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Abstract. The mutant mouse strain HPH2 (hyperphenylal-in plasma levels for that amino acid. However, in Hartnup Disor-
aninemia) was isolated after N-ethyl-N-nitrosourea (ENU) muta-der patients, this effect is much reduced and may be delaye
genesis on the basis of delayed plasma clearance of an injecté8criver 1965; Halvorsen et al. 1969; Shih et al. 1971; Tarlow et al.
load of phenylalanine. Animals homozygous for the recessivel972). These observations indirectly indicate an intestinal amin
hph2 mutation excrete elevated concentrations of many of theacid transport defect similar to that in the kidney, at least in some
neutral amino acids in the urine, while plasma concentrations opatients. Using a direct measure of transport, several investigatol
these amino acids are normal. In contrast, mutant homozygotesave reported deficient amino acid uptake by the brush border o
excrete normal levels of glucose and phosphorus. These data sUgtestinal mucosa biopsies from Hartnup patients (Shih et al. 1971
gest an amino acid transport defect in the mutant, confirmed in arlow et al. 1972). However, transport by leukocytes (Tada et al
small reduction in normalized values &fC-labeled glutamine  1966) and fibroblasts (Groth and Rosenberg, 1972) is not affectec
uptake by kidney cortex brush border membrane vesicles cyriously, the original Hartnup Disorder proband was brought
(BBMV). The hyperaminoaciduria pattern is very similar to that of {5 the attention of a physician not by urine amino acid screeninc
Hartnup Dlso_rder, a human amino aC|d_ transpo_rt_defect. A subsglor by amino acid transport deficiency, but by an apparent case ¢
of Hartnup Disorder cases also show niacin deficiency symptomebe”agra, a disease of niacin deficiency (Baron et al. 1956). The
which are thought to be multifactorially determined. Similarly, the symptoms included a photosensitive skin rash, ataxia, and “psy
HPH2 mouse exhibits a niacin-reversible syndrome that is modithqtic behavior.” Symptoms occurred despite apparent norma

fied by diet and by genetic background. Thus, HPH2 provides Yietal o ; ; g

; . ry niacin intake, yet disappeared following niacin therapy.
candidate mouse model for the study of Hartnup Disorder, ang,,coqent examination of urinary amino acids revealed the strik
amino acid transport deficiency and a multifactorial disease in theTng hyperaminoaciduria. Other patients presenting with similar

human. niacin-deficiency symptoms (despite apparently normal dietary
niacin intake) were found to have the same amino acid profile in
the urine (Scriver 1965; Nielsen et al. 1966; Pomeroy et al. 1968
Introduction Seakins, 1977). Thus, Hartnup Disorder was considered a rar

disease characterized by hyperaminoaciduria and niacin deficienc

Hartnup Disorder is an autosomal recessive human condition iders,, . »soms. With the advent of prospective urine amino acid
tified by a characteristic hyperaminoaciduria (Levy 1995; Baron e(iy P ' prosp

) . creening, however, it has become clear that the Hartnup amin

f"‘l‘ 1956) th?‘t occ_udrs atafreq\tljveln(l:(y of ?ppl)rcig%gtel_ly 1. In 40’t00I cid transport defect is usually benign (Wilcken et al. 1977;
nggbﬁea:/mlgggasc)l ATt?wrc?San\ IEidrlwce e:rrfing écid trénsngretuﬁ(az n‘"’:)'Scriver et al. 1987; Lemieux et al. 1988), and the majority of those
) Levy : 9 Y ' P identified by urine amino acid screening never display the symp-
been directly assessed, plasma amino acid levels are usually nar-

mal, indicating a transport defect in the kidney tubule. The patternom§ ?;ptzl:ﬁg;i.and asvmptomatic cases of Hartnup Disorder ca
of hyperaminoaciduria sets Harthup Disorder apart from other ymptom 0 asymp - rartnup
Eccur in siblings with similar hyperaminoacidurias (Baron et al.

known amino acid transport deficiencies. For example, in contras N . .

to diseases such as cysinuria (Segal and Thier 1995), lysinurig> 20" Nlels(,jen ?lt al. 1966’15291%:0)’ etal. 1968d).tﬁctr|\|i|er§1988%_an(

protein intolerance (Simell 1995), or familial aminoglycinuria Criver and cofleagues .( ) have proposed that Hartnup LISol
der is a single gene disorder, but a multigene disease. Thus,

(Chesney 1995), in which only a few structurally similar amino ~. | . tation | . idt i ible f
acids are affected, Hartnup Disorder affects the transport of a larg [Ngie recessive mutalion in amino acid transport IS responsivle 19
the hyperaminoaciduria but is not sufficient to cause a diseas

number of neutral amino acids. : ; ; > ;
The diagnostic hyperaminoaciduria is the only consistent eleState. Therefore, multiple loci determine whether an individual is
sensitive to the environmental stimuli that trigger symptoms.

ment of a complex and variable phenotype (Baron et al. 1956; h X 4 .
Scriver 1965; reviewed by Levy 1995). Fecal amino acid levels are ,_ A Study of Hartnup Disorder involves understanding the physi-
elevated in some (Scriver 1965; Pomeroy et al. 1968), but not aﬁ)logy ar!d genetics of amino acid transport as well as t.he genetl
(Shih et al. 1971) patients Further indole compounds‘ seconda d environmental determinants resulting in the transition from &
metabolites of excess tryptophan (éhaw et al. 1960; Aéatoor et _ealth_y toa pathologic state. An a”'.ma' model v_vould allow such
p [hvestigations under controlled conditions of environment and ge:

1 re found in the urine, plasm nd f f som ients. . . ,
963), are found in the urine, plasma, and feces of some patient etic background. Among several recessive mutations in the

Normally, oral amino acid challenge results in a transient increas® . .
mouse, isolated on the basis of delayed clearance of a phenylal

_— nine challenge (McDonald and Bode 1988; McDonald et al. 1990;
Correspondence tow.F. Dove Shedlovsky et al. 1993), one is defective in amino acid transpor
* Present addressLawrence Berkeley Laboratory, Berkeley, California and provides a possible model for Hartnup Disorder. Genetic
94720 analysis of this mutant, HPH2, is described in the accompanyin
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paper (Symula et al. 1996). Here we describe the mutant phen®ver a prewetted 0.6pm Millipore filter (DAWP). The filter was washed
type and its similarity to Hartnup Disorder. with an additional 4 ml of stop solution and placed in 5 ml of scintillation
fluid. The isotope retained on the filter was determined by scintillation
spectrometry. Nonspecific binding of isotope to the filter was determined
by addition of stop solution directly to the radioisotope solution, followed
by washing and filtration steps described above. This background wa:
subtracted from the total activity for each uptake experiment.
Animals. The HPH2 mutant was isolated as described in McDonald and ~ Glutamine uptake experiments in which sodium was included in the
associates (1990). Mice were bred and maintained by standard methods igicubation solution were designed to measure active uptake via sodiurn
mouse husbandry (Les, 1966). All mice were bred and maintained oramino acid symport (Evers et al. 1976; Reizer et al. 1994). Uptake in the
Purina 5001 feed containing niacin at 95 ppm (Purina Mills, Richmond,absence of a sodium gradientoccurs by sodium-independent mechanisn
Ind.) or, where noted, Harlan Teklad Breeder Blox containing niacin at 67which are generally passive (Oxender and Christensen 1963; Mircheff et a
ppm (Harlan Teklad, Madison, Wis.). HPH2 mice were congenic on BTBR1982; Christensen 1990). Sodium-dependent and passive uptake were me
(N = 13). The (SWR x BTBRhph2 + F, x BTBR-hph2hph2cross is sured in each vesicle preparation with the same preequilibration solution
described elsewhere (Symula et al. 1996). and assay procedure.
Vesicles used to determime[*H]glucose space were preequilibrated in

. . . ) ) 60 mv HEPES, 30 mn KOH, 100 nm potassium gluconate, 100nvm
Amino acid profiles.Urine was collected by massaging the bladder p-mannitol (pH 7.55). Eighty microliters of vesicle suspension were mixed
contents in a petri dish. Samples were pipetted into 1.5-ml microfuge tubegjith 80 .l of the same solution (without vesicles) containing 3,86
(Brinkmann, Westbury, N.Y.) and stored at —20°C. Blood (200800  p-[3H]glucose (final glucose concentration 1.681) and incubated over-
collected from the retro-orbital sinus, was centrifuged in 1.5-ml microfugenight at 4°C. Twenty-microliter samples were subjected to the same rapi
tubes at approximately 70@ffor 1 min. Plasma was drawn off and stored filtration and washing as described above. Preequilibration solution wa

at —20°C. These samples were collected at standardized times of the daysed as a stop solution. All assays were performed at least in triplicate fc
between 3 and 6.m. Amino acids were quantitated with a Beckman 6300 each experiment.

Automated Amino Acid Analyzer by the method of Slocum and Cummings
(1991).

Materials and methods

Data analysis and statisticData are presented as the average (+1

. standard deviation), except for the glutamine uptake andHNaantiporter

Glucose and phosphorusilucose was determined by procedure 16- experiments. In each experiment, glutamine uptake arid-Naantiporter-
UV (Sigma Diagnostics, St. Louis, Mo.). Samples were collected at apdependent Nauptake are expressed as the uptake at each time poin
proximately 3p.m. Phosphorus determinations were performed accordingnormalized to the average of the multiple uptake determinations for tha
to the Sigma Diagnostics procedure 670-A. Mice were starved overnighfenotype a1 h of incubation. The averages of these normalized uptake

and samples collected at approximatelyAl. the next day. Both mea-  vajyes (+1 standard deviation) are presented. Data were compared by u
surements were normalized to plasma and urine creatinine levels, as dgf the unpaired Student's t-test.

termined by Sigma Diagnostics procedure 555-A.

Effect of B vitamins on wastingvice undergoing wasting were given Results

an intramuscular injection in the abductor muscle of the thigh of vitamin at

the following concentrations: cyanocobalamin agagmi; niacinamide at  jochemical screeningPreliminary experiments suggested that
2 mg/ml; riboflavin at 2_mg/ml; thiamine at 12.5 mg/ml in ‘dIStllled water the delay in phenylalanine clearance in HPH2 mice was not due t
o fOIa.te at 0.5 mg/ml in I NaHCO, Dose was determined by body a defect in phenylalanine catabolism (McDonald and Bode 1988
weight: animals Wel_g_hmg less than 2(_) g received 0.05_ ml, with 0.05 mIM D Id et al. 1990° Shedl kv et al. 1993 dat t sh
more for every additioda5 g body weight. Each experiment employed 'vicPonaid et al. » ohedlovsky et al. ; data not shown)
three to four mutant and wild-type mice. For assessment of whether the mutant was defective in amino ac
transport, plasma and urine amino acids from mutant and non
mutant mice were quantitated. The concentrations of plasma amin

; acids were similar between the two groups, but the levels of mos
(BBMV) were prepared by the method of Guillery and colleagues (1994). . S - . '
For each preparation, 5-10 animals were sacrificed by cervical dislocatiorpElJtraI amino aC|_ds In urine were greatly ele_vated in the_ mutant
kidneys were pooled and stored in ice-cold KHM buffer (8@ HEPES, (Table 1). In p?rt'cu!ar' histidine and glmam'nE/aSparag'ne Were
40 mv KOH, 150 mv p-mannitol, pH 7.5). All subsequent manipulations about 20-fold higher in the mutants than in the non-mutants; threo
were carried out at 4°C or on ice. A portion of the final membrane vesiclenine, 10-fold higher; alanine, arginine, and serine, 6- to 7-fold
suspension was stored at —70°C and used later to determine membrahégher. The levels of glycine, methionine, leucine, tyrosine, and
purity. The remainder was divided into two portions that were preequili- phenylalanine were elevated 3- to 5-fold, and those of valine
brated in the appropriate solutions overnight. Enrichment for brush bordegystine, tryptophan, lysine, and hydroxyproline 2- to 3-fold. Pro-
membrane was judged by gamma-glutamyl transpeptidp€ETP) activ-  |ine and citrulline were present in mutant urine but not detected ir
ity (George and Kenny 1973; Sigma Diagnostics Procedure 545-A), anq,,ma| yrine. The concentrations of all other amino acids were
ranged from 9- to 14-fold. The mutantGTP specific activity averaged :

unaffected or elevated less than 2-fold.

one-half that of wild type. Basolateral membrane contamination was ex- | d uri : f al d oh h
amined by assaying NA&C*-ATPase activity (George and Kenny 1973). Plasma and urine concentrations of glucose and phosphort

The ratio of final to initial ouabain-sensitive ATPase activity varied from Were determined for mutant and wild-type mice (three animals
approximately 1.5 to 5 (Forbush 1983), with mutant membrane usuallyeach). Glucose concentrations in both urine and plasma were no
higher (data not shown). Protein content, determined by the method ofnal, but fractional excretion of phosphorus was slightly lower in
Lowry and coworkers (1951) as modified by Peterson (1977), ranged fronthe mutant than in wild type (0.34 vs. 0.47) (p < 0.05; Student’s
8 to 20 mg/ml. t-test).

Vesicle preparationRenal cortical microvillus membrane vesicles

Uptake assaysAfter overnight preequilibration, uptake of radiolabeled Amino acid transport in mutant kidneylhe results of amino acid,

isotopes into the membrane vesicles was assayed by a rapid ﬁltratioalucose and phosphorus screenina all suggested a specific de
technique (Aronson and Sactor, 1975) at 20°C for the glutamine experi<. J Phosp! g ggeste pectl
ments and at 37°C for the Nd* antiporter experiments. The composi- ciency in amino acid transport in the mutant kidney. A direct

tions of the preequilibration and incubation solutions are described in thén€@sure of this activity was obtained by following the uptake of

figure legends. radiolabeled glutamine in BBMV of mutant and wild-type mice.
Transport was terminated by the addition of 2 ml of ice-cold stop Glutamine uptake (Fig. 1a) is presented as the amount of radioa

solution at precisely timed intervals. The entire mixture was then pouredivity at each time point normalized to that at 1 h, when the sodium
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Table 1. Urine and plasma amino acid levels. Amino acid level is given as mmol amino acid/g creatinine; each value
is the average (standard deviation) of four mutant and five non-mutant animals for urine, and four mutant and three
non-mutant animals for plasma.

Urine Plasma
Amino mut./ mut./
acid mutant non-mutant non-mut. mutant non-mutant non-mut.
His 1.91(1.15) 0.09 (0.02) 21.2 44.6 (23.7) 48.9 (26.8) 0.91
gln/asn 9.22 (4.68) 0.51(0.12) 18.1 396.2 (154.7) 367.7 (160.9) 1.08
thr 2.45 (1.46) 0.25 (0.10) 9.8 72.9 (50.0) 76.6 (34.4) 0.95
ala 2.18(0.92) 0.31 (0.05) 7.0 196.2 (107.7) 210.3 (105.4) 0.93
arg 0.34 (0.15) 0.05 (0.05) 6.8 50.8 (41.0) 63.1(38.7) 0.81
ser 1.20(0.47) 0.20 (0.10) 6.0 78.5(50.1) 69.1(38.3) 1.14
cit 2.12 (1.48) 0.00 — 56.7 (15.4) 67.2(33.3) 0.84
pro 0.11 (0.06) 0.00 — 54.7 (24.6) 57.5(25.2) 0.95
met 0.46 (0.25) 0.11 (0.03) 4.2 37.6 (18.6) 39.3(18.3) 0.96
phe 0.18 (0.06) 0.05 (0.01) 3.6 46.9 (20.0) 49.0 (24.6) 0.96
tyr 0.64 (0.29) 0.19 (0.02) 3.4 35.4 (16.9) 49.1 (25.0) 0.72
3-me-his 0.20 (0.19) 0.06 (0.03) 3.3 0.0 0.6 (0.24) —
gly 1.80 (1.52) 0.57 (0.09) 3.2 110.7 (89.4) 133.7 (80.1) 0.83
leu 1.09 (0.32) 0.34 (0.09) 3.2 87.5 (56.5) 88.6 (44.8) 0.99
lys 0.58 (0.30) 0.20 (0.07) 2.9 205.5(118.4) 223.6 (73.4) 0.92
Cys 0.63 (0.36) 0.26 (0.10) 24 4.9 (1.0) 6.4 (2.8) 0.77
trp 0.11 (0.07) 0.05 (0.02) 21 46.8 (23.0) 43.2 (16.1) 1.08
OH-pro 0.17 (0.13) 0.08 (0.05) 21 20.6 (6.3) 19.4 (21.4) 1.06
1-me-his 0.10 (0.03) 0.01 (0.02) 2.0 0.0 0.0 —
val 0.18 (0.05) 0.09 (0.04) 2.0 107.5(73.2) 113.1 (50.2) 0.95
bala 0.29 (0.18) 0.16 (0.06) 1.8 0.0 0.0 —
ile 0.26 (0.18) 0.15 (0.02) 17 57.8 (37.9) 64.8 (32.7) 0.89
orn 0.48 (0.14) 0.33(0.08) 15 51.1(22.0) 13.0 (25.7) 3.93
asp 0.15 (0.04) 0.10 (0.05) 15 7.0 (3.8) 7.9 (5.0) 0.88
glu 0.03 (0.06) 0.09 (0.02) 1.4 27.5(9.9) 29.6 (16.0) 0.93
tau 4.12 (2.2) 6.03 (0.87) 0.7 353.8 (51.9) 367.6 (168.6) 0.96

and amino glutamine gradients have equilibrated. When sodiundisplays a “wasting syndrome” characterized by weight loss and
was more concentrated outside the vesicle than inside, both mutadtarrhea. Within several weeks these animals die unless returned
and wild-type vesicles initially accumulated more glutamine thanthe permissive feed before becoming moribund. This phenotype i
at equilibrium (1 h) (Fig. 1a, upper two curves). This overshoot isfully penetrant in the BTBR congenic strain but varies in time of
indicative of transporter-mediated uptake (Heinz and Weinsteironset from 2 to 40 weeks, within an average of 12 (data no
1984). Wild-type vesicles concentrated glutamine more than dicshown).

mutants for the first minute of incubation. By contrast, without a A protocol was developed to determine whether the wasting
sodium gradient (Fig. 1a, lower two curves), no overshoot ocsyndrome was reversed by niacin. Homozygous and heterozygot
curred and there was no difference in uptake between the tWgnhytant mice were maintained on the permissive feed until they
genotypes. Similar but less dramatic results were found when alayere several months old and then switched to the restrictive feec
nine was used as substrate (data not shown). Sodium-dependefyf mice were weighed twice weekly, beginning 4—6 weeks before
alanine uptake was greater in wild-type than mutant vesicleghe change in diet. Wasting was defined as loss of more than 10
through 30 s of incubatiorp(= 0.05 at 5 s). By contrast, in the  of the maximum weight attained after switching to the restrictive
absence of a sodium gradient there was neither an overshoot Nok&eq. When wasting had begun, mice were given an intramusculz

difference between genotypes. injection of niacin, riboflavin, folate, thiamine, or cyanocobalamin

The zpf)cificri]t)gof(;hese effects was qemcr)]nfﬂt}zaﬁted in assays foigee Materials and methods). Non-mutant controls were treated
a second brush border transport activity, the'/Na antiporter. g5 imes. Reversal of wasting was defined as weight gair

Here, ?>Na" uptake is driven by an outwardly directed proton .. . - o
o . . . within 7 days after injection. It was found that only niacin could
gra_dlent through N&H" exchange EKlns_eIIa and Aronsc_Jn 1980; reverse the wasting syndrome (Fig. 2), and it had no significan
Guillery et al. 1994). Although N#@H™ antiporter assays displayed . ;
the expected overshoot, peaking at 15 s (Fig. 1b), there was n%ﬁeCt on the weight of non-mutant mice.
P P 9 9 ' The niacin deficiency symptoms associated with Hartnup Dis-

gg:)egr?ggr?t E[gtl\jﬁ:ce_the two genotypes in "N antiporter- order are thogght to be influenced by_gen_etic background. The_re
Vesicle size was measured as intravesicugPH]glucose I)Onreét(?i?f::i;ﬁtt'n%%ggrg?&vﬁiﬁgi@mﬂ?gl?:trglu tiggzgoilé\clsgli
space. Mutant vesicles averaged 2.15 (+0,1ing protein, and BTBR)F. femgles carryin gthe muta){tion were 'backcr'ossed to
wild type averaged 1.90 (+0.14)l/mg protein, indicating no sig- 1 ying ; . -
nificant difference, between the two genotypps< 0.17) BTBR mutant males. Homozygotes were identified phenotypically
' e by phenylalanine clearance and genotypically by homozygosity fol
the BTBR allele of D7Nds4,a marker closely linked tdph2
HPH2 as a model of Hartnup Disordein addition to the urine  (Symula et al. 1996). It was found that mutants from this backcros:
amino acid profile, the most distinctive phenotype associated wittpopulation, carrying alleles from the SWR strain, developed wast
Hartnup Disorder is a niacin deficiency displayed by some pading at a slower rate than those on the inbred BTBR backgrounc
tients. We had observed that HPH2 mice fail to thrive under certair(Fig. 3): an average of 205 days (E905 days) in the backcross
dietary conditions. When maintained on the Purina 5001 (permisand 82 days (13-282 days) in the inbred backgrounds. Thus, th
sive) diet, homozygous mutants appear normal, despite the amimmnset of wasting in the former class was significantly slower than
acid transport defect and associated hyperaminoaciduria. By corhat of the latter § = 1.2 x 10>, Wilcoxon Rank Sum Test).
trast, on the Teklad Breeder Blox (restrictive) diet, the mutantNotably, one of the 16 backcross mutants failed to develop wastin
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-4 3 2 -1 0 1 2 3
0.00 ; } ¢ ; i : t b // { .
0 15 30 45 60 75 90 105 120 1 hour Time (weeks)
Time (sec) Fig. 2. Effect of niacin on wasting. Weights were normalized to the maxi-
2.50- mum weight of each mouse with the formula: 1-[ (max — wejgimax].
Weight is the weight recorded at time t. Maximum weight for each animal
was that recorded after the diet change but before the onset of wastin
2.00 Time zero marks the onset of wasting as well as initiation of treatments
£ Since individual animals varied in the time at which wasting began, the
H curves have been aligned to permit comparisons. Each data point is th
§ 1,50 average of normalized weight. All animals were 3-4 months old at the star
< of the experiment. Intramuscular injections of niacin were given at
] // weighted doses (see Materials and methodsy}. 4 for the mutants and n
2 1.0 \§ = 3 for wild type.
5
& 050 are present in the urine of the mutant but not the wild type. Finally,
| the acidic amino acids, glutamate and aspartate, as well as orn
W hph2/hph2 thine, isoleucine, and the beta-amino adidalanine and taurine,
0.00 ; ; ; ; // N are relatively unaffected.
0 15 30 45 60 1 hour Despite these similarities, the amino acid profile of HPH2
Time (sec) urine differs from that of the typical Hartnup patient. In general,

Fig. 1. Glutamine and Nauptake by BBMV from mutant and wild type.  fOr & given amino acid, excretion by HPH2 mice is less extreme
Vesicle suspensions from cortical tissue were pooled from 5 to 10 animalghan that seen in Hartnup Disorder. In particular, tryptophan anc
of each genotype. Error bars represent one standard deviation. Note that thee branched chain amino acids are only moderately affected in th
X-axis is not continuous, and uptake at time zero has been extrapolated tmouse mutant, but are greatly affected in Hartnup Disorder (Baror
zero on the Y-axisa) Vesicles were preequilibrated in a solution of 20mM et al. 1956; Levy 1995). Conversely, arginine is among the aminc
HEPES, 100 m KCI, and 100 nm p-mannitol (pH 7.4). To measure acids most elevated in HPH2 urine, but is less affected than th
sodium-dependent uptake fC-glutamine (squares), 10l of vesicle e\ tra] amino acids in Hartnup Disorder patients (Shih et al. 1971
suspension was mixed with 40 of incubation solution composed of 20 Seakins 1977). Indeed, elevated cationic amino acids are not col

mm HEPES, 100 m p-mannitol, and 100 m NacCl, as well as 62.pMm . . . - ) .
glutamine (pH 7.4, final glutamine concentratiens0 um, final Na© — 80 sidered part of the Hartnup urine amino acid profile for this reasor

mwm). The same buffer was used to assay passive diffusion (circles), excegEVers 1956; Shih et al. 1971; Seakins 1977). _
that NaCl was replaced with 100MrKCl. Stop solution contained 20w These discrepancies between the HPH2 and Hartnup urin
HEPES, 100 m p-mannitol, and 100 m KCI (pH 7.4). Each data point amino acid profiles could arise from differences in experimental
is the average of four experiments, expressed as the ratio of radioactivity
at the indicated time to that at equilibrium (1 Hj) Vesicles were pre-
equilibrated in a solution composed of 8(nVES, 40 mu KOH, 50 mv
potassium gluconate, and 1004m-mannitol (pH 6.10). Uptake o’Na* 0.9
as in parta) with an incubation solution containing S6mHEPES, 16 m
K*, 50 mv gluconate, 103.2 m p-mannitol, and 5Qum NaCl (pH 7.76). 081
Stop solution was 10 mHEPES and 154 m LiCl (pH 7.50). Each data 074
point is the average of three experiments expressed as the ratio of timg
indicated to that at 1 h. T 067

1.0

0.5

ion heal

for over one year, at which time the experiment was terminateds
The mutant HPH phenotype of this mouse was confirmed by
phenylalanine clearance assay at the end of the experiment.

cti

0.4 4

rai

#

0.3

0.2 4

Discussion 0.1
0 +—F—F—F+—+—F+—+—F——+

The hyperaminoaciduria profile of HPH2 mice is similar to that 0 30 60 90 120 150 180 210 240 270 300 330 360 390

characteristic of Hartnup Disorder (Baron et al. 1956; Seakins Time after switch (days)

1977 S_crlver et "?"- 198.7; Levy_ :!'995): h'St'd!ne‘ glutamine/ Fig. 3. Effect of genetic background on the wasting syndrome. Data are

asparagine, threonine, serine, arginine, and alanine are elevated pasented as the fraction of mutants not undergoing wasting, at each ti

to 20-fold, while most of the other neutral alpha-amino acids asyoint, for each background tested. Squares indicate inbred BTBR; circle

well as hydroxyproline, glycine, and lysine are elevated to a lesseindicate outbred mutants. # 16 SWR/J backcross; & 36 BTBR con-

extent. A high concentration of citrulline and a low level of proline genic.
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were performed at room temperature, it is possible that a temper:
method or diet. The Hartnup aminoaciduria is determined in uringure closer to that found in vivo would have increased the differ-
collected over a 24-hour period or by calculation of renal clearanc&nce between the two genotypes.
rates (Tarlow et al. 1972; Shih et al. 1971; Levy 1995). By con-  Kidney brush border amino acid transport has not been exam
trast, the mouse profile presented in Table 1 was obtained from gned in Hartnup Disorder. However, some patients display a defec
single sample for each animal, collected at a standard time of dayn transport at the analogous intestinal brush border (Shih et a
Excretion over the course of the day may vary, and it is possiblel971). Interestingly, the intestinal defect also affects transport o
that in the mouse mutant a 24-hour average excretion would mortysine and glycine (Shih et al. 1971), two amino acids not normally
closely resemble that of Harthup Disorder. associated with the Hartnup urine profile. A similar defect in the

If the HPH2 mouse strain is indeed a homolog of human Hart-kidney may be masked by compensating transporters.

nup families, non-conserved genetic factors might explain the dif-
ferences in phenotype, beyond the dietary and technical factorﬁ/
discussed above. For example, the wild-type gene products of th.s?1
two species, though homologous, could differ in detailed specific-Di
ity factors. Further, théaph2 mutant allele studied here might not
match any of the Hartnup family alleles. Finally, the set of com-

asting. The weight loss and diarrhea, reported here in the mous
utant, and the pellagra-like symptoms associated with Hartnu
sorder (Levy, 1995) appear to have a common basis and thu
strengthen the resemblance of the mutant to Hartnup Disorde
: . ) ... When switched from a permissive to a restrictive diet, homozy-
pensatory systems directed by separate genetic loci may dlffeg'.jous mutant mice begin wasting syndrome that can be reversed t
between the mouse and the human. o : A

niacin. [By contrast, a wasting syndrome in mice homozygous for

By contrast, we must also consider the possibility that the : : :
L . ; a targeted disruption of the hepatic nuclear factor 1 gétdl)
HPH2 mouse strain is not a genetic homolog of Hartnup Disorde. ., ooy s1ained by glucose loss (Pontoglio et al. 1996) ]. Furthel
but is affected in a gene with a similar role in amino acid transport

As discussed below, this question must be addressed first by gWe have presented evidence for an effect of genetic background c

nomic homol nd ultimatelv by molecular identification of th §he wasting syndrome. On a hybrid background, mutants were les
omic homaology and ulimately by molecular identification ot the likely to develop diarrhea in conjunction with weight loss (data not
hph2and Hartnup genes.

; 4 . S . shown), and the time of onset was considerably delayed relative t
High concentrations of amino acids in urine, but not plasma,,. . :
indicate a defect in kidney tubule transport (Silbernagl, 1992 the inbred BTBR mutants.
which mav be specific f0|}/ amino acids por m(ore engr,al as 31’ Taken together, these results support the view that Hartnuj
Fanconi yndr mp Fanconi patients are affect d?n transoort isorder depends on both environmental factors and genetic bacl
cgmcc:)unsdys otﬁerfﬁanaar?"lci)no gﬁides ;ear eera(l)ne;n% Gou ?)u?(plo%o round. However, it is not clear how inadequate intake of niacin
n grticular lucose and phos ho(rus gt’rans ort are sg,]tron | a_esults in wasting. Although the niacin content is somewhat lowel
P + 9 phosp P 9V alyy the restrictive than in the permissive diets (67 and 95 ppm,

felzcc;[sdtagtd aﬁgealr dat h|ghrlevel? '3 tlhtﬁ urér)f?.rH2weyre]3rt,hcomparlnsqubSpectively) this difference may not be sufficient to explain the
of mutant and wild type revealed little difference | ese co “wasting syndrome. Experiments with chemically defined diets

pounds. Y L :
The BBMV experiments provide direct evidence of the aminoxg;l%fgacnltate a study of the role of niacin or other compounds in

acid transport defect suggested by this hyperaminoaciduria. Al- In summary, the experiments presented here indicate thz
though the sodium-dependent uptake of glutamine and alanine Wagp, 1> i< indeed a model for Hartnup Disorder: the urine amino
reduced in Fhe mutant veS|cIe_s, co_nS|dt_arat1Ie transport of thesgcid profiles are similar; both are deficient in brush border amino
substrates is retained. Passive diffusion, Mg antiporter- acid transport [Hartnup Disorder in at least the intestine (Shih et al
dependent uptake of Naand vesicle size are unaffected. Note that 971; Tarlow et al. 1972) and HPH2 in at least the kidney]; and
the latter experiment also serves as a control for non-specific bindg .. aisplay a niacin-reversible syndrome influenced by diet anc
Ing in the active uptake experiment. These experiments, deSigneggnetic background. Identification of the mutated genes in thes:

asa 9“?"”&“"9 test for a transport de_f|C|ency in the mutant, do no isorders will ultimately be required to test this hypothesis.
discriminate between different amino acid transport systems
(Christensen 1989, 1990) and do not describe the kinetic charac-
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