240 NAKAMURA M et al.
‘fable 1. Clinical findings from CTLN2 patients and controls.
. Age at Oral  Refer-
Pati Age ",{,‘h“ onsetof  Height  Weight BMI  SLC25A13 Food  Alcohol | Ordl  BCAA "7°0
atients nutrition o oha- (cm) tkg) {kg/m?) mutation fondness! drinking {é’/ d) mixture N
survey lopalhy (kcal/d) NGO,
1 51 51 160.7 60.1 233 11l + - — —_ 12
2 45 41 173.3 64.5 21.5 VIV + - 10.5 — —
3 51 51 177.2 70.4 22.4 V4% + - — — 7
4 52 52 173.0 47.5 15.9 i + - — o -
5 39 38 170.0 47.0 16.3 H/XXIX + - — —_— —
Mean=SD 48=6 4747 170.8x6.2 579104 19.9x3.5*
Control?>  30-39 171.4+58 70.5+£12.0 24.0*3.7
40-49 170.2x5.7 69.7+10.1 24.0+3.2
50-59 167.3%5.1 66.6+9.9 23.8x3.1
*p<0.01.

SLC25A13 gene mutations were indicated as follows. 1. 851deld (2): 11, [VS11+1G>A (2} V, IVS13+1G>A (2): XXIX,
R588Q (12). ! Food fondness for beans, milk, meat, and/or peanuts.? Control data were taken from the website of the Minis-
try for Health, Labour and Welfare in Japan (http://www.mhlw.go.jp/bunya/kenkou/eiyou08/di/(01-03.pdf). n=416 (40—

49y old).
Table 2. Laboratory data of 5 CTLN2 patients.
AST ALT Ammonia PSTI Citrulline Triglyceride s
Patients (/L) (IU/L) (ug/dl) (ng/ml)  (nmol/mL)  (mg/dL) e
(12-37) (745} (12-66) (4.6-20) (17.0-43.0) {30-150)
1 36 54 29 81 95.3 66 +
2 21 24 63 56 114.3 73 +
3 52 96 64 63 408.9 300 +
4 67 77 57 240 589.5 315 +
5 1 24 236 29 2923 60 +
Mean=SD 39x21 55x32 9083 94+ 84 300.12207.4 163=132

‘The presence of fatty liver was evaluated by means of liver histology or imaging.
AST. aspartate aminotransferase: ALT, alanine aminotransferase; PSTI, pancreatic secretory trypsin inhibitor.

When she changed to her favorite meals with protein-
and fat-rich and carbohydrate-low meals. only a slight
increase in plasma ammonia with no increase in citrul-
line resulted. Thus, inappropriate nutrition can cause
aggravation of symptoms and a poor clinical outcome
in this disorder.

Recently. a guantitative study on food intake of young
citrin-deficient subjects aged 1 to 33y has been des-
cribed (9). However, food intake remains unclear in
CTLN2 patients, although qualitative information on
food intake has been reported (5). While the onset age
of CTLN2 varies in each patient and has been reported
to range from 11 to 79y (10). neuropsychological
symptoms of CTLN2 begin in the third to fifth decade in
most patients. Thus. in order to establish an appropriate
hospital meal for citrin-deficient subjects and CTLN2
patients, quantitative characteristics of food-intake in
CTLN2 patients need to be evaluated, and whether the
differences in food preference exist among the age and/
or between with and without CTLN2-onset needs to be
defined. In the present study. food intakes in 5 CTLN2-

onset patients aged 39-52 y without diet therapy were
surveyed in detail.

MATERIALS AND METHODS

Patients. Five male CTLN2 patients ranging in age
from 39 to 52 y (mean 486 y) who had been admitted
to Shinshu University Hospital were examined in this
study. The clinical and laboratory data of the 5 patients
are shown in Tables 1 and 2. respectively. All patients
suffered from repeated encephalopathic symptoms
including disturbed consciousness and abnormal
behavior with elevaied plasma levels of ammonia and
citrulline. The diagnosis of citrin deficiency was con-
firmed by DNA analysis of the SLC25A13 gene (2. 11,
12). Two of the patients (patients 1 and 3) have been
reported previously (7, 13). In patient 1, the meal after
hospitalization without diet therapy or drug therapy
was surveyed. Patient 2 had begun drug therapy at the
time of the survey, and his plasma ammonia was con-
trolled by oral administration of L-arginine. His doctor
had recommended that he should “not eat too many
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Table 3. The nutrient intake,

Patient no. i 2 3 4 5 CTLN2 Av 40-49!
Energy (kcal/d) 1.829 2,659 2,274 2,487 2.977 2.4452430 2,188=598

% of control 84 122 104 114 136 112220
Protein (g/d) 101.1 100.0 103.2 129.4 132.8 113.3+16.3* 77.2%x22.7

% of control 131 130 134 168 172 147+21

PFC ratio (%) 23 15 18 21 18 19+3 14

(g/kg/d) 1.7 1.6 1.5 2.7 2.8 2.1:0.7* 1.1=0.3
Fat (g/d) 79.5 139.6 97.1 1199 1628 119.8233.1**  61.1+25.5

% of control 130 228 159 196 266 19654

PFC ratio (%) 40 47 38 43 49 445 25
Carbogytrate (g/d) 167.6 234.5 240.5 214.6 235.2 222.5%334 294.6+90.1

% of control 57 86 82 73 80 76%12

PFC ratio (%) 37 38 43 36 32 374 61

*p<<0.01.
PFC ratio: protein, fat, and carbohydrate energy ratio.

I Age- and sex-matched Japanese male controls (2006). Data were taken from the website of the Ministry for Health, Labour
and Welfare in Japan (http://www.mhlw.go.jp/bunya/kenkou/eiyou06/pdi/01-OTa.pdD). n=519 (4049 y old).

carbohydrates”; however, the specific quantity ol carbo-
hydrate intake was not specified. In patients 3. 4 and 5,
the meal before hospitalization was surveyed. i.e., when
the patienis were not under a diet or drug therapy. Two
patients had a low body mass index (BMI). The median
weight and BMI values were lower than those of the
controls (57.9*%10.4 kg vs 69.7x10.1 kg, and 19.9=
3.5kg/m? vs 24,0+ 3.2 kg/m?, respectively, p<0.01).
Patients 1 and 2 had blood samples obtained at the time
of the nutrition survey, and patients 3, 4 and 5 had
blood samples obtained at admission. Three patients
showed a slight elevation of serum levels ol ALT and
AST. Two patients had hypertriglyceridemia. Plasma
ammonia was almost within normal limits in 4
patients. Plasma citrulline was high in all patients, and
serum PSTI, which is a diagnostic marker of CTLN2
(14), was also high in all patients. Fatty liver was
observed in all patients.

Evaluation of food intake. To assess daily food intakes
of the patients, the Food Frequency Questionnaire
(FFQg ver. 2.0 for Windows, Kenpakusha, Tokyo. Japan)
was used. Intake of 18 food groups, energy. and 34
macro- and micro-nutrients was assessed by this pro-
gram (135). The FFQ is a method of estimating intake of
food groups and nutrients from the portion size and the
food frequency with 1 wk as a unit. The FFQ consists of
20 question groups composed of 29 food groups and 10
kinds of cooking methods. The subjects were shown
portion-sized pictures of food items and asked the quan-
tity of each food intake and how often they consumed
such foods in a week. Each subject was interviewed by a
dietitian to confirm the portion size and the frequency
of food eaten. The intake of each food item was esti-
mated by multiplying the portion size by their intake
frequency. Nutrient intake can also be assessed by
establishing a database of compositions of the food

items for target nutrients. The intake of cach nutrient
was calculated using the following formula for cach
item: (reported intake frequency per day) X{portion size
in gram) X {nutrient content per 100 g)/100. The intake
was then summed for all the lisied food items to obtain
the intake per day. Reference values from a national
nutrition survey for the general Japanese population,
stratified by age and sex. were previously compiled in
2006 by the Ministry for Health, Labor and Welfare in
Japan (http://www.mhlw.go.jp/bunya/kenkou/eiyou06/
pdl/01-01a.pdl: data only available in Japanese).

Ethics. The nutritional survey was done in the past
for the purpose of the treatment. not for rescarch. We
reviewed the data of the patients who were already hos-
pitalized many years ago: therefore we could not obtain
informed consent from each patient. Although this
study was not reviewed by Committee for Ethics, Shin-
shu University Hospital announced 1o all patients that
their data may be used in the future with considering
privacy. Those who do not want to be used for research
purposes or case reports can claim an exemption.

Statistical analysis.  Statistical analyses were per-
formed using the unpaired Student's ¢ test. A probabil-
ity value of less than 0.05 was considered statistically
significant.

RESULTS

Analysis of food intake

Nutritional data from the present survey including
total energy. protein. fat and carbohydrate intakes, and
the PFC ratios are shown in Table 3. These values were
compared with those in the 40- to 49-y-old general Jap-
anese population (values from the 2006 survey). also
shown in Table 3. Total energy intake of the CTLN2
patients was 112% (2,445+430 kilocalories (kcal)) of
control values. Comparing the energy ratio o total cal-
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Table 4. Mineral and vitamin intake of the patients, RDA and intake of controls.

Intake of patients s Sufliciency ratio
Nutrient ig:;?;igf RDA? of the patients
No.1 2 3 4 5 Mean=SD for RDA (%)
Energy (kcal) 1.829 2,659 2,274 2,487 2,977 2.445+430 2,188+598 2,650 92+16
Potassium (mg) 3.017 3,687 3.508 4.072 3.498 3.557x381 2,318+827 2,000 178*19
Calcium {mg) 628 628 794 930 1,169 830x228 487+271 650 128%35
Magnesium {mg) 254 506 324 393 410 377'95 262+92 370 102x26
Phosphate (mg) 1,420 1,606 1.494 1.859 2,095 1.695:279 1,067*343 1.050 16127
fron (mg) 75 127 94 12,6 11.3 10.7x2.2 8.2+34 7.5 143+30
Zinc {mg) 11 13 12 14 15 1322 9+3 9  145*21
Copper (mg) Lt 25 1.3 16 16 1.6x05 1.3+0.5 0.8 201*68
Manganese (mg) 1.8 60 27 3.1 3.5 34=x1.6 — 4.0 8540
Vitamin A (ngRE) 576 461 970 1,232 812 810+£308 6911127 750  108x41
Vitamin D (ng) 18 7 I 19 14 145 8+10 5 273x104
Alpha-tocopherol  (mg) 9 22 11 17 18 15%5 9*16 8 193x68
Vitamin K {ug) 168 233 342 496 246 297+127 237*166 75 396+170
Vitamin B; {mg) 1.25 1.34 151 1.64 1.71 1.49%0.20 1.45%4.71 0.54/1.000kcal 113+15
Vitamin B: {mg) 1.66 1.55 1.539 199 246 1.85+0.38 1.43%1.69 0.60/1.000kcal 126*26
Niacin (mg) 27 30 27 32 29 292 1828 15 192x15
Vitamin B (mg) 1.8 2.1 1.8 2.2 1.9 2.0x0.2 1.6*2.9 1.4 140x14
Vitamin Bj» (1g) 179 6.2 118 19.2 121 13452 8.3+94 2.4 559%218
Folic acid (ug) 280 531 438 5356 339 433%116 311%179 240 18048
Pantothenic acid  (mg) 8 9 8 9 11 91 62 6 152222
Vitamin C (mg) 97 95 131 160 54 107+40 90+102 100 107+40
Total dietary fiber (g) 10.2 315 17.7 199 167 192+7.7 13.9*6.1 18/100kcal 78+32
Water-soluble ) 25 45 41 46 29 3.7*10 3.2+2.0 —
Water-insoluble (g) 7.3 269 13.2 149 131 15172 10.1+4.3 —
Salt? (g) 9 8 12 9 12 9*2 1245 10 90x20
Cholestero] (mg) 653 601 393 725 923 593x143 363x201 <750
Fatty acid
Total ) 69 126 85 105 145 96 £25 e
Saturated ("%E) 26 34 12 12 15 2010 — 4.5-7
Monounsaturated (%E) 29 57 14 16 19 27%18 —
Polyunsaturated (%E) 14 35 7 9 10 15211 — —
n-6 (g) 10 31 14 19 28 19=9 e 11 168=85
n-3 (g) 3.7 34 32 38 4.6 4x1 —_— >2.6 160x40
n-6/n-3 ratio 26 9.1 4.2 3.3 0.2 3.9+33 — 4.0

! Controls data were taken from the website of the Ministry for Health, Labour and Welfare in Japan (http://www.mhlw.go. jp/
bunya/kenkou/eiyou)6/pdf/01-Ola.pdf). n=519 (40-49y old). *RDA: recommend dictary allowance. *Salt (g)=Sodium

(mg)X2.34/1,000,

ories, CTLN2 patients had significantly lower carbohy-
drate intake than controls (37 =4% vs 61=8%. respec-
tively, p<0.01). On the other hand, protein intake of
CTLN2 patients was high compared 1o controls
(113.3+16.3g/d vs 77.2x22.7 g/d, respectively, p<
0.01). Especially regarding daily protein intake per kg
body mass, there was a significant difference between
CTLN2 patients (2.1+0.7 g/kg body mass/d) and con-
trols (1.1*0.3 g/kg body mass/d) (p<0.01). Patients
also consumed significantly more fat (119.8£33.1 g/d)
than controls (61.1%£25.5g/d) (p<0.01). The fat
energy ratio to total calorics in CTLN2 patients
(44+5%) was markedly higher than in controls
(25£7%) (p<0.01).

Intake of vitamins and minerals was compared with
the recommend daily allowance (RDA) in Table 4. Min-
cral and vitamin intakes fulfilled the RDA in CTILN2
patients. The intake of zinc (13 %2 mg) also satisfied the

RDA (9 mg) in all patients. As for vitamins, all CTLN2
paticnts consumed 4 times more vitamin K and vitamin
Bi: than the RDA,
Analysis of intake of food groups

It has been repeatedly reported that CTLN2 patients
show an aversion to carbohydrate-rich foods and a pref-
erence for protein- and fat-rich foods. To clarify the
types of dietary sources of carbohydrate. protein and
fat. intakes of 18 food groups were investigated (Table
5). Cereal intake of the CTLN2 patients was 309+33 g/
d (59095 keal), which was 56% of the average cereal
intakes of controls (353+£197 g/d, p<0.01). Cereal was
defined as rice, bread, noodles, and other wheat or mil-
let products. Concerning other carbohydrate-rich foods.
most patients in the present study reported only con-
suming a little of them, such as potatoes, fruits, sugar.
and sweets. Carbohydrate-rich foods (except for cereals,
mainly rice) accounted for only 50 kcal/d. As for the
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‘I'able 5. Results of the survey ol daily intake of food-group in 5 patients and controls.
Patients 1 2 3 4 5 Mecan=SD Controls!
Cereals [§:3] 278 275 321 317 355 30933+ 553*197
Potatoes (g) 143 14 43 21 14 47=*55 5969
Fruits (g) 21 26 43 54 0 29221 69118
Sugar (g) 0.7 0.0 9.4 1.9 .0 2.4x4.0 6.9%8.0
Sweets (g) 0 0 36 8 0 9+ 16 1641
Soybean preducts g) 10 63 50 115 65 6138 54+73
Fish and seafood (g) 213 57 120 226 81 139x76 8674
Meat () 149 80 194 183 216 16453 113%81
Eggs (8) 71 100 14 71 129 77%x42* 3938
Milk and dairy products  (g) 316 89 304 235 599 309x 186 73+119
Nuts and seeds (g) (VAV] 261.4 16.2 3.4 107.4 77.7+111.8* 14+4.8
Oil and fat (g) 12 54 16 41 55 36220 13+10
"Total vegetables (g) 246 381 429 601 136 359+178 282x161
Light-colored (g) 200 354 254 376 97 256x114 194+118
Deep yellow g) 46 27 175 225 39 102291 88+75
Scaweed g) 4.3 0.7 2.9 2.1 4.3 29+1,5 11.7x19.5

«p<0.05. ** p<0.01.

! Age- and sex-matched Japanese controls. Data were taken [rom the website of the Ministry for Health, Labour and Welfare
in Japan. (http://www.mhlw.go.jp/bunya/kenkou/eiyou(6/pdlf01-0la.pdf). n=519 (4049 y old).

frequency of intake of potatoes and fruits. most CTL.N2
patients consumed these foods (-3 times a week. In
addition, sugar intake in 4 patients was less than 2 g/d.
Because 10-20 g of sugar are gencrally used in ordi-
nary Japanese hospital meals, all 5 CTLN2 patients felt
that the hospital meals were too sweet. Three of the 5
patients consumed sweets. Patient 3 reported consum-
ing deep-fried focd (chips) and other high fat sweets,
chocolate and pudding twice a week. Patient 4 habitu-
ally ate chocolate and rice crackers once or twice a
week. Patient 5 reported liking and consuming cheese-
cake and Yohkan (sweet jellied adzuki-bean paste) once
every few months. As shown in Table 5, a significant
difference was seen in intake of dairy products (espe-
cially milk, yogurts and cheeses) compared to controls
(309186 g vs 73119 g, respectively, p<0.01). When
compared to age-matched controls. 4 patients con-
sumed three times more dairy products, except for
patient 2, who consumed many peanuts cvery day. The
control values for consumption of dairy products by
decade were 84139 g/d for 30-to 39-y-olds, 73+119
g/d for 40- to 49-y-olds and 77 %124 g/d for 50- to 59-
y-olds. Due 1o high intake of milk as well as other dairy
products in the patients in the present study, the cal-
cium intake was calculated to be 1.7 times greater than
in the controls (Table 4). In addition, patients in the
present study consumed significantly more nuts and
seeds (p<0.01) and oil and fat (p<(.01) compared to
controls.

Sources of fat varied among the patients. Patient 1
consumed 12 g of cooking oil. slightly less than values
for the controls (13 g). but he also consumed fat from
protein-rich foods that were high in fat (cod roe, saury,
blue-skin fish (such as sardines and mackerels), and rib
meat). Patient 2 consumed 67% of his total encrgy from
peanuts. Patients 3 and 4 consumed fat from cooking

oil and dressing (mayonnaisc 30-60g/d). Patient 5
consumed fat from cooking oil, dressing and nuts.

DISCUSSION

The present data show that diet in CTLN2 patients
aged 39-52 y was unique in that they consumed low-
carbohydrate and high-fat foods compared to the gen-
eral Japanese population. Cereal intake was especially
low in CTLN2 patients. In addition. most of the CTLN2
patients ate few fruits or sweets, although there were
differences among patients surveyed. Saheki et al. sur-
veyed daily food intakes of 18 citrin-deficient subjects
aged 1-33y, including one pre-CTLN2 patient aged
13y (8 9). The mean PFC ratio of the 18 citrin-defi-
cient subjects was 19+2%:4425%: 37%7%. and the
average carbohydrate intake of the citrin-deficient sub-
jects was approximately half that of age- and sex-
matched Japanese controls (56+14%) (9). Of particular
interest in the present study was that the mean PFC
ratio in CTLN2 patients (19%3%:44%5%:37%4%)
was almost the same as that in younger citrin-deficient
subjects (9).

In the research on younger citrin deficiency subjects
(9). significant differences were not observed in fat
intake between citrin-deficient subjects and the Japa-
nese controls. In other words, young citrin deficient
subjects had a fat intake within 1 standard deviation of
fapanese control subjects. Commonly. fat intake gradu-
ally declines with age in the general Jupanese population.
According to the 2006 survey (http://www.mhlw.go.jp/
bunya/kenkou/eiyou08/dl/01-05.pdh). the median (50
percentile) of the fat energy ratio was 30% in 1- to 29-y-
olds. However, this value was less than 25% in controls
>30 y of age. The percentage of people with a fat intake
of more than 35% of total energy was only 9% in 40- to
49.y-old men. and 4.3% in 50- to 59-y-old men. In the
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present study, the fat energy ratio of CTLN2 was more
than 38%, and fat intakes were higher than in age- and
sex-matched Japanese controls, Patients 2 and 5 had fat
intakes more than 3 standard deviations from that of
controls, and patient 4 was more than 2 standard devi-
ations from the controls. Therefore, a high-fat diet was
a characteristic in older CTLN2 patients than younger
citrin-deficient subjects. In the 2006 survey. meat, oil
and fat intakes peaked in 15- to 19-y-olds (male intake:
156.6 g/d of meat, 16.4g/d of oil and fat) and the
intakes decreased to less than 77% of the peak value in
40-49-y-olds. On the other hand, intake of soybean
preducts, fish and vegetables increased with age. The
present results, however, indicate that CTLN2 patients
continued to consume high-fat meals regardless of age,
although the source of the fat varied among patients.
The fat intake of the present CTLN2 patients relative to
the average values for controls was 196% (Table 3).
suggesting that fat was the main energy source in
CTLN2 patients.

A significant difference was also seen in intake of
dairy products (p<<(.01). In the 2006 survey. the peak
age of intake of dairy products was observed in 7-to 14-
y-olds (359.1 g/d) and decreased with age. In 40- to
49-y-olds. it was only 72.8 g/d. On the other hand, the
present CTLN2 patients consumed three times more
dairy preducts compared to control subjects of the same
age. While the precise reason why CTLN2 patients pre-
fer dairy products remains obscure, their preference
may be associated with low carbohydrate and high fat
content (the PFC ratio of milk is 20% : 50% : 30%).

Together with previous data reported by Saheki et al.
(9). the present results may indicate that aversion to
carbohydrates is fundamentally seen regardless of a
patient’s age. Therefore, even in older patients, a high-
fat and high-protein dict seems to be required to com-
pensate for lack of energy due to aversion to carbohy-
drates.

Carbohydrate aversion in citrin deficiency is thought
to be quite unique in contrast to the protein aversion in
other urea cycle enzyme deficiencies (9). In citrin defi-
ciency, carbohydrate metabolism facilitates accumula-
tion of cytosolic NADH in hepatocytes, resulting in inhi-
bition of ureagenesis by limitation of the supply of Asp
for the urea cycle (3, 4). Previous data have suggested
that the toxicity of a high carbohydrate intake (8), and
indeed, intravenous infusion of a high glucese solution
or the administration of a glycerol solution, result in
severe hyperammoncmia or rapid deterioration of
cncephalopathy leading to death in many CTLN2
patients {6, 16). A CTLN2 patient (patient 3 in the
present study) who had a rapid deterioration after con-
suming a conventional low-protein diet for hepatic
encephalopathy. in which the energy ratio of carbohy-
drates in total diet energy was around 75%. has been
previously reported (7). It has also been found that oral
sucrose administration exacerbated hyperammonemia
in citrin/mitochondrial glycerol 3-phosphate dehydro-
genase double knockout mice, an animal model of
human citrin deficiency (17). Therefore, high carbohy-

NAKAMURA M et al.

drate intake can deteriorate hepatic encephalopathy
in CTLLN2 patients. The efficacy of a carbohydrate-
restricted diet in citrin deficiency patienis has been
described in a few patients (7, 18. 19). In patient 3 in
the present study, induction of a low-carbohydrate diet
(PFC ratio 15% :40% : 45%) was therapeutically effec-
tive against encephalopathy (7).

In conclusion, CTLN2 patients in this study con-
sumed low-carbohydrate. high-fat, and high-protein
diets, similar to younger individuals with citrin defi-
ciency, and therefore, it appears that the PFC ratio of
citrin-deficient subjects is not influenced by age or
CTLN2-onset. Carbohydrates were strictly adjusted by
total intake of cereals in our patients. A conventional
hospital diet for hyperammonemia may be risky in
treatment of CTLN2 patients because of its high carbo-
hydrate content. A low-carbohydrate and high-fat diet
is recommended for patients with CTLN2 and from
results of the nutrition survey in the present study and
data reported previously (7-9, 19), 1,720-kcal meals
have been recently served with 130 g boiled rice and
70 g protein (PFC ratiol 5% : 45% : 40%) as a basic hos-
pital diet for CTLN2 patients in our hospital. However.,
since our data was obtained from a small number of
patients, further study may be needed to confirm our
results and to establish a more appropriate diet for
CTLN2 patients.
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The mitochondrial aspartate-glutamate carriers (AGC)
aralar (SLC25A12) and citrin (SLC25A13) are compo-
nents of the malate aspartate shuttle (MAS), a major
intracellular pathway to transfer reducing equivalents
from NADH to the mitochondrial matrix. Aralar is the
main AGC isoform present in the adult brain, and it is
expressed mainly in neurons. To search for the other
AGC isoform, citrin, in brain glial cells, we used a citrin
knockout mouse in which the lacZ gene was inserted
into the citrin locus as reporter gene. In agreement with
the low citrin levels known to be present in the adult
mouse brain, B-galactosidase expression was very low.
Surprisingly, unlike the case with astroglial cultures that
express citrin, no B-galactosidase was found in brain
glial cells. It was confined to neuronal cells within dis-
crete neuronal clusters. Double-immunolabelling experi-
ments showed that B-galactosidase colocalized not
with glial cell markers but with the pan-neuronal marker
NeuN. The deep cerebellar nuclei and a few midbrain
nuclei (reticular tegmental pontine nuclei; magnocellular
red nuclei) were the regions where B-galactosidase
expression was highest, and it was up-regulated in
fasted mice, as was also the case for liver B-galactosi-
dase. The results support the notion that glial cells
have much lower AGC levels and MAS activity than
neurons. © 2009 Wiley-Liss, Inc.

Key words: mitochondrial aspartate-glutamate carrier;
citrin; aralar; redox shuttle; neuron; cerebellum; fasting;
OmniBank

The malate aspartate shuttle (MAS) is, together
with the glycerol-3-phosphate shuttle, a major intracellu-
lar pathway to transfer glycolytic redox equivalents to
the mitochondrial matrix (Dawson, 1979; McKenna
et al., 2006). MAS is composed of two enzymes located
in the cytosol and mitochondrial matrix compartments
(aspartate transaminase and malate dehydrogenase) and of
two transporters belonging to the mitochondrial carrier

© 2009 Wiley-Liss, Inc.

superfamily (Walker and Runswick, 1993). The oxoglu-
tarate carrier (OGC) transports malate in exchange for
a-ketoglutarate (electroneutral and reversible; Indiveri
et al., 1991; Smith and Walker, 2003), whereas the
aspartate-glutamate carrier (AGC) cotransports cytosolic
glutamate (plus a proton) against mitochondrial aspartate
(for review see Satrustegui et al., 2007). In mammals,
two isoforms of the AGC exist: aralar, also named aralar1
(SLC25A12) and citrin (SLC25A13; del Arco and
Satrustegui, 1998; Kobayashl et al., 1999; del Arco et al,,

2000). Both have Ca? ~b1nd1ng motifs (EF-hands) in
their N-terminal halves facing the intermembrane space
(Palmieri et al., 2001). This allows the activation of
AGCs and MAS in response to cytosolic calcium signals
that do not reach the mitochondrial matrix (Pardo et al

2006; Contreras et al., 2007; Marmol et al., 2009). Ca*"

activation of glutamate transport along the AGC is also
responsible for calcium stimulation of respiration in brain
mitochondria using glutamate and malate as respiratory
substrates {Gellerich et al., 2008). The two AGC iso-
forms differ mainly in terms of calcium sensitivity (Con-
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treras et al,, 2007) and tissular distribution (del Arco
et al.,, 2000, 2002; Begum et al., 2002). During embry-
onic development, they share an overlapping pattern,
but citrin becomes the main AGC isoform in the adult
liver, whereas aralar is the main isoform in skeletal mus-
cle and brain cells. Other adult tissues such as heart and
kidney express both isoforms (del Arco et al, 2000,
2002; Begum et al., 2002; Contreras et al., 2007). In
aralar—’~ mice, mitochondria from brain or muscle have
essentially no MAS activity, and respiration with gluta-
mate and malate as substrates is extremely reduced (Jalil
et al., 2005), in agreement with the lack of the major
AGC isoform present in these tissues. A strong reduction
in ATP production by muscle mitochondria during
respiration with glutamate and malate has also been
described in a 3-year-old child with a homozygous mis-
sense mutation in aralar (Wibom et al., 2009). Within
the brain, aralar is preferentially expressed in neurons, as
shown by immunolabelling and in situ hybridization data
and by mRNA levels in acutely isolated brain cells
(Ramos et al., 2003; Xu et al., 2007; Berkich et al,,
2007; Cahoy et al, 2008), but there are conflicting
results regarding this issue (Lovatt et al., 2007). A prefer-
ential expression of aralar in neurons is consistent with
higher levels of aralar in total than in synaptosomal-free
mitochondrial brain fractions (Berkich et al., 2007) and
higher MAS activity in neuronal than in astrocyte cul-
tures (Ramos et al., 2003), with aralar being one of the
more enriched proteins during differentiation of P19
cells to a neuronal phenotype (Watkins et al., 2008).

Paradoxically, although neither citrin mRNA nor
protein was found in the adult rodent brain (Ramos
et al., 2003), both are expressed in glial cultures (Ramos
et al., 2003) and have been detected by in situ hybridiza-
tion at low levels in the adult spinal cord (www.brain-
map.org). These results opened up the possibility that
citrin could be present in the brain glial cells and thus
compensate for their low levels of aralar. This is an im-
portant and controversial issue, insofar as redox shuttle
levels in astrocytes are critical to explain the extent to
which dynamic changes in glucose utilization are accom-
panied by the transfer of redox equivalents to and
pyruvate oxidation in mitochondria or by regeneration of
NAD™ in the cytosol and lactate production. A preferen-
tial production of lactate from glucose by astrocytes is cen-
tral to the astrocyte—neuron lactate shuttle hypothesis
(ANLSH), according to which astrocytic lactate is trans-
ferred to neurons for oxidation (Pellerin et al., 2007).

In the present work, we have aimed to clarify
whether citrin is expressed in the brain and, if so,
whether its expression is glial. To do this, we have used
citrin-deficient mice (Contreras et al., 2007), which
have B-galactosidase (B-gal) as reporter gene in the
insertion cassette. In these B-gal knock-in mice, expres-
sion of the B-gal reporter is controlled by all the endog-
enous regulatory elements of the SLC25A413 gene, so B-
gal will be expressed instead of citrin and will respond to
the same cues. This B-gal knock-in strategy has been
proved to be a powerful tool with which to study the

localized gene expression in other gene knockout ani-
mals (Gow et al., 1992; de Leeuw et al., 2006; Couegnas
et al., 2007; Karavanova et al., 2007). Surprisingly, the
results obtained clearly show that citrin is expressed only
in neurons.

MATERIALS AND METHODS

Animals

Three-month-old citrin™’" and citin™’* (Contreras

et al., 2007) mice were housed with a 12-hr light cycle and
fed ad libitum on standard chow. All animal procedures were
approved by European guidelines. Unless otherwise stated,
reagents were purchased from Sigma-Aldrich (Tres Cantos,
Spain).

Animals were anesthetized with chloral hydrate (0.5
mg/g body weight) and perfused transcardially with saline
buffer (0.9% NaCl in phosphate buffer) and then with 4%
formaldehyde in phosphate buffer (formalin fixative). Brains
were carefully removed, postfixed overnight in formalin
(4°C), and transferred into sucrose (30% in phosphate buffer).
Once the brains had sunk to the bottom of the container,
they were embedded in OCT compound (Tissue-Tek; Sakura
Finetek Europe B.V., Zoeterwoude, The Netherlands), frozen
on dry ice, and cut into 12 series of 30-um coronal sections
with a criotome (free-floating sections). Sections were kept in
a cryoprotectant medium (25% glycerol, 25% ethylene glycol
in 50 mM phosphate buffer) and stored at —20°C until proc-
essing (Couegnas et al., 2007).

Citrin Localization: X-gal Assay and
Immunohistochemistry

For the detection of B-galactosidase expression, the X-
gal detecting kit (Stratagene, La Jolla, CA) was used. Briefly,
sections were tempered and washed free of cryoprotectant
media with PBS before incubating them in X-gal staining so-
lution for 3 days (30°C), to allow for the blue product deposi-
tion in the tissue. When appropriate, sections were washed to
remove excess substrate before beginning the inmunohisto-
chemistry procedure. After quenching endogenous peroxidase
(30 min incubation in 3% H,O,, 10% methanol, PBS), sec-
tions were blocked in 10% horse serum + 0.5% Triton X-
100 (2 hr) and incubated with the following antibodies over-
night (at 4°C): GFAP (1/2,000; Sigma, St. Louis, MO; clone
GA5 No. G3893) as glial marker or NeuN (1/500; Chemi-
con, Temecula, CA; MAB377) as neuronal marker. The sec-
ondary antibody used was BA2001 (1/250; Vector, Burlin-
game, CA), and the signal was amplified with Vectastain ABC
kit (Vector) before diaminobenzidine tetrahydrochloride
(DAB) detection. After dehydratation, slides were mounted
with DPX (BDH, VWR International Ltd., Poole, Unitede
Kingdom) for analysis.

For inmunofluorescence assays, sections were treated
with NaBH, to quench endogenous autofluorescence before
blocking. The following primary antibodies, together with
appropriate secondary antibodies, were employed: B-gal (1/
500, 5prime-3prime Inc.,, Boulder, CO), NeuN (1/500),
GFAP (1/2,000), and MAP-2 (1/500; Sigma M4403). Sec-
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Fig. 1. X-gal staning in citrin-deficient
mice. Coronal sections of citrin~ /™ (A—
C) or citrin™’™ (D) were stained for
X-gal (blue) and counterstained for
NeulN (brown). The areas indicated in
A-C are shown at higher magnification
in A1-C2. Note the absence of X-gal
staining in D (compared with A) and
also the regional colocalization of X-gal
staining with NeuN-marked cells. The
lack of regional colocalization with
GFAP (as glial marker, brown) is shown
in E (same region as in C1) and F
(compare with A2). bnM, basal nuclei
(Meynert); DCN, deep cerebellar
nuclei; gcl, granule cell layer; ic, inter-
nal capsule; LGP, lateral globus pallidus;
mcl, molecular cell layer; pcl, purkinje
cell layer; Pn, pontine nuclei; RMC,
red nuclei (magnocellular); Rt, reticular
thalamic nuclei; Rt Tg, reticular teg-
mental nuclei of pons; tfp, transverse
fibers of pons; Ve, vestibular nuclei.
Scale bars = 1 mm in A-D; 50 um in
A1-C2,EF.

tions were then mounted with mowiol for analysis in a confo-
cal Zeiss microscope.

p-Galactosidase Activity Assays

. . . A/ .
Liver or brain extracts were taken from citrin™/" mice

and from citrin~’~ animals fed ad libitum, or 24 hr fasted, or
24 hr fasted plus 48 hr refed after sacrifice by cervical disloca-
tion. Whole brains were divided in two at the level of the
colliculus (midbrain). The anterior half containing the cortex,
hippocampus, thalamus, and hypothalamus is hereafter termed
cortex, and the posterior half containing the cerebellum and
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medulla is termed cerebellum. Both halves contained some mid-
brain. The cortex or cerebellum fractions were washed,
minced, homogenized in IM [in mM: 250 sucrose, 25 Hepes,
pH 7.4, 10 KCl, 1 EDTA, 1 EGTA, 1.5 MgCl,, 1 dithiothre-
itol (DTT), 1 phenylmethylsulfonylfluoride (PMSF), 1 iodo-
acetamide], and centrifuged at 700g. The supernatant was fur-
ther centrifuged at 10,000¢ to obtain the cytosolic fraction, in
which the soluble B-gal is contained.

Enzyme activity was measured as described by Gow
et al. (1992) and Miller (1972), with modifications. Briefly
50-100 pl (brain) or 10-20 pl (liver) cytosolic fractions were
incubated in assay media [final concentration 60 mM
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Na,HPO,, 40 mM NaH,PO,, 3.3 mM o-nitrophenol galac-
topyranoside (ONPG)]. Reactions in which the substrate
ONPG was omitted from the assay media served as blanks.
After color development (20 hr, liver; 40 hr, brain), NaCOg
(0.5 M final) was added to terminate the reaction, and samples
were centrifuged and read in a FLUOstar optima (BMG-Lab-
tech) plate spectrophotometer at 410 nm. Activity values were
expressed as DO/mg protein at the specified time point, after
correction for the corresponding blank. No increase in ab-
sorbance was observed in samples from wild-type mice that
lack B-galactosidase.

RESULTS

Citrin Localization in the Brain

The citrin (SLC25A13) knockout mice used in
this study were obtained from Lexicon Pharmaceuticals,
by gene-trapping as described eatlier (Contreras et al.,
2007), and the trapping vector contained lacZ. There-
fore, in these lacZ knock-in mice, the expression of the
B-galactosidase reporter is controlled by the endogenous
regulatory elements of the SLC25A13 gene, and the
enzyme will be expressed at the same level and location
as citrin in wild-type mice. The citrin expression pattern
in the brain of young adult mice was identified by X-gal
staining in brain sections of citrin_’~ mice. This required
very long incubation periods (72 hr of incubation with
X-gal was needed), showing that citrin levels are
extremely low. In addition, X-gal expression pattern was
highly localized (Fig. 1, Table I). This explains why in
previous studies we failed to detect citrin in the brain
(Ramos et al., 2003).

The strongest expression was found in deep cere-
bellar nuclei and vestibular nuclei (Fig. 1C,C1,C2),
reticular nuclei of the thalamus (Fig. 1A,A2), reticular
tegmental nuclei of pons (Fig. 1B,B1), and red magno-
cellular nuclei (Fig. 1B,B2), although strong labelling
was also obtained in septal nuclei, cochlear nuclei, and
spinal trigeminal tract (Table I).

X-gal staining was observed mainly in cell bodies
at restricted areas throughout the brain (Table I),
although a punctate and/or diffuse pattern was some-
times observed at different locations. In those areas
where cell bodies were clearly recognizable, there was a
zonal colocalization with NeulN, in contrast to the situa-
tion observed with GFAP, with which no colocalization
was detected (Fig. 1, compare A2 and F, C1 and E).
Because colocalization at the cellular level was not clear
in sections double stained for X-gal and NeuN or
GFAP, samples were analyzed by confocal inmunofluor-
escence with antibodies against B-gal and NeuN or
GFAP. The results shown in Figure 2 confirmed the
lack of colocalization with the glial marker, insofar as
the majority of the B-gal positive cells were also positive
for NeuN (Fig. 2D-F, higher magnification G-I) and
MAP2 (not shown). The lack of expression of LacZ in
glial cells is not due to a difficulty of astrocytes with -
gal expression; the enzyme has been shown to colocalize
with GFAP in other studies (de Leeuw et al., 2006; Lee

TABLE I. Areas of Citrin Expression (X-Gal Deposits) in the
Adult Mouse Brain

Zone Expression level Nouclei
Septum +++, Septal nuclei: vertical imb of
Cell bodies diagonal band nu, medial
septal nu, horiz diagonal
band nu
Striatum/ ++, Cell bodies Ventral pallidum
hypothalamus
Hypothalamus ++, Cell bodies Magnocellular preoptic nu
Striatum +, Cell bodies Caudate putamen: lateral
globus pallidus, Meynert nu
Thalamus ++, Cell bodies Reticular nucleus of thalamus;
subthalamic nuc (zona
incerta)
Midbrain 44+ Magnocellular red nu
Cell bodies
Pons ++ 4t Pontine/reticular tegmental
Cell bodies pontine nu
Cerebellum ++++, Deep cerebellar nu
Cell bodies
Medulla + -+, Cochlear nu; spinal trigeminal
Cell bodies tract, vestibular nu, lateral
paragigantecellular nu
Tract regions +, Punctate Cingulus; corpus callosum;
pattern stria terminalis; capsula

externa/interna; anterior
commisure; fimbria of
hipocampus; globus pallidus;
optic tract; fornix

et al., 2006; Karavanova et al., 2007). Thus, the results
indicate that citrin is undetectable in glial cells and is
expressed in neurons at very low levels.

Fasting Regulates Citrin Expression in the Brain

Citrin mRNA levels were found to be altered in
some brain areas of mice during the fasting-to-refed
transition (B. Thorens, unpublished observations). To
verify whether there were similar changes in citrin
expression in the whole brain, we have measured [-gal
activity in mouse brain after a 24-hr fast and after
refeeding. We have also measured B-gal activity in liver
as control. As shown in Table II, there is an increase in
B-gal activity (i.e., citrin expression) in mouse brain after
a 24-hr fast, which returns to normal levels at 48 hr after
normal eating. The effect is observed both in cortex and
in cerebellum, and it is more prominent in the cerebel-
lum. A similar but smaller fasting-related increase was
observed in the liver (Table II).

DISCUSSION

Citrin is the hepatic isoform of the aspartate gluta-
mate carrier and to date was thought to be absent from
the nervous system, where aralar is the main isoform
present (Begum et al., 2002; del Arco et al., 2002;
Ramos et al.,, 2003). However, citrin was observed in
cultured glial cells (Ramos et al, 2003), and citrin
mRNA was also found by in situ hydridization in spinal
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Fig. 2. Localization of B-gal expression in neurons. Brain sections of
control (A~C) and citrin-deficient (D-L) mice were inmunostained
with antibodies against B-gal (green) and either NeuN (neuronal
marker, A-1, red) or GFAP (glial marker, J-L, red). Note colocaliza-
tion of B-gal with discrete groups of cells marked with NeuN (D-T)
and absence of colocalization with GFAP (J-L). Insets in D-F are
shown at higher magnification in G-I. Similar regions are shown for

Journal of Neuroscience Research

GFAP (J-L). Right column shows the corresponding images of sepa-
rated channels (1, NeuN or GFAP, red; and 2 B-gal, green) for
C,FELL. B, basal nuceli (Meynert); gcl, granule cell layer; ic, internal
capsule; LGP, lateral globus pallidus; mcl, molecular cell layer; pcl,
purkinje cell layer; Pn, pontine nuclei; Rt, reticular thalamic nuclei;
Rt Tg, reticular tegmental nuclei of pons; tfp, transverse fibers of
pons. Scale bars = 100 pm in A-F; 25 pm in G-L.
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TABLE II. B-Galactosidase Activity In Brain And Liver From
Citrin ™/~ During a Fasting-to-Refed Transition'

Control 24 Hours fasted (%) 48 Hours refed (%)
Cortex 1.99 £ 0.2 3.59 = 0.6* (180) 243 *+ 0.3 (122)
Cerebellum 472 = 0.9 9.56 = 1.5% (202) 6.1 * 0.84 (129)
Liver 222 %19  373% 33%% (168)  29.8 + 4 (134)

B-Galactosidase activity was measured as stated in Materials and Methods
in cytosolic fractions of cortex, cerebellum (n = 5), and liver (n = 3) in
citrin-deficient mice fed ad libitum (control), or 24-hr fasted, or 24-hr
fasted plus 48-hr refed. Assays were performed in duplicate with blanks
(no ONPG in medium). No B-galactosidase activity was detected in
wild-type citrin mice. Results are expressed as DO/mg protein and are
mean % SE of five (brain) or three (liver) experiments performed in
duplicate. Statistical difference (paired Student’s t-test) with respect to
control.

*P < 0.05.

P < 0.005.

cord (www.brain-map.org). Here we present new evi-
dence on the presence of the hepatic isoform of the
AGC citrin, at very low levels, in the brain in a few re-
stricted locations, particularly the deep cerebellar nuclei.
Surprisingly, citrin expression is restricted to brain neu-
rons, whereas astrocytes, which express citrin in culture
(Ramos et al., 2003), do not express it in brain. The
divergence between citrin expression in astrocytes in
culture and in brain in vivo is consistent with the sub-
stantial differences in gene expression between FACS-
isolated brain astrocytes and cultured astroglia (Cahoy
et al., 2008). This is in contrast to cultures of other brain
cells, such as oligodendrocytes or oligodendrocyte pre-
cursor cells, which have the same pattern of gene
expression in culture and in vivo (Dugas et al.,, 2006),
which indicates that cultured astroglia do not represent
the same cell type as in vivo astrocyes but instead repre-
sent an astrocyte-like cell type (Cahoy et al., 2008). This
may also explain why aralar, the main brain AGC, is
readily detected in cultured astrocytes but not in brain
astrocytes (Ramos et al., 2003).

A lack or very low levels of any of the AGCs in
brain astrocytes imply an absence of a robust functional
malate-aspartate shuttle and, therefore, a difficulty in
transferring redox equivalents from the cytosol to the
mitochondrial matrix. It is likely that brain astrocytes use
the glycerol phosphate redox shuttle, whose presence in
astrocytes has been demonstrated by the finding of
enriched transcripts for the two members of the shuttle,
cytosolic (GPD1) and mitochondrial (GPD2) glycerol-
phosphate dehydrogenases (Lovatt et al,, 2007; Cahoy
et al., 2008), a colocalization that was not detected ear-
lier (Leveille et al., 1980; Nguyen et al., 2003; McKenna
et al.,, 2006). On the other hand, the results agree with
the fact that glial metabolism is more glycolytic than that
of neurons, and glial cells generate lactate to support the
regeneration of NAD™ in the cytosol (Winkler et al.,
2000, 2004). Lactate would be then taken up and oxi-
dized in neurons, which have a have a robust malate
aspartate shuttle, as proposed by the astrocyte-neuron

lactate shuttle hypothesis (Magistretti et al.,
Kasischke et al., 2004; Pellerin et al., 2007).

Lack of AGC isoforms in brain astroglia is also rel-
evant to the metabolism of glutamate in glial mitochon-
dria. In general, glutamate entry in mitochondria occurs
through a glutamate-hydroxyl mitochondrial carrier
(GC1/SIc25a22 or GC2/ Slc25218) or the aspartate-glu-
tamate exchangers aralar or citrin and is followed by for-
mation of «KG via glutamate dehydrogenase or aspartate
aminotransferase, respectively (Palmieri, 2004). How-
ever, inhibitor studies of glutamate metabolism on cul-
tured astrocytes suggest that, whereas exogenous gluta-
mate is oxidized via glutamate dehydrogenase and not
via mitochondrial aspartate aminotransferase, glutamate
arising endogenously from glutamine, a pathway that is
not known to depend on the aspartate-glutamate mito-
chondrial carrier but possibly on mitochondrial gluta-
mine carriers, is metabolized through mitochondrial
aspartate aminotransferase (for reviews see McKenna
et al., 2006; McKenna, 2007). These results agree with
the presence of undetectable levels of AGCs on brain
astroglial cells shown in this and previous studies. On
the other hand, the fate of the aspartate produced in glial
mitochondria, which has been shown to be readily la-
beled from 1-"°C-glucose in vivo (Navarro et al., 2008),
demands further study.

We found that citrin expression is up-regulated in
liver from fasted animals (Table II), as reported previ-
ously (Begum et al., 2002). This agrees with the eleva-
tion of malate dehydrogenase and aspartate transaminase
(Sokolovic et al., 2008) and the increase in gluconeo-
genesis during fasting, which depend on MAS activity
especially from reduced substrates (Strzelecki et al., 1988;
Sugano et al,, 1988; Satrustegui et al., 2007). Because
there is no gluconeogenesis in brain, we hypothesized
that citrin could be expressed at feeding and energy bal-
ance control centers of the brain, which sense glycemic
changes. However, citrin expression was not found at
any of the classical feeding control centers of the CNS
[arcuate nucleus and other hypothalamic nuclei (Marty
et al., 2007)]. Neurons in those centers sense changes in
glucose and respond by changing their firing rate and
secreting active neuropeptide that is orexigenic or ano-
rexigenic (Oomura et al., 1964; Bady et al., 2006; Marty
et al., 2007; Gao and Horvath, 2008). However, citrin is
not enriched in any of these centers. Nonetheless, the
cerebellar deep nuclei, where citrin is expressed most,
appear to have a role in the regulation of nonsomatic
activities, particularly visceral activities, associated with
feeding behavior (Zhu and Wang, 2008). There are neu-
ral pathways that connect directly the deep cerebellar
nuclei and hypothalamic nuclei involved in feeding con-
trol, and these cerebellohypothalamic projections form a
bridge through which the cerebellum may participate in
the regulation of food intake (Zhu et al., 2004; Zhu and
Wang, 2008; Li et al., 2009). Determining whether cit-
rin up-regulation is related to enhanced glucose or lac-
tate utilization in specific neurons involved in feeding
control or is merely a residual response to the same cues

1999;
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as the liver, without any significant function in the
brain, will require further clarification.

In the brain, aspartate is a precursor of N-acetylas-
partate (NAA), the neuron-borne donor of acetyl groups
in myelin lipid synthesis, and aralar deficiency causes a
large drop of aspartate and NAA in the mouse brain,
leading to hypomyelination (Jalil et al., 2005). The only
aralar-deficient patient described so far presented a
similar drop in NAA together with hypomyelination,
arrested psychomotor development, hypotonia, and seiz-
ures (Wibom et al., 2009). However, in this patient, the
defect in myelin synthesis seemed to be restricted to the
cerebral cortices, insofar as white matter in cerebellum
and brainstem appeared normal (Wibom et al.,, 2009).
Although the expression levels of citrin in the mouse
brain are very low, our results indicate that the deep cer-
ebellar nuclei are the areas with higher citrin expression.
This opens up the possibility that citrin might be
expressed in the human cerebellum and might be able to
rescue (at least partially) aspartate, NAA, and myelin syn-
thesis in the cerebellum when aralar, the main AGC, is
not functioning.
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Brain glutamine synthesis requires neuronal-born
aspartate as amino donor for glial glutamate

formation
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The glutamate—glutamine cycle faces a drain of glutamate by oxidation, which is balanced by the
anaplerotic synthesis of glutamate and glutamine in astrocytes. De novo synthesis of glutamate by
astrocytes requires an amino group whose origin is unknown. The deficiency in AralairAGC1, the main
mitochondrial carrier for aspartate—glutamate expressed in brain, results in a drastic fall in brain
glutamine production but a modest decrease in brain glutamate levels, which is not due to decreases in
neuronal or synaptosomal glutamate content. /n vivo *C nuclear magnetic resonance labeling with
*Cacetate or (1-'°C) glucose showed that the drop in brain glutamine is due to a failure in glial
glutamate synthesis. Aralar deficiency induces a decrease in aspartate content, an increase in lactate
production, and lactate-to-pyruvate ratio in cultured neurons but not in cultured astrocytes, indicating
that Aralar is only functional in neurons. We find that aspartate, but not other amino acids, increases
glutamate synthesis in both control and aralar-deficient astrocytes, mainly by serving as amino donor.
These findings suggest the existence of a neuron-to-astrocyte aspartate transcellular pathway required
for astrocyte glutamate synthesis and subsequent glutamine formation. This pathway may provide a
mechanism to transfer neuronal-born redox equivalents to mitochondria in astrocytes.
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Introduction

Glutamate is the main excitatory neurotransmitter in
the central nervous system. The lack of pyruvate
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carboxylase in neurons makes them incapable of
de novo synthesis of glutamate and y-aminobutyric
acid (GABA) from glucose (Shank et al, 1985).
However, the release of glutamate is followed by
uptake into astrocytes rather than neurons (Schousboe,
1981). This leads to a continuous drain of glutamate
from neurons to astrocytes, which needs to be
compensated through the supply of a glutamate
precursor formed in astrocytes, glutamine. The
glutamate—glutamine cycle for glutamatergic neurons
and the GABA-glutamine cycle for GABAergic
ones account for glutamate homeostasis in the
corresponding terminals (Bak et al, 2006). In addi-
tion to transcellular cycling, some of the glutamate—
glutamine is oxidized in the brain, about 10% to
30% under basal conditions (Rothman et al, 2003;
Hertz and Kala, 2007) leading to a net loss of these
compounds from the glutamate—glutamine cycle
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(McKenna, 2007; Schousboe et al, 1993; Sonnewald
et al, 1993; Gamberino et al, 2007). This requires a
continuous replenishment of glutamate and gluta-
mine in astrocytes. Therefore, the small glial pool of
glutamate, which is the precursor of the glutamine
pool, is rapidly turning over (Cruz and Cerdan,
1999).

De novo glutamate and glutamine production in
astrocytes requires the supply of one or two ammonia
groups, respectively, and neurons are thought to
supply one or both (reviewed in Bak et al (2006)).
Two mechanisms have been proposed for the
effective transfer of ammonia for amidation in the
glutamine synthesis reaction: (1) ammonia (NH,) or
ammonium (NH;) transport (Bak et al, 2006) and (2)
alanine-lactate nitrogen shuttle (Bak et al, 2006). The
branched chain amino acid (BCAA)-branched chain
keto acid mnitrogen shuttle has been proposed to
account for nitrogen donation to the glutamate amino
group for net synthesis of glutamine involving
pyruvate carboxylation (Lieth ef al, 2001). The extent
to which each of these processes actually supports
glutamate and/or glutamine production in brain
astrocytes, has not been established yet.

We now present evidence suggesting that aspartate
is the neuron-born nitrogen donor for glial glutamate
synthesis. The evidence was obtained in mice
deficient in Aralar, the mitochondrial transporter
of aspartate—glutamate present mainly in neurons
(Ramos et al, 2003; Berkich et al, 2007; Xu et al,
2007). Aralar-KO mice have hypomyelination and a
very drastic fall in brain aspartate and N-acetylas-
partate (NAA) levels, because of lack of the only
mitochondrial carrier that transports aspartate from
the mitochondrial matrix to the cytosol in exchange
for glutamate (Jalil ef al, 2005). Similar features are
present in a patient with Aralar deficiency (Wibom
et al, 2009). We find that these mice have a
marked decrease in the brain glutamine pool, but a
more moderate decrease in the glutamate pool,
consistent with a failure to produce glutamate
and glutamine in the glial compartment. In vivo
13C-labeling experiments with (**C) acetate or glucose
showed a dramatic loss of "C-labeled glutamine
in Aralar-KO mice, indicating a decrease in gluta-
mine synthesis. Cultured astrocytes, from both
wild-type (WT) and Aralar-KO mice, were able to
use aspartate to produce glutamate and glutamine
from glucose at concentrations in which GABA,
alanine, or leucine were essentially ineffective,
showing that brain aspartate, which is produced
mainly in neurons is probably used as preferred
nitrogen donor for glutamate and glutamine synth-
esis in astrocytes.

Materials and methods
Animals and Genotypes

Male SVJ129 x C57BL6 mice carrying a deficiency for
ARALAR expression (Aralar~'~, Aralar*’~, and Aralar*’*)

Brain glutamine requires neuronal aspartate
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were obtained from Lexicon Pharmaceuticals, Inc (The
Woodlands, TX, USA) (Jalil et al, 2005). The mice were
housed in a humidity- and temperature-controlled room on
a 12-hour light/dark cycle, receiving water and food
ad libitum. Genotype was determined by PCR using
genomic DNA obtained from tail or embryonic tissue
samples (Nucleospin tissue kit, Macherey-Nagel, Dueren,
Germany) as described previously (Jalil et al, 2005). All the
experimental protocols used in this study were approved
by the local Ethics Committees at the Center of Molecular
Biology ‘Severo Ochoa,” Autonoma University (UAM),
Madrid, and at the Institute of Biomedical Research
‘Alberto Sols’ CSIC-UAM, Madrid, Spain.

Immunofluorescence

Animals were anesthetized by chloral hydrate (0.5 mg/g
body weight; Sigma-Aldrich, St Louis, MO, USA) and
perfused transcardially with saline buffer (0.9% NaCl in
phosphate buffer) and then with 4% formaldehyde in
phosphate buffer (formalin fixative). Brains were carefully
removed and postfixed overnight in formalin (4°C) and
transferred into sucrose (30% in phosphate buffer). Later,
they were embedded in OCT compound (Tissue-Tek,
Sakura Finetek Europe BV, Zoeterwoude, The Nether-
lands), frozen on dry ice and cut into 12 series of 30 um
coronal sections with a cryotome (free-floating sections).
Sections were kept in cryoprotectant medium (25%
glycerol, 25% ethylene glycol in 50mmol/L. phosphate
buffer) and stored at —20°C until processing.

For  immunofluorescence  assay,  cryoprotectant
medium was washed with phosphate-buffered saline
(PBS) before incubation in antigen retrieval medium
(0.1% sodium dodecyl sulfate, 2mmol/L EGTA (ethylene
glycol-bis (2-amino-ethylether)-N,N,N,N'-tetra-acetic acid),
PBS) for 30minutes at 37°C. Then sections were
washed (PBS) and treated with NaBH, (5 mg/mL) to quench
endogenous  autofluorescence. Afterwards, sections
were preincubated in PBS with 10% horse serum and
0.5% Triton X-100, and then incubated overnight
with anti-Aralar (1:100, polyclonal) and anti-Cox-I
(1:100, Molecular Probes, Eugene, OR, USA; monoclonal)
in PBS with 2% horse serum and 0.25% Triton X-100.
Secondary antibodies Alexa 488 (Molecular Probes, 1:500)
and Cy3 mAB (Jackson Inmunoresearch Laboratories Inc.,
West Grove, PA, USA, 1:500) were incubated for 1 to
2hours before mounting with mowiol. TOPRO-3 ({1-(4-
[3-methyl-2,3-dihydro-(benzo-1,3-thiazole)-2-propylidene]-
quinolinium)-3-trimethylammonium propane diodide}
(TP3)) (Invitrogen, Carlsbad, CA, USA; 1:750) was used
as nuclear probe. Imaging was performed in a confocal
Zeiss microscope.

Electron Microscopy

Electron microscopy of brain sections from wt and
Aralar-KO mice, immunocytochemical detection of Aralar,
and identification of profiles for different cell types is
described in Supplementary Materials and methods.
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Amino-Acid Analysis in Brain Tissue and Astroglial
and Neuronal Cells

For analysis in brain, mice were anesthetized, and cerebral
metabolism was arrested using high-power (5kW) micro-
waves (Muramatsu, Osaka, Japan). The whole brain was
immediately removed from the skull on dry ice and
homogenized with four volumes of 3% sulfosalicylic or 5%
perchloric acid as described earlier (Jalil et al, 2005). The
sulfosalicylic acid supernatants were used for amino-acid
analysis with a JEOL JLC-500 amino-acid analyzer (JEOL
Ltd., Tokyo, Japan); and the neutralized perchloric acid
extracts were quantified with a Biochrom 20 amino-acid
analyzer (Pharmacia, Uppsala, Sweden) as described below.
For analysis in cell cultures, both media and cells were
processed in 3% perchloric acid neutralized and centri-
fuged at 10,000g for 15 minutes. Samples were lyophilized
and dissolved in lithium citrate loading buffer 0.2 mol/L
pH 2.2 for quantification with an automatic amino-acid
analyzer Biochrom 20 using a precolumn derivatization
with ninhydrin and a cationic exchange column. Gluta-
mine and glutamate content was also measured in
astroglial cultures by end point enzymatic reactions as
described in Supplementary Materials and methods.
Glutamate content in cerebellar neurons was also
assayed in Triton-permeabilized cells grown on glass
coverslips by online fluorimetry as described in Supple-
mentary Materials and methods for synaptosomes.

Glucose, Lactate, and Pyruvate Determinations in
Media from Glial and Neuronal Cell Cultures

The concentrations of glucose, lactate, and pyruvate in
culture media were quantified by using enzymatic kits
from Boehringer (Phoenix, AZ, USA), BioVision (Mountain
View, CA, USA), and INstruchemie BV (Delfzijl, The
Netherlands), respectively, following in each case the
manufacturer’s instructions. All essays were performed in
48-well microplates, with a FLUOstar OPTIMA reader
in the absorbance mode.

In Vivo **C-Labeling Studies

The experiments were conducted at postnatal Day 20.
Animals from each group (16 WT and 16 Aralar-KO mice)
were weighed and deeply anesthetized with an intraper-
itoneal injection of a mixture of Ketolar (ketamine; 40 ug/g
body weight} and Domtor (medetomidine; 1ug/g body
weight) just before the **C substrate administration.
Anesthesia was used in these experiments, as most of the
mice were subjected to in vivo 'H nuclear magnetic
resonance spectroscopy analysis (results not shown) before
metabolic-labeling experiments. Some of these mice (10 WT
and 9 Aralar-KO) were intraperitoneally injected with
(1-*°C) glucose (2mmol/100g body weight) and six animals
of each genotype were intraperitoneally injected with
(1,2-'3C,) acetate (6 mmol/100g body weight). Under these
labeling conditions, the calculated initial plasma acetate
concentration is several fold higher than the Km for its glial
transporter (9 mmol/L; Waniewski and Martin, 1998). At
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this acetate concentration, neurons will also take up acetate
by diffusion and metabolize it through acetate thiokinase,
as the preference of astrocytes for acetate is due to transport
(Waniewski and Martin, 1998). The physiological state of
the animal was followed through all the experiment.
Respiratory rate was monitored by a Biotrig system (Bruker
Medical GmbH, Ettlingen, Germany), and body temperature
was maintained at ~37°C using a thermostatic blanket and
a temperature-regulated circulating water bath. Fifteen
minutes after *°C-label administration, the metabolism
was arrested using a high-power (5 kW) focused microwave
fixation system (Muromachi Kikai Co. Ltd., Tokyo, Japan).
The brain was rapidly removed from the skull and
immediately frozen in liquid N,. (1-**C) glucose (99.9%
*3C) and (1,2-"°C,) acetate were obtained from Cambridge
Isotope Laboratories (Andover, MA, USA). *H,O (99.9% *H)
was acquired from Apollo Scientific Ltd. (Stockport,
Cheshire, CT, USA). The preparation of perchloric acid
extracts of the individual biopsies (whole brain including
cerebellum) and the procedures to carry out **C nuclear
magnetic resonance spectroscopy are described in Supple-
mentary Materials and methods.

Statistical Analysis

Statistical analysis was performed using the SPSS package
(SAS Institute Inc., Cary, NC, USA). The statistical
significance of the differences was assessed by one-way
analysis of variance followed by a post hoc Student’s,
Duncan/Tukey, or Student-Newman—Keuls t-test method,
as indicated. The results are expressed as mean * standard
error of the mean (s.e.m.).

Results

Brain Astrocytes have Limited Aralar/AGC1 Levels
and Malate-Aspartate Shuttle Activity

We and others (Ramos et al, 2003; Berkich et al, 2007;
Xu et al, 2007; Cahoy et al, 2008) have reported a
preferential localization of Aralar mRNA and protein
in neuron-rich areas in the postnatal mouse brain. In
culture, neurons have much higher levels of Aralar
protein than cultured glial cells (Ramos et al, 2003).
Moreover, cultured astroglial cells express not only
Aralar protein but also Citrin/AGC2 (Ramos et al,
2003; Supplementary Figure 1), an AGC isoform
expressed in liver but hardly at all in brain, where
it is expressed at very low levels only in a few
neuronal clusters (Contreras et al, 2010), questioning
the relevance of cultured astrocytes as reporters of
brain astroglial cells. The brain from Aralar-KO mice
has very low aspartate and NAA levels (Jalil et al,
2005), and because these two molecules are produced
mainly by neurons and oligodendrocyte precursors
(Urenjak et al, 1993), their fall in the brain from
Aralar-KO mice was attributed to the lack of neuronal
Aralar (Jalil et al, 2005). However, recent data from
Lovatt et al (2007) suggested that Aralar mRNA is
equally represented in brain astroglial cells and

—133—



neurons, and it was concluded that malate-aspartate
shuttle had low and similar levels in both cell types.

To clarify the role of Aralar in aspartate formation
and the malate-aspartate shuttle activity in the two
cell types, we have first studied cell aspartate levels
and redox shuttle activity in astrocytes and neuronal
cultures derived from wild-type and Aralar-KO mice.
Cultured astrocytes from Aralar'*’*, Aralar*'=, and
Aralar™” mice show a dose-dependent loss of

Table 1 Cellular content of amino acids (nmol/mg protein) in
extracts of cortical astroglial and cortical neuronal cultures from
wild-type and Aralar-KO mice

Astrocytes Neurons

wild type  Aralar-KO  Wild type  Aralar-KO
Phosphoserine 62.6+4.7 78.9+3.9 37.3+£0.3 50.8+13.8
Aspartate 8.7%1.2 7.9%+1.0 254%1.3 6.2+£0.8%**
Threonine 35.8+3.7 48.9%0.8 52.8%5.9 74.4+23.1
Serine 54.0+5.6 75.1+9.1 95.8+6.9 111.6+24.4
Glutamate 126.9+14.5 160.8+17.3 105.8+11.1 120.8+%28.5
Glutamine 213.5+15.2 289.6 £8.0* 39.0+5.2 41.8110.1
Glycine 64.1+9.4 108.8%33.7 160.6+19.3 309.5+97.3
Alanine 12.1+1.0 15.9+1.8 9.81+1.2 4.6+0.8*
Valine 18.0+1.4 29.61t1.1 245%2.8 30.4%4.6
Isoleucine 16.2+0.8 25.3*1.3** 21.7+£25 25.7%3.0
Leucine 15.8+0.6 25.3+1.4*%* 20.3%2.3 22.812.6
Lysine 19.9+1.2 29.9+3.4* 35.9+3.4 64.5+14.9
GABA ND ND 13.1£0.7 17.3+£2.6

DMEM, Dulbecco's modified Eagle medium; GABA, y-aminobutyric acid; ND,
not detectable.

Cortical astrocytes and neurons in culture were maintained in DMEM media
containing 25 mmol/L glucose supplemented with 10% serum or NB-B27
containing 30 mmol/L glucose, respectively. All media were aspartate free
and contained 0.5 mmol/L (neurons) or 4.5 mmol/L (astrocytes) glutamine.
Media was renewed 24 hours before recollecting cellular extracts at 14 (for
astrocytes) or 10 DIV (for neurons). Amino acids were quantified with an
automatic amino-acid analyzer Biochrom 20 using a cationic exchange
column and precolumn derivatization with ninhydrin. Results are presented
as mean+s.e.m. (n=4). Data were statistically evaluated by one-way
analysis of variance followed by Student’s t-test. Comparisons between
control and Aralar-deficient cultures were significant where indicated
#**xP<0.001; **P<0.01; *P<0.05.
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Aralar, whereas citrin levels were unchanged (Sup-
plementary Figure 1). However, the lack of Aralar
resulted in a prominent decrease in aspartate levels
in neurons, but not in astrocytes (Table 1). Aralar
deficiency increased by almost twofold lactate
production in neurons resulting in a rise in the
lactate-to-pyruvate ratio (by about 13-fold); however,
lactate production and the lactate-to-pyruvate ratio
were mnot significantly increased in the culture
medium of astrocytes (Table 2), even though astro-
cytes have much higher capacity to stimulate
glycolysis than neurons (Herrero-Mendez et dl,
2009). These results show that Aralar in astroglial
cells is not significantly required for aspartate
production and that these cells do not rely on the
malate-aspartate shuttle to transfer redox equivalents
to mitochondria. As the glucose concentration used
in these studies was higher than physiological (25 to
30 mmol/L), glucose utilization and lactate produc-
tion have also been measured at 5 mmol/L glucose in
short-term experiments (2 hours). Aralar deficiency
resulted in the same increase in lactate production in
neuronal but not astrocyte cultures (results not
shown).

Taken together, the results show that neurons depend
on Aralar for aspartate production, malate-aspartate
shuttle activity and glucose oxidation, and cultured
astrocytes, even though expressing Aralar, do not.

We have next studied the distribution of Aralar in
the brain with the use of Aralar immunofluores-
cence. Colabeling with cytochrome oxidase anti-
bodies was clearly observed in well-characterized
neuronal regions (Figures 1A—1C), but not in the
brain of Aralar-KO mice (Supplementary Figure 2).
To further clarify the lack of Aralar in glial
mitochondria, electron microscopy analysis in
vibratome sections was performed (Figures 1D-1F).
A very high proportion of Aralar-immunogold
labeling was localized to mneurons (94.1% *
18.0%) in comparison to glial profiles (7.2% +0.5%;
P=0.0001). In neurons (Figures 1D-1F), Aralar
showed a prominent localization in mitochondria

Table 2 Glucose and pyruvate consumption, and lactate net formation measured in culture media of astroglial and neuronal cultures

from wild-type (WT) and Aralar-KO (KO) mice

Cell type Genotype Glucose consumed Lactate net formation Pyruvate consumed Lact/Pyr ratio
{umol/mg prot/24 h) (umol/mg prot/24 h) (umol/mg prot/24 h)
Astrocytes WT 278.1+2.7 152.14+18.8 5.8+0.1 348.7 £30.5
KO 295.1+22.2 176.3+4.4 5.810.0 446.6 £27.5
Neurons WT 259.0%3.5 10.3%£0.9 3.6+0.0 49.8+3.0
KO 174.0+9.8%** 18.5+0.7%** 3.8+ 0.0%** 638.7 £196.6*

DMEM, Dulbecco’s modified Eagle medium; Ext Gluc, extracellular glucose; GABA, y-aminobutyric acid; Lac, Lactate; Pyr, Pyruvate.

Cortical astrocytes and neurons were cultured for 14 and 10 DIV, respectively, and subsequently incubated for 24 hours in DMEM containing 25 mmol/L
glucose (astrocytes) and NB-B27 containing 30 mmol/L glucose (neurons). Fetal calf serum present in glial cultures contains 240 umol/L lactate and 367 umol/L
pyruvate. To reproduce the conditions, the same concentration of lactate and pyruvate were added in neuronal cultures. At the end of the experiments, the
glucose, lactate, and pyruvate concentrations in the media were determined by using kits from Boehringer (glucose), BioVision (lactate), and INstruchemie BV
(pyruvate). The consumption of glucose, pyruvate, and net formation of lactate by the cells was calculated on the basis of cellular protein. Results are
mean £ s.e.m. (n=6) of three independent experiments. Data were statistically evaluated by one-way analysis of variance followed by Student's t-test.
Comparisons between control and Aralar-deficient cultures were significant where indicated ***P<0.001; *P<0.05.
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Figure 1 Aralar immunolabeling in brain neurons and astrocytes. (A—C) Brain sections of Aralar */* mice (A-C) were probed against
Aralar (green) (A) and Cox-I (red) (B) antibodies. Merged images are shown in (C), with nucleus marked with Topro-3 (blue). Scale
bar, 10 um. Electron microscopy analysis of Aralar immunolabeling in brain sections (D-F). (D) Prominent mitochondrial Aralar-
immunogold (arrowheads) labeling in a neuronal somata, showing also some cytoplasmic gold particles. The neuron is adjacent to a
glial cell (oligodendrocyte), showing the typical heterocromatic nucleus and electrodense cytoplasm, in which no Aralar
immunolabeling is observed. Note the lack of labeling in the two large glial mitochondria (asterisk). Scale bar, 0.5 um.
(E) Arrowheads indicate Aralar-immunogold labeling on mitochondria within a dendrite. Where indicated (mit) two large unlabeled
mitochondria appear in an astrocytic process (with an irregular contour marked with a dashed line), in the neuropil close to the
Aralar-immunolabeled dendrite. Scale bar, 0.5 um. (F) An astrocyte process showing several unlabeled mitochondria ensheathes a
neuronal dendrite with one labeled mitochondria (arrowhead). The astrocyte shows a typical irregular sinuous contour and glial
filaments (glial fil). Scale bar, 0.5 um. Immunogold particles were counted in 220 electron micrographs at x 50,000 from 22
vibratome sections from five different mice. The number of particles counted in mitochondria or other regions was 731 or 210 in
neurons, and 43 or 29 in glia, respectively.

(77.7%; P=0.0001) and some labeling of membranes of
smooth endoplasmic reticulum and intracytoplasmic
tubulovesicles. The proportion of Aralar-immunogold
particles localized in mitochondria in glial cells
(40.3%) was statistically much lower than in neurons
(two-way analysis of variance in the interaction for the
two factors; type of profile and subcellular localization;
P=0.0001). These results indicate that, at the protein
level, Aralar is localized preferentially, if not exclu-
sively, in neurons.

Changes in Amino-Acid Levels in Brain from
Aralar-KO Mice

As previously observed (Jalil et al, 2005), there is a
dramatic fall in aspartate levels in brain from Aralar-
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KO mice at 20 days of age (Table 3). Other amino
acids, particularly glutamate, undergo only a modest
decrease (of about 25%). Essential amino acids, such
as isoleucine, leucine, and lysine do not decrease.
However, there is a striking decrease in serine (to
25%) and alanine (to 32%) levels and also a
prominent fall in glutamine levels to about 23% in
the brain of Aralar-KO mice.

The decrease in serine may be due to its increased
utilization for pyruvate synthesis, as the pyruvate-to-
lactate ratio falls drastically in neuronal cultures
from Aralar'~'~) mice (Table 2). The drop in pyruvate
levels may also explain the decrease in alanine,
which is observed both in brain and in cultured
neurons from Aralar-KO mice (Tables 1 and 3;
Supplementary Discussion).
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Table 3 Amino-acid content in brain extracts from wild-type and
Aralar-KO mice at 20 days of postnatal age

Brain amino acids Wild type Aralar-KO (nmol/g tissue)
(nmol/g tissue) (% versus WT)

Phosphoserine 431+20 540+ 39*

Aspartate 3006 +£279 429+£108*** (14%)

Threonine 38820 3409

Serine 124269 314+33*** (25%)

Glutamate 9335 £815 7024 +£455*  (75%)

Glutamine 3806 + 340 890+ 167*** (23%)

Glycine 1863 +219 1563+ 174

Alanine 755+ 100 244 £22*** (32%)

Valine 1235 126+ 24

Isoleucine 50+ 2 45+9

Leucine 76+3 86+13.1

Lysine 50151 413+33

GABA 1358+ 141 1324+ 207

GABA, y-aminobutyric acid; WT, wild type.

Data are expressed as nmol/g tissue (mean ts.e.m.; n =6-10). Statistical
comparisons were performed using one-way analysis of variance followed by
post hoc Duncan/Tukey t-test. ***P<0.001; *P<0.05.

No Changes in Neuronal Glutamate Levels or
Synaptosomal Glutamate Release in Aralar-KO Mice

Cultured neurons from Aralar-KO mice did not show
any difference in glutamate content, either when
derived from cortical (Table 1) or cerebellar cultures
(5.17 £0.21 and 5.34+0.11nmol/10° cells in Ara-
lar’*’) and Aralar =~ neurons, respectively (mean *
s.em.; n=4 to 7).

We next evaluated the glutamate release and
content in synaptosomes from Aralar-KO mice.
There were no significant differences between
genotypes (Supplementary Figure 3) in terms of rate
of release, either in basal conditions (low K*, with
EGTA or Ca®*), or after KCI stimulation (high K,
with EGTA or Ca®*). In addition, there were no
differences in total glutamate content between
genotypes (241.3 £31 and 230+ 43 nmol glutamate/
mg protein, mean * s.e.m. of three experiments per-
formed in triplicate, in synaptosomes from Aralar(*’+’
and Aralar=’~) mice, respectively). These results
contrast with previous proposals (Palaiologos et al,
1988) involving the malate-aspartate shuttle in the
formation of neurotransmitter glutamate (see Supple-
mentary Discussion).

No Changes in Glutamine Utilization by Neurons from
Aralar-KO Mice

Having shown that neuronal glutamate content and
synaptosomal glutamate levels or release do not
change in Aralar-KO, we studied whether glutamine
metabolism was changed in neurons from Aralar-KO
mice. Glutamine is deamidated to glutamate by
phosphate-activated glutaminase and glutamate
may be oxidized (glutamate dehydrogenase (GDH))
or transaminated (mitochondrial aspartate amino-
transferase) into a-ketoglutarate («-KG) which is
subsequently decarboxylated by o-KG dehydrogen-
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ase («-KGDH). None of these activities (phosphate-
activated glutaminase, GDH, and mitochondrial
aspartate aminotransferase) changed in the brain of
the Aralar-KO mice except for an increase in «-KGDH
activity (Supplementary Table 1). Cortical or cere-
bellar neurons from Aralar™'~ mice did not show
any changes in CO, production from glutamine
(glutamine-derived CO, production 6.8+0.8 and
16.3 £0.8nmol Gln/mg protein/h (Aralar*’* neu-
rons) and 8.4+0.1 and 14.2+01nmol Gln/mg/h
(Aralar”’~ neurons) from cortex and cerebellum,
respectively {mean + s.e.m., n=6)). This is consistent
with the lack of effect of AST inhibitor amino-
oxyacetate on CO, production from glutamine
in synaptosomes (McKenna et al, 1993). Thus,
decreased glutamine levels in brain from Aralar-KO
mice are not due to a change in neuronal metabolism
of glutamine.

In Vivo Labeling of Cerebral Glutamine and Glutamate
with (**C,} Acetate or (1-**C) Glucose

To analyze other possible causes for the reduced
glutamine levels in Aralar-KO brain, we investigated
glutamate—glutamine synthesis in vivo from (*°C,)
acetate or (1-'*C) glucose. Figure 2 (and Supplemen-
tary Figure 4) shows that **C-labeled glutamine in the
brain from Aralar-KO mice is below detection limit,
regardless of whether '*C-acetate or "*C-glucose are
used as cerebral substrates. The "C enrichments
found in glutamate or glutamine in the control mice
are similar to those observed previously (Rodrigues
et al, 2007). However, the absence of **C-labeled
glutamine in the Aralar =/~ mice is unique to these
animals, revealing that neuronal deprivation of
Aralar results in a net decrease in astroglial synthesis
of glutamine.

Decreased labeling of cerebral glutamine in the
face of a very modest decrease in the cerebral
glutamate pool strongly suggests that it is the
astroglial synthesis of glutamine and the small
astroglial glutamate pool from which it derives,
which are affected. The extremely small size of the
glial glutamate pool does not allow to detect changes
in the labeling from "*C-glucose of this pool, which is
masked by the large total cerebral glutamate pool
(Chapa et al, 2000). The absence of changes in
glutamate labeling from **C-acetate can be explained
by residual acetate metabolism in neurons, as the
plasma acetate concentrations used in this study
were well above the limit for the glial acetate
transporter (Waniewski and Martin, 1998) and agrees
with the lack of changes in glutamate levels in
Aralar-deficient neurons or synaptosomes (Table 1;
Supplementary Figure 3) and with the absence of
changes in glutamine metabolism in Aralar-deficient
neurons. As glutamine synthetase activity is un-
changed in Aralar-KO mouse brain (Supplementary
Table 1), the failure to synthesize glutamine in
astrocytes must be due to a metabolic limitation in
the synthesis of glutamate in brain astrocytes.
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