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Abstract—This review summarizes the data on the functioning of carriers providing electroneutral symport of sodium,
potassium, and chloride (Na*,K*,2CI~ cotransport), potassium and chloride (K*,CI™ cotransport), and sodium and chloride
(K*,CI™ cotransport) as well as molecular mechanisms of the regulation of these carriers and their physiological significance.
We emphasized the involvement of chloride-coupled carriers in the regulation of cell volume and intracellular chloride con-
centration and novel data on the role of ubiquitous isoform of Na*,K*,2Cl™ cotransporter NKCC1 in regulation of vascular
smooth muscle contraction and activity of GABA, receptors. Finally, we analyzed the data on activation of NKCCI1 in
patients with essential hypertension and its role in the long-term maintenance of elevated systemic blood pressure and myo-

genic response in microcirculatory beds.
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Cation—chloride cotransporters (CCCs) are mem-
bers of solute carriers (SLC) involved in transport of ions
across biological membranes along or against their elec-
trochemical gradient. In the former case, the energy is
provided by the gradient of cotransporting ions created by
Na*,K"-ATPase and other ion pumps. This group of ion
transporters consists of more than 300 genes of 52 SLC
families [1]. CCCs form the SLC12 family, whose mem-
bers provide symport of ClI~ anions with Na* and/or K*
cations. The SLC12 family includes Na*,CI~ cotrans-
porter (NCC) encoded by the single gene (SLC12A43),
Na*,K*,2CI~ cotransporters (NKCC) encoded by
SLCI242 (NKCC1) and SLCI241 (NKCC2), and K*,CI~

Abbreviations: CCC, cation—chloride cotransporters; CNS,
central nervous system; GABA, y-aminobutyric acid; KCC,
K*,CI~ cotransport; NCC, Na*,Cl~ cotransport; NKCC,
Na*,K*,2CI~ cotransport; OSR1, oxidative stress response
kinase; PVN, paraventricular nucleus; SMC, smooth muscle
cell; SNS, sympathetic nervous system; SPAK, Ste20-related
praline-alanine-rich kinase; WNK, “with no K” lysine kinase.
* To whom correspondence should be addressed.

cotransporters (KCC) encoded by SLCI1244 (KCCl),
SLCI2A5 (KCC2), SLC1246 (KCC3), and SLCI2A7
(KCC4). NKCC is inhibited by bumetanide, furosemide,
and several other structurally similar compounds.
Keeping in mind that the major target of these com-
pounds is ion transport in thick ascending limb of Henle’s
loop, they were termed as high-ceiling diuretics. NCC is
completely blocked by thiazide derivatives. In contrast to
NKCC and NCC, specific inhibitors of KCC remain
unknown and their activity is partially attenuated in the
presence of high doses of furosemide [2].

Gene structure, membrane architecture, and phar-
macology of CCCs have been subjected to detailed analy-
sis in several comprehensive reviews [2-4]. Considering
this, we focus our review on systems involved in the regu-
lation of CCC activity as well as on the role of these car-
riers in the maintenance of water—salt homeostasis and
blood pressure. Recently, it was shown that CCCs are also
involved in tumorigenesis [5, 6], the pathogenesis of neu-
ronal disorders [7, 8], and anemia triggered by alterations
of erythrocyte volume and hydration [9, 10]. Because of
the space limit, these data were out of scope of our review.
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CATION-CHLORIDE COTRANSPORTERS IN ARTERIAL HYPERTENSION

REGULATION OF CCC ACTIVITY

Data on the regulation of CCC expression by gluco-
corticoids and other stimuli affecting transcription via
activation of serum- and glucocorticoid-inducible
kinase-1 (SGK1) were recently summarized by Lang and
Voelkl [11]. Epigenetic mechanisms of regulation of
expression of NKCCI1 are considered in the section
“Physiological Significance”. Here, we briefly summarize
the data on the non-genomic mechanism of the regula-
tion of CCC activity.

Second messengers. Data obtained so far show a tis-
sue-specific pattern of CCC regulation by second messen-
gers [11, 12]. Thus, for example, in isolated smooth mus-
cle cells (SMCs) from rat aorta an increment of cAMP
content triggered by activation of -adrenergic receptors
and adenylate cyclase led to inhibition of NKCC1, where-
as a rise of [Ca’'], evoked by addition of ionophores
increased its activity [13-15]. In SMCs, activation of
cGMP-mediated signaling did not affect NKCCl1, but it
increased activity of KCC [16]. Unlike SMCs, activators
of CAMP- and cGMP-mediated signaling as well as chela-
tors of extra- and intracellular calcium had no any impact
on NKCCI activity in renal epithelial cells from canine
distal tubule (MDCK cells) [17-19], whereas in secreting
epithelium of shark rectal gland [20] and human airways
[21] cAMP augmented NKCCI activity. It is known that
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diacyl glycerol production triggered by agonists of GTP-
binding protein-coupled receptors results in activation of
protein kinase C. It was shown that activation of this
enzyme by phorbol esters does not influence NKCC1 in
SMCs [13], but completely blocks this ion carrier in
MDCK cells [17-19]. Viewed collectively, these data
allowed researchers to propose that cAMP, cGMP, Ca?*,
diacyl glycerol, and other canonical second messengers
affect CCCs via their interaction with tissue-specific
intermediates of intracellular signaling cascades rather
than with ion carriers per se [4]. The tissue-specific inter-
mediates of CCC include protein kinases and phospho-
protein phosphatases considered in the next section.

Protein kinases and phosphatases. The first indication
on the regulation of ion transport by CCC phosphoryla-
tion was obtained in the laboratory of B. Forbush. Their
experiments demonstrated that bumetanide-sensitive K*
fluxes in shark rectal glands triggered by hyperosmotic
shrinkage and activation of adenylate cyclase correlate
with phosphorylation of serine and threonine residues in
NKCCI1 [20]. Later on, they proposed that reciprocal reg-
ulation of CCCs by volume changes (cell shrinkage acti-
vates NKCC but inhibits KCC) and intracellular chloride
concentration (elevation of [Cl7]; inhibits NKCC but acti-
vates KCC) is mediated by reciprocal actions of these
stimuli on the phosphorylation of CCCs by unknown
kinases and phosphatases [22-24] (Fig. 1).
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Fig. 1. Regulation of cation—chloride cotransporters by cell volume and concentration of intracellular chloride mediated by reciprocal phos-

phorylation of the carriers.
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All cloned CCCs contain consensuses that might be
phosphorylated by protein kinase C, protein kinase A,
and casein kinase II. However, to the best of our knowl-
edge, there is not any report showing that CCC phospho-
rylation by these canonical protein kinases correlates with
the activity of these carriers [2, 25]. In contrast, studies
performed in dozens of laboratories have demonstrated a
key role in regulation of CCC activity of serine—threo-
nine kinases of the WNK family. These “with no
K” lysine kinases are lacking a lysine reside that is present
in the ATP-binding site of all other serine-threonine
kinases [26, 27]. Side-by-side with WNK, the activity of
CCC also correlates with phosphorylation by sterile-20
(Ste20)-related praline-alanine-rich kinase (SPAK) and
oxidative stress response kinase (OSR1) [28].

In the human genome, four WNKs (WNK1-4) have
been located on chromosomes 12, 9, X, and 17, respec-
tively [25]. The first evidence for their involvement in reg-
ulation of ion transport were obtained in the study of the
physiological consequences of WNKI and WNK4 muta-
tions in patients with pseudohypoaldosteronism type II
(PHAII) — a monogenic form of inherited hypertension
accompanied by hyperkalemia and metabolic acidosis
[29]. Because thiazide derivatives known as potent NCC
inhibitors are widely used for the treatment of this disor-
der, it has been proposed that both WNK1 and WNK4 are
involved in the regulation of NCC activity. Indeed, it was
shown that a conserved WNK4 sequence consisting of

—— activation T \ ‘1’
SPAK, OSR

——] inhibition

WNK3

PP1

catalytic site and autoinhibitory domain contains muta-
tions detected in patients with PHAII [29].

Later on, it was demonstrated that WNK3 increases
activity of NCC, NKCCI1, and NKCC2 in oocytes sub-
jected to hypotonic swelling via phosphorylation of two
threonine residues located within their N-termini [30,
31]. Also, it was reported that coexpression of WNK3
leads to complete inactivation of KCCI1-4, which was
abolished by inhibitors of protein phosphatases PP1 and
PP2B — calyculin A and cyclosporin A, respectively [32]
(Fig. 2). These data suggested that WNKs are primary
sensors of cell volume and [Cl7]; changes involved in
reciprocal regulation of NKCC and KCC activity (Fig. 1).

SPAK and OSRI1 belong to the family of mammalian
kinases that are homologous to yeast Ste20/Sts kinase
having 90% identical amino acid in the catalytic domain
[33]. Experiments with permeabilized oocytes failed to
find any impact of SPAK on the activity of NKCCI,
whereas expression of catalytically inactive SPAK inhib-
ited NKCCI1 and activated KCC2 [34, 35]. SPAK-medi-
ated signaling was also revealed in the study of activation
by WNK3 of NKCC2 [36]. Later, it was demonstrated
that SPAK interacts with the N-terminal fragment of
NKCCI1 as well as with regulatory domain of WNKs [27,
34, 37]. In another set of experiments, it was shown that
NKCC activity of sensory neurons is decreased by two-
fold in homozygous SPAK knockout (SPAK™/") mice as
compared to the wild-type. These results suggested that
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Fig. 2. Scheme showing crosstalk of serine—threonine protein kinases and phosphatases in regulation of the activity of cation—chloride

cotransporters.
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along with direct action on CCCs, these carriers can be
regulated by WNKSs via their phosphorylation by SPAK
and OSR1 [28, 38] (Fig. 2).

More recently, it was shown that in contrast to the
direct inhibitory action of WNK4 on NCC activity seen
in patients with PHAII, activation of this carrier by
angiotensin II is caused by WNK4-mediated phosphory-
lation of SPAK/OSRI [39, 40]. To explain this phenom-
enon, it should be noted that transcription of the WNK1-
4 genes resulted in accumulation of a dozen splice-vari-
ants involved in different tissue-specific cellular respons-
es including unknown ones. It should also be emphasized
that along with WNK, SPAK, and OSR1, CCC activity
might be affected by distinct unidentified protein kinases.
Indeed, it has been reported that increased NKCC1 activ-
ity detected in cells treated with the activator of adenylate
cyclase forskolin and transfected with SPAK is accompa-
nied by phosphorylation of distinct threonine residues
[41, 42].

PHYSIOLOGICAL SIGNIFICANCE

Mechanisms of the implication of CCCs in salt reab-
sorption and secretion by epithelial cells are subjected to
detailed analysis in several comprehensive reviews [2-4].
Keeping this in mind, we devote this section to functions
of CCCs detected in non-epithelial cells and having gen-
eral biological significance.

Functional responses mediated by alteration of intra-
cellular CI~ concentration. In all types of cells studied so
far, CCCs generate both inwardly- and outwardly-direct-
ed ion movements, and the direction of net flux depends
on the stoichiometry of the carrier and transmembrane
gradients of cations created by Na*,K"-ATPase. Thus,
the stoichiometry 1 : 1 predicts that the value of ion flux
is in direct proportion to concentration of cotransporting
ions. Because [Na*], >> [Na*],, [K']; >> [K*],, and
[CIT], > [CIT];, net fluxes generated by NCC and KCC
exhibit inward and outward directions, respectively. More
complex behavior was found for ion fluxes mediated by
NKCC. In the overwhelming number of cells, [CI7]2>>>
[CI"J, and the net flux mediated by NKCC functioning
with stoichiometry 1 Na*: 1 K : 2 CI™ has inward direc-
tion.

The data considered above suggest that CCCs con-
tribute to regulation of [Cl7];, whereas their contribution
to the adjustment of intracellular concentration of mono-
valent cation is negligible because of the highly active
Na*,K*-pump. Indeed, it was shown that inhibition of
NCC and NKCC results in attenuation of [CI~];, whereas
suppression of KCC activity increases this parameter
[43]. Importantly, the alteration of CCC activity can lead
to adjustment of [Cl~]; above or below the values corre-
sponding to Nernst equilibrium potential. This means
that in cells abundant with anion channels, CCCs con-
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tribute to maintenance of electrical potential, thus having
an impact on the whole spectrum of cellular functions
controlled by potential-sensitive proteins localized within
the plasma membrane. This conclusion is supported by
data considered in the next section.

SMC contraction and myogenic response. In contrast
to the major role of plasma membrane permeability for
K* (Py) in the maintenance of electrical resistance and
resting potential (E,,) in skeletal and cardiac muscle, the
values of Py and P in SMCs are about the same [44].
This feature suggests that in SMCs CCCs may be involved
in regulation of the [CI7],/[CI7], ratio and therefore E,,
and excitation—contraction coupling. Indeed, the NKCC
inhibitors furosemide and bumetanide decreased [CI7];
[45, 46] and led to hyperpolarization of rat vascular
SMCs [45]. These data suggest that decreased baseline
tonus seen in SMCs treated with Henle’s loop diuretics
[47-49] as well as attenuation by these compounds con-
traction of smooth muscle strips evoked by modest incre-
ment of [K*], [46], electrical stimulation [50], additions
of histamine [51], angiotensin II [52], thromboxane A,
[53, 54], oxytocin [55, 56], agonists of a.-adrenergic [46,
57-59] and purinergic receptors [60] is caused by CI; -
dependent hyperpolarization and suppression of the
activity of voltage-gated L-type Ca®>* channels (Fig. 3).

Myogenic tonus (response) is unique property of
small (<100-200 um) blood vessels to decrease rather
than increase their inner diameter in response to elevated
intraluminal pressure. Both kinetic and the attitude of
myogenic response is different in blood vessels of differ-
ent origin. Importantly, myogenic response in blood ves-
sels from the brain, skeletal muscle, and renal afferent
arteriole provides constant blood supply of these tissues
independently of the changes in the systemic blood pres-
sure [61-63].

It was reported that bumetanide decreases the myo-
genic tonus of mesenteric arteries [64] and completely
abolished myogenic response of renal afferent arteriole
[54]. We demonstrated that the inhibitory action of
bumetanide but not the L-type Ca’* channel blocker
nicardipine on myogenic response as well as on contrac-
tion triggered by o-adrenergic stimulation is absent in
mesenteric arteries from NKCCI~~ mice [64]. Because
NKCC?2 is not expressed in SMCs, these data demon-
strated for the first time that bumetanide and other loop
diuretics inhibit contraction and myogenic response of
vascular SMCs via their interaction with NKCCl, i.e. a
ubiquitous isoform of Na*,K*,2CI~ cotransporter.

Synaptic transmission. Neuron—neuron interactions
are controlled by neurotransmitters via regulation of
transduction of electrical signals. Excitatory and inhibito-
ry neurotransmitters lead to depolarization and hyperpo-
larization of postsynaptic membrane, respectively. Thus,
for example, ionotropic glutamate receptors and acetyl-
choline receptors cause depolarization of postsynaptic
membrane via an increment of ion current mediated by
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Fig. 3. Mechanism of the involvement of ubiquitous isoforms of Na*,K*,2CI~ cotransport (NKCC1) in the regulation of smooth muscle con-
traction. NKCCI1 mediates increase in [Cl™|;, depolarization of SMC whose sarcolemma is abundant in anion channels, opening of voltage-
gated Ca’" channels, elevation of [Ca**];, and contraction. Bumetanide and other inhibitors of NKCC1 decrease [Cl7]; that, in turn, leads to
hyperpolarization, the closure of voltage-gated Ca*" channels, and relaxation of SMCs.

ion channels permeable for Na* and Ca*'. In contrast,
hyperpolarization results from the increment of the per-
meability of K* channels triggered by activation of
metabotropic acetylcholine receptors. Unlike the above-
listed neurotransmitters, gamma-aminobutyric acid
(GABA) increases permeability for CI~ and other low
molecular weight anions via its interaction with ionotrop-
ic GABA, receptors. The direction of net flux mediated
by these receptors is determined by transmembrane chlo-
ride gradient and electrical potential of the postsynaptic
membrane. In case RT/F-In([CI7],/[CI"];,) < E,,, the net
chloride flux will be directed into the cells, which leads to
hyperpolarization and attenuation of neuronal activity.
An elevation of [CI7];, changes the direction of net chlo-
ride flux, and in this case activation of GABA, leads to
elevation of neuronal activity (Fig. 4).

Keeping these data in mind, it might be assumed that
the ratio of activity of NKCC1 and KCC2, providing
inwardly and outwardly directed CI™ fluxes, respectively,
plays a key role in the function of GABA, receptors.
Indeed, the attenuation of NKCC1 activity on the back-
ground of elevated KCC2 is the major mechanism of the
alteration of the functional properties of GABA, receptors
in central neuronal system (CNS) of mammals during

ontogenesis: GABA, receptors function as activatory
receptors in the prenatal stage but become inhibitory in few
days after birth (for review see [7, 8, 28]). It was demon-
strated that the content of WNK3 RNA in brain neurons is
correlated with KCC2 expression, achieving its maximal
values 21 days after birth [30]. These data suggest that
expression of this kinase determines the drastic age-
dependent changes in the functioning of GABA, receptors.

Cell volume regulation. Animal cells maintain their
volume with an accuracy of 1-2% by means of systems
providing inwardly and outwardly directed fluxes of
monovalent ions and organic osmolytes termed as regula-
tory volume increase (RVI) and regulatory volume
decrease (RVD), respectively [65, 66]. In early experi-
ments with mammalian erythrocytes, it was shown that
cell shrinkage and swelling result in activation of NKCC
and KCC [67-69]. Later, we demonstrated that in vascu-
lar SMCs subjected to hyperosmotic shrinkage, RVI is
caused by activation of NKCC [15]. It should be empha-
sized that under isoosmotic conditions the inhibitor of
this carrier bumetanide did not significantly affect the
volume of human lung fibroblasts [70]. This means that in
several cell types in the absence of external stimuli NKCC
has a minor impact on the generation of net osmolyte

BIOCHEMISTRY (Moscow) Vol. 79 No. 13 2014
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Fig. 4. Mechanisms of the implication of NKCC1 and KCC2 in the function of GABA, receptors. The differences in the symbol size reflect
the differences in the activity of ion carriers involved in [CI7]; regulation. The equation shows conditions when net anion flux through GABA,

receptors is absent.

fluxes as compared with Na*,K*-ATPase and other ion
transport systems. Indeed, recently we reported that addi-
tion of bumetanide resulted in ~2-fold elevation of
human lung fibroblast volume only after inhibition of the
Na*,K"-ATPase by ouabain [70]. This observation indi-
cates that dissipation of the transmembrane gradient of
monovalent cations evoked by Na*,K*-ATPase inhibition
results in generation of inwardly-directed ion flux medi-
ated by NKCCl1, the only isoforms of NKCC expressed in
these cells. The functional consequences of disturbances
of the cell volume regulatory machinery are considered
elsewhere [65, 71, 72]. The pathophysiological implica-
tions of cell volume disturbances are demonstrated under
analysis of astrocyte swelling evoked by brain hypoxia (see
section “Role in Pathogenesis of Arterial Hypertension”).

ROLE IN PATHOGENESIS
OF ARTERIAL HYPERTENSION

Elevation of systemic blood pressure has been docu-
mented in 25% of adults and is a major risk factor for
complications including stroke, heart failure, and renal
disease resulting in premature death [73]. In 2001, the
USA alone spent 54 billion dollars for the treatment of
hypertension [74]. The general thermodynamic model
predicts that elevation of systemic blood pressure can be a
consequence of the increase in peripheral resistance of
blood flow, heart rate, and the extracellular volume (Fig.
5). In turn, the above-listed parameters are under the
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control of dozen of hormones and neurotransmitters and
sympathetic nerve system (SNS) affecting heart, blood
vessels, and renal function [75]. The involvement of these
systems in the pathogenesis of hypertension is supported
by a set of the major pharmacological tools used for the
normalization of blood pressure. The list of antihyperten-
sive drugs include diuretics decreasing salt reabsorption in
the kidney via inhibition of NKCC2 (furosemide) and
NCC (thiazides), vasodilators including inhibitors of
angiotensin-converting enzyme (ramipril), antagonists of
angiotensin II (lozartan) and a-adrenergic (doxazosin)
receptors, Ca’* channel blockers (amlodipin), as well as
antagonists of B-adrenergic receptors (atenol) that
decrease activity of the SNS [73].

In several forms of systematic hypertension, servo-
mechanisms underlying long-term elevation of blood
pressure are well-documented. This is the case of hyper-
tension caused by adrenal tumors and renal insufficiency
as well as the set of monogenous hypertension caused by
single gene mutations. However, these forms of disease
found in less than 5% of patients with elevated blood
pressure are combined by the common name of second-
ary hypertension. In the rest of patients with primary or
essential hypertension, the mechanisms of blood pressure
elevation remain unknown [76]. In this section, we sum-
marize data on the involvement of CCCs in the patho-
genesis of hypertension.

Monogenous forms of secondary hypertension and
hypotension. Monogenous forms of hypertension and
hypotension identified so far are caused by mutations of
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genes involved in regulation of extracellular fluid volume
by renal epithelial cells [77, 78]. This observation is con-
sistent with the data showing a key role of the kidney in
long-term maintenance of elevated blood pressure
demonstrated by Artur Guyton [79]. Among monogenous
forms of hypertension and hypotension, three types of
mutations result in altered function of CCCs. Thus, loss-
of-function mutations of NKCC2 and NCC detected in
patients with Barter type I and Gitelman syndrome,
respectively, lead to attenuated salt reabsorption in the
thick ascending limb of Henle’s loop and distal nephron
that, in turn, decreases extracellular fluid volume and sys-
temic blood pressure [80, 81]. In both diseases inherited
in accordance with classical Mendelian genetics,
hypotension is accompanied by hypokalemia and alkaloi-
dosis, i.e. universal markers of decrease reabsorption of
salt in the distal nephron. In contrast, in patients with
PHAII, also known as Gordon’s syndrome, hypertension
is caused by mutations within WNKI1 and WNK4 result-

ORLOV et al.

ing in activation of NCC, increased sodium reabsorption,
and hyperkalemia [29]. Data on the involvement of
WNKs in CCC regulation are considered in the section
“Regulation of CCC Activity”.

Primary hypertension. Unlike monogenous forms of
secondary hypertension, elevation of blood pressure in
primary hypertension is a consequence of a complex
combination of inherited traits and several environmental
factors including limited physical activity, obesity, smok-
ing, and excess consumption of salt and alcohol.
Inherited traits are probably caused by altered function of
4-5 genes whose combination can be different even with-
in the same human population [82]. This feature empha-
sizes the mosaic origin of the pathogenesis of essential
hypertension as first noted by Pickering [83].

In the middle of the 1970s, we initiated a search for
inherited factors of primary hypertension by investigation
of the activity of plasma membrane ion transporters in
spontaneously hypertensive rats (SHR) and Milan hyper-
tensive strain (MHS) known as the most adequate exper-
imental models of human essential hypertension. We
found that elevated permeability of the erythrocyte mem-
brane for monovalent cations shown in early studies [84,
85] is caused by augmented activity of NKCC (for review
see [86-90]). Later, the involvement of this carrier in the
pathogenesis of primary hypertension was supported by
the following data. (i) In erythrocytes of the first genera-
tion of hybrids obtained by crossing of MHS and Milan
normotensive strain MNS (F, MHS x MNS) and sub-
jected to X-ray irradiation, NKCC activity was increased
after transplantation of bone marrow from MHS but not
from MNS [91]. These results indicate that increased
activity of NKCC is an inherited property of erythrocytes
from MHS rather than a consequence of long-term eleva-
tion of blood pressure. (ii) In erythrocytes of the second
generation hybrids obtained by crossing of SHR and nor-
motensive Kyoto—Wistar rats (F, SHR x WKY) as well as
in F, MHS x MNS hybrids, NKCC activity positively
correlated with blood pressure [91, 92]. (iii) Several
researchers demonstrated decreased blood pressure in
NKCCI~~ knockout mice [93-95]. This finding, however,
was not confirmed by Kim et al. [96]. The reasons under-
lying this discrepancy remain unknown. (iv)
Administration of bumetanide, i.e. a potent inhibitor of
Na*,K*,2CI™ cotransport, decreased blood pressure in
wild-type but not in NKCC17/~ mice [58].

Because NKCCl is the only isoform of Na*,K*,2CI~
cotransporters identified in erythrocytes and SMCs, the
data considered above indicate that at least in these
experimental models of human primary hypertension
augmented activity of this carrier contributes to activa-
tion of servomechanisms of long-term elevation of sys-
temic blood pressure. These findings also raise the ques-
tion of the mechanisms of this phenomenon. Data con-
sidered in the section “Physiological Significance” indi-
cated that these mechanisms may involve NKCCI1-medi-
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ated regulation of [CI7];, that, in turn, affects SMC con-
traction and SNS activity. Indeed, it was shown that
inhibitory action of bumetanide on the contraction of
mesenteric arteries evoked by activation of a-adrenergic
receptor is increased in SHR compared to normotensive
controls [97, 98]. Due to methodological problems, data
on the activity of NKCCs in freshly isolated SMCs in pri-
mary hypertension are limited to a few publications (for
review see [86-90]). It was shown, however, that the con-
tent of NKCC1 mRNA and immunoreactive protein is
increased in aorta and heart from SHR [97]. The possible
mechanism of this phenomenon is considered below.

As mentioned above, along with abnormalities of the
ion-transport system in kidney and blood vessels, alter-
ations in the CNS results in elevation of SNS tone that, in
turn, leads to elevation of systemic blood pressure via its
impact on the cardiovascular system and kidneys (Fig. 6)
[99-102]. This hypothesis is consistent with numerous
reports on activation of the SNS in patients with essential
hypertension [99] and SHR [103], as well as with data on
the major role in SNS activation of the hypothalamic para-
ventricular nuclei (PVN) [104], whose hyperreactivity in
primary hypertension is well-documented [105, 106].

It is known that excitability of presynaptic neurons in
the PVN is activated by excitatory glutamatergic neurons
and suppressed by inhibitory GABAergic neurons, respec-
tively [107]. It was also shown that activity of GABAergic
neurons is decreased in the PVN of SHR [107, 108]. As
mentioned above, the relationship between inhibitory and
activatory actions of GABA, receptors is determined by
intracellular chloride concentration, which is under the
control of the ratio of NKCC1 and KCC2 activities
(Fig. 4). Investigations performed at the University of
Texas demonstrated that the electrical potential, at which
ion current mediated by GABA, receptors (Egapa) i
reversible, is shifted to positive values in the PVN of SHR

1553

by 15 mV compared to the normotensive control, which
corresponds to 2-fold elevation of [C17]; [109]. This differ-
ence as well as decreased inhibitory activity of GABAergic
neurons in SHR was abolished by addition of low doses of
bumetanide but not furosemide. These results suggested
that augmented [CI7]; in SHR neurons is caused by acti-
vation of NKCCI1 rather than inhibition of KCC2. This
conclusion is an agreement with elevation of NKCCI1
mRNA and immunoreactive protein in the PVN of SHR
without any changes in KCC2 content [109].
Mechanisms of elevation of NKCCI1 activity in pri-
mary hypertension remains poorly investigated, which
probably reflects the polygenic and mosaic origin of this
disease as well as diverse mechanisms of regulation of the
activity and expression of CCCs. Thus, for example, ele-
vation of [CaZ"]; activates whereas cCAMP inhibits this
carrier in SMCs [13, 57, 110]. Numerous investigations
have documented abnormal activity of both signaling sys-
tems in primary hypertension [111, 112]. A key role of
WNK, SPAK, and OSRI1 kinases in regulation of several
CCGCs including NKCC1, NKCC2, and NCC were con-
sidered in the section “Regulation of CCC Activity” and
their implication in the regulation of blood pressure in
monogenous hypertension [113, 114] and in genetically
engineered animals [115] has been documented. Bergaya
and coworkers reported that both phosphorylation of
NKCCI1 and increment of blood pressure evoked by acti-
vation of o-adrenergic receptors are decreased in Wnk™~
mice [116]. The bumetanide-sensitive component of ves-
sel contraction was also attenuated in SPAK knockout
mice [117]. It should be noted, however, that in contrast
to monogenous hypertension, there is no evidence for
mutations of genes encoding CCCs or the WNK/SPAK/
OSRI regulatory pathway in primary hypertension.
Recent investigations suggest that CCC-mediated
abnormalities of ion transport have epigenetic origin.
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Fig. 6. Effects of bumetanide on myogenic response of mouse mesenteric arteries (a) and afferent arteriole of rat kidney (b) [54, 64].
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Indeed, it was shown that the content of NKCC1 mRNA
and protein content is increased in aorta, heart, and PVN
neurons from rats with spontaneous hypertension [97,
109]. In case of SHR aorta and heart, increased expres-
sion of the carrier is accompanied by attenuated methyla-
tion of the NKCCI gene promoter [97]. Importantly,
methylation of the NKCCI promoter exhibited age-
dependent increase in normotensive rats, without any
changes in SHR [98]. It was also shown that activity of
DNA methyltransferase 3B (DNTB3B) is three-fold
higher in 18-week-old normotensive rats as compared to
age-matched SHR. These results assume that in this
experimental model of primary hypertension hypomethy-
lation of NKCC1 promoter is caused by decreased activity
of DNTB3B that, in turn, leads to augmented NKCC1
expression, increment of [Cl7];, depolarization and con-
traction of SMCs, increased vascular tonus resistance,
and blood pressure elevation.

The role of epigenetic factors in augmented expres-
sion of NKCCI1 in neurons of the PVN of SHR, control-
ling activity of the SNS, remains unknown. It was shown,
however, that in these cells from SHR NKCCI is highly
glycosylated [109]. The authors assume that this phenom-
enon contributes to increased content of membrane-
bound protein, i.e. the fraction of the carrier providing
Na*,K*,CI" cotransport.

Complications caused by elevation of systemic blood
pressure. The major cause of the premature death in
patients with essential hypertension is damage of the tar-
get organs such as brain vessels and kidney caused by ele-
vation of local blood pressure [118]. In the brain, the
long-term elevation of systemic blood pressure increases
the probability of irreversible damage of the blood flow
that results in stroke, whereas in kidney it leads to struc-
tural changes in the nephron, changes of salt—water
homeostasis, and proteinuria [73].

Because R, ~ 1/d* (where R,/is the blood flow resist-
ance, and d is the inner diameter of a vessel) [119], the
role of myogenic tonus as a nature-created tool for pro-
tection of target organs from elevation of systemic arteri-
al pressure has been subjected to investigation by numer-
ous research groups [120]. It was shown that chronic sup-
pression of myogenic response in patients with essential
hypertension as a consequence of hypertrophy of a vessel
wall leads to attenuation of its sensitivity to changes in
intraluminal pressure. As a results of these changes, an
increment of systemic blood pressure is transferred to
microcirculation beds incorporated in the brain, heart,
retina, and kidney that causes irreversible changes in the
structure and function in these and other target organs of
hypertension [121, 122]. Keeping this in mind, the action
of antihypertensive drugs on myogenic response should
be subjected to detailed investigations.

Nifedipine, amlodipine, diltiazem, and other
inhibitors of voltage-gated L-type Ca’>* channels evoke
prolonged attenuation of systemic blood pressure, taking
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the second position on the antihypertensive drug market.
It is generally assumed that the blood—brain barrier pro-
tects brain vessels from their action. However, such kind
of protection is absent in the kidney and other target
organs. Considering this, it should be noted that during
the last two decades an extended number of clinical stud-
ies showed the development of renal insufficiency and
heart failure in patients with essential hypertension sub-
jected to prolonged treatment with Ca" blockers [122-
126]. Both in vivo and in vitro studies demonstrated that
development of renal insufficiency is due to suppression
by Ca®" blockers of myogenic response in renal afferent
arteriole. Indeed, in contrast to mesenteric arteries pos-
sessing slowly developing myogenic response resulting in
partial normalization of inner diameter after elevation of
intraluminal pressure by 70 mm Hg (Fig. 6a), myogenic
response of renal afferent arteriole develops during the
first 10-100 msec after elevation of intraluminal pressure
by 20 mm Hg and leads to attenuation of inner diameter
by 20-30% (Fig. 6b). Unlike SMCs of afferent arteriole
abundant with L-type Ca?' channels, their content in
renal efferent arteriole is negligible [127]. Considering
this, it can be assumed that in spite of attenuation of sys-
temic blood pressure, inhibition of myogenic response by
Ca’" antagonists increases blood pressure in the local
microcirculatory bed of the kidney. Indeed, it was shown
that these drugs increase rather that decrease the
glomerular filtration rate (for review, see [128-130]).

For investigation of the role of myogenic response in
kidney function, Loutzenhiser and coworkers employed
isolated perfused kidney. This experimental approach
allowed them to study renal microcirculation in the
absence of its modulation by the juxtaglomerular appara-
tus [54]. With this model, it was shown that bumetanide
completely suppresses myogenic response of afferent arte-
riole in the rat kidney (Fig. 6b). These results considered
together with the absence of myogenic response in
Nkcc17/~ mice [64] suggested that augmented activity of
NKCCI1 documented in the study of erythrocytes from
SHR, MHS, and patients with essential hypertension pro-
tects the kidney from damage by prolonged elevation of
systemic blood pressure, whereas chronic administration
of furosemide and other NKCC inhibitors accelerates
renal insufficiency and proteinuria [89, 90, 131]. In other
words, high activity of NKCCI1 in SMCs of the afferent
arteriole maintains constant renal blood flow even after
elevation of systemic blood pressure caused by activation
of this carrier in mesenteric arteries and other vessels, con-
tributing to regulation of peripheral resistance (Fig. 7).
This hypothesis is consistent with four-fold increase of
renal complications in Blacks with hypertension possess-
ing up to three-fold attenuation of NKCC activity in ery-
throcytes compared with age-matched hypertensive
Caucasians [131, 132]. The relative contribution of Ca?"
channels and NKCCI1 in the myogenic response of coro-
nary and CNS microcirculatory beds remains unexplored.
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Ischemia is the major consequence of even brief dis-
turbance of blood circulation in the brain vessels that
leads to irreversible damage of neuronal function. It was
shown that attenuation of oxygen partial pressure results
in astrocyte swelling that, in turn, leads to release of glu-
tamate and other neurotransmitters triggering massive
Ca”" influx into neurons and their death [133, 134]. It was
shown that bumetanide suppresses astrocyte swelling,
neurotransmitter release [135], and the death of neurons
in the hippocampus subjected hypoxia and hypoglycemia
[136]. Moreover, both [K*],-induced swelling and release
of neurotransmitters evoked by ischemia were sharply
decreased in astrocytes from NKCCI1~7~ mice [137], thus
indicating activation of NKCC1 as a mechanism of astro-
cyte swelling. We were first to report that NKCC activity
in SMCs decreases on elevation of [HCO7], [138]. Thus,
activation of NKCC1 may in hypoxic conditions be
caused by acidosis-mediated attenuation of [HCO3] in
cerebrospinal fluid. Hypoxia is also accompanied by
sharp attenuation of intracellular ATP content and inhi-
bition of the Na*,K*-ATPase [139]. As shown in our
recent studies, inhibition of the Na*,K*-ATPase changes
the direction of NKCCI1-mediated net ion fluxes and
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evokes cell swelling [70]. Additional experiments should
be performed for evaluation of the relative impact of
Na*,K"-pump and NKCCI in regulation of astrocyte
volume under ischemic conditions.

CONCLUSION

The data considered above lead us to several conclu-
sions. First, the transport of monovalent ions across
epithelial cells as well regulation of cell volume and intra-
cellular chloride concentration are major functions of
CCCs. In renal epithelial cells, reabsorption of salt and
osmotically-obliged water is provided by NKCC2 and
NCC, whereas cell volume is under tissue-specific con-
trol of all seven identified CCCs. In smooth muscle cells,
NKCCI1 has a major impact on [Cl™];, whereas in neurons
this parameter is under the control of NKCC1 and KCC2.

Second, regulation of CCC activity by diverse stim-
uli, including cell volume changes, is provided by ser-
ine—threonine kinases WNK, SPAK, and OSRI1 and
phosphoprotein phosphatases PP1 and PP2B. There is no
evidence for direct impact on CCC phosphorylation of
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cAMP-, cGMP-, diacylglycerol-, and Ca?"-sensitive
protein kinase.

Third, in several rare monogenous disorders, blood
pressure changes are caused by mutations of NKCC2 and
NCC that lead to altered reabsorption of salt and osmot-
ically-obliged water in renal epithelial cells. In primary
hypertension, NKCCI activity is increased in vascular
SMCs and neurons of the PVN, which leads to elevation
of peripheral resistance in the systematic circulation and
activation of SNS, respectively. In both cases, these
abnormalities are caused by elevation of [Cl7]; and plas-
ma membrane depolarization.

Fourth, furosemide and other loop diuretics decreas-
es systemic blood pressure via inhibition of NKCC2 in the
thick ascending limb of Henle’s loop and NKCCI in
SMCs of resistant vessels. However, the same compounds
suppress the myogenic response of SMCs in the microcir-
culatory beds of kidney and brain, thus increasing the risk
of renal and cerebral complications.

In spite of progress in the understanding of the
molecular mechanisms of the implication of CCC in the
regulation of cellular functions in physiological and
pathophysiological conditions, several key questions
remain unanswered. (i) What is a molecular origin of cell
volume sensor(s) transducing signal to volume-sensitive
WNKs? (ii) Is the functional significance of SPAK/
OSR1/WNK signaling limited to regulation of CCCs?
What is the mechanism of SPAK/OSRI-independent
regulation of CCCs by WNKSs? (iii) In cultured SMCs as
well as in isolated blood vessels, NKCCI is activated by
phenylephrine, angiotensin II, and other vasoconstrictors
and inhibited by vasodilators whose action is mediated by
cAMP [13, 57]. Does NKCCI1 contribute to regulation of
vascular tone by these compounds? (iv) Do rennin,
angiotensin, aldosterone, and other hormones involved in
blood pressure regulation affect SPAK/OSR1/WNK sig-
naling? (v) A key role of NKCCI in regulation of myo-
genic response of SMCs in renal afferent arteriole is well-
documented. What is the relative contribution of NKCC1
in regulation of myogenic response in SMCs of the
microcirculatory beds of the brain and other target-
organs of hypertension? (vi) Experiments in vifro demon-
strated that loop diuretics can be used as a pharmacolog-
ical tool augmenting inhibitory function of GABA,
receptors. Do these compounds penetrate through the
blood—brain barrier? In other words, can we use these
drugs as well as modulators of SPAK/OSR1/WNK-medi-
ated signaling for regulation of SNS activity?

These questions are important for better understand-
ing of the crosstalk of biochemical signaling systems and
systems involved in regulation of ion homeostasis and cell
volume. We firmly believe that they are also important for
the development of novel antihypertensive drugs lacking
side effects caused by inhibition of CCCs in epithelial
cells and myogenic tonus in microcirculatory beds.
Indeed, currently used high-ceiling diuretics exhibit the
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same affinity for NKCC1 and NKCC2. Because the
apparent affinity for furosemide and bumetanide is in
proportion to carrier activity [140], inhibition of highly
active NKCC2 and diuretic action of this compounds is
much greater than their vasodilatory effects. It is also
important to mention another side effect of these drugs:
their prolonged administration resulted in the develop-
ment of deafness due to inhibition of NKCCI1 in epithe-
lial cells of the inner ear [141, 142]. Thus, the develop-
ment of tissue-specific inhibitors of SPAK and other reg-
ulators of CCCs should be considered as potential targets
for novel antihypertensive drugs.
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