.e., ouabain-insensitive) disappears during gestation but is
not accompanied by changes in the mRNA level of the
HKA1 α subunit. This shift in activity from HKA1 to
HKA2 was previously observed when mice were switched
from a normal to a low-K+ diet [15, 36]. However, whereas
the expression of HKA2 increased during K+ depletion, the
mRNA or protein expression of HKA1 was found either to
be downregulated [36] or to remain constant [16, 27] or to
increase [1]. The physiological relevance and the underlying
mechanisms of this shift remain unknown but clearly indi-
cate that, in a given physiological context, each H,K-ATPase
has a specific role to play.

Potassium accumulation, HKA2, and fertility

We found that the absence of HKA2 affects both the K+

balance and gestational parameters. Are these two observa-
tions linked? It would be tempting to speculate that the
expression of HKA2 in the uterus [39] and placenta [24,
32] could account for the lower fertility observed in HKA2-
null mice. However, even though HKA2 has been detected
at mRNA and protein levels, there is no evidence for its
activity in these tissues. For instance, in attempting to char-
acterize ATPase activity in the microvillus membranes of
the human placental syncytiotrophoblast, Brunette et al. [6]
did not observe any Schering 28080-sensitive activity. In the
absence of clear evidence for HKA2 activity in these tissues,
its putative physiological relevance remains obscure.

Since we showed that HKA2-null mice could recover
normal gestational parameters by ingesting more K+, it is
likely that the K+ homeostasis disturbances we measured in
this study are the principal reason for the decrease in fertility

Fig. 7 Gestational parameters of WT and HKA2-null mice during K+

supplementation. Similar experiments as those reported in Fig. 2 were
performed in the presence of 1 % KCl in the drinking water (from the
mating day to the delivery) to measure fecundation rate (a), mortality
rate (b), and number of fetuses per litter (c) of WT (gray bar) and

HKA2-null (hatched bar) mice. For a and b, results are shown as the
percentage of WT or HKA2-null female mice that became pregnant
and survived during the gestation period over the total number (n) of
females tested (n=6 for WT and n=8 for HKA2-null mice). For c,
results are shown as the mean±SEM
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in HKA2-null mice. The ability to accumulate K+, therefore,
seems to be an advantage for reproduction. As mentioned
earlier, K+ is required for fetal growth and also for
maintaining stable plasma K+ concentrations under volume
expansion conditions.

Obviously, this requirement is even more critical in spe-
cies bearing multiple fetuses like rodents, with females that
almost double their weight at the end of gestation.
Conversely, in pregnant women at delivery, the weight gain
normally does not exceed 20 %. Given these obvious dif-
ferences, the need for accumulating K+ could be less impor-
tant in humans than in mice. Another difference between
rodent models and human beings concerns the sequence of
the HKA2 α subunit. Mouse and human HKA2 α subunits
are 86 % identical and most differences are localized in the
first hundred amino acids. These discrepancies may be at the
origin of some pharmacological and kinetic differences in
the properties of the HKA2 α subunit between different
species [44, 46]. However, reported values of the apparent
affinity for K+ are similar between rodents and humans [46].
The significance of these human vs. mouse differences re-
mains unclear in the context of gestation.

A successful pregnancy depends on many steps: ovula-
tion, fertilization, preimplantation, implantation, and growth
of the fetuses. We have not identified which of these steps
are dependent on the accumulation of K+. However, we
observed in some HKA2-null female mice, early post-
coitus (between days 7 and 9), a slight and transient increase
in body weight, followed by a return to the initial value. It is
possible that these mice became pregnant but then lost their
fetuses due to problems during fetal growth.

In addition to favoring fetus growth, relatively high K+

levels may have other positive consequences. For instance,
in a recent study [49], K+ supplementation was shown to
improve the acetylcholine-induced vasorelaxation of arteri-
oles in a model of nonhypertensive DOCA/salt-fed mice. In
terms of the Na+ balance, this model presents some similar-
ities with gestation as in both cases the renal reabsorption of
Na+ occurs in a hypervolemic state without an impact on
blood pressure. We, therefore, propose that, as in this artifi-
cial model of forced Na+ reabsorption, a relatively high level
of K+ is required to induce the vascular refractoriness to
vasoconstrictors observed during gestation. The inability to
maintain high extracellular K+ levels would then impede the
pregnancy-specific, body-wide vasodilatation state.

Finally, the need for K+ accumulation needs to be con-
firmed in pregnant female patients suffering from diseases
characterized by hypokalemia like Bartter’s or Gitelman’s
syndrome. Interestingly, if these syndromes do not impede
gestation, different reports indicate that 35 % (7 out of 20
[13]) to 55 % (6 out of 11 [14]) of women with Gitelman’s
syndrome have complications during pregnancy (such as a
miscarriage in the first trimester). This occurrence is much

higher than in the general population. Even though the link
between hypokalemia and gestational difficulties was not
firmly established in these women, it is worth noting that
some needed an intravenous administration of K+ to handle
a full-term pregnancy.

How is the absence of HKA2 compensated
for during gestation?

The HKA2-deficient female mice that have a full-term preg-
nancy do not display a significant reduction in plasma K+

concentrations, even though they do not retain K+ through
their kidneys and colon. Even if we did not use a very
sensitive method to measure muscle K+ content, it is clear
that the HKA2-null mice do not compensate by the “altru-
istic”muscular process as defined by Youn and McDonough
[50]. This occurs, in many cases, to the detriment of the litter
size. However, we think that other possible compensation
mechanisms help to maintain normal plasma K+ values and
to provide K+ to fetuses. For instance, limiting the extracel-
lular volume expansion that normally occurs during gesta-
tion could contribute to maintaining plasma K+ levels in the
normal range. In WT mice, extracellular volume expansion
is correlated to renal water retention, a vasopressin receptor-
dependent mechanism involving stimulation of AQP2 [37,
43]. As shown in Table 1, the hematocrit decreased by 2 %
during gestation in WT mice but remained unchanged in
HKA2-null mice. This result suggests that the extracellular
compartment volume does not increase as it should. This
may allow the HKA2-null mice to maintain a relatively high
plasma K+ concentration. However, this putative compensa-
tory mechanism, if excessive, may induce a reduction in the
perfusion of the placenta and, therefore, lead to partial
abortion. This particular aspect would have to be investigat-
ed in more depth. Altogether, these results define a novel
physiological role for the HKA2 transporter and reveal a
link between K+ metabolism and fertility.
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