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Abstract In the early 80s, renal microperfusion studies led to the identification of a basolateral
K+-Cl− cotransport mechanism in the proximal tubule, thick ascending limb of Henle and
collecting duct. More than ten years later, this mechanism was found to be accounted for by three
different K+-Cl− cotransporters (KCC1, KCC3 and KCC4) that are differentially distributed along
the renal epithelium. Two of these isoforms (KCC1 and KCC3) were also found to be expressed
in arterial walls, the myocardium and a variety of neurons. Subsequently, valuable insights have
been gained into the molecular and physiological properties of the KCCs in both the mammalian
kidney and cardiovascular system. There is now robust evidence indicating that KCC4 sustains
distal renal acidification and that KCC3 regulates myogenic tone in resistance vessels. However,
progress in understanding the functional significance of these transporters has been slow, probably

Paul Isenring obtained a PhD degree in Molecular Physiology at Yale University. He is currently a Full
Professor of Medicine at Laval University and Clinician Scientist in Nephrology at the Centre de recherche
du CHU de Québec. His main research interest is to elucidate the molecular mechanisms of cation Cl−
cotransport in the kidney and cardiovascular system through structure-function studies and animal
models. Alexandre Garneau obtained a Master’s degree in Experimental Medicine at Laval University
and is pursuing PhD studies under the supervision of Dr Isenring at Laval University and Dr Julie Lavoie
in the School of Kinesiology and Physical Activity Sciences at Montreal University. His main research
project has been to characterize the cardiovascular and metabolic phenotype of a Kcc3-null mouse model.

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society DOI: 10.1113/JP276807

https://orcid.org/0000-0002-5569-6258


1452 A. P. Garneau and others J Physiol 597.6

because each of the KCC isoforms is not identically distributed among species and some of them
share common subcellular localizations with other KCC isoforms or sizeable conductive Cl−

pathways. In addition, the mechanisms underlying the process of K+-Cl− cotransport are still ill
defined. The present review focuses on the knowledge gained regarding the roles and properties
of KCCs in renal and cardiovascular tissues.
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G1R 2J6. Email: paul.isenring@crhdq.ulaval.ca

Abstract figure legend Four different types of K+-Cl− cotransporters (KCC) have been found to exist. Three such
KCCs are expressed in the renal epithelium. In this structure, their role should be to sustain electrolyte and water
handling by the kidney. The same isoforms are also expressed in the arterial wall. At his location, however, their role
should be to regulate the myogenic tone of vascular smooth muscle cells in particular. The following review looks at the
evidence beyond the expectations.

Introduction

The K+-Cl− cotransporters (KCCs) consist of cell
surface membrane-embedded glycoproteins that come
as four isoforms termed KCC1, KCC2, KCC3 and
KCC4 (Garneau et al. 2017; Marcoux et al. 2017).
They belong to the cation-Cl− cotransporter (CCC)
protein family along with five additional members:
Na+-K+-Cl− cotransporter (NKCC2; SLC12A1), NKCC1
(SLC12A2), Na+-Cl− cotransporter (NCC; SLC12A3),
CCC9 (SLC12A8) and CCC8 (SLC12A9). Except for CCC8
and CCC9, the main role of CCC family members is to
mediate the electroneutral translocation of Cl− with Na+
and/or K+ across the membrane. For the KCCs, the trans-
port cycle is Na+-independent.

The amino acid sequences of the KCCs were uncovered
during the ’90s (Gillen et al. 1996; Payne et al. 1996; Hiki
et al. 1999; Mount et al. 1999; Race et al. 1999) just after
those of the Na+-dependent CCCs and 15 years after the
identification of a K+-Cl− cotransport mechanism in red
blood cells (Kregenow, 1971; Dunham et al. 1980; Lauf
& Theg, 1980). During and subsequent to their initial
characterization, the Na+-independent CCCs were shown
to be widely distributed and three of them were detected
in the kidney (Pollak et al. 1996; Simon et al. 1996; Mount
et al. 1999; Di Stefano et al. 2001; Boettger et al. 2003;
Velazquez & Silva, 2003). Based on localization studies
or indirect evidence, KCC3 was also detected in vascular
smooth muscle cells (VSMCs) (Di Fulvio et al. 2001a,
2003; Rust et al. 2006; Garneau et al. 2016), cardiomyocytes
(Garneau et al. 2016) and dorsal root ganglion neurons
(Pearson et al. 2001; Boettger et al. 2003; Le Rouzic et al.
2006; Mizuno et al. 2011; Lucas et al. 2012), all of which
are involved in blood pressure control.

This review provides an overview of the knowledge
gained over the years on the molecular and functional
features of K+-Cl− cotransport in the kidney and cardio-
vascular system, with an emphasis on the effects of
Kcc ablation in animal models. Although progress in
understanding such features has been substantial, further

research to link loss- or gain-of-function mutations in
the KCCs with renal salt handling and blood pressure
regulation is needed, particularly in humans.

Molecular characteristics of the KCCs

Splice variants. Each of the KCC genes can be processed
into several splice variants (Garneau et al. 2017; Marcoux
et al. 2017). However, not all of the predicted mRNAs have
been identified thus far in animal tissues according to
databanks and expression studies. The mouse and human
variants predicted for KCC1, KCC3 and KCC4 are listed
in Table 1, along with their loci of origin, lengths and
characteristics. Those indicated with the letter κ have been
identified in the kidney and those with the letter ε are the
ones found in extrarenal as well as extravascular tissues.

Structural aspects. The KCC isoforms share high levels
of identity in amino acid sequence among each other
(�70% overall), but moderate levels of identity with the
Na+-dependent CCCs, CCC8 and CCC9 (�30% overall).
For these reasons, and as illustrated in the cladogram of
Fig. 1, the KCCs fall into a distinct phylogenetic clade
within the family. Among the various CCCs, importantly,
the central domain and C-terminus are more conserved
than the N-terminus (Garneau et al. 2017; Marcoux et al.
2017).

The topological configuration of the KCCs is predicted
to be nearly identical to that of NKCC1, NKCC2 and NCC
(Garneau et al. 2017; Marcoux et al. 2017), i.e. to consist of
a central core of 12 α-helicoidal transmembrane domains
flanked by cytosolic extremities (see Fig. 2). As for the
higher-order structure of the KCCs, it consists mainly of
homodimers that are assembled through self-interacting
domains within the C-terminus (Simard et al. 2004, 2007;
Bergeron et al. 2011). Using the Xenopus laevis oocyte
system, Simard et al. (2007) have also found that KCC
isoforms can associate with each other or with NKCC1 to
form heterodimers. If such structures were to be relevant
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Table 1. Splice variants

Splice variants predicted and expressed

Isoform Gene locus
Official
name

Names in Garneau
and Marcoux reviews Reference NCBI n of E

Protein
length

Presence in
tissues

Human 16q22.1 1 E1Ais2 NM 005072.4 24 1085 κ, ε

KCC1 2 E1Ais2/E20∗ NM 001145961.1 24 1079 -
3 E1Ais1/E2� NM 001145962.1 23 1087 ε

4 E1C NM 001145963.1 24 1079 ε

5 E1B NM 001145964.1 24 1054 ε

Mouse 8D3.8 1 E1is2/E1∗ NM 001253804.1 24 1087 ε

KCC1 2 E1is2 NM 009195.3 24 1085 κ, ε

X1 E1is1/E2� XM 006530792 23 1080 κ, ε

3 E1is2/E15∗ NR 045594 24 692 ε

Human 15q14 1 E1Ais1 NM 133647.1 25 1150 ε

KCC3 5 E1Ais2 NM 001042496.1 26 1141 ε

3 E1Ais3 NM 001042494.1 26 1091 ε

4 E1Ais3 NM 001042495.1 26 1091 ε

6 E1Ais1/E2� NM 001042497.1 24 1135 ε

2 E1B NM 005135.2 25 1099 εa

- E1B/E2� - 24 - εa

Mouse 2E3 1 E1Bis2 NM 133648.2 25 1099 κ

KCC3 2 E1Ais2 NM 133649.2 25 1150 ε

X1 E1Ais1/E2� XM 006498545.3 24 1135 ε

X2 E1Bis1/E2� XM 006498546.3 24 1084 ε

Human 5p15.33 X1 E1A XM 005248231.3 25 1088 ε

KCC4 mRNA E1A/E23� NM 006598.2 24 1083 ε

X2 E1B XM 011513941.2 25 1111 -
X3 E1C/E1D XM 011513939.2 26 1029 -
X4 E1E XM 011513940.2 25 1074 -
X5 E1F XM 017008958.1 25 1020 -

CRA b E1F/E23� EAX08179.1 24 1015 -
CRA a E1F/E10∗/I10+∗/E23� EAX08178.1 24 1014 -

Mouse 13C1.13 X3 E1A XM 006517172.3 25 1088 κ, ε

KCC4 CRA b E1A/E23� NM 011390.2 24 1083 κ, ε

CRA a E1B/I9+∗ EDL37071.1 25b 528 ε

X1 B XM 006517170.3 25 1117 ε

X2 E1B/E23� XM 006517171.2 24 1112 ε

X6 E1C/E1D XM 006517175.2 26 1020 ε

X4 E1E XM 006517173.3 25 1063 -
X5 E1F XM 006517174.3 25 1055 -

The mRNA sequences are designated according to the nomenclature of GenBank and to that of previous reviews (Garneau et al. 2017;
Marcoux et al. 2017). Unless indicated, all of the exons beyond the first one are included in the mRNA.
aexpressed in kidney of orangutan, but not of mouse and human.
bif exon 23 is present.
Abbreviations: �, deleted; E, exon; ε expression in extrarenal tissues; I, intron; is, initiation site; κ, expression in kidney; +, inserted; ∗,
present only in part. Note that several of the cDNA sequences identified, those of KCC3 in heart, vascular tissues and adipose depots
more specifically, were incomplete so that the variants to which they belonged could not be determined.

in vivo, they would bring about substantial diversity to the
functional properties of cation-Cl− cotransport along the
renal epithelium and in the cardiovascular system.

Characteristics and mechanisms of ion movement.
There is strong evidence to suggest that during each
transport cycle by a KCC, K+ and Cl− ions are trans-
located simultaneously across the membrane in a

stoichiometric ratio of 1 cation:1 anion (Piwnica-Worms
et al. 1985; Kaji, 1993; Jennings & Adame, 2001).
Carrier activity is thus electroneutral. Although many
investigators assume that there is only one binding site
for each substrate (Payne, 1996), other investigators
have observed that the dependence of certain KCCs on
[Cl−]e was described more adequately by a two- or even
three-binding site model based on the data presented

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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(see data in Mercado et al. 2000, 2005; Bergeron et al.
2003).

In vivo, K+-Cl− cotransport is typically outwardly
directed given that the [K+]i-to-[K+]e chemical gradient is
at least 2.0 times higher than the [Cl−]e-to-[Cl−]i chemical
gradient. As such, the outwardly directed K+ chemical
gradient drives Cl− against its own chemical gradient. All
KCCs can also act as efficient NH4

+-Cl− cotransporters
by translocating NH4

+ through the K+ binding site
(Bergeron et al. 2003, 2009). However, NH4

+-Cl−
cotransport by these proteins should be inwardly directed
given that the [NH4

+]e-to-[NH4
+]i chemical gradient is

well above 0 in most tissues (Prosser, 1991; Wall et al.
1995; Evans & Turner, 1998; Glanville et al. 2001). By
facilitating the uptake of NH4

+, the KCCs are thus likely
to be involved in pHi regulation and transepithelial NH4

+
transport. Even though inward NH4

+-Cl− cotransport
is probably less important quantitatively than outward
K+-Cl− cotransport under physiological conditions, it
should also reduce the net amount of water that follows
the direction of K+.

Aside from only a few exceptions, the KCCs have
been found to be expressed basolaterally in epithelial
cells (Sasaki et al. 1988; Liapis et al. 1998; Sangan et al.
2000; Pearson et al. 2001; Boettger et al. 2002, 2003;
Velazquez & Silva, 2003; Gamba, 2005; Mercado et al. 2005;
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Figure 1. Cladogram of human CCC family members
The tree was generated with Clustal Omega and FigTree v1.4.3.
Amino acid sequences included in the phylogenetic analysis were
from the most abundant CCC variants in human. Accession numbers
used: NKCC1, NP 001037.1; NKCC2, NP 000329.2; NCC,
NP 000330.2; KCC1, NP 005063.1; KCC2, NP 001128243.1; KCC3,
NP 598408.1; KCC4, NP 006589.2; CCC8, NP 064631.2; CCC9,
NP 078904.3.

Figure 2. Topological models of NKCC1, KCC3 and KCC4
The models were generated with PLOT (Biff Forbush, Yale University).
Each glycosylation site is illustrated through a branched line and
each residue through a single symbol. Yellow is used to designate
well-characterized phosphoacceptor residues and light blue a protein
segment that comes in three variants from alternative splicing of the
primary transcript.
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Fujii et al. 2009; Melo et al. 2013a). They should thus
promote net Cl− and fluid reabsorption or net Cl− and
NH4

+ secretion in tubular and alveolar glands (Wall et al.
1995; Bergeron et al. 2003; Garneau et al. 2017; Marcoux
et al. 2017). In certain epithelia such as those of the
proximal nephron and gastric glands, they probably play
a minor role in these processes given the transported ions
are recycled back to the cytosol once they have exited
the cell (Boettger et al. 2002; Mobasheri et al. 2003; Fujii
et al. 2008, 2009). In all likelihood, the purpose of K+-Cl−
or NH4

+-Cl− cotransport would then be to sustain the
activity of other transport systems by providing them with
a constant supply of substrates.

So far, the isoform-specific functional characteristics of
the KCCs have been examined by a few research groups in
Xenopus laevis oocytes and HEK-293 cells (Gillen et al.
1996; Payne et al. 1996; Race et al. 1999; Song et al.
2002; Bergeron et al. 2003; Gamba, 2005; Rinehart et al.
2009). It was found that compared to the other iso-
forms, KCC1 tended to exhibit lower transport capacities
and ion affinities, and KCC4 to exhibit much lower
sensitivity to furosemide and greater activity at low pHi

(Bergeron et al. 2003). As for the native properties of
K+-Cl− cotransport, the data reported are difficult to
interpret given that most cell types express more than
one KCC isoform in addition to NKCC1 (Lauf et al. 2001;
Crable et al. 2005; Rust et al. 2007) and given that CCC
family members cannot be distinguished easily from one
another based on functional and pharmacological studies.
Otherwise, K+-Cl− cotransport activity was seen in several
studies to be increased by cell swelling, high [Cl−]i and
N-ethylmaleimide (NEM).

Mechanisms of regulation. According to the widely held
view, the KCCs are activated by cell swelling through
their dephosphorylation and inactivated under basal
conditions through their phosphorylation. This view
is supported by a large body of indirect evidence
(Jennings & Schulz, 1991; Mercado et al. 2000, 2001,
2016; Song et al. 2002; Garzon-Muvdi et al. 2007;
Agalakova & Gusev, 2009; Gusev & Agalakova, 2010) and
the identification of conserved threonine residues that
undergo dephosphorylation during cell swelling (Rinehart
et al. 2009; Melo et al. 2013b; de Los Heros et al. 2014).
The localization of two such residues is shown in Fig.
2. Frenette-Cotton et al. (2017) have observed more
recently that KCC4 activation under hypotonic conditions
was accompanied by an increase rather than a decrease
in overall carrier phosphorylation, indicating that the
mechanisms of regulation by kinases and phosphatases
are much more complex than implied by the current view.

A number of the signalling intermediates involved have
now been identified. They include the ‘with no-lysine’
protein kinases (WNKs) of which four isoforms have
been identified (Garzon-Muvdi et al. 2007; de Los

Heros et al. 2014; Mercado et al. 2016; Frenette-Cotton
et al. 2017). Two of them drew much attention a
few years ago when they were linked to pseudo-
hypoaldosteronism type II (PHAII), a rare hereditary
disorder of renal electrolyte handling characterized by high
blood pressure, metabolic acidosis and hyperkalaemia
(Wilson et al. 2001, 2003; Golbang et al. 2005). The
mutations uncovered, loss-of-function in WNK4 and
gain-of-function in WNK1, probably lead to increased
Na+ and Cl− absorption by a nephron segment that is
proximal to the site of active K+ and H+ secretion. It is
thought that NCC plays an important pathogenic role in
PHAII given that the electrolyte abnormalities and blood
pressure can be normalized through the administration of
thiazides. In addition, WNK1 has been shown to increase
NCC expression by downregulating WNK4 (Wilson et al.
2001; Mayan et al. 2002; Yang et al. 2003, 2005, 2007; Cai
et al. 2006; Lalioti et al. 2006).

The KCCs could also play a role in PHAII given that
all of the WNKs have been found to inhibit K+-Cl−
cotransport (Garzon-Muvdi et al. 2007; Rinehart et al.
2009; Melo et al. 2013b; de Los Heros et al. 2014; Kahle
et al. 2016; Mercado et al. 2016; Frenette-Cotton et al.
2017) and that loss-of-function mutations in WNK4
should therefore increase K+-Cl− cotransport in the
renal epithelium. Curiously, however, the KCCs are also
inhibited by WNK1 while gain-of-function mutations
in this enzyme lead to increased Na+-Cl− cotransport
by relieving the inhibitory effect of WNK4 on NCC.
Presumably, the ability of WNK1 to affect WNK4 could
vary as a function of the target protein. Many other
transport systems are affected by these enzymes and could
thus play a role in disease expression as well (see reviews
by Garneau et al. 2017; Marcoux et al. 2017).

Role and distribution of the KCCs in the kidney

Preamble. During the early characterization of KCC1,
KCC3 and KCC4, Northern or Western blot analyses
showed that all three isoforms were expressed in human
kidney at high levels (Gillen et al. 1996; Hiki et al. 1999;
Mount et al. 1999; Race et al. 1999). Message abundance
inferred from the current EST databanks is still in keeping
with these findings. As for KCC2, its presence in renal
cells has not been actively looked for as it was initially
determined to be neuron-specific (Payne et al. 1996;
Williams et al. 1999). Yet, it could be expressed in epithelial
fibre lens cells based on a recent study (Frederikse &
Kasinathan, 2015) and is represented in the human kidney
EST databank by a few transcripts. Of note, the KCCs are
all present on the basolateral side of the renal epithelium
(Liapis et al. 1998; Boettger et al. 2002, 2003; Velazquez
& Silva, 2003; Melo et al. 2013a). Table 2 summarizes
the renal distribution of KCC1, KCC3 and KCC4 in two
species.

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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Table 2. Localization of the KCCs in the nephron

Renal segment KCC1 KCC3 KCC4

PT h-IHc m-ILb m-ILa

-S1 m-ILe

-S2 m-ILe

-S3 m-ILe

TAL
-MTAL r-ILf

-CTAL
DT h-IHc r-ILf

CT r-ILf

CD h-IHc

-CCD m-ILa,d

-OMCD r-ILe

The table was constructed from multiple data sources as
indicated by the references. KCC1, KCC3 and KCC4 were detected
predominantly or exclusively in the nephron segments listed.
Abbreviations: h-IH, based on in situ hybridization in human
(3); m-IL, based on immunolocalization studies in mouse (1, 2, 4
and 5); r-IL, based on immunolocalization studies in rabbit (6).
Other abbreviations: CCD, cortical collecting duct; CD, collecting
duct; CT, connecting tubule; CTAL, cortical thick ascending limb;
DT, distal tubule; MTAL, medullary thick ascending limb; OMCD,
outer medullary collecting duct; PT, proximal tubule.
aBoettger et al. 2002
bBoettger et al. 2003
cLiapis et al. 1998
dMelo et al. 2013a
eMercado et al. 2005
fVelazquez & Silva, 2003

Even though the renal epithelium is endowed with
sizeable K+-Cl− cotransport activity (Greger, 1985; Avison
et al. 1988; Sasaki et al. 1988) and several mouse models
of Kcc inactivation have been characterized (Boettger et al.
2002, 2003; Wang et al. 2003; Garneau et al. 2016), the over-
all contribution of this transport function to renal electro-
lyte and water handling remains unsettled. As alluded to
previously, there are various reasons for this: the renal
phenotype of the animal models generated has not been
the object of exhaustive reports; the KCCs have still not
been linked to Mendelian forms of renal disorders; the
basolateral step of K+ and Cl− reabsorption is already
ensured through conductive pathways in many nephron
segments; and the question of whether renal K+-Cl−
cotransport could fulfil a more important role during
adaptive responses or pathological conditions has not been
addressed either.

In the following sections, the role and distribution of
KCCs along the nephron will be discussed ‘segment’ by
‘segment’ in view of the evidence available. The potential
effect of K+-Cl− cotransport on the activity of other trans-
port systems and overall transepithelial salt movement will
also be presented through illustrative models. The role of
KCC2 will not be discussed as there are no data available.

Proximal tubule. KCC1, KCC3 and KCC4 have been
detected in the proximal tubule (PT): KCC1 by in situ
hybridization (Liapis et al. 1998), KCC3 and KCC4 by
immunolocalization (Boettger et al. 2002, 2003; Velazquez
& Silva, 2003; Melo et al. 2013a) and KCC4 by RT-PCR
(Velazquez & Silva, 2003). In two additional reports
(Pearson et al. 2001; Mercado et al. 2005), Northern blot
analyses revealed the presence of KCC3A and KCC3B
in mouse kidney, with KCC3B being more abundant
than KCC3A. In these reports, however, the segmental
distribution of the splice variants was not assessed
and their detection was achieved through different
probes. As for KCC4, immunofluorescence studies showed
differences in segmental distribution among species, that
is, the PT was the site of maximal expression in mouse
kidney while it was the lowest in rabbit kidney (Boettger
et al. 2002; Velazquez & Silva, 2003). Such differences could
also suggest that the antibody used differed in specificity.

Before the localization data were reported, a K+-Cl−
cotransport system had already been identified through
microperfusion studies in the basolateral PT of rabbit
(Avison et al. 1988; Sasaki et al. 1988). Based on the
current knowledge, it was probably accounted for by
KCC1, KCC3 and/or KCC4. In one of the microperfusion
studies, carrier activity was also found to be higher in
the presence of glucose (Avison et al. 1988). Although
interesting, this observation did not provide insight into
the functional meaning of K+-Cl− cotransport in the
proximal epithelium, nor did it illuminate the role and
contribution of the individual isoforms.

Among the Kcc3-null mouse models that have
been characterized since the early 2000s, two
of them (termed Howard-Kcc3−/−

129/Sv × C57BL/6 and
Garneau-Kcc3−/−

C57BL/6J in this review) were reported to
exhibit polyuria (Wang et al. 2003; Garneau et al. 2016).
In one model, this abnormality was associated with lower
fluid reabsorption in microperfused PT (Wang et al. 2003),
and in the other, with higher food and water intake
(Garneau et al. 2016). Based on these findings, and as
illustrated in Fig. 3A, KCC3 could thus play a role in the
serosal step of Cl− and fluid reabsorption in the proximal
tubule. Polyuria in either of the models could have also
been of dietary origin given that it was associated with
widespread lesions of the central nervous system.

In keeping with previous findings, Melo et al. (2013a)
observed that hyperglycaemia increased KCC3 expression
in rodent kidney �2-fold while Na+ or K+ deprivation
led to no change in carrier abundance. On this basis, they
suggested that the role of KCC3 in the PT was to prevent
SGLT2 activity from swelling the epithelium through the
apical uptake of glucose or to sustain SGLT2 activity by
promoting the basolateral efflux of Na+ through the Na+
pump (see Fig. 3A). At that point, however, Melo et al.
(2013a) provided no data on the precise localization of
KCC3 or SGLT2 in the kidney and no data either on the

C© 2019 The Authors. The Journal of Physiology C© 2019 The Physiological Society
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expression of SGLT2 or the pump in response to hyper-
glycaemia.

A role for KCC3 in the proximal nephron was suggested
more convincingly by the studies of Boettger et al. (2003)
on a third mouse model of Kcc3 inactivation, here referred
to as Boettger-Kcc3−/−

129/Sv × C57BL/6. Indeed, straight PTs
isolated from this model were found to exhibit excessive
cell swelling under hypotonic condition. Intriguingly,
however, the Boettger-Kcc3−/−

129/Sv × C57BL/6 model was
not reported to exhibit polyuria as were the two other
models. In this regard, neurological abnormalities were
also present in the Boettger model, but the structures
affected differed from those of the other models to
some extent (Garneau et al. 2017; Marcoux et al.
2017). Such differences suggest that the genetic back-
grounds, generation numbers or experimental approaches
exploited, all of which varied among the studies, affected
the expression or detection of certain traits.

Melo et al. (2013a) have also studied the effect
of hyperglycaemia and Na+ deprivation on KCC4
expression. For this isoform, abundance increased under
both challenges. Yet the changes reported were modest
(less than �1.5-fold), they were not localized pre-
cisely through imaging studies and they could have
been unrelated to glucose transport in tubular cells
as polyuria of any cause is known to alter the
expression of ion transporters along the nephron (Capasso
et al. 1995). Otherwise, the PT of another mouse
model called Boettger-Kcc4−/−

129/Sv × C57BL/6 was also
characterized by an impaired RVD response (Boettger

et al. 2002), albeit to a lesser extent than the PT of the
Boettger-Kcc3−/−

129/Sv × C57BL/6 mouse model (Boettger
et al. 2003).

Taken together, the evidence reviewed does not clarify
the physiological role of K+-Cl− cotransport in the PT. A
clearer picture should emerge once the renal phenotype
of the Kcc-null mice is fully characterized under normal
and pathological conditions. A clearer picture could also
emerge through the identification of mutations in the
human Kccs. Such mutations have already been uncovered
in KCC3 (Howard et al. 2002; Uyanik et al. 2006;
Rudnik-Schoneborn et al. 2009; Lourenco et al. 2012;
Kahle et al. 2016), but their clinical repercussions on salt
and water handling by the kidney remain to be determined.

Thick ascending limb of Henle. KCC4 was detected in
the thick ascending limb of Henle (TAL) of rabbit by
Velazquez & Silva (2003) through immunofluorescence
studies (where carrier abundance was seen to be higher in
the medullary TAL than in the cortical TAL) and through
single nephron RT-PCR studies (where distribution was
seen to be equal). In other studies (Boettger et al. 2002;
Melo et al. 2013a), KCC4 was not reported to be present
in this nephron segment, but the localization data were
obtained from rodent rather than rabbit tissues. It should
be mentioned, in addition, that the specificity of the anti-
bodies used does not appear to have been validated against
Kcc4-null tissues in all of the studies.

A K+-Cl− cotransport system had also been identified
through earlier microperfusion studies at the basolateral
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side of rabbit TAL (Greger & Schlatter, 1983; Greger,
1985). It was suspected to be a KCC because K+ efflux
at this location was higher than K+ conductance and
because a Cl−-coupled electroneutral efflux pathway
would be more efficient than an electrogenic Cl− efflux
pathway at sustaining Na+/K+-ATPase activity (Fig. 3B).
In these studies, however, no other experiments were
conducted to confirm that the functional signature of
the transport system belonged to a KCC. In addition,
Cl− efflux across the basolateral TAL is also known to be
driven by a large intracellular negative voltage so that it
is probably mediated via Cl− channels to a substantial
degree (Hebert & Andreoli, 1984; Greger, 1985; Yoshitomi
et al. 1988; Mount, 2014).

As discussed earlier, Melo et al. (2013a) have found
that Na+ deprivation increased KCC4 expression in the
kidney but did not report whether the TAL was affected by
such changes. They concluded that an increase in KCC4
activity on the basolateral side of this nephron segment
could still maximize transepithelial salt reabsorption
under conditions of decreased extracellular fluid volume.
Considering mathematical models by another research
group (Weinstein, 2010), KCC4 was also suspected to
play an important role in the TAL based on the prediction
that it would have the required capacity to modulate the
activity of luminal NKCC2 by altering cytosolic [Cl−]
based on serosal [K+].

To date, it is thus not clear if KCC4 is expressed in the
mammalian TAL and would even be functionally relevant
at this location. If so, the Boettger-Kcc4−/−

129/Sv × C57BL/6

mouse model would have been expected to develop
a Bartter-like phenotype (Boettger et al. 2002) as did
the Nkcc2−/−, Kcnj1−/− or Clcnkb−/− mouse models
(Takahashi et al. 2000; Lorenz et al. 2002; Grill et al. 2016).
Yet, no such phenotype has been reported in the various
animal models of Kcc inactivation or in association with
pathogenic mutations at the human Kcc4 chromosomal
locus.

Collecting duct. KCC4 has been detected in the renal
collecting duct (CD) of mouse and rabbit (Boettger
et al. 2002; Velazquez & Silva, 2003). Based on immuno-
localization studies in mouse using Cl−/HCO3

− exchanger
type 1 (SLC4A1) and the β subunit of vacuolar
H+/K+-ATPase as comarkers, expression was seen at the
basolateral side of cortical α-intercalated (α-IC) cells
exclusively (Boettger et al. 2002). Based on the immuno-
localization studies in rabbit, however, expression was
higher in other nephron segments, albeit still higher in
the cortical CD. KCC4 was also detected through single
nephron RT-PCR in rabbit CD, where it was seen to be
diffusively distributed (Velazquez & Silva, 2003). As for
KCC1, it was also present in the CD based on in situ
hybridization of human kidney sections, but at higher
levels in the renal medulla (Liapis et al. 1998).

A role for KCC4 in ion transport along the CD
was confirmed most persuasively through the phenotype
exhibited by the Boettger-Kcc4−/−

129/Sv × C57BL/6 model
(Boettger et al. 2002). This phenotype was in fact
consistent with a distal acidification defect as serum
pH was lower and urinary pH higher than in WT
littermates. Given that [Cl−]i was also higher in α-IC
cells than in any other cell types along the nephron, it
was concluded that the ultimate consequence of KCC4
inactivation in the CD was to decrease the driving force
for Cl−/HCO3

− exchange by SLC4A1 and decrease net
HCO3

− reabsorption secondarily (see Fig. 3C).
It should be noted that [Cl−]i measurements in the

Kcc4-null model were obtained by energy dispersive X-ray
microanalysis (Boettger et al. 2002) rather than electro-
physiological determinations or imaging studies with
Cl−-sensitive probes. In addition, no data were provided
on the renal clearance of Na+, K+, NH4

+, Cl− and citrate2−
to confirm the distal acidification defect and determine
whether TAL dysfunction could have been masked by the
preponderant action of KCC4 inα-IC cells. Of importance,
lastly, ablation of KCC4 in the CD could also have
accounted for the acidification defect by limiting the baso-
lateral uptake of NH4

+. Under such circumstances, the
apical secretion of NH3 would be expected to decrease
secondarily along with the capacity of urine to buffer
free H+ ions distally. An illustration of this hypothesis
is provided in Fig. 3C.

In the work of Melo et al. (2013a), the effect of systemic
acidification on KCC4 expression had been examined as
well, but through immunofluorescence studies. Although
the microscopic fields presented were limited, α-IC cells in
NH4Cl-loaded animals exhibited higher signal intensities.
This finding was thus consistent with a role for KCC4 in
renal acidification. It was also in keeping with an earlier
observation that KCC4 is more active at low pHi (Bergeron
et al. 2003) and would then react to systemic acidosis
by decreasing [Cl−]i to increase HCO3

− reabsorption.
Curiously, Melo et al. found that KCC4 expression in α-IC
cells was increased through hyperglycaemia as well, even
though SGLT2 is not present in the distal nephron.

Other nephron segments and renal structures. According
to immunolocalization studies in rabbit kidney, KCC4
was also found on the serosal side of both the rabbit
distal tubule (DT) and connecting tubule. It was in
fact maximally abundant at these locations of the
nephron (Velazquez & Silva, 2003) despite the absence
of documented K+-Cl− cotransport activity between the
macula densa and collecting duct. The antibody used could
have therefore lacked specificity, all the more so that it does
not appear to have been tested in Kcc4-null tissues. Two
of the KCCs were localized in the renal circulation as well:
KCC1 in the endothelial layer of human vasa recta (Liapis
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et al. 1998) and KCC3 in the medial layer of mouse arterio-
les (Rust et al. 2006).

Cardiovascular system

Preamble. In the early 2000s, a recessive neuro-
degenerative disorder called agenesis of the corpus callosum
with peripheral neuronopathy or Andermann syndrome
was linked to inactivating mutations in KCC3 (Howard
et al. 2002). Because of a founder effect, this disorder was
unusually common in the Northern Appalachian front
a few years ago (De Braekeleer et al. 1993; Dupre et al.
2006). After linkage was established, several mouse models
of Kcc3 inactivation were phenotyped to understand the
molecular mechanisms involved in the development of
this disease.

Somewhat unexpectedly, three of the models generated
were found to exhibit high blood pressures in addition
to the neurological defects observed in human (Boettger
et al. 2003; Adragna et al. 2004; Rust et al. 2006; Garneau
et al. 2016). Further studies provided some clues as to why
a cardiovascular phenotype was present in these models.
However, the mechanisms at play are still uncertain as
many different cell types could probably affect blood
pressure control through changes in K+-Cl− cotransport.
As for the other isoforms, they do not appear to play an
important role in the cardiovascular system.

In the following section, we will discuss the role of
KCC3-mediated K+-Cl− cotransport in tissues that are
known to be of cardiometabolic relevance. Such tissues
include the adipose mass, the vascular wall and the nervous
system in particular.

Localization of KCC3. Based on the human EST databank,
KCC3 appears to be distributed in many of the tissues
that are key in ensuring proper cardiometabolic function.
Indeed, this isoform is represented by more than 11
messages per million in adipose tissue, vessels, brain,
kidney and heart (by decreasing order of abundance). Pre-
vious multiple tissue Northern and Western blot analyses
are also consistent with robust expression of KCC3 in
human brain, heart and kidney (Hiki et al. 1999; Mount
et al. 1999; Race et al. 1999). In many of these tissues,
however, the nature of the variants at play cannot be
determined from the data available (Table 1).

Additional localization studies in the tissues of inter-
est have revealed that KCC3 was found more specifically
in hippocampus, dorsal root ganglion neurons, cardio-
myocytes, VSMCs (in both conductive and resistance
arteries), medullary adrenal gland and, as mentioned,
renal proximal tubular cells (Pearson et al. 2001;
Rahmouni et al. 2002; Boettger et al. 2003; Gao & Wang,
2010; Mao et al. 2012; Shekarabi et al. 2012; Melo et al.
2013a; Garneau et al. 2016). Studies in single cell types
have also revealed expression in rat VSMCs (Di Fulvio

et al. 2001b), VEGF-stimulated HUVEC (Hiki et al. 1999)
and hippocampal neurons (Pearson et al. 2001; Boettger
et al. 2003; Byun & Delpire, 2007).

Role of KCC3 in blood pressure control. High
blood pressure was first reported in the Boettger-
Kcc3−/−

129/Sv × C57BL/6 mice (Boettger et al. 2003) and
was subsequently confirmed by another group in the
Howard-Kcc3−/−

129/Sv × C57BL/6 mice (Adragna et al. 2004).
In both animal models, light or dark phase mean arterial
blood pressures (MAPs) were measured at 3 to 6 months
of age through intra-arterial catheterization and found to
be at least 18 mmHg higher than in WT littermates.

Based on a subsequent study, Rust et al. (2006)
concluded that the Boettger-Kcc3−/−

129/Sv × C57BL/6

mice were affected by a neurogenic form of systemic
hypertension. Compared to WT mice, in particular,
MAPs reacted similarly to α1 agonists, β1 antagonists
or nitric oxide, but were more sensitive to ganglionic
blockers or α2 antagonists. Additionally, the response
of isolated third-order saphenous arteries to vasoactive
interventions did not differ between null and WT mice.
In the null mice, however, the saphenous arteries were
characterized by higher [Cl−]i and medial hypertrophy,
implying that Kcc3 inactivation led to reduced K+-Cl−
cotransport in the vascular wall itself and that it could have
affected VSMC growth as well as peripheral resistance
for this reason (Klausen et al. 2010; Matchkov et al.
2013).

By studying the physiological effects of Kcc3 inactivation
in a background that is genetically prone to cardio-
metabolic disorders (Simon et al. 2013), Garneau et al.
(2016) confirmed that other or additional mechanisms
could account for the hypertensive phenotype. Compared
to WT mice, for instance, isolated thoracic aortas
exhibited decreased wall thickness and reactivity to
α1-adrenoreceptor stimulation even after denervation,
while diastolic blood pressure and left ventricular mass
were increased. A number of these abnormalities had
not been reported previously, perhaps because they
went unnoticed or were too discrete in the background
exploited. They suggest nonetheless that Kcc3 ablation has
the potential to alter the arterial wall both functionally and
pathologically.

KCC3 is known to be expressed in VSMCs along the
arterial circulation and in cardiomyocytes (Di Fulvio et al.
2001a, 2003; Rust et al. 2006; Garneau et al. 2016). Inter-
estingly, the contractile and trophic responses of these
cell types are reduced at lower levels of [Cl−]i as occurs
when the activity of NKCC1 is inhibited (Akar et al.
1999; Meyer et al. 2002). It is thus tempting to post-
ulate that these responses will go in the opposite direction
at higher levels of [Cl−]i, as occurs when the activity
of KCC3 is inhibited. Based on Fig. 4, however, various
effectors would be involved for changes in [Cl−]i to exert
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physiological effects (Boettger et al. 2002; Woo et al. 2002;
Alberts et al. 2015).

Role of KCC3 in metabolism. It is widely accepted that the
endocrine and metabolic function of adipose tissues and
skeletal muscles can play a major role in the development
of cardiovascular diseases (Tatemoto et al. 2001; Okamoto
et al. 2002; Marsh et al. 2003; Lee & Pratley, 2007;
Denroche et al. 2012; Jiang et al. 2016). In morbid obesity,
for instance, changes in the circulating profile of certain
adipokines have been associated with insulin resistance,
decreased metabolic activity in skeletal muscles, high
blood pressure and inflammation (Yamauchi et al. 2001;
Simonds et al. 2014; Jaganathan et al. 2018). There is
also evidence to suggest that severe leanness can affect
the cardiovascular system adversely through changes in
adipocyte function (Campos et al. 2008; Resnyk et al.
2013).

Several of the Kcc3-null mice that have been phenotyped
since the early 2000s were also characterized by low body
weights at adult age (Shekarabi et al. 2012; Garneau
et al. 2016), but as one could have expected, it was in
the C57BL/6J background that this trait was the most
pronounced, with a 4.5-fold lower gonadal fat weight
compared to WT mice (Garneau et al. 2016). Additional
experiments by Garneau et al. showed that the lean
phenotype was associated with higher chow intake, glucose
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Figure 4. Role of K+-Cl− cotransport in arterial VSMCs
Ion transport systems shown correspond to KCC3, Ca2+-activated
Cl− channel (CACC), SLC8A1 (Na+/Ca2+ exchanger or NCX type 1),
L-type voltage-sensitive Ca2+ channel (Cav1) and SLC4A1 or
SLC26A7. Increased KCC3 activity promotes Cl− entry (or decrease
Cl− exit) through CACC and, secondarily, anion exchange by
SLC4A1 or SLC26A7. It should therefore decrease membrane
potential as well as intracellular pH, and thereby stimulate Na+/Ca2+
exchange by NCX1 and inhibit Ca2+ movement through Cav1. The
end-result of increased KCC3 activity should thus be a decrease in
[Ca2+]i and, secondarily, in myogenic tone.

utilization and energy expenditure, as well as with a
more favorable plasma adipokine profile (A. P. Garneau,
unpublished data).

KCC3 could thus play an important role in adipocyte
function and energy homeostasis. However, inactivation
of the encoding gene could exert both detrimental and
beneficial cardiometabolic effects depending on the cell
type targeted. As for the mechanisms of low adiposity,
whether they involve deficient K+-Cl− cotransport in
adipocytes or in the nervous system is still unknown. Even
though one of the recently characterized neuron-specific
Kcc3-null mouse was found to exhibit low body weight at
2 months of age (Shekarabi et al. 2012), it was also affected
by a severe phenotype, suggesting that gene inactivation
was not entirely neuron specific in this model.

Conclusion

K+-Cl− cotransport could play at least three different
roles in the renal epithelium: (1) ensuring cell volume
maintenance during transepithelial solute transport; (2)
promoting vectorial movement of Cl− along some of
the nephron segments; and (3) sustaining the activity of
other transport systems through changes in intracellular
or extracellular ion concentration. Even if the primary
purpose of K+-Cl− cotransport in the kidney is to sustain
RVD responses, cell swelling could still result in substantial
transepithelial Cl− and water movement.

The role of KCC1 and KCC3 in the kidney has not been
investigated in great detail (Boettger et al. 2003; Wang et al.
2003; Rust et al. 2007; Garneau et al. 2016). However, it
does not appear to be of major importance under basal
conditions according to the data available. As for KCC4,
this isoform was found to sustain renal acidification in
mouse, but its distribution along the nephron could differ
among species.

There may be other reasons why the function of K+-Cl−
cotransport in the renal epithelium is still uncertain. In
particular, the in vivo characteristics and organization of
these transporters are largely unknown so that it is not
possible to make predictions regarding their contribution
to solute reabsorption. In addition, isoform-specific
inhibitors and relevant tissue-specific floxed Kcc-null
mouse models are still unavailable.

As for the role of K+-Cl− cotransport in cardio-
metabolic homeostasis, it has been demonstrated
convincingly through the characterization of several
mouse models of Kcc3 inactivation (Boettger et al. 2003;
Adragna et al. 2004; Rust et al. 2006; Shekarabi et al. 2012;
Garneau et al. 2016). The cell types responsible for this role
have not been identified precisely, but they could very well
include VSMCs. Lastly, KCC3 could become a beneficial
therapeutic target if its activity is altered in certain tissues
specifically.
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