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Abstract

Renal tubular acidosis (RTA) represents a group of diseases characterized by: 1) a normal anion
gap metabolic acidosis; 2) abnormalities in renal HCO3™ absorption or new renal HCO3™
generation; 3) changes in renal NH,*, Ca2*, K* and H,0 homeostasis; and 4) extrarenal
manifestations that provide etiologic diagnostic clues. The focus of this review is to give a general
overview of the pathogenesis of the various clinical syndromes causing RTA with a particular
emphasis on Type | (hypoklemic distal RTA) and Type Il (proximal) RTA while reviewing their
pathogenesis from a physiological “bottom” up approach. In addition, the factors involved in the
generation of metabolic acidosis in both Types | and Il RTA are reviewed highlighting the
importance of altered renal ammonia production/partitioning and new HCO3™ generation. Our
understanding of the underlying tubular transport and extrarenal abnormalities has significantly
improved since the first recognition of RTA as a clinical entity because of significant advances in
clinical acid-base chemistry, whole tubule and single cell H*/base transport, and the molecular
characterization of the various transporters and channels that are functionally affected in patients
with RTA. Despite these advances, additional studies are needed to address the underlying
mechanisms involved in hypokalemia, altered ammonia production/partitioning, hypercalciuria,
nephrocalcinosis, cystic abnormalities, and CKD progression in these patients.
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Introduction

In 1935 in an autopsy series of 850 patients, Lightwood et al first characterized pathological
findings in 6 infants he termed “calcium infarction” of the kidneys that is considered the first
report of renal tubular acidosis with nephrocalcinosis (1). Butler described additional
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patients with acidosis and nephrocalcinosis (2). In 1946 Albright considered these patients to
have “renal acidosis resulting from tubular insufficiency” and suggested citrate be used as a
therapy (3). Studies by Elkinton and colleagues emphasized the presence of systemic
acidosis associated with a defect in urine acidification (4-6). Pines et al were first to coin the
term “renal tubular acidosis (RTA)”. Stapleton reported a patient who rather than having an
inability to generate a steep urine pH gradient, the underlying abnormality appeared to be a
defect in proximal tubule bicarbonate absorption (7). Rodriguez-Soriano and Edelmann
expanded on these findings and classified patients into having a defect either in proximal
tubular bicarbonate absorption or in distal tubule urinary acidification (8, 9). In a review
article Morris introduced the term Type | RTA for patients with distal or classic RTA, Type Il
RTA proximal RTA, and Type Il RTA designating patients with both proximal and distal
abnormalities (10). Mcsherry et al showed the transient nature of the proximal tubule defect
in certain patients with Type 111 RTA that was attributed to developmental immaturity (11).
When it became recognized subsequently that there are patients with distal RTA who are
hyperkalemic due to aldosterone deficiency in contradistinction to patients with Type | RTA
who are hypokalemic, a fourth type group called Type IV RTA or hyperkalemic distal RTA
was added to the classification schemel (12,13, 14, 15,16). It is now known that various
transport abnormalities in the distal nephron independent of aldosterone cause hyperkalemic
distal RTA (17,18).

Proximal Tubule H*/Base and Bicarbonate Transport

The various tubular transport abnormalities causing RTA syndromes impair the ability of the
kidney to maintain the blood bicarbonate concentration within the normal range.
Bicarbonate is essentially freely filtered by the glomerulus (Fig. 1), and at a plasma
concentration of 25 meg/L, assuming a glomerular filtration rate of ~180 L/day, ~4.5 Moles
of bicarbonate are filtered through the ~ 2 million glomeruli in both the kidneys in a 24-hr
period (19,20). This represents the approximate amount of bicarbonate contained in a box of
Arm & Hammer baking soda. If the filtered bicarbonate were not reabsorbed by the nephron,
in approximately 4 hrs the plasma bicarbonate would decrease to zero. It is the function of
nephron and particularly the proximal tubule to reclaim virtually all the filtered bicarbonate
load such that only a very small fraction of the filtered bicarbonate load is excreted. The
proximal tubule reclaims approximately 80% of the filtered bicarbonate load whereas the
thick ascending limb and collecting duct absorbing 15% and 5% respectively. Fig. 1 shows
the proximal tubular ‘transport machinery’ in mammals that efficiently transfers HCO3~
from the lumen to the basolateral side. It is currently thought that the majority of luminal
HCO3™ is absorbed indirectly across the apical cell membrane via the passive CO, flux that
is formed following the reaction of luminal HCO3~ with H* secreted mainly by apical NHE3
(SLCIAS) (21) and to a lesser extent by an apical vacuolar H*-ATPase (22). Recent
evidence suggests that a small amount of HCO3™ may be directly absorbed via the NBCn2
(SLC4A10) transporter (23). The luminal production of CO» is accelerated by the GPI
anchored CAIV enzyme (24). CO, flux from lumen to cell drives the reverse reaction that is
catalyzed by soluble CAII thereby regenerating H* and bicarbonate ions (25). Protons are

L}t should be noted that some authors only use the term Type IV RTA to refer to those diseases causing hyperkalemic distal RTA
caused by abnormal collecting duct aldosterone signaling.
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then recycled across the apical membrane whereas HCO3™ is absorbed across the basolateral
cell membrane via the electrogenic sodium bicarbonate cotransporter NBCel-A (SLC4A4)
(26). The basolateral membrane potential (Vg|) is the driving force for HCO3™ efflux given
that the chemical gradients for both Na* and HCO3™ are directed intracellularly and oppose
the cellular efflux of HCO3™. Vg is generated by the electrogenic basolateral Na*-K*-
ATPase coupled to a K* diffusion potential that appears to be mediated in part by basolateral
TASK2 K* channels (27).

Renal Generation of New Bicarbonate from a-ketoglutarate

In addition reclaiming the filtered bicarbonate thereby preventing its urinary excretion, the
kidney also plays a key role in counteracting the acidifying effect of metabolic H*
production from dietary metabolism (28,29). These processes generate ~ 50 meq of H* per
day (Fig. 1) that would otherwise gradually result in the titration of extracellular and
intracellular bicarbonate and non-bicarbonate buffers were it not for the renal generation of
new HCO3™ (30). In the proximal tubule cell, a-ketoglutarate derived predominantly from
glutamine is metabolized during gluconeogenesis or the Kreb’s cycle to two HCO3™ ions
(Fig. 2) (30). These new HCO3™ ions are transported by basolateral NBCel-A to the
peritubular blood compartment. New HCO3™ is also generated during the conversion of
HPO,~ to HPOy, so-called titratable acid formation that takes place in the proximal tubule
(~60%) and the collecting duct (~40%). It is important to consider that in the formation of
a-ketoglutarate from glutamine via glutamine and glutamate dehydrogenase, 2 NH4* ions
are generated (30,31)2. Were all the NH4* an equimolar quantity of newly generated
bicarbonate derived from a-ketoglutarate metabolism would be consumed in the liver in the
urea cycle where 2 NH4* + 2 HCO3~ — urea + CO, + 3 H,0 (Fig. 2) (33,34). This would
result in a futile cycle from an acid-base perspective with glutamine being converted into
urea without new HCO3™ being generated to help counter the H* produced during dietary
metabolism. In 1921 Nash and Owen showed that the kidney releases ammonia into the
systemic circulation (35). In normal humans not all NH4* generated is transferred to the
renal vein such that the concept of NH,* partitioning arose wherein ~ 60% of the NH,*
produced exits the kidney in urine and the remainder via the renal vein (Fig. 2) (36-38).
Therefore, only approximately 60% of the new bicarbonate generated from a-ketoglutarate
is available to counter daily dietary H* production; the remainder is consumed in the urea
cycle. A series of complex inter-nephron transport processes determine what percent of the
NH,4* produced predominantly in the proximal tubule will be transferred to the urine for
excretion from the body (31). As stated above new bicarbonate is also generated during the
conversion of HPO,42~ into H,PO,4~, so-called titratable acid (TA) formation (Fig. 2) that
takes place in the proximal tubule (~60%) and the collecting duct (~40%)3, 4. Given the pH

2 Another more less well known pathway whose relative importance is species dependent is the glutaminase |1 consisting of glutamine
transaminase coupled to a w-amidase which generates aketoglutarate and one NH4* such that ratio of “new” bicarbonate (from a.-
ketoglutarate metabolism) to NH4* is expected to be 2:1 (32).

The urinary excretion of a greater ratio of HoPO4~ to HPO4 than is present in blood would tend to remove H* from the systemic

circulation if there was no input of H*. However, given that ~ 50% of total urine phosphate excretion is due to the addition of HoPO4~
systemically (30), at a whole body level, this component of titratable acid excretion does not contribute in a net sense to new whole
body bicarbonate addition.

In addition to HPO4 ~, a component of TA (and therefore new HCO3)) is also generated from protonation of creatinine (pKa ~5.0)

in the collecting duct.
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of normal urine, free H* excretion cannot contribute in any significant fashion to matching
the daily metabolic H* load.

Autosomal Recessive Isolated Proximal RTA: NBCel Mutations

Proximal RTA can occur in an isolated manner on a genetic or acquired basis, and in the
context of additional proximal tubular transport, defects termed Fanconi’s syndrome.
Isolated autosomal recessive proximal RTA is caused by mutations in the SLC4A4 gene
encoding the proximal tubule basolateral HCO3™ transporter NBCel-A (39). Additional
mutations have since been described in the N-terminal and transmembrane domains that
alter function, result in misfolded proteins that are retained intracellularly, and that affect
plasma membrane targeting (40). One of the interesting missense mutations is the NBCel-A
T485S mutation in the ion coordination region of the transporter which demonstrates why
wildtype NBCel-A cannot be electroneutral (41). Wild-type NBCel-A is electrogenic
carrying a negative transport current that senses the basolateral proximal membrane potential
(VgL). The negative basolateral Vg, drives Na* and HCO3™ across the basolateral
membrane against their respective chemical gradients. The electroneutral T485S mutant fails
to sense Vg, resulting in defective bicarbonate absorption. Patients have an extra-renal
phenotype in addition to proximal RTA because the majority of mutations affect other
SLC4A4 gene transcripts (40). These extra-renal manifestations include short stature, band
keratopathy, cataracts, glaucoma, basal ganglia calcifications, migraine headaches, mental
retardation, and tooth enamel defects. This constellation of findings is diagnostic of patients
with NBCel mutations.

In all RTA syndromes whether proximal or distal, when extra-renal manifestations are
present, they provide important diagnostic clues as to the underlying etiology. In some
instances, the phenotype is not diagnostic. For example, growth retardation is not unique to
these patients and occurs in numerous diseases associated with a congenital metabolic
acidosis. Similarly, 1Q abnormalities and abnormal brain development although
characteristically seen in these patients is again not diagnostic. Calcified basal ganglia is also
detected in patients with carbonic anhydrase (CA) Il mutations (42) and is thought to result
from an increased local pH resulting in local calcium phosphate precipitation. The eye
phenotype in patients with NBCel mutations consists of band keratopathy, glaucoma and
cataracts. The mechanism for these abnormalities remain poorly understood. With regards to
band keratopathy, normal eyelid opening results in a loss of CO, that increases the pH of the
corneal tear film. We have hypothesized that NBCel (the -B variant) in corneal endothelial
cells ameliorates the increase in pH by transporting bicarbonate into the aqueous humor. In
patients with NBCel mutations, defective NBCel-B transport impairs normal corneal pH
regulation resulting in calcium phosphate precipitation (band keratopathy) in the central
cornea (the exposed region of the cornea during eyelid opening). NBCel-B is expressed in
the lens epithelium and ciliary body; the mechanism for lens cataract formation and
glaucoma in these patients, however, is not known (43). In concert with the eye findings, the
tooth enamel abnormalities are diagnostic and studies in mice have shown that NBCel is
required for normal enamel formation (44). As in other mouse models that aren’t exact
phenocopies of human disease, mice with global loss of NBCel, unlike humans, have a
severe intestinal Gl phenotype and short survival (45) suggesting that either compensatory

Aav Chronic Kidney Dis. Author manuscript; available in PMC 2019 July 01.
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mechanisms mask the phenotype, and/or NBCel plays a less important transport role in the
human Gl tract.

Brenes et al reported patients with autosomal dominant proximal RTA (46,47). These
patients differ phenotypically from patients with NBCel mutations (48). The cause of this
syndrome is currently unknown with mutations in many genes including PAT1(CFEX),
NHERF1 and NHERF2, CA 11, CA IV, CA X1V, NHE3, NHES, and NBCel, having been
ruled out (49).

Patients with mutations in CAll (Guibaud-Vainsel syndrome or marble brain disease) have a
combined proximal and distal RTA (Type |1l RTA) although the relative magnitude of
proximal and distal RTA is variable (42,50,51). Extrarenal manifestations include
osteopetrosis, increased fractures, growth abnormalities, intellectual impairment,
intracerebral calcification, and excessive bone growth resulting in conduction deafness and
optic nerve compression. Patients with CAIV mutations have a rod/cone dystrophy whereas
proximal RTA has not been described in these patients (52). Mice lacking NHE3 have a
moderate impairment in proximal tubule bicarbonate reclamation, however, mutations in
humans have not yet been described (53). Loss of the basolateral TASK2 K* channel in mice
impairs proximal tubule bicarbonate absorption likely due to decreased NBCel-A function
(27). Similar to NHE3, mutations in TASK2 have not been described in humans.
Heterotetrameric Kir4.1/Kir5.1 K* channels play an important role as a K* sensor in the
DCT (54). Mice with targeted loss of Kir5.1 have hypokalemic RTA with hypercalciuria,
decreased urine NH,4* excretion, and an acidic urine pH (55). Although the role of Kir5.1 in
the proximal tubule is unknown, the electrolyte abnormalities in these mice suggest an
additional impairment in proximal tubule HCO3~ and NH,4* production.

Diagnostically, patients with isolated proximal RTA have a normal anion gap metabolic
acidosis and are typically normokalemic prior to receiving therapy. To diagnose a proximal
tubule bicarbonate reclamation defect, sodium bicarbonate is administered (2.75% NaHCOs3
IV (4 ml/kg/hr)) with a goal of normalizing the plasma bicarbonate concentration and the
fractional excretion of bicarbonate (FEHCO3) is then measured according to: [urine HCO3
X plasma Cr / plasma HCO3 X urine Cr]. Given that proximal tubules absorb ~ 80% of the
filtered bicarbonate load (~3.6 Moles/day), a FEHCOg3 greater than 20% would imply that
there must be a proximal tubule effect®. Depending on the magnitude of the proximal defect
and whether children (during growth) versus adults are being treated, up to 10-15
meq/kg/day (children) of alkali therapy in the form of sodium citrate or a combination of
sodium and potassium citrate may be required. In general sodium citrate is administered
initially and potassium citrate can be given concomitantly if a patient becomes hypokalemic
during therapy.

Mechanism(s) of Generation of Metabolic Acidosis in Proximal RTA—The initial
loss of bicarbonate in urine following which a new steady state is reached represents the
classic and major mechanism underlying the normal anion gap metabolic acidosis in patients

6 An FEHCO3 greater than 20% cannot per se rule out a proximal tubule abnormality in combination with impaired thick ascending
limb and/or collecting duct defects.
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with proximal RTA (10). It has become increasingly apparent that a second mechanism
unrelated to urine HCO3™ loss is involved in the induction of metabolic acidosis in proximal
RTA. Although information regarding urine NH4* excretion in proximal RTA is limited,
previous studies in patients with autosomal dominant pRTA documented normal urine NH4*
excretion in the steady state but a lack of an appropriate increase in urine NH,* excretion
following NH4Cl loading (46,47). Similarly, NBCel™~ mice have decreased urine NH,*
excretion in the presence of an acidic urine pH associated with decreased phosphate-
dependent glutaminase and phosphoenolpyruvate carboxykinase expression, and increased
expression of glutamine synthetase (56,57). These findings are compatible with a defect in
proximal tubule from NH4* production from glutamine and an associated decrease in new
HCO3™ generation from a-ketoglutarate. It has been previously hypothesized that patients
with proximal RTA resulting from defective basolateral HCO3™ efflux (such as with NBCel-
A mutations) would be predicted to have an increased proximal tubule cell pH (58). Were
the proximal tubule cell mitochondrial pH also increased in this scenario, NH,* produced
from glutamine, given the pH sensitivity of glutaminase and glutamate dehydrogenase,
would be predicted to be decreased as would the generation of new HCO3™ from a-
ketoglutarate (59). Furthermore, in addition to decreased a-ketoglutarate generation from
glutamine, enhanced urinary loss of a-ketoglutarate in mice with targeted disruption of
NBCel represents a third potential mechanism for the generation of metabolic acidosis i.e.
metabolizable organic anion loss in the urine (60,61).

Thick Ascending Limb H*/base, Bicarbonate and Ammonia Transport

The loop of Henle absorbs approximately 10-20% of the filtered HCO3™ load. The major
site of active HCO3™ absorption is in the medullary and cortical thick ascending limb
(mTAL and cTAL respectively) (62). The TAL shares some of its transport properties with
the proximal tubule. Specifically, apical NHE3 plays the same role in luminal HCO3~
absorption as in the proximal tubule, with both NHE2 and a vacuolar H*-ATPase also
localized to the apical membrane (63-65). An apical K*-dependent HCO3~ transport process
opposing transepithelial HCO3™ absorption has also been described (63) in addition to K*-
dependent ATP-ase activity (67). TAL cells express various carbonic anhydrase isoforms
including cytoplasmic CAIl and XV, apical and basolateral CAIV, basolateral CAXII, and
apical CAXI1V (68). AE2 mediated anion exchange contributes to cell HCO3™ efflux and
transepithelial TAL HCO3™ absorption (69). Basolateral membrane cell HCO3™ uptake in the
mTAL is mediated in part by NBCn1, that plays a role in cellular NH3 + H* efflux and
ammonia absorption (70). A basolateral K*-dependent HCO3™ transport process has also
been reported in the rat mTAL (71). Basolateral CIC-K1 and CIC-K2 chloride channels (or
their human orthologs CLC-Ka and CLC-Kb, respectively), contribute to transcellular CI~
absorption (72). NH4* produced in the proximal tubule is transported from the lumen of the
TAL to the peritubular interstitium for subsequent secretion via RhCG and RhBG into the
collecting duct or delivery to the renal vein (31). NKCC2 and potentially ROMK transport
NH,4* across the apical membrane that possesses a very low apical membrane NH3
permeability preventing NHz backflux from cell to lumen (73). NHE1 and NHE4 are
expressed basolaterally, and NHE4 is also thought to contribute to the peritubular efflux of
NH4* (74).
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Renal Tubular Acidosis Secondary to Abnormal Thick Ascending Limb Transport and
Decreased Medullary NH4* Concentration

In humans, renal tubular acidosis attributed to defective TAL transport per se has not been
described. Mice with loss of NHE4 have normal acid-base status at baseline and lower than
control urine pH but when challenged with NH4CI, develop a normal anion gap metabolic
acidosis associated with an inability to increase NH,* and net acid excretion appropriately
(74). Loss of NHE4 function leads to decreased TAL ammonia transport, outer/inner
medulla tissue ammonia content, and predicted impaired collecting duct ammonia secretion
(74). RTA due to decreased collecting duct ammonia secretion also underlies the
abnormality in mice with medullary interstitial sulfatide (highly charged anionic
glycosphingolipids) deficiency with disruption of cerebroside sulfotransferases (Cs?) UDP-
galactose:ceramide galactosyltransferase and UDP-glucose:ceramide glucosyltransferase
(Ugcg) genes (75). In Ugcgl Cst-deficient mice at baseline blood pH and HCO3™ levels were
normal, however HCI loading induced a greater decrease in blood pH, HCO3™ concentration,
and urine pH than controls with a decreased capacity to increase urine NH,* and net acid
excretion (75). It is hypothesized that renal sulfatide-deficient mice have an impaired ability
to electrostatically maintain a high medullary concentration ammonia content. As discussed
below in more detail, the inability to generate a high medullary ammonia concentration
gradient has implications with regards to the kidney’s ability to modulate the partitioning of
ammonia between the collecting duct (urine) and renal vein (see below) at baseline and in
response to extrarenal H* loads (see below). An impaired ability to generate a high
medullary-collecting duct gradient may also play a role in a subset of patients diagnosed
with incomplete RTA (see below).

Cellular H*/base and Ammonia Transport Processes in the Distal Nephron Collecting Duct
System: Distal Convoluted Tubule (DCT); Connecting Tubule (CNT); Collecting Duct
(Cortical (CCD), Outer Medullary (OMCD) and Inner Medullary Collecting Ducts (IMCD))

Among mammalian species, heterogeneity often exists in both the expression of H*/base
transporters and the functional properties of the various nephron segments in the distal
nephron collecting duct system. The distal convoluted tubule (DCT) is the next nephron
segment after the TAL that can transport bicarbonate (76). The luminal H*/base transport
processes differ depending on the segment.

Apical H* secretion in the early DCT (DCT1) is mediated by the NHE2 Na*/H* exchanger
and H*ATPase activity (77). In the latter portion of the DCT (DCT2), both an H*-ATPase
and H*-K*-ATPase mediate H* secretion (77,78). The H*-K*- ATPase colonic variant has
also been localized to the CNT and early CCD (79,80). A third type of intercalated cell in
the CNT called non-A non-B ICs has express apical H*-ATPase and pendrin, but not
basolateral AE1 (81-84).

In the cortical collecting duct (CCD) ~ 60% of the cells are principal cells (PCs) with
approximately 40% of the cells intercalated cells (ICs) that are further subdivided into Type
A and Type B subtypes. Type A ICs absorb bicarbonate whereas Type B ICs mediate
bicarbonate secretion (85). Fig 3. shows a simplified cell model of the Type A cells which
secrete H* via apical H*- ATPase and to a lesser extent H"-K*-ATPase. Basolateral
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bicarbonate efflux is mediated predominantly by the anion exchanger AEL. In Type B ICs
apical CI7/HCO3~ exchange is mediated by pendrin (SLC26A4) and is coupled to Na*-
driven CI"/HCO3 mediated by NDCBE when transporting NaCl electroneutrally (86).
Unlike the Type A cell, the H*-ATPase is expressed diffusely in the cytoplasm and
basolateral membrane (87). Cells that don’t fit the cell models of Type A or Type B ICs have
also been described. ICs cells in the CCD (y or G cells) have been identified functionally
with basolateral Na*-independent CI-/HCO3;~ exchange (88,89). The apical transporter is
thought to be pendrin, whereas the transporter responsible for basolateral CI7/HCO3~
exchange is not known. In Type A ICs, apical KBAT may function as an electrogenic CI~
extruder thereby enhancing H*-ATPase secretion and basolateral CLC-Kb CI~ channels
coupled with AE1 may mediate CI~ recycling (90). In Type B ICs, CLC-Kb CI~ channels are
expressed on the basolateral membrane and contribute to cAMP stimulatable transcellular CI
~ transport (91).

Unlike the CCD, the OMCD absorbs HCO3™ only (92). In the outer stripe portion
(OMCDyg) ~ 2/3 of the cells are PCs and 1/3 are Type A ICs (93). In the OMCD, Type A
ICs are responsible for generating the lumen positive transepithelial voltage due to
electrogenic apical H* secretion. Like Type A ICs in the CCD, these cells express
basolateral AE1 CI7/HCO3~ exchanger coupled to CI~ recycling through basolateral CI~
channels (94). Type A ICs in the OMCD also express the basolateral SLC26A7 anion
exchanger (95). These cells also have H*-K*-ATPase transport activity (96,97). Differences
in the structural and functional properties of the OMCDgg and inner stripe portion (OMCD;s)
have been documented (98-100).

The IMCD is divided anatomically into an initial (IMCD;) and terminal segment (IMCDy),
or categorized into thirds (IMCD1, IMCD,, and IMCD3) (101,102). Species and functional
differences exist where IMCD; cells in the rabbit are of a single type and resemble OMCD;jg
cells with respect to their staining positive for carbonic anhydrase and Na*-K*-ATPase
(100), whereas in rat ~ 10% of the cells are Type A ICs (101,102). Unlike Type A ICs,
IMCD cells lack staining for the H*-ATPase, AE1, and H"-K*ATPase. Basolateral base
transport is mediated by a CI7/HCO3™ exchanger (possibly AE2) (103). There is functional
evidence for a Na*/H* exchange process (104) and a HCO3~ conductive pathway of
unknown molecular identity (105).

Ammonia Production and Urine/Renal Vein Partitioning in Response to Extrarenal H*

Loads

In response to an increased systemic H* load (or HCO3™) loss that would potentially cause a
metabolic acidosis, the normal kidney responds several ways in the chronic setting to
ameliorate the changes in acid-base chemistry7. These adaptive responses include: 1)
Increased a-ketoglutarate production from glutamine associated with an up to ~10-fold
increase in NH,* production (106,107) and new HCO3™ generation in gluconeogenesis; 2)
Increased urine/renal vein NH,4* partitioning such that ~80% of renal NH4* production is
excreted in the urine (Table 1) (37); 3) Increased TA excretion and concomitant new HCO3™

7 In acute (24-h) metabolic acidosis following NH4Cl loading in humans, glutamine extraction by the kidney is not increased and the
increment in ammonia production is thought to reflect increased glycine and ornithine uptake (36).
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generation up to ~ 3-fold (107); and 4) Decreased ammonia consumption in periportal
hepatocytes (urea synthesis) with an increase in perivenous hepatocytes (glutamine
synthesis) such that HCO3™~ consumption in ureagenesis is decreased (108).

By modulating the partitioning of ammonia between the urine and renal vein the kidney can
regulate the magnitude of HCO3™ consumption in the urea cycle. In chronic extrarenal
metabolic acidosis the majority of ammonia produced in the proximal tubule and absorbed
by the TAL is transferred to the urine (Table I) (37). Collecting duct NH3 secretion is
enhanced because of an increase in TAL NH,4* transport (109) thereby increasing the
interstitial to collecting duct NH3 concentration gradient, coupled with enhanced H*
secretion by Type A intercalated cells that shifts the luminal NH4*-NH3 equilibrium towards
NH,4") (31). NH3 is secreted across the collecting duct plasma membrane via specific rhesus
(Rh) membrane proteins. In the CNT, Type A ICs, and non-A, non-B cells (110,111) express
RhBG basolaterally, whereas RhCG is expressed on both apically and basolaterally in DCT,
CNT, Type A ICs, and non-A, non-B cells (112,113). In extrarenal metabolic acidosis
increased RhCG expression in both the OMCD and IMCD ICs (114) and in the OMCDjg
increased apical RhCG expression in ICs and PCs contributes to enhanced urine
NH,*excretion and therefore altered urine/renal vein ammonia partitioning (115). Although
humans with renal tubular acidosis due to mutations in RhCG and RhBG have not been
reported, in mice various studies have established the role of RhBg and RhCg in the renal
response to extrarenal metabolic acidosis. Specifically, mice with combined collecting duct
loss RhBG/RhCG proteins have normal acid-base base parameters but following acid-
loading have a more severe metabolic acidosis than controls (116).

Type | Distal Renal Tubular Acidosis: Type A Intercalated Cell Transport Defects

The apical vacuolar H*-ATPase in Type A ICs is the predominant luminal acidification
process in the collecting duct (Fig. 3). The pump is assembled into two domains: A V,
transmembrane domain (subunits A-H) and a V1 cytoplasmic domain (ATP6V1) composed
of subunits a, ¢, ¢”, d, and (117,118). At the B/A subunit interface of the V1 domain ATP
hydrolysis occurs. In the Vo domain H* are translocated between the a- and c-ring. In 1999
Karet et al reported patients with autosomal recessive hypokalemic distal RTA and mutations
in the B1 (subunit (V1 domain)(119). Patients with B1 subunit mutations typically present in
infancy with polyuria, nephrocalcinosis, hypercalciuria, hypocitraturia, decreased urine
NH,4* excretion, an elevated urine pH, bilateral sensorineural hearing loss, and rickets or
osteomalacia (depending on the age of presentation) (Fig. 3). Subsequently additional
patients were described with autosomal recessive mutations in the a4 (ATP6VOA4) V-
ATPase subunit (Vo domain) who were initially thought to be characterized by the absence
of sensorineural hearing loss, however subsequent studies indicated that these patients can
also develop hearing abnormalities (Fig. 3) (120,121). Alkali therapy does not alter the
course of hearing loss (121,122). It has been suggested that patients with a4 mutations may
have a more severe phenotype. Interestingly, mice with loss of the a4 subunit (123,124) have
a severe metabolic acidosis unlike mice with loss of the B1 subunit due to the adaptive
increased expression of B2 subunit containing H*-ATPase transporters (125,126)8. In
addition, the a4 subunit is expressed in the proximal tubule and a4”- mice have proximal
tubule transport defects including phosphaturia and albuminuria, which thus far have not
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been reported in humans (123). The latter may be due to compensatory changes in the al
and a2 subunits (and to a lesser extent the a3 subunit) in proximal tubules of patients (128).
Proximal tubule transport defects resulting in molecular weight proteinuria, generalized
aminoaciduria, phosphaturia, and uricosuria have been documented in Type | RTA patients
including siblings with H*-ATPase B1 subunit mutations and are typically reversed
following alkali therapy (129-131).

Bicarbonate efflux across the basolateral membrane of type A ICs is mediated
predominantly by AE1 (SLC4AI) although there is evidence in mice for an additional role
for s/lc26a7 mediated anion exchange (Fig. 3). Bruce et al characterized the first patients
with autosomal dominant Type | RTA due to mutations in AE1 (132). Unlike mutations in
the H*-ATPase B1 subunit, Type | RTA caused by AE1 mutations is inherited in both an
autosomal dominant and recessive fashion In Caucasians AE1 mutations are rare and
typically inherited in an autosomal dominant fashion, whereas in Asians an autosomal
dominant inheritance is uncommon (Fig. 3) (133-135). Mutations in AE1 either cause Type
I RTA or red cell abnormalities but rarely both (136,137). The severity of the phenotype in
these patients that including age of diagnosis and severity of the metabolic acidosis,
hypokalemia, nehrocalcinosis, rickets/osteomalacia, and red cell abnormalities is greater in
patients with autosomal recessive inheritance or compound heterozygotes who are typically
diagnosed in the tropics (138). It has been hypothesized that mutations in the transporter in
the regions of the world confer a selective advantage for prevention of malaria.

HCO3™ transport in the collecting duct is sensitive to carbonic anhydrase inhibition
(92,139,140). ICs in the collecting duct in all species stain for cytoplasmic CAIll (141) with
species differences in the expression of membrane anchored CAIV (142,143). In addition to
its enzymatic role, studies in mice suggest that CAll is important for normal 1C cell
development in that in CAII"~ mice there is a loss of Type A and Type B ICs (144). As
discussed, patients with CAIl mutations have a combined proximal and distal RTA (Type 111
RTA) with a variable component of each disorder(42,50,51). Borthwick et al reported a
phenocopy of CAII deficiency with two separate and penetrant recessive disorders where the
osteopetrosis was caused by a homozygous deletion in 7C/RG1 encoding an osteoclast
specific HATPase a subunit), whereas the distal RTA was caused by a homozygous
ATP6V1BI1 mutation (145).

The Forkhead transcription factor Foxil is necessary for expression of the H*-ATPase
subunits Al, E2 and a4 in the collecting duct (146). Mice with loss of Foxil develop overt
type 1 RTA following a chronic acid load and their kidneys lack ATP6B1, AE4, as well as
Pds and AE1 (147). Enerback recently reported patients with homozygous mutations in
Foxil who have Type | RTA, normokalemia, nephrocalcinosis, medullary cystic
abnormalities and one patient had hypercalciuria (148).

8studies of urinary exosomes in controls and patients with acquired Type | RTA and A7P6V1B1 subunit mutations showed no change
in B2 subunit abundance following acute NH4Cl acid loading (127)
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Additional Mouse Models of Impaired Type A Intercalated Cell H*/Base Transport

Several additional mouse models of impaired type A IC H* secretion have been reported
which are not yet known to be involved in human disease. These include mice with loss of
KCC4 (Slc12a7) (149), slc26a790), Hensin (DMBT1)-CXCL12 complex (150), GPR4
(151,152), NBCe2 (153,154) and ATP6ap2 (155). Species differences also exist in that mice
are not necessarily exact phenocopy models of human disease. For example AE1~~ mice
have a normal anion gap metabolic acidosis with nephrocalcinosis and hypercalciuria as do
patients with AE1 mutations,; yet unlike patients, there blood K* concentration is greater
than normal and the urine NH,*/Cr ratio is not decreased (156). AE1 R607H knockin mice
(a model the human R589H mutation) have a distal acidification defect (detected following
an acid load) with reduced basolateral membrane expression of AE1 and reduced B1 apical
subunit H*ATPase expression in Type A ICs (157). Mice with loss of the basolateral KCI
cotransporter KCC4 develop a distal acidification defect and deafness (Fig. 3) (149). These
findings suggest that KCC4 in addition to CLC-Kb is coupled to AE1 in Type A ICs
membrane in contributing to basolateral membrane CI~ recycling. In mice with loss of
KCC4, it is thought that AE1 mediated HCO3™ absorption is decreased as a result of a
decreased peritubular-to-cell CI~ gradient. It is also possible that loss of KCC4 impairs
basolateral NH4* uptake from the interstitium (158). Mice with loss s/c26a7also develop a
distal acidification defect (Fig. 3) (90). These findings suggest that in the mouse s/c26a7
plays an important role in Type IC HCO3™ absorption and that loss of s/c26a7 function
cannot be compensated by AE1. The role of SLC26A7in humans has not been determined
and mutations in the transporter have not been detected. Clearly loss of AE1 transport in
patients with type | RTA cannot be compensated by SLC26A7.

Categorization of Patients with Incomplete Distal Renal Tubular Acidosis

In 1959 patients were described who have normal acid-base parameters at baseline but
following an extrarenal NH4Cl acid load, are unable to decrease their urine pH to < 5.3
(159)9. Since the original description of incomplete distal RTA it has become increasingly
apparent that these patients have findings in common that can include: 1) hypocitraturia; 2)
nephrocalcinosis; 3) renal calculi (calcium phosphate) and 4) hypercalciuria (Fig. 4) (160-
163). Skeletal abnormalities including osteopenia, osteoporosis, and growth retardation have
also been reported (162,163,165). More recently Forni Ogna et al reported that patients can
be divided into three separate groups based on the urinary pH and ammonia excretion in
response to a urine acidification challenge (Fig. 4) (166). 65% of the total patients were
unable to lower their urine pH < 5.3. 74% of these patients had a decreased urine NH,* (<
33 umole/min) whereas 17% had a normal excretion rate (> 33 umole/min). 26% of the
patients were capable of acidifying their urine normally and all had decreased NH4*
excretion. Whether the latter patients are miscategorized and have a proximal tubule NH4*
and concomitant new HCO3™ production impairment is unknown. The latter patients could
also have an abnormality in thick ascending limb to collecting duct ammonia secretion with
as yet to be documented mutations in NHE4, RhnBG/RhCG, and cerebroside
sulfotransferases.

9These findings are analogous to patients with defective free water excretion detected by a water load test, who are capable of
handling their daily water intake and are therefore not dysnatremic under basal conditions.
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Although in the majority of patients, the molecular basis of incomplete distal RTA is
unknown, carriers with a p.Phe468fsX487 mutation in A7P6V181 encoding the H*-ATPase
B1 subunit at baseline have normal systemic acid-base parameters with an inappropriately
high urine pH, hypocitraturia, and hypercalciuria individually or in combination (167). Some
heterozygotes also were unable to acidify their urine normally following acute ammonium
chloride loading and had an abnormal U-B pCO», gradient. In addition, recurrent calcium
phosphate kidney stones formers who carry a p.E161K SNP encoding the B1 H*-ATPase
subunit have incomplete distal RTA (168). Imai et al recently described a patient with a
heterozygous ATP6V0A4 gene H-ATPase a4 subunit p.S544L mutation who had
hypokalemia, normal acid-base values, CKD, an alkaline urine, and nephrocalcinosis with
an abnormal NH,4ClI acid load test, furosemide/fludrocortisone acidification test and U-B
pCO, test (169).

Mechanism of the Generation of Metabolic Acidosis in Type | Renal Tubular Acidosis

The generation of metabolic acidosis in distal RTA can be viewed as an experiment of nature
demonstrating the importance of the kidney in producing the appropriate amount of new
HCO3™ to match the daily hepatic dietary H* load and in partitioning ammonia between the
urine and renal vein appropriately to prevent excessive hepatic HCO3™ consumption in the
urea cycle. In Type | RTA two phenomena are thought to contribute: 1) decreased new
HCO3™ generation from H,PO,4~ (TA) excretion and 2) decreased urine ammonia excretion.
We have postulated that this is associated with enhanced renal vein ammonia delivery (with
concomitant HCO3™ consumption in the urea cycle) as a result of an inappropriately high pH
in the collecting duct lumen (170) (Table I). The latter effect, in our opinion, is quantitatively
the most important factor in the generation of the systemic acidemia. Similar phenomena i.e.
decreased TA excretion and shunting of urine ammonia to the renal vein resulting from an
acute increase in collecting duct luminal pH are associated with the administration of a
systemic HCO3™ load (171) or the administration of acetazolamide where urine ammonia
excretion can decrease significantly to ~ 10% of total renal production (Table I) (172). As a
compensatory response, the proximal tubule should respond (as it does following an
extrarenal H* load) by increasing glutamine utilization, NH4* and a-ketoglutarate
production and new HCO3™ generation. In addition, these patients are often chronically
hypokalemic, which is an additional stimulus for glutamine utilization, NH,* and a.-
ketoglutarate production, and new HCO3™ generation (173); responses that would tend to
decrease the severity of the systemic acidemia in any patient with metabolic acidosis. Renal
vein cannulation would be required to assess abnormal urine/renal vein ammonia
partitioning and compensatory increased total ammonia production (urine + renal vein).
Several studies have emphasized the diagnostic utility of measuring the urine anion or
osmolar gaps as an indirect assessment of the urine ammonia concentration/excretion (174—
181). It is now recognized that the direct measurement of urine ammonia is preferable
(182,183), however it should be recognized that even if one were clinically routinely able to
measure the urine ammonia concentration and excretion directly (which is still problematic
in many hospitals), one can still not determine whether a decrease in urine ammonia
excretion resulted from impaired proximal tubule ammonia production and/or abnormal
urine/renal vein ammonia partitioning. Vasuvattakul reported a method in dogs to indirectly
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assess total ammonia production (without measure renal vein ammonia delivery directly). Its
accuracy and general utility in patients is unknown (184).

Given the typical patient with hypokalemic distal RTA with abnormal urine/renal vein
ammonia partitioning and compensatory enhanced renal ammonia production (due to
metabolic acidosis and hypokalemia (Table 1) it would be expected that renal vein ammonia
delivery to the systemic circulation would be increased. Of interest, an increased blood
ammonia level has been occasionally documented in these patients compatible with
increased NH,4* delivery systemically (renal vein) that was not matched by enhanced hepatic
uptake (185-189). Whether the absolute blood ammonia level or the ratio of blood to urine
ammonia concentrations is helpful diagnostically in patients with normal anion gap
metabolic acidosis remains to be studied.

What is the diagnostic utility of assessing the urine ammonia concentration in comparison to
U-B pCO5, and/or minimal urine pH following an acidification stimulus? In reality, each of
these measurements assesses a different aspect of renal acid-base phenomenology (190). The
urine ammonia excretion reflects renal ammonia production and urine/renal vein ammonia
partitioning whereas the U-B pCO, measurement following administration of NaHCO3 IV
(2.75% 4 ml/Kg/hr) reflects the maximal quantity of H* secreted into the collecting duct
lumen at an alkaline lumen pH (191—194)10. The minimal urine pH reflects the maximal
collecting duct cell to lumen H* gradient that can be generated and maintained. The classic
NH4Cl acid load test (0.1 gm/kg po) because of its gastrointestinal side effects has been
replaced by a furosemide (40 mg) + fludrocortisone urine acidification test (1 mg) (urine pH
< 5.3 and urine ammonia excretion > 33 umole/min) (196). In mice furosemide induced
urinary acidification has been attributed to increased H* secretion by Type A ICs in the CNT
(197) and enhanced TAL NHE3 mediated apical transport (198). In humans the urinary
acidification response to furosemide can be completely abrogated by amiloride (199, 200),
which blocks Type A IC H* secretion by hyperpolarizing its apical membrane through
circular intraepithelial current flows via a direct inhibition of PC ENaC channels (201).
These findings indicate that normal ENaC activity is required for H* secretion to be
stimulated by this test.

Mechanism of Development of Hypokalemia in Distal Renal Tubular Acidosis

Gill et al first described patients with hypokalemic distal RTA whose hypokalemia was
ameliorated with sodium bicarbonate or phosphate but not sodium chloride (202). Sebastian
et al hypothesized that these patients have an associated Na* transport defect with volume
depleted leading to mineralocorticoid stimulation of collecting duct K* secretion and
showed that the associated hypokalemia is not corrected by correcting the metabolic acidosis
(203). Dafnis found that vanadate, a non-specific H*-K*-ATPAse inhibitor could induce
hypokalemia and metabolic acidosis similar to that seen in patients with classic RTA in rats
suggesting impaired H*-K*-ATPase activity in patients (204). Since that time several factors
that can potentially perturb renal K* transport in patients with metabolic acidosis that might
be playing a role in patients with hypokalemic distal RTA have been considered including:

10some patients with autosomal dominant mutations in AE1 causing mistargeting of mutated AE1 to the apical membrane have a
greater than normal U-B pCO2 that has been proposed to be due to increased HCO3™ secretion (195).
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1) Decreased proximal tubule paraceellular/transcellular NaCl transport and passive K*
absorption; 2) Impaired thick ascending limb K* absorption associated with decreased
ROMK transport; and 3) Increased Na* delivery, luminal flow and aldosterone level
enhancing collecting duct K* secretion. More recently Oguejiofor et al reported a patient
with hypokalemic distal RTA with metabolic acidosis and hypokalemia where treatment
with amiloride helped correct the electrolyte abnormalities suggesting an important role for
enhanced CNT and/or CCD K* secretion (205). Inhibition of basolateral Kir4.1/5.1 K*
channel heterotetramers by a decrease in intracellular pH would be predicted to impair NCC
activity in DCT1 and DCT2 with a concomitant increase in ENaC mediated Na* transport in
the DCT2-CNT-CCD segments (206,207). Of note, protons per se can stimulate ENaC
activity by decreasing Na* self-inhibition (208). The stimulation of ENaC activity would
lead to enhanced K* secretion. In mice with loss of the B1 subunit, it has been proposed that
dysfunction of the Type B IC rather than the Type A IC plays a key role via a paracrine
ATP/PGE, signaling mechanism in enhancing K* secretion and excretion through flow-
dependent BKCa channels and ENaC-driven ROMK channels (209). These findings would
not explain the hypokalemia found in patients with Type A IC AE1 mutations (138).

Hypercalciuria, Calcium Phosphate Stones and Nephrocalcinosis

Lemann et al (210) and Sutton et al (211) first demonstrated that the hypercalciuria observed
in acute metabolic acidosis is mediated predominantly by a change in renal tubular transport
of calcium independent of parathyroid hormone. Rodriguez-Soriano showed that the urine
calcium excretion rate varies inversely with the plasma HCO3~ concentration in patients
with Type | RTA (212). Studies by Hoenderop et al have documented the importance of the
TRPVS5 calcium channel in the DCT2-CNT portion of the distal tubule in mediating the
calciuric response to metabolic acidosis (213). Intracellular and extracellular acidification
decrease the single channel conductance and open probability of TRPV5 channels
(214,215). Moreover, the plasma membrane expression of the channel is decreased
following a decrease in extracellular pH (216,217). In mice with loss of TRPVS5, baseline
calcium excretion is significantly increased and the calciuric response to metabolic acidosis
induced by acetazolamide or NH,4ClI loading is entirely blunted (213). The presence and
magnitude of hypercalciuria in patients with nephrocalcinosis with H*-ATPase B1 and a4
subunit mutations may be dependent on the amount of dietary sodium intake (120,218,219).
The low sodium content of formula could potentially account for the absence of
hypercalciuria in some infants.

In murine animal models Ca2* has been shown to impair collecting duct water absorption by
decreasing membrane expression of AQP2 through CaSR signaling (220,221). Ca2* has
been reported to also stimulate Type A IC H* secretion in the mouse through CaSR
signaling (222). CaSR signaling appears to modulate Type B IC HCO3™ secretion (223).
Whether these factors reduce the risk of calcium stone formation in humans with
hypercalciuria is controversial (224). TRPV5~/~ mice have hypercalciuria and
hyperphosphaturia yet don’t develop kidney stones whereas TRPV5~/~ with the additional
ablation of the collecting duct specific H*-ATPase B1 subunit develop severe medullary
calcium phosphate precipitation despite polyuria (222). These finding suggest that patients
with Type | RTA lacking a normal H* secretory response are by inference more at risk for
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renal calculi formation and nephrocalcinosis. Type | RTA, unlike Type Il RTA patients, have
hypocitraturia and relatively alkaline urine in the steady state which favors calcium
phosphate stone formation whereas Type 1V RTA patients are thought to be protected against
stone formation because of decreased calcium and uric acid excretion (225,226). In treating
hypercalciuria in patients with Type | RTA we currently lack compounds that can modulate
the function and membrane expression of TRPV5 channels directly. In order to normalize
both urine citrate and calcium excretion patients are typically treated with K* citrate (1-4
meqg/kg/day) until the plasma bicarbonate increases to ~ 22 meg/l. A dose of 4 meq/kg/day
in children was shown to be sufficient for normalizing the urine calcium excretion, citrate
excretion, and elevated urinary calcium oxalate saturation but not the urinary calcium
phosphate saturation (227). Despite concurrent reductions in urinary calcium and phosphate
excretion and increased urinary citrate excretion, these changes could not counterbalance the
effect of elevated urinary pH resulting from citrate administration. If during the course of
therapy the urine pH increases > 6.5, thiazides can be started. If treated at a young age,
nephrocalcinosis can respond to therapy (218) and is histologically due to plugging of inner
medullary collecting ducts IMCD and Bellini ducts with deposits of calcium phosphate
(apatite) coupled with epithelial cell injury/loss (228).

Urinary Citrate Excretion in Type | and Type Il RTA

In patients with Type | RTA, decreased citrate excretion is thought to play a role in
nephrocalcinosis and Ca2* stone formation (227). In proximal RTA, the rate of citrate
excretion is less well documented and might be expected to differ depending on the effect on
intracellular pH of apical versus basolateral transport defects11 (58). The proximal tubule
plays a key role in absorbing the filtered citrate load reabsorption and in determining urinary
citrate excretion (229-231). Apical citrate?~ uptake coupled to 3 Na* is mediated by
NaDC-1 and metabolic acidosis increases apical NaDC-1 expression and stimulates luminal
citrate uptake (60,232-234). Basolateral citrate3~ uptake coupled to 3 Na* is mediated by
NaDC-3.

This process is also stimulated by metabolic acidosis. Patients with autosomal dominant
proximal RTA had normal urine citrate excretion despite systemic acidemia (48). It was
hypothesized that these patients had a higher proximal tubule intracellular pH than might
otherwise be expected possibly because of a basolateral HCO3™ transport defect (58).
Interestingly mice with loss of NBCel have decreased NaDC-1 and NaDC-3 expression and
low urinary citrate excretion (60) suggesting the presence of additional compensatory citrate
transport process(es). Hering-Smith et al. has characterized a Ca2*-regulated apical transport
process that is stimulated during metabolic acidosis and may play a role (235). In the steady
state prior to treatment, the low urine pH in patients with proximal RTA likely plays an
important role in preventing intratubular calcium phosphate precipitation, nephrocalcinosis,
and Ca?* stone formation.

111t would be predicted that in the generation phase of proximal RTA prior to reaching a steady state, impaired proximal tubule apical
H* secretion would lead to a decrease in intracellular pH whereas impaired basolateral HCO3™ transport would increase intracellular
pH. Given the effect of intracellular pH on citrate transport, citrate uptake would be theoretically enhanced in the former and
decreased in the latter. However, luminal pH also modulates proximal tubule citrate uptake. Moreover, the development of systemic
acidemia will tend to decrease intracellular pH. These factors make it difficult to assign predictable differences in urine citrate
excretion to specific proximal tubule transport defects.
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CKD in Type | Renal Tubular Acidosis

Although Type | RTA is generally considered a benign disease with respect to a decline in
GFR, there is increasing evidence that there is an increased frequency of CKD in Type |
RTA patients (236). The specific mechanism(s) are currently unkown. Duration of disease,
nephrocalcinosis, hypokalemia, and repeated episodes of volume depletion have been
considered as causal factors. A previous study of renal cortical and medullary biopsies that
included patients with idiopathic Type | RTA (transport defect undefined) demonstrated
glomerular, tubular, and interstitial abnormalities, and intratubular calcium phosphate
deposits suggesting that the development of CKD in these patients is multifactorial (237).
Radiologically, medullary cysts have been reported in children with Type | RTA (131) and
patients with B1 and a4 mutations can also have radiologic findings of medullary sponge
kidney (238). Whether these abnormalities and/or the severity of nephrocalcinosis alter the
progression of CKD in these patients is currently unknown.
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Bicarbonate is Freely Filtered B. Proximal Tubule Bicarbonate Reabsorption

Glomerulus Proximal Tubule Cell Blood

* ~4.5Molesiday of HCO; arefiltered HCO,

C. Net H* Added Daily to the Systemic Circulation
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Figurel.
(A) HCOg3 is freely filterable (~4.5 moles/day); (B) Proximal tubule cell bicarbonate

transport processes. In patients, CAll and NBCel mutations can inhibit transepithelial
HCO3™ absorption causing Type Il (proximal) RTA. (C) Dietary net metabolic production of
H* depletes whole body HCO3™ generating CO, which is excreted by the lungs; (D)
Schematic depiction of the equality of dietary net metabolic production of H* and new
HCO3™ produced by the kidney that had not been consumed in the urea cycle.
Approximately 60% of total new HCO3™ generation is utilized to match metabolic
production of H* production and ~40% is consumed in the urea cycle with NH,* generated
by the kidney.
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A.  New Renal HCOy Generation: a-KG* B. HCOjy is Consumed in the Urea Cycle
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Figure2.

(A) a-ketoglutarate production from glutamine in mitochondria. Each a-ketoglutarate
molecule generates 2 HCO3™ in gluconeogenesis (or the Kreb’s cycle) along with NH,*; (B)
Schematic depiction of the consumption of 2 HCO3™ and 2 NH,4* in ureagenesis; (C)
Normal partitioning of ammonia produced in the kidney between the urine (~ 60%) and the
renal vein (~40%). Of the total new HCO3™ generated by the kidney, the portion remaining
that is not consumed with NH4* during ureagenesis is available for preventing the plasma
HCOj3~ from decreasing as a resulting of dietary H* production; (D) Titratable acid (TA)
formation and excretion. Approximately 60% of TA is generated in the proximal tubule and
~ 40% is generated in the collecting duct.
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A. Simplified Model of Type A Intercalated Cell B. H*-ATPase B and a4 Subunit Mutations
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Figure 3.

cl K

(A) Type A intercalated cell H*/base transport processes; (B) Patients with H*-ATPase B1 or
a4 mutations have Type | RTA with sensorineural deficits, hypokalemia, hypercalciuria,
nephrocalcinosis and renal calculi. Bone abnormalities i.e. rickets versus osteomalacia are
age dependent; (C) AE1 mutations are more commonly inherited in an autosomal recessive
pattern with a greater frequency in the tropics. Autosomal dominant disease is less common
and less severe than patients with recessive mutations, and typically is diagnosed in
Caucasians. Patients lack sensorineural hearing abnormalities and the phenotype in general
is otherwise similar to patients with H*-ATPase subunit mutations; (D) Loss of KCC4 and
slc26a7in the mouse Type A IC cause distal acidification defects. Mutations in these

transporters in humans have not been documented.
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A Incomplete Distal RTA
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Figure 4.

Incomplete distal RTA. Patients have characteristics in common including normal acid base
status, hypocitraturia, hypercalciuria, nephrocalcinosis and renal calculi. Following
ammonium chloride loading or furosemide/fludrocortisone administration, patients with
incomplete distal RTA are unable to lower the urine pH to < 5.3 (159,196). More recently it
has been shown the patients fall into 3 categories based on their urine pH and ammonia
excretion during a furosemide/fludrocortisone test (166). The group with normal urine
acidification and defective urine ammonia excretion may involve abnormalities in NHEA4,
RhBG/RhCG, and cerebroside sulfotransferases that are known to play an important role in
ammonia transfer from the thick ascending limb to the collecting duct in the mouse.
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