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Abstract

Magnesium is abundant in biological systems and an important divalent cation in the human body. Mg>* helps
mediate cellular energy metabolism, ribosomal and membrane integrity. Additionally Mg>+ modulates the activity
of several membrane transport and signal transduction systems. Despite its importance however, little is known
about the molecular mechanisms of Mg>* transport and homeostasis in mammals. In mammals the amount of
Mg?* absorption is about the same as the amount of Mgt excretion in urine. Additionally, when total Mg+
intake is deficient, the kidney is capable of reabsorbing all filtered Mg?*. This balance between intake and excretion
indicates that the kidney plays a principal role in maintenance of total body Mg?* homeostasis. Within the kidney,
Mg?* filtered by the glomerulus is handled in different ways along the nephron. About 10-20% of Mgt
reabsorbed by the proximal tubule. the bulk of Mg+t (about 50-70%) is reabsorbed by the cortical thick ascending
limb of the loop of Henle. In this region, Mg+ moves across the epithelium through the paracellular pathway,
driven by the positive lumenal transepithelial voltage. A recently cloned human gene, paracellin-1 was shown to
encode a protein localized to the tight junctions of the cortical thick ascending limb and is thought to mediate
Mg?* transport via the paracellular space of this epithelium. The distal convoluted tubule reabsorbs the remaining
5-10% of filtered Mg>*. This segment seems to play an important role in determining final urinary excretion, since
there is no evidence for significant Mg+ absorption beyond the distal tubule. Although many renal Mg>* transport
activities have been characterized, no Mg transporter cDNAs have been cloned from mammalian tissues. Recent
research has certainly expanded our knowledge of Mgt transport in kidney; but details of the transport processes
and the mechanisms by which they control Mg?* excretion must await cloning of renal Mg?* transporters and/or
channels. Such information would provide new concepts in our understanding of renal Mg?* handling.

Abbreviations: ADH — antidiuretic hormone/vasopressin; CaSR — Ca’" sensing receptor; cTAL — cortical thick
ascending limb of the loop of Henle; DCT — distal convoluted tubule; PCLN-1 — Paracellin-1; PT — proximal
tubule.

Introduction

Magnesium (Mg?7) is the fourth most abundant cation
in human body and is second only to K in in-
tracellular concentration. It plays a critical role in
cellular energy metabolism, ribosomal membrane in-
tegrity, protein translation and activity modulation of
many membrane transporters and signal transduction
systems.

The human body contains 2028 g of Mg+ (Bren-
ner & Rector 1996). Less than 2% of the total body
magnesium is in the extracellular space, 60% is in
bone, and the rest is distributed almost equally be-
tween muscle and non-muscular soft tissue. Of soft
tissues, striated muscle and liver have the highest
magnesium content. About three-fourths of bone mag-
nesium exists in apatite crystals. In magnesium de-
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Fig. 1. Model of Mg27L absorption along the nephron. The car-
toon depicts the relative magnitudes of Mg2+ transport along the
mammalian nephron.

ficiency, bone magnesium moves to the extracellular
space through stimulation by parathyroid hormone.

The serum magnesium concentration is held at
a constant level of 1.8-2.5 mg/dl (0.75-1.05 mM).
Approximately 55% of serum total magnesium is
free cation; 13% complexed to phosphate, citrate
and unidentified anions; and 32% bound to albumin
and «-globulins. Only the ionic forms are filtered
by glomeruli in the kidney. The average daily di-
etary intake of magnesium is about 200 mg in adults
(4 mg/kg day). Of this 30-50% is absorbed by the
jejunum and ileum, but this can rise to 70% when
dietary Mg?* is deficient (Brannan er al. 1976). The
remaining Mg?* is lost in feces. Only about 3-5%
of filtered Mg®* normally appears in the urine. That
is, Mg2™ absorption is balanced by a relatively equal
excretion in urine. When total body Mg>* is deficient,
the kidney is capable of reabsorbing all filtered Mg
These observations indicate that the kidney is the prin-
cipal organ responsible for maintenance of total body
magnesium homeostasis.

In the kidney, filtered Mg®* is handled by var-
ied mechanisms in each nephron segment (Quamme
1997). Figure 1 illustrates the relative magnitudes of
Mg?* absorption along the nephron. About 10-20%

of Mg?* is reabsorbed by the proximal tubule (PT).
Most of the filtered Mg2+ (about 50-70%) is reab-
sorbed by the cortical thick ascending limb of the loop
of Henle (cTAL). The distal convoluted tubule (DCT)
reabsorbs the remaining 5-10%. These nephron seg-
ments have their own distinct mechanisms of Mg?*
absorption. This review will discuss known and in-
ferred mechanisms of Mg?* transport in the kidney.

Proximal tubule (PT)

The 10-20% of Mg** filtered at the glomeruli is
absorbed by the PT in mammalian adult. In the mam-
malian neonatal PT, Mg?" reabsorption in the PT is
greater than that in the adult. Lelievre-Pegorier and
coworkers reported that the 60~70% of filtered Mg+
is reabsorbed in the PT of the rat neonate (Lelievre-
Pegorier et al. 1983). This is similar to the PT isotonic
reabsorption of Na¥, water and Ca?*. It has been
conjectured that the paracellular pathway is less se-
lective in early stages of development, so that large
amounts of Mg?* are reabsorbed with Na™ and water.
With growth, the principal site for Mg?* reabsorption
gradually changes to the cTAL.

PT reabsorption of Mg?* in adult is probably an
active process, paralleling that of Na™ and water (Wen
et al. 1970a) but has a very low rate. Fractional Mg+
reabsorption in the PT is unaffected by volume ex-
pansion (Massry et al. 1967a), diuretic administration
(Wong et al. 1979), or Ca%t concentration (Quamme
1982). Thus Mg>* reabsorption in the PT appears
independent of reabsorption pathways and seems de-
pendent on only lumenal Mg?* concentration.

Mgt wasting diseases associated with the PT
have not been reported. One likely reason is that the
mechanisms of Mg reabsorption in the PT are un-
known. Figure 2 shows a schematic model of Mg+
absorption in the PT. The Mg?* pathway seems to
be through Mg?* channels in the lumenal membrane.
These presumed Mg>* channels may be dependent
only on lumenal Mgt concentration because Mg+
reabsorption in the PT increases in hypermagnesemia
(Wen et al. 1970a).

Cortical thick ascending limb of the loop of Henle
(cTAL)

Most filtered Mg2+ (about 50-70%) is reabsorbed
by the cTAL. The medullary TAL (mTAL) does not
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Fig. 2. Schematic model of Mg2Jr absorption in proximal tubule (PT). Little gradient exists for net transcellular Mg2Jr in the PT. This cartoon
illustrates the proposed Mg2+ transporters and other basic ion transporters of the mammalian proximal tubule.

appear to have any capacity for Mg?T reclamation
(Shareghi & Agus 1982a). Mg®* transport in the cTAL
parallels that of NaCl reabsorption and is dependent on
the lumen-positive voltage in this segment. Fractional
Mg?* reabsorption in the cTAL is as affected by vol-
ume expansion (Poujeol et al. 1976) or loop-diuretic
administration, e.g., furosemide (Quamme 1981), both
resulting in a decrease in the lumen-positive potential
across the cTAL. These findings suggest that Mg>*
transport in the cTAL is primarily passive and driven
by the electrical gradient. That is, Mg?* moves across
the cTAL through the paracellular pathway driven by
the positive lumenal voltage (Figure 3). The mainte-
nance and magnitude of this positive voltage depend
on active NaCl reabsorption. As illustrated in Fig-
ure 3, obstruction of this NaCl reabsorption causes
renal Mg?t, Ca?t and Nat wasting. Mutations in
the Na-K-Cl cotransporter (NKCC2) (Simon et al.
1996a), the inwardly rectifying potassium channel
(ROMK) (Simon et al. 1996b), and a chloride chan-
nel (CLCNKB) (Simon et al. 1997) all obstruct NaCl
reabsorption. These mutations are known as Bartter’s
syndrome type 1, 2, and 3, respectively. As noted
above, loop-diuretics cause Mg+ wasting in the cTAL
by disturbing NKCC2.

Recently, positional cloning has identified a human
gene for a paracellular protein, paracellin-1 (PCLN-1)
in the TAL (Simon et al. 1999). This gene encodes

a protein of 305 amino acids with four transmem-
brane domains and intracellular N- and C-termini.
The PCLN-1 protein shows sequence and structural
similarity to members of the claudin family and has
been given the name claudin-16. Mutations in PCLN-
1 result in abnormal permeability of the paracellular
pathway leading to renal Mg?>* and Ca®>* wasting.
Howeyver, the function of PCLN-1 is unclear since the
investigators have not been able to demonstrate Mg+
transport by the recombinant protein. The suggestion
is that each/many claudin(s) may selectively regulate
paracellular permeability to various ions (Simon et al.,
1999; Van Itallie et al., 2001).

Many hormones, such as parathyroid hormone
(Kuntziger et al. 1974; Shareghi & Agus 1982a), cal-
citonin (Quamme 1980), glucagon (Bailly & Amiel
1982), arginine vasopressin (de Rouffignac et al
1983), insulin (Mandon et al. 1993), and aldosterone
(Suki er al. 1968), increase in Mg>*reabsorption by
the cTAL. The actions of these hormones are mediated
by different pathways affecting lumenal voltage and
paracellular structure.

The extracellular Ca2* sensing receptor (CaSR),
which also binds Mg®*, at physiological concentra-
tions, may play a role in Mg?* transport in the cTAL,
especially when plasma Mg?* concentration is high
(Hebert 1996; Di Stefano et al. 1997). In this con-
dition, activation of CaSR decreases NaCl absorption
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(inhibition of NKCC?2), thereby decreasing the lunem-
positive voltage, the primary driving force for Ca’*
and Mg®* transport in the cTAL. Potassium deple-
tion (Eknoyan er al. 1970; Gutsche et al. 1984;
Luke et al. 1978) and hypophosphatemia (Coburn &
Massry, 1970; Wong et al. 1980a) decrease Mg re-
absorption in the cTAL. Although changes in transcel-
lular voltage and/or paracellular structure are likely,
the Mg?™ transport mechanisms are unknown.

Distal convoluted tubule (DCT)

The DCT reabsorbs 5-10% of filtered Mg?*. This
tubule segment seems to play a primary role in deter-
mining final urinary Mg?* excretion since there is no
evidence for significant Mg?* absorption beyond the
DCT. Mg?* transport in isolated DCT segments has
not been extensively studied primarily because these
segments are very difficult to isolate. Quamme and
Dai, using Madin-Darby canine kidney (MDCK) cells
and mouse DCT cells, have reported that apical Mg>*
entry is through specific and regulated pathways that
are not shared with Ca2t, in MDCK-cells (Quamme
& Dai 1990). Mg?* entry is stimulated by hyperpo-
larization (Dai et al. 1997¢), and they have suggested
that cellular Mg?* entry in the DCT is mediated by a
Mg2+ channel (Quamme 1997). Reilly and Ellison re-
cently postulated an alternative explanation for Mg+
movement across the DCT (Reilly & Ellison 2000).
Although they do not demonstrate Mg reabsorption
under normal conditions in the DCT, they suggest that
it occurs through PCLN-1 in the DCT in the presence
of loop diuretics. Additionally, they suggest that Mg+
is secreted through PCLN-1 in Gitelman’s syndrome,
known to result in hypokalemic metabolic alkalosis,
hypomagnesemia, and hypocalciuria. These explana-
tions do not seem likely because Mgt secretion in
microperfused DCT has not been detected (Quamme
1997).

Although the mechanisms of Mg?* entry in the
DCT are not known, the most likely mechanism is
through an active transcellular pathway. Figure 4
shows a schematic model of Mg?* absorption in the
DCT where we suggest that current observations are
most compatible with Mg?* transport by a Nat/Mg>+
exchanger (NMX) at the lumen. The driving force
for such an exchanger is presumably provided from
active NaCl reabsorption through the Na™-Cl~ co-
transporter (NCC) and the amiloride-sensitive Na™
channel (ENaC). Mutations in NCC cause Gitelman’s

syndrome (Simon et al. 1996¢). Since active NaCl
reabsorption is obstructed by this mutation, NMX
function would be diminished or abolished, leading to
Mg?* wasting. When comparing Bartter’s syndrome,
patients with Gitelman’s syndrome have more severe
hypomagnesemia. The reason may the lack of any
Mg?* reabsorption beyond the DCT.

Many hormones, including parathyroid hormone
(Burnatowska et al. 1977), calcitonin (Poujeol et al.
1980), glucagon (Dai et al. 1998a), arginine vaso-
pressin (Dai et al. 1998a), insulin (Dai et al. 1999),
and aldosterone (Dai et al. 1998b) increase Mg2Jr
reabsorption in the DCT similarly to their action on
the cTAL. Essentially, the action of the hormones is
to increase active NaCl reabsorption through a cyclic
AMP-dependent pathways. Potassium depletion (Dai
et al. 1997a), hypophosphatemia (Dai et al. 1997b),
and administration of aminoglycosides, e.g., gentam-
icin, tobramycin, streptomycin, and neomycin (Kang
et al. 2000) decrease Mg>* reabsorption in the DCT,
but the mechanisms are unknown. These conditions
would obstruct a Mg?Ttransporter or diminish active
NaCl reabsorption.

Renal disease and treatment associated with Mg”*
transport

Dai and coworkers have recently reviewed several dis-
ease states associated with altered Mg+ homeostasis
in the distal nephron (Dai et al. 2001). A summary and
update of that data follows.

Diuretics

Both amiloride and its congeners (inhibitors of ENaC)
and chlorothiazides (inhibitors of NCC) can alter
Mg?* balance in the distal nephron. Amiloride ap-
pears to stimulate Mgt uptake in DCT cells through
a nifedipine-sensitive pathway (Dai et al. 1997c).
Though the mechanism of the inhibition remains un-
clear, Cefaratti, Romani and Scarpa demonstrated
blockade of a Ca’t-Mg?* exchange mechanism in
liver plasma membranes (Cefaratti et al. 1998). In
contrast the mechanism of chlorothiazide inhibition
seems to require an integrated cellular response likely
mediated by NCC.

Familial Mg** disorders

As previously discussed, mutations in NCC (SLC12A3),
NKCC2, ROMKI1, CICNKB, and PCLNT1 all give rise
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Fig. 3. Schematic model of Mg2Jr absorption in cortical thick ascending limb of Henle (cTAL). The bulk of Mg2Jr transport occurs in the
TAL. As indicated in the text and diagram, the transport appears exclusively paracellular via PCLN-1. This paracellular transport is believed
to be driven by the other indicated transporters responsible for transepithelial transport and which maintain the transepithelial, lumen positive,
potential.
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to a Mgt disorder phenotype though none of these
proteins, with the probable exception of PCLN1, are
directly involved in cellular Mg®* transport. Rather,
the effects of a defective cellular transport process on
the complex integration of cellular ion homeostasis
results in altered Mg?* homeostasis.

More directly related to Mgt transport is the
CaSR (Brown et al. 1993; Riccardi et al. 1995)
that also senses Mg?t (Bapty er al. 1998; Hebert
& Brown 1996; Riccardi et al. 1995). Mutations
of the CaSR show both activating and inactivating
properties (Hebert & Brown 1996). Specifically, in-
activating mutations of the CaSR are manifest as
familial hypocalciuric hypercalcemia or neonatal se-
vere hyperparathyroidism (Chou et al. 1995; Pollak
et al. 1993, 1994a, b). Inactivating CaSR mutations
lead to inappropriate Ca’t and Mg”* handling by
the distal tubule (Hebert 1996). Activating mutations
of the CaSR are associated with the autosomal dom-
inant form of hypoparathyroidism, presenting as an
isolated hypocalcemic hypoparathyroidism (Okazaki
et al. 1999; Pearce et al. 1996b). These activating mu-
tations are associated with subclinical but detectable
hypomagnesemia (Okazaki et al. 1999). Indeed, ex-
pression of the CaSR in HEK-293 cells directly
demonstrates that activation or inactivation of CaSR
by mutations is the cause of the pathophysiology (Bai
et al. 1996; Pearce et al. 1996a).

Other Mg** genetic links

There are several forms of altered Mg>* homeosta-
sis for which individual protein targets have not been
identified or are not clearly linked to Mg>* transport:
(a) hypomagnesemic with secondary hypocalcemia
(OMIM #602014, HOMG]1) and (b) autosomal dom-
inant, late-onset, isolated hypomagnesemia (OMIM
#154020, HOMG?2). HOMGI is autosomal recessive
and is genetically linked to 9q12-22.2 (Walder et al.
1997). These patients respond to a 20-fold increase in
dietary Mg?* intake, implicating intestinal Mg+ mal-
absorption or renal Mg?* wasting. Either possibility
suggests a defective Mg?™ transport system. However,
neither a cDNA nor a gene are currently linked to this
syndrome. In contrast, H092 was previously geneti-
cally linked to 11923, and Meij and associates recently
cloned and identified mutations in a gamma subunit
of the Na™-K* pump (FXYD2) which result in the
primary hypomagnesemia (Meij et al. 2000). These
mutations affect proper membrane trafficking. The di-
minished cellular Na* gradient in the distal tubule

is hypothesized to lead to Mg>* wasting. Recessive
forms of isolated hypomagnesemia appear to all result
from PCLN1 mutations (see OMIM#248250). The ge-
netics of Mg?* disorders is described in depth in the
article by Meij et al. in this issue.

Cardiac disorders

About 20% of the cardiac output goes to the kid-
neys, translating to ~180 l/day of renal blood flow.
Renal filtration and nephron ion transport are depen-
dent on this blood flow. That is, increased renal blood
flow increases glomerular filtration and nephron ion
transport, while decreased flow has the opposite effect
(Alpern et al. 1983; Alpern & Rector 1996). Thus,
ailments of the cardiovascular system which can af-
fect cardiac output and systemic blood flow, can also
adversely affect the kidneys.

The benefits of Mg?* supplementation in ischemic
heart disease or heart failure are well known. How-
ever, it is not known whether low intracellular free
Mg?* is a causal factor in such myocardial dysfunc-
tion. Griffiths reported that a low intracellular Mg+
concentration ([Mg2+]i) can itself cause significant
cardiomyocyte dysfunction in absence of any con-
tributing disease state(Griffiths 2000). And, hypomag-
nesemia can occur as chronic or acute manifestation
of physiological changes, pathological conditions, or
pharmacological interventions (Dai et al. 2001). Fur-
thermore, it is reported that variation in the contrac-
tile properties associated with change in extracellular
Mg+ may be effected by alteration in Ca’* tran-
sients (Nair & Nair 2000). Kh et al. indicated that
magnesium supplementation prevents blood pressure
elevation in deoxycorticosterone acetate induced hy-
pertension in rats, an effect associated with inhibition
of platelet calcium uptake and decreased intracellular
free calcium concentration(Kh et al. 2000). Decreased
intracellular Mg?* concentration may be involved in
the pathogenesis of primary hypertension. Thus, there
is an intimate interplay between the kidney and the
heart for maintaining Mg?* homeostasis in mammals.

Ions influencing Mg?t homeostasis

As indicated in the previous discussion and in the re-
view by Romani and Maguire in this issue, several ions
influence Mg>t homeostasis: Ca®t, Mg, POi_,
and H™ (pH). Additionally, water balance, i.e., vol-
ume homeostasis, also appears to regulate renal Mg+
transport.
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A. Mg?* Transport Systems: Known molecular entities
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Fig. 5. Known/Hypothesized Mg2Jr Transport Systems. A. Documented and cloned Mg27L transport systems. B. Hypothesized Mg27L
transporters based on physiological experiments. No cDNAs have been reported that encode the proposed ion transport function.

Magnesium

As observed with most ions, there is a negative
feedback system to ‘self-regulate’ ion homeostasis.
Not surprisingly, hypermagnesemia, i.e., high blood
Mg?*, increases proximal tubule Mg?T absorption
(Wen et al. 1970b). Somewhat paradoxically, this el-
evated Mg?* level also leads to reduced cTAL Mg*+
absorption. This latter phenomenon likely results from
decreased Mg?* delivery to the cTAL as a result of
the increased PT absorption. However, the limiting ef-
fect in the TAL during hypermagnesemia is basolateral
rather than lumenal membrane transport (Quamme &
Dirks 1980). Recent evidence indicates that the CaSR
may regulate this process in the cTAL (Hebert &
Brown 1996). Conversely, hypomagnesemia, i.e., low
blood Mg?*, decreases PT Mg?*+ absorption while
increasing cTAL Mg?T absorption. The mechanisms,
and proposed mechanisms, are discussed above in
Renal disease and treatment associated with Mg>+
transport.

Calcium

Hypercalcemia results increased Ca®t excretion and
Mg?* excretion, though Mg?* excretion rates are of-
ten higher (Suki 2000). This effect seems located in
the cTAL (Quamme 1982). Hypocalcemia decreases
Mg2+ excretion (Quamme & Dirks 1980). Again, the

CaSR of the cTAL is thought to mediate this regulation
(Hebert & Brown 1996; Suki 2000).

Phosphate

The major body store of Ca’* and Mg?™ is in bone as
phosphate salts. Phosphate depletion results in hyper-
magnesuria and hypercalciuria (Kreusser et al. 1978;
Sachtjen et al. 1979). A study in dogs indicates that
the transport defect is likely in the ¢TAL and DCT
(Wong et al. 1980b), perhaps also associated with the
CaSR. This process can be hormonally reversed with
PTH or by phosphate supplementation. Phosphate de-
pletion seems to directly effect DCT epithelia because
acute phosphate depletion reduces intracellular Mg+
in 30-60 min (Dai et al. 1997b).

Acid-base status

The solubility of divalent cation salts is strongly influ-
enced by solution pH. In general, Ca>t and Mg are
more soluble as the solution pH decreases.

Acidosis.

Metabolic acidosis is most often associated with de-
creased renal Mg”* absorption (Lennon & Piering
1970). Blood pH is normally 7.35-7.45. Acidosis
means that blood pH is lower than normal, e.g., 7.0—
7.3. Thus, more ionic Mg2+ is in solution, in this
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B. Mg?* Transport Systems : No molecular information
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Fig. 5. Continued.

example in the blood. From pure solution chemistry
this may be ‘perceived’ by the nephron as a systemic
increase in free blood Mg?* thereby reducing Mg+
absorption. Both acute and chronic acidosis generally
lead to Mg2+ loss in the urine (Dai et al. 2001; Lennon
& Piering 1970). This loss is partially reversed by bi-
carbonate infusion (Suki 1991). Not surprisingly, the
decreased absorption again appears associated with
the cTAL and DCT implicating a role for the CaSR. It
is also noteworthy that improperly controlled diabetes
mellitus can result in a diabetic ketoacidosis thereby
resulting in hypomagnesemia and renal Mgt wasting
(Dai et al. 2001; Husmann et al. 1997; Kelepouris &
Agus 1998).

Alkalosis.

In contrast to acidosis, alkalosis (blood pH 7.5-7.7) is
most often associated with increased Mg+ absorption
(Dai et al. 2001; Suki 1991). Wong and associates
found that this increased absorption occurred in the
presence of furosemide indicating Mg+ absorption
prior to the cTAL (Wong et al. 1986). Though in-
creased blood bicarbonate appeared to facilitate this
absorption (Suki 1991), Dai and coworkers found
that mouse DCT Mg>* transport was sensitive to
the bathing pH rather than increased bicarbonate in
particular (Dai et al. 1997c).

Water balance

Isotonic volume expansion leads to increased renal
excretion Nat, Ca®>* and Mg?T, and therefore de-
creased absorption (Massry et al. 1967b; Shareghi

& Agus 1982b). Conversely, hypotonic volume ex-
pansion increases distal Mg?T absorption implicating
an effect on TAL transepithelial voltage (Shareghi &
Agus 1982b). Antidiuretic hormone (ADH) is best
known for increasing water absorption in the distal
nephron segments. ADH also effects other nephron
segments. The action of ADH to stimulate NKCC?2 via
cyclic AMP (Imbert-Teboul et al. 1978) is hypothe-
sized to facilitate this process by increasing the cTAL
lumen positive voltage (Hall & Varney 1980; Hebert
et al. 1981, Sasaki & Imai 1980). The increased renal
Mg?* excretion due to isotonic volume expansion thus
seems to be controlled at the cTAL. Since the DCT
fine-tunes the final 5-10% of Mg+t absorption (Fig-
ure 1), increased Mg?™ from decreased cTAL Mg*+
absorption can overwhelm the DCT transport mecha-
nisms. ADH also increases Mg>* uptake in cultured
DCT cells (Dai et al. 1998a).

Molecular entities

To date, Mg”* transporter genes or cDNAs (Fig-
ure 5A) have been cloned only in bacteria (Hmiel
et al. 1989; Snavely et al. 1989) and a plant (Shaul
et al. 1999). Mammalian and teleost Mg+ trans-
port activities have been characterized. As previously
indicated, PCLN-1 mutations are genetically linked
to hypomagnesemia originating in the cTAL (Simon
et al. 1999). Though a role for PCLN-1/claudin-16
in the paracellular permeability of Mg+ was hypoth-
esized, these investigators were not able to directly



demonstrate Mg2Jr transport. Thus, no direct evidence
is currently available showing cloning or characteri-
zation of Mg?* transporter cDNAs or proteins from
mammalian tissues (Figure 5B).

Are there other proteins that can affect cellular
Mg?* transport? Recently, Tashiro and coworkers
have reported that the Nat/Ca?* antiporter NCX
can transport Mg?t and may therefore play a role
in Mngr extrusion (Tashiro et al. 2000); however,
since Mg?* concentrations in these experiments were
10-fold greater than normal, it is unclear whether
NCX physiologically acts to transport Mg?". Figure 5
shows Mg2™ transporters and channels inferred from
phenotypic characterization.

Conclusion

Recent research has certainly expanded our knowledge
of Mg?* transport in the kidney. However, detailed
knowledge and understanding of Mg+ homeostasis
in the body must await identification of specific Mg+
transporters and channels in the kidney. Such informa-
tion will undoubtedly provide new concepts of renal
Mg?* handling.

Though there are not yet molecular entities iden-
tified that directly mediate Mg?* transport, renal
Mg?* transport studies focuses on human pathophys-
iology to guide our understanding. In fact, there
are at least 10 distinct, inherited human diseases
associated with renal Mg?* handling referenced in
the Online Mendelian Inheritance in Man (OMIM)
database?. Several of these OMIM citations (numbers
602014 and 154020) have yet to be linked to specific
genes. Clearly, an active area of investigation is ge-
netic linkage of these disorders with affected kindreds
to identify the gene and cDNA associated with the
pathophysiology.

Mg?* buffering, homeostasis and transport has
emerged as directed and highly regulated as observed
with most mono- and divalent inorganic ions han-
dled by the kidney. New measurement techniques are
now being applied to Mg?* transport research, e.g.,
fluorescence, electrophysiology and DNA array tech-
nology. In particular, DNA array techniques will allow
investigators to treat cells and/or organisms with phys-
iologic manipulations that have similar Mg?" trans-
port outcomes. Comparison of such samples will allow
investigators to determine if similar genes are involved

40MIM is located at http://www3.ncbi.nlm.nih.gov/omim
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in the physiologic response. Finally, this entire process
of gene and transporter discovery will be greatly aided
by the draft of the human genome now available, as
well as the mouse and rat genomes soon to follow.

Acknowledgements

The authors are grateful to several colleagues for
discussions while preparing this manuscript. In par-
ticular, we acknowledge the Mg”* transport insights
of Drs Chrisite Cefaratti, Dorothee Giinzel, Michael
Maguire, Andrea Romani, and Antonio Scarpa. This
work was supported by a grant from the National Kid-
ney Foundation of Ohio, Inc. and a Howard Hughes
Medical Institute institutional grant to CWRU (MFR).
JS was supported by a postdoctoral fellowship from
the American Heart Association, Ohio Valley Affili-
ate.

References

Alpern RJ, Cogan MG, Rector FC, Jr. 1983 Flow dependence
of proximal tubular bicarbonate absorption. Am J Physiol 245,
F478-84.

Alpern RJ, Rector FC, Jr. 1996 Renal Acidification Mechanisms.
In Brenner BM and Recotr FC, Jr. eds. The kidney, vol. 1
Philadelphia, PA: W.B. Saunders Co.

Bai M, Quinn S, Trivedi S, Kifor O, Pearce SH, Pollak MR, Krapcho
K, Hebert SC, Brown EM. 1996 Expression and characterization
of inactivating and activating mutations in the human Ca?to-
sensing receptor. J Biol Chem 271, 19537-19545.

Bailly C, Amiel C. 1982 Effect of glucagon on magnesium renal
reabsorption in the rat. Pflugers Arch 392, 360-365.

Bapty BW, Dai LJ, Ritchie G, Canaff L, Hendy GN, Quamme GA.
1998 Mngr/Ca27L sensing inhibits hormone-stimulated Mg27L
uptake in mouse distal convoluted tubule cells. Am J Physiol 275,
F353-F360.

Brannan PG, Vergne-Marini P, Pak CY, Hull AR, Fordtran JS. 1976
Magnesium absorption in the human small intestine. Results in
normal subjects, patients with chronic renal disease, and patients
with absorptive hypercalciuria. J Clin Invest 57, 1412-1418.

Brenner BM, Rector FC Jr. 1996 The kidney. Philadelphia, PA: W.B.
Saunders Co.

Brown EM, Gamba G, Riccardi D, Lombardi M, Butters R, Kifor
O, Sun A, Hediger MA, Lytton J, Hebert SC. 1993 Cloning and
characterization of an extracellular Ca2+—sensing receptor from
bovine parathyroid. Nature 366, 575-580.

Burnatowska MA, Harris CA, Sutton RA, Dirks JH. 1977 Effects of
PTH and cAMP on renal handling of calcium, magnesium, and
phosphate in the hamster. Am J Physiol 233, F514-F518.

Cefaratti C, Romani A, Scarpa A. 1998 Characterization of two
Mg2+ transporters in sealed plasma membrane vesicles from rat
liver. Am J Physiol 275, C995-C1008.

Chou YH, Pollak MR, Brandi ML, Toss G, Arnqvist H, Atkinson
AB, Papapoulos SE, Marx S, Brown EM, Seidman JG et al.
1995 Mutations in the human Ca2+-sensing-receptor gene that



294

cause familial hypocalciuric hypercalcemia. Am J Hum Genet 56,
1075-1079.

Coburn JW, Massry SG. 1970 Changes in serum and urinary cal-
cium during phosphate depletion: studies on mechanisms. J Clin
Invest 49, 1073-1087.

Dai LJ, Bapty B, Ritchie G, Quamme GA. 1998a Glucagon and
arginine vasopressin stimulate Mg27L uptake in mouse distal
convoluted tubule cells. Am J Physiol 274, F328-335.

Dai LJ, Friedman PA, Quamme GA. 1997a Cellular mechanisms of
chlorothiazide and cellular potassium depletion on Mg27L uptake
in mouse distal convoluted tubule cells. Kidney Int 51, 1008—
1017.

Dai LJ, Friedman PA, Quamme GA. 1997b Phosphate depletion di-
minishes Mg2Jr uptake in mouse distal convoluted tubule cells.
Kidney Int 51, 1710-1718.

Dai LJ, Raymond L, Friedman PA, Quamme GA. 1997c Mecha-
nisms of amiloride stimulation of Mg27L uptake in immortal-
ized mouse distal convoluted tubule cells. Am J Physiol 272,
F249-F256.

Dai LJ, Ritchie G, Bapty B, Quamme GA. 1998b Aldosterone po-
tentiates hormone-stimulated Mg2Jr uptake in distal convoluted
tubule cells. Am J Physiol 274, F336-F341.

Dai LJ, Ritchie G, Bapty BW, Kerstan D, Quamme GA. 1999 Insulin
stimulates Mg2+ uptake in mouse distal convoluted tubule cells.
Am J Physiol 277, FO07-F913.

Dai LJ, Ritchie G, Kerstan D, Kang HS, Cole DE, Quamme GA.
2001 Magnesium transport in the renal distal convoluted tubule.
Physiol Rev 81, 51-84.

de Rouffignac C, Corman B, Roinel N. 1983 Stimulation by antidi-
uretic hormone of electrolyte tubular reabsorption in rat kidney.
Am J Physiol 244, F156-F164.

Di Stefano A, Desfleurs E, Simeone S, Nitschke R, Wittner M. 1997
Ca?* and Mg2Jr sensor in the thick ascending limb of the loop
of Henle. Kidney Blood Press Res 20, 190-193.

Eknoyan G, Martinez-Maldonado M, Suki WN, Richie Y. 1970 Re-
nal diluting capacity in the hypokalemic rat. Am J Physiol 219,
933-937.

Griffiths EJ. 2000 Calcium handling and cell contraction in rat car-
diomyocytes depleted of intracellular magnesium. Cardiovasc
Res 47, 116-123.

Gutsche HU, Peterson LN, Levine DZ. 1984 In vivo evidence
of impaired solute transport by the thick ascending limb in
potassium-depleted rats. J Clin Invest 73, 908-916.

Hall DA, Varney DM. 1980 Effect of vasopressin on electrical
potential difference and chloride transport in mouse medullary
thick ascending limb of Henle’s loop. J Clin Invest 66, 792—802.

Hebert SC. 1996 Extracellular calcium-sensing receptor: Implica-
tions for calcium and magnesium handling in the kidney. Kidney
Int 50, 2129-2139.

Hebert SC, Brown EM. 1996 The scent of an ion: Calcium-sensing
and its roles in health and disease. Curr Opin Nephrol Hypertens
5, 45-53.

Hebert SC, Culpepper RM, Andreoli TE. 1981 NaCl transport
in mouse medullary thick ascending limbs. II. ADH enhance-
ment of transcellular NaCl cotransport; origin of transepithelial
voltage. Am J Physiol 241, F432-F442.

Hmiel SP, Snavely MD, Florer JB, Maguire ME, Miller CG. 1989
Magnesium transport in Salmonella typhimurium: Genetic char-
acterization and cloning of three magnesium transport loci. J
Bacteriol 171, 4742-4751.

Husmann MJ, Fuchs P, Truttmann AC, Laux-End R, Mullis PE, Pe-
heim E, Bianchetti MG. 1997 Extracellular magnesium depletion
in pediatric patients with insulin- dependent diabetes mellitus.
Miner Electrolyte Metab 23, 121-124.

Imbert-Teboul M, Chabardes D, Montegut M, Clique A, Morel F.
1978 Vasopressin-dependent adenylate cyclase activities in the
rat kidney medulla: Evidence for two separate sites of action.
Endocrinology 102, 1254-1261.

Kang HS, Kerstan D, Dai L, Ritchie G, Quamme GA. 2000 Amino-
glycosides inhibit hormone-stimulated Mg2+ uptake in mouse
distal convoluted tubule cells. Can J Physiol Pharmacol 78,
595-602.

Kelepouris E, Agus ZS. 1998 Hypomagnesemia: renal magnesium
handling. Semin Nephrol 18, 58-73.

Kh R, Khullar M, Kashyap M, Pandhi P, Uppal R. 2000 Effect of
oral magnesium supplementation on blood pressure, platelet ag-
gregation and calcium handling in deoxycorticosterone acetate
induced hypertension in rats. J Hypertens 18, 919-926.

Kreusser WJ, Kurokawa K, Aznar E, Sachtjen E, Massry SG. 1978
Effect of phosphate depletion on magnesium homeostasis in rats.
J Clin Invest 61, 573-581.

Kuntziger H, Amiel C, Roinel N, Morel F. 1974 Effects of parathy-
roidectomy and cyclic AMP on renal transport of phosphate,
calcium, and magnesium. Am J Physiol 227, 905-911.

Lelievre-Pegorier M, Merlet-Benichou C, Roinel N, de Rouffignac
C. 1983 Developmental pattern of water and electrolyte transport
in rat superficial nephron. Am J Physiol 245, F15-F21.

Lennon EJ, Piering WE. 1970 A comparison of the effects of
glucose ingestion and NH4CI acidosis on urinary calcium and
magnesium excretion in man. J Clin Invest 49, 1458—1465.

Luke RG, Wright FS, Fowler N, Kashgarian M, Giebisch GH. 1978
Effects of potassium depletion on renal tubular chloride transport
in the rat. Kidney Int 14, 414-427.

Mandon B, Siga E, Chabardes D, Firsov D, Roinel N, De Rouffignac
C. 1993 Insulin stimulates Nat, C1—, Ca2+, and Mg2+, trans-
port in TAL of mouse nephron: Cross-potentiation with AVP. Am
J Physiol 265, F361-F369.

Massry SG, Coburn JW, Chapman LW, Kleeman CR. 1967a Effect
of NaCl infusion on urinary Ca?* and Mg2Jr during reduction in
their filtered loads. Am J Physiol 213, 1218-1224.

Massry SG, Coburn JW, Chapman LW, Kleeman CR. 1967b Effect
of NaCl infusion on urinary Ca?* and Mg2+ during reduction in
their filtered loads. Am J Physiol 213, 1218-1224.

Meij IC, Koenderink JB, van Bokhoven H, Assink KF, Groenestege
WT, de Pont JJ, Bindels RJ, Monnens LA, van den Heuvel LP,
Knoers NV. 2000 Dominant isolated renal magnesium loss is
caused by misrouting of the Na(+),K(+)-ATPase gamma-subunit.
Nat Genet 26, 265-266.

Nair P, Nair RR. 2000 Alteration in cardiomyocyte mechanics by
suboptimal levels of extracellular magnesium. Biol Trace Elem
Res 73, 193-200.

Okazaki R, Chikatsu N, Nakatsu M, Takeuchi Y, Ajima M, Miki J,
Fujita T, Arai M, Totsuka Y, Tanaka K et al. 1999 A novel activat-
ing mutation in calcium-sensing receptor gene associated with a
family of autosomal dominant hypocalcemia. J Clin Endocrinol
Metab 84, 363-366.

Pearce SH, Bai M, Quinn SJ, Kifor O, Brown EM, Thakker RV.
1996a Functional characterization of calcium-sensing receptor
mutations expressed in human embryonic kidney cells. J Clin
Invest 98, 1860—1866.

Pearce SH, Williamson C, Kifor O, Bai M, Coulthard MG, Davies
M, Lewis-Barned N, McCredie D, Powell H, Kendall-Taylor P
etal. 1996b A familial syndrome of hypocalcemia with hypercal-
ciuria due to mutations in the calcium-sensing receptor. N Engl J
Med 335, 1115-1122.

Pollak MR, Brown EM, Chou YH, Hebert SC, Marx SJ, Stein-
mann B, Levi T, Seidman CE, Seidman JG. 1993 Mutations in
the human Ca2* -sensing receptor gene cause familial hypocal-



ciuric hypercalcemia and neonatal severe hyperparathyroidism.
Cell 75, 1297-1303.

Pollak MR, Brown EM, Estep HL, McLaine PN, Kifor O, Park J,
Hebert SC, Seidman CE, Seidman JG. 1994a Autosomal dom-
inant hypocalcaemia caused by a Ca2+—sensing receptor gene
mutation. Nat Genet 8, 303-307.

Pollak MR, Chou YH, Marx SJ, Steinmann B, Cole DE, Brandi ML,
Papapoulos SE, Menko FH, Hendy GN, Brown EM et al. 1994b
Familial hypocalciuric hypercalcemia and neonatal severe hyper-
parathyroidism. Effects of mutant gene dosage on phenotype. J
Clin Invest 93, 1108—-1112.

Poujeol P, Chabardes D, Roinel N, De Rouffignac C. 1976 Influence
of extracellular fluid volume expansion on magnesium, calcium,
and phosphate handling along the rat nephron. Pflugers Arch 365,
203-211.

Poujeol P, Touvay C, Roinel N, de Rouffignac C. 1980 Stimulation
of renal magnesium reabsorption by calcitonin in the rat. Am J
Physiol 239, F524-F532.

Quamme GA. 1981 Effect of furosemide on calcium and magne-
sium transport in the rat nephron. Am J Physiol 241, 340-347.
Quamme GA. 1980 Effect of calcitonin on calcium and magnesium

transport in rat nephron. Am J Physiol 238, E573-E578.

Quamme GA. 1982 Effect of hypercalcemia on renal tubular han-
dling of calcium and magnesium. Can J Physiol Pharmacol 60,
1275-1280.

Quamme GA. 1997 Renal magnesium handling: new insights in
understanding old problems. Kidney Int 52, 1180-1195.

Quamme GA, Dai LJ. 1990 Presence of a novel influx pathway for
Mg2+ in MDCK cells. Am J Physiol 259, C521-C525.

Quamme GA, Dirks JH. 1980 Intraluminal and contraluminal mag-
nesium on magnesium and calcium transfer in the rat nephron.
Am J Physiol 238, F187-F198.

Reilly RF, Ellison DH. 2000 Mammalian distal tubule: Physiology,
pathophysiology, and molecular anatomy. Physiol Rev 80, 277—
313.

Riccardi D, Park J, Lee WS, Gamba G, Brown EM, Hebert SC. 1995
Cloning and functional expression of a rat kidney extracellular
calcium/polyvalent cation-sensing receptor. Proc Natl Acad Sci
USA 92, 131-135.

Romani AMP, Maguire ME. 2001 Hormonal regulation of Mg2Jr
transport and homeostasis in eukaryotic cells. BioMetals, 15,
271-283.

Sachtjen E, Meyer WA, Massry SG. 1979 Evidence of magnesium
secretion during phosphate depletion in the rat. Proc Soc Exp
Biol Med 162, 416-419.

Sasaki S, Imai M. 1980 Effects of vasopressin on water and NaCl
transport across the in vitro perfused medullary thick ascending
limb of Henle’s loop of mouse, rat, and rabbit kidneys. Pflugers
Arch 383, 215-221.

Shareghi GR, Agus ZS. 1982a Magnesium transport in the cortical
thick ascending limb of Henle’s loop of the rabbit. J Clin Invest
69, 759-769.

Shareghi GR, Agus ZS. 1982b Magnesium transport in the cortical
thick ascending limb of Henle’s loop of the rabbit. J Clin Invest
69, 759-769.

Shaul O, Hilgemann DW, de-Almeida-Engler J, Van Montagu M,
Inz D, Galili G. 1999 Cloning and characterization of a novel
MgZt/H" exchanger. Embo J 18, 3973-3980.

Simon DB, Bindra RS, Mansfield TA, Nelson-Williams C, Men-
donca E, Stone R, Schurman S, Nayir A, Alpay H, Bakkaloglu
A et al. 1997 Mutations in the chloride channel gene, CLCNKB,
cause Bartter’s syndrome type III. Nat Genet 17, 171-178.

295

Simon DB, Karet FE, Hamdan JM, DiPietro A, Sanjad SA, Lifton
RP. 1996a Bartter’s syndrome, hypokalaemic alkalosis with
hypercalciuria, is caused by mutations in the Na-K-2Cl cotrans-
porter NKCC2. Nat Genet 13, 183-188.

Simon DB, Karet FE, Rodriguez-Soriano J, Hamdan JH, DiPietro
A, Trachtman H, Sanjad SA, Lifton RP. 1996b Genetic hetero-
geneity of Bartter’s syndrome revealed by mutations in the K+
channel, ROMK. Nat Genet 14, 152-156.

Simon DB, Lu Y, Choate KA, Velazquez H, Al-Sabban E, Praga
M, Casari G, Bettinelli A, Colussi G, Rodriguez-Soriano J et al.
1999 Paracellin-1, a renal tight junction protein required for
paracellular Mg27L resorption. Science 285, 103—106.

Simon DB, Nelson-Williams C, Bia MIJ, Ellison D, Karet FE,
Molina AM, Vaara I, Iwata F, Cushner HM, Koolen M et al.
1996¢ Gitelman’s variant of Bartter’s syndrome, inherited hy-
pokalaemic alkalosis, is caused by mutations in the thiazide-
sensitive Na-Cl cotransporter. Nat Genet 12, 24-30.

Snavely MD, Florer JB, Miller CG, Maguire ME. 1989 Magne-
sium transport in Salmonella typhimurium: expression of cloned
genes for three distinct Mg2+ transport systems. J Bacteriol 171,
4752-4760.

Suki WN, Schwettmann RS, Rector FCJ, Seldin DW. 1968 Effect of
chronic mineralocorticoid administration on calcium excretion in
the rat. Am J Physiol 215, 71-74.

Suki WNR. 1991 Renal transport of calcium, magnesium and
phosphorus. In renner BM and Rector FC Jr. eds. The kidney.
Philadelphia, PA: W.B. Saunders Co; Vol. 1, 380-423

Suki WNR. 2000 Renal transport of calcium, magnesium and phos-
phorus. In Brenner BM ed. The kidney. Philadelphia, PA: W.B.
Saunders Co; Vol. 1.

Tashiro M, Konishi M, Iwamoto T, Shigekawa M, Kurihara S. 2000
Transport of magnesium by two isoforms of the Nat-Ca2t
exchanger expressed in CCL39 fibroblasts. Pflugers Arch 440,
819-827.

van Itallie C, Rahner C, Anderson JM. 2001 Regulated expression of
claudin-4 decreases paracellular conductance through a selective
decrease in sodium permeability. J. Clin. Invest. 107, 1319-1327.

‘Walder RY, Shalev H, Brennan TM, Carmi R, Elbedour K, Scott DA,
Hanauer A, Mark AL, Patil S, Stone EM et al. 1997 Familial
hypomagnesemia maps to chromosome 9q, not to the X chro-
mosome: Genetic linkage mapping and analysis of a balanced
translocation breakpoint. Hum Mol Genet 6, 1491-1497.

‘Wen SF, Evanson RL, Dirks JH. 1970a Micropuncture study of renal
magnesium transport in proximal and distal tubule of the dog. Am
J Physiol 219, 570-576.

Wen SF, Evanson RL, Dirks JH. 1970b Micropuncture study of renal
magnesium transport in proximal and distal tubule of the dog. Am
J Physiol 219, 570-576.

Wong NL, Quamme GA, Dirks JH. 1986 Effects of acid-base dis-
turbances on renal handling of magnesium in the dog. Clin Sci
(Colch) 70, 277-284.

Wong NL, Quamme GA, O’Callaghan TJ, Sutton RA, Dirks JH.
1980a Renal tubular transport in phosphate depletion: A microp-
uncture study. Can J Physiol Pharmacol 58, 1063—-1071.

Wong NL, Quamme GA, O’Callaghan TJ, Sutton RA, Dirks JH.
1980b Renal tubular transport in phosphate depletion: A microp-
uncture study. Can J Physiol Pharmacol 58, 1063—-1071.

Wong NL, Quamme GA, Sutton RA, Dirks JH. 1979 Effects of
mannitol on water and electrolyte transport in the dog kidney.
J Lab Clin Med 95, 683-692.



