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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-1 (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

{nmol/g tissue)

Aralar-KO (nmol/g tissue)
(% versus WT)

Phosphoserine 431£20 540+ 39*
Aspartate 3006 +279 429+ 108*** (14%)
Threonine 388+ 20 340+9

Serine 1242 +69 314+ 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 123+5 126+ 24

Isoleucine 50+2 45+9

Leucine 763 86+13.1

Lysine 501+51 413 +33

GABA 1358+ 141 1324 + 207

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

Data are expressed as nmol/g tissue (mean +s.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.

Ne 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.eam.; 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 o-ketoglutarate (a-KG) which is
subsequently decarboxylated by «-KG dehydrogen-
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ase (x-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 o-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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Figure 2 Lack of '*C-labeled glutamine in Aralar~— mice. (A) Expansions of representative proton-decoupled '3C nuclear magnetic
resonance spectra (125.13 MHz, 25°C, pH 7.2) of neutralized perchloric acid extracts from the cerebral tissue of control (Aralar*/+)
and Aralar-deficient (Aralar~'-) mice intraperitoneally injected with (1,2-13C,) acetate. Only the 26 to 56 p.p.m. region is shown,
with insets highlighting the 30 to 36 p.p.m. region. Asp, aspartate (C2: 53.0 p.p.m.; C3: 37.8 p.p.m.); GABA, y-aminobutyric acid
(C2: 35.4p.p.m., C4: 40.4p.p.m.); Gin, glutamine (C2: 55.0p.p.m.; C3: 27.0p.p.m.; C4: 31.6 p.p.m.); Glu, glutamate (C2:
55.4p.p.m,; C3: 27.7p.p.m.; C4: 34.2p.p.m.); NAA, N-acetylaspartic acid (C2: 54.2 p.p.m.); PCr, phosphocreatine (C4':
54.4 p.p.m.); p.p.m., parts per million; Tau, taurine (C1: 48.4 p.p.m.; C2: 36.1 p.p.m.). (B) Combined fractional *3C enrichment of
glutamate C4 and glutamine C4, of extracts from the cerebral tissue of control (Aralar*/*) and Aralar-deficient (Aralar~'-) mice
injected with (1,2-13C,) acetate or with (1-*°C) glucose, determined as indicated in the text. See Cerdén et a/ (1990) for assignments
of singlets and doublets. Arrows indicate the absence of Gin labeling in the KO mice extracts. Results are expressed as the

mean s.e.m.

Astrocytes use Preferentially Aspartate as Nitrogen
Donor for Glutamate and Glutamine Synthesis

There is no decrease in the levels of glutamate and
glutamine in cultured astrocytes from Aralar-KO
mice (Table 1). As the culture medium provides
some essential nutrients such as glutamine, this may
compensate for deficits in vivo and complicates the
comparisons of cultured cells to in vivo.

The failure to synthesize glutamate and glutamine
in brain astroglia could arise from a defective
production of a-KG in these cells. The decrease in
pyruvate levels in Aralar-KO neuronal cultures (final
pyruvate concentrations in the culture medium drop
from 19.7+1.1pumol/L. in control neurons to
3.2 % 0.6 umol/L in Aralar-KO neurons) possibly also
occurs in vivo and may result in a drain of pyruvate
in astrocytes jeopardizing oxaloacetate (OAA) pro-
duction by pyruvate carboxylase and subsequent
oa-KG formation. However, a-KG levels in cultured
astrocytes from WT and Aralar-KO mice were the
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same (1.75+0.4 and 1.67+0.2nmol/mg protein,
respectively, n=4), whereas a clear increase in
o-KG levels was detected in the brain from Aralar-
KO mice (meanz*s.e.m. of four mice per group:
4.96+0.16 and 13.07 +1.3nmol/g weight, in WT
and Aralar-KO mice, respectively, P<0.001). These
results indicate that the drop in glial glutamate
synthesis is not due to a lack of «-KG but most
probably to a shortage of the amino-group donor.
The absence of Aralar leads to a prominent fall in
brain aspartate levels (Table 3) and aspartate content
of neurons in culture (Table 1) and to decreases in
alanine content in brain (Table 3) and neuronal
cultures (Table 1). Aspartate production requires
the aspartate aminotransferase reaction, which is
thought to proceed in the direction of aspartate
synthesis in mitochondria and in that of OAA
synthesis in the cytosol, as both enzymes are
components of the malate-aspartate shuttle that
drives reduction equivalents to mitochondria in an
irreversible way in normally polarized mitochondria
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(Berkich et al, 2007). The lack of Aralar removes the
main pathway whereby neuronal mitochondria take
up glutamate from the cytosol and this entails a fall
in mitochondrial synthesis of aspartate through OAA
transamination. In addition, mitochondrial aspartate
cannot egress to the cytosol. On the other hand,
decreases in alanine content in neurons and brain
of the Aralar-KO mouse are likely related through
alanine aminotransferase to their low pyruvate
levels. We reasoned that exogenous, neuron-born
aspartate or alanine may be the limiting factor for
glutamate synthesis in astroglia.

To explore the role of aspartate or alanine as amino
source for glutamate formation in astrocytes, we
investigated glutamate and glutamine formation in
primary astrocyte cultures exposed to glucose, to
provide the carbon skeleton of glutamate, and
different amino acids added either alone, to test for
glutamate formation by astrocytes (by transamina-
tion), or in combination with glutamate, to test their
role in supplying the amido nitrogen of glutamine
(recycling).

The supply of 10 to 200umol/L aspartate to
astroglial cultures resulted in glutamate (Figure 3A)
and glutamine (Figure 3B) levels significantly higher
than those obtained with all the other amino acids
tested including alanine, BCAAs (leucine), and
GABA. In fact, only aspartate, but not alanine,
GABA, or leucine, was able to induce a significant
increase in glutamine and glutamate synthesis.
However, aspartate did not enhance glutamate or
glutamine synthesis when added together with
glutamate (Figures 3C and 3D). Taken together, these
findings show unambiguously that aspartate is the
main nitrogen source for de novo glutamate synth-
esis, but it is not used for glutamine synthesis from
glutamate.

Brain glial cells have the capacity to label aspartate
C3 derived from (1-**C) glucose or from (1,2-"°C,)
acetate (Aureli et al, 1997; Preece and Cerdén, 1996).
The prominent in vivo labeling of aspartate C3 from
(1-"*C) glucose is due to the conversion of *C-labeled
pyruvate into **C-labeled OAA and aspartate through
the activity of glial pyruvate carboxylase. Surpris-
ingly, aspartate C3 labeling from (1-'°C) glucose
is maintained in Aralar-KO mice (Supplementary
Figure 4). In vivo labeling with (1,2-"*C) acetate results
in a prominent singlet in aspartate C3, which arises
from the loss of one of the two labeled carbons in
OAA formed in the first turn of the tricarboxylic acid
cycle after incorporation of unlabeled acetyl-CoA
moities. The prominent aspartate C3 singlet observed
under these conditions is then due to unlabeled
acetyl-CoA dilution occurring in the rapidly turning
over glial tricarboxylic acid cycle. Remarkably, the
aspartate C3 singlet formed by labeling with (1,2-°C)
acetate is the same in the brain from wild-type and
Aralar-KO mice (Figure 2A). These findings clearly
indicate that the glial pathway of aspartate labeling is
independent of the activity of the mitochondrial
aspartate—glutamate carrier and that this labeled
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aspartate is not used in the synthesis of their own
glutamate. In contrast, labeling of aspartate C2 with
(1-*3C) glucose, which reflects the neuronal aspartate
pool (Navarro et al, 2008} is severely reduced in the
Aralar-KO mouse brain (Supplementary Figure 4).
Thus, even when glial cells have the capacity to label
aspartate, this aspartate is unavailable for their own
synthesis of glutamate, which requires an exogenous
source of this amino acid. In agreement with this, the
addition of aspartate results in the same stimulation
of glutamate and glutamine synthesis in cultured
astroglial cells from Aralar-WT and Aralar-KO mice
(Figures 3E and 3F). These results provide strong
support to the notion that the drastic fall in
glutamine synthesis observed in the brain from
Aralar-KO mice is not due to a constitutive failure
in its synthesis by brain astrocytes but to a limitation
or lack in the supply of exogenous aspartate arising
from the neighboring neurons.

Discussion

The role of aspartate as glutamate and glutamine
precursor in astrocytes was investigated long ago by
labeling with "N (Yudkoff et al, 1986, 1987;
Erecinska et al, 1993). Aspartate was rapidly taken
up from the medium (Yudkoff et al, 1986, 1987;
Erecinska et al, 1993), and its amino group was
transferred to glutamate in the aspartate aminotrans-
ferase reaction. The newly made glutamate was the
precursor of glutamine through glutamine synthetase
(Yudkoff et al, 1987; Erecinska et al, 1993}, a reaction
taking place exclusively in the cytosol of astrocytes
(Martinez-Hernandez et al, 1977). However, the
importance of this pathway for de novo synthesis of
glutamate in brain astroglial cells remained un-
known. The results reported herein suggest that
aspartate is the main nitrogen donor for glial
glutamate synthesis. On the other hand, the second
amino group required for glutamine synthesis, the
amido group, does not directly require aspartate.
This may arise from ammonia itself (released by
neurons), or from glial GDH, which operates mainly
in the direction of glutamate oxidation in astrocytic
mitochondria, particularly in response to high
external glutamate levels (McKenna, 2007; McKenna
et al, 1996).

Although alanine levels fall in neurons (Table 1)
and brain (Table 3) of the Aralar-KO mouse, it is
unlikely that the fall in alanine causes the failure to
synthesize glial glutamate. The marked preference
for aspartate over alanine in glial glutamate produc-
tion (Figure 3) stands against this possibility. The
BCAAs do not compensate for the lack of aspartate in
glial glutamate synthesis, as the fall in glutamine
levels in the Aralar-KO mouse brain takes place in
face of unchanged levels of BCAAs (Table 3) and a
knockout mouse for mitochondrial-branched chain
aminotransferase, the enzyme required for glial
glutamate synthesis from BCAAs, has high circulating
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Figure 3 Aspartate promotes glutamate synthesis in astroglial cell cultures. (A, B) Cortical astrocytes cultures from wild-type (WT)
mice (DIV14) were incubated for 1 hour in KRBH (140 mmol/L NaCl, 3.6 mmol/L KCI, 0.5 mmol/L NaH,PO,, 0.5 mmol/L MgS0,,
1.5mmol/L CaCl,, 2mmol/L NaHCOs, 10 mmol/L Hepes, pH 7.4) containing 2 mmol/L glucose in the absence or presence of
supplemented amino acids (y-aminobutyric acid (GABA), aspartate, alanine, or leucine; 10 to 200 umol/L). Cellular extracts and
media were separately recovered to measure glutamate (A) and glutamine (B) content, respectively, by an enzymatic end point
method. (C, D) Cortical astrocytes from WT mice (DIV14) were incubated for 1 hour in KRBH-2 mmol/L glucose (Ctr) and in the
presence of added aspartate (Asp; 50 pmol/L), glutamate (Glu; 50 umol/L) or both together (Asp/Glu). Cellular extracts and media
were separately recovered to measure glutamate (C) and glutamine (D) content, respectively, as described above. Under those
conditions, astroglial cultures were viable as detected by using the calcein-acetoxy methylester/propidium iodide essay. (E, F)
Cortical astrocytes from WT and Aralar-KO mice (DIV14) were incubated for 2 hours in KRBH containing 15 mmol/L glucose in the
absence or presence of 100 umol/L aspartate, 100 umol/L alanine, or 100 umol/L. leucine. Cellular extracts and media were
separately recovered to measure glutamate (E) and glutamine (F) content, respectively, as described. Intracellular glutamate (A, C, E)
and extracellular glutamine content (B, D, F) are expressed as nmol/mg 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-Newman-Keuls's
t-test method (***P<0.001; **P<0.01; *P<0.05). KRBH, Krebs-Ringer bicarbonate-HEPES buffer.

BCAAs but has not been shown to have defects in

consequences on glial glutamate and glutamine
brain glutamate or glutamine synthesis (She et al,

synthesis. As NAA is a donor of aspartate, which is

2007). Taken together, the results suggest that the fall
in aspartate levels causes the decrease in astroglial
glutamate and glutamine synthesis in the brain from
Aralar-KO mice. Our results strongly support that
any defect in aspartate supply may immediately have
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known to be transported out of neurons and its levels
decrease in Aralar-deficient brain (Jalil et al, 2005;
Wibom et al, 2009), we cannot exclude a role of NAA
as aspartate donor for glial glutamate synthesis,
although the absence of the NAA cleavage enzyme,
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Figure 4 Neuron-to-glia transcelullar aspartate efflux pathway for glial glutamate synthesis. Neuronal mitochondria are provided
with Aralar/AGC1/Slc25a12 and the oxoglutarate carrier/fOGC/SIc25al1 and carry out the malate-aspartate shuttle to transfer NADH
reducing equivalents to the mitochondrial matrix. AGC1 is irreversible in polarized mitochondria and the main pathway of glutamate
supply to the mitochondrial matrix. As cAST functions in the direction of glutamate formation in cells with an active malate-aspartate
shuttle, mitochondria are the only site where aspartate is produced (in the mitochondrial aspartate aminotransferase reaction), and
aspartate leaves the matrix through AGC1 to reach the cytosol. De novo glutamate synthesis in astroglial cells takes place in the
cytosol in the cAST reaction with aspartate as amino-nitrogen donor to «-KG. A second amino group (possibly arising from ammonia
itself formed in neurons in the phosphate-activated glutaminase reaction) is acquired in the glutamine synthetase reaction and glial
glutamine is now transferred to neurons along the glutamate—glutamine cycle (not shown). Oxaloacetate (OAA) arising from the cAST
reaction is converted to malate, and malate entry in glial mitochondria along the OGC provides an alternative pathway for redox
transfer to mitochondria, which partly compensates for the lack of a malate-aspartate shuttle in brain astrocytes. In this way,
equivalent transfer to astroglial mitochondria is stoichiometrically related to de novo glutamate production. Alternatively, malate
formed in astroglial cytosol may be transferred back to neurons, as malate is released to a higher extent from cultured astrocytes than
from cultured neurons (Westergaard et al/, 1994) (not shown). The presence of mitochondria in the fine peridentritic processes of
astrocytes (Figures 1E and 1F) indicates astrocytic oxidative capability near synapses. This confirms the reports by the Nedergaard
group (Lovatt et a/, 2007) and suggests that astrocytes need not be predominately glycolytic to supply their energy during brain
activation. Indeed, the labeling of Asp C3 (Supplementary Figure 4) by [1-'*Clglucose and its dilution by unlabeled AcCoA in the
[1,2-13CJacetate study indicates that astrocytes oxidize glucose and must have some redox carrier system. AGC, aspartate-glutamate
carrier; Asp, aspartate; GIn, glutamine; Glu, glutamate; «-KG, «-ketoglutarate; Mal, malate; OAA, oxalacetic acid; OGC,
o-ketoglutarate-malate carrier; Pyr, pyruvate.

aspartoacylase, in astrocytes (Madhavarao et al,
2004) makes it unlikely.

With the development of the blood—brain barrier,
brain cells must rely on their own aspartate produc-
tion from the first week onwards (Price et al, 1984).
The lack of Aralar explains the progressive decline in
brain aspartate that is closely followed by that of
NAA, glutamine, and myelin lipids, including the
major myelin lipid galactocerebroside, at a time
where the central nervous system pathology of
the Aralar-KO mouse develops (Jalil et al, 2005).
This pathology, and that of the patient with
Aralar deficiency (Wibom et al, 2009), is similar to
the deficiency in UDP-galactose:ceramidegalactosyl
transferase (Coetzee et al, 1996), the enzyme required
for the synthesis of myelin galactocerebrosides.
However, ceramidegalactosyl transferase deficiency
is milder than Aralar deficiency even though there is
a total lack of myelin galactocerebrosides in the
ceramidegalactosyl transferase-KO mouse and only a

partial loss in the Aralar-KO mouse. This suggests
that the progressive failure to synthesize astroglial
glutamate and glutamine is likely to contribute to
the central nervous system pathology in Aralar
deficiency.

Aspartate is released by neurons to the extracel-
lular space and a vesicular transporter of aspartate is
found in synaptic microvesicles (Miyaji et al, 2008).
The preference for aspartate as nitrogen donor for
glutamate synthesis may be due to: (1) the large
activity of aspartate aminotransferase in astrocytes
and (2) the active aspartate transport systems in the
glial membrane. Brain aspartate aminotransferase
has about 6 to 10 times higher activity than that of
alanine or branched chain amino-acid aminotrans-
ferases (Goldlust et al, 1995). In addition, astrocytes
have high-affinity sodium-dependent aspartate/glu-
tamate transport systems, GLT1/EAAT2/Slc1a2, and
the GLAST/EAAT1/Slc1a3 transporter (Kanner, 2006)
that allows a rapid scavenging of low-micromolar
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concentrations of aspartate in astrocytes (Yudkoff
et al, 1986; Erecinska et al, 1993). This is not so
for leucine and possibly alanine transport systems
LAT2 (Broer et al, 2007), which have much lower
affinity (the Km for leucine transport in astrocytes
is 400 umol/L (Yudkoff et al, 1996) and being
Na* independent, do not allow the accumulation
of the transported amino acid against a concentration
gradient.

Redox shuttles in astrocytes have much lower
activity than those in neurons (Ramos et al, 2003;
Berkich et al, 2007; Xu et al, 2007; Cahoy et al, 2008),
and the relative effects of Aralar deficiency in lactate
production and glucose utilization in neurons and
astrocytes in culture found in this study (Table 2)
strongly support a much more prominent role of the
malate-aspartate shuttle in neurons than in astrocytes.
This is consistent with a higher redox state of cytosolic
NADH/NAD* in astrocytes (Kasischke et al, 2004), the
higher standing lactate-to-pyruvate ratios in astroglial
cultures (Table 2) and the ability to upregulate
glycolysis because of a high 6-phosphofructo-2-
kinase/fructo-2,6-bisphosphatase-3 activity in astro-
cytes but not in neurons (Herrero-Mendez et al, 2009).
However, the neuron-to-astrocyte aspartate efflux
pathway described herein (Figure 4) may provide a
means to transfer NADH/NAD* redox potential to
astrocyte mitochondria, as an alternative transcellular
shuttle system. Indeed, aspartate uptake coupled to
OAA production provides a substrate for cytosolic
malate dehydrogenase resulting in NADH consump-
tion in the cytosol and malate formation. As the
a-ketoglutarate-malate carrier is equally represented
in neuronal and glial mitochondria (Berkich et al,
2007), aspartate utilization in glutamate formation in
astrocytes will be stoichiometrically related to redu-
cing equivalent transfer to mitochondria. In this way,
transcellular aspartate traffic would result in malate
oxidation by astrocytic mitochondria. Whether this
pathway of carbon flow from neuronal aspartate to
glial OAA utilization and reducing equivalent transfer
in mitochondria could contribute to the preference for
aspartate in glial glutamate production remains to be
established. Alternatively, malate formed in astroglial
cytosol may be transferred back to neurons, as malate
is released to a higher extent from cultured astrocytes
than from cultured neurons (Westergaard et al, 1994).
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Deficiency of the Mitochondrial
Transporter of Aspartate/Glutamate
Aralar/AGC1 Causes Hypomyelination
and Neuronal Defects Unrelated to
Myelin Deficits in Mouse Brain
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The aralar/AGC1 knockout (KO) mouse shows a drastic
decrease in brain aspartate and N-acetylaspartate lev-
els and global hypomyelination, which are attributed to
the lack of neuron-produced NAA used by oligodendro-
cytes as precursor of myelin lipid synthesis. In addition,
these mice have a gradual drop in brain glutamine syn-
thesis. We show here that hypomyelination is more pro-
nounced in gray than in white matter regions. We find a
lack of neurofilament-labelled processes in hypomyeli-
nated fiber tracks from cerebral cortex but not from
those of the cerebellar granule cell layer, which corre-
spond to Purkinje neurons. Therefore, the impaired de-
velopment or degeneration of neuronal processes in
cerebral cortex is independent of hypomyelination. An
increase in O4-labelled, immature oligodendrocytes is
observed in gray and white matter regions of the aralar
KO brain, suggesting a block in maturation compatible
with the lack of NAA supplied by neurons. However, no
defects in oligodendrocyte maturation were observed in
in-vitro-cultured mixed astroglial cultures. We conclude
that the primary defect of pyramidal neurons in cerebral
cortex is possibly associated with a progressive failure
in glutamatergic neurotransmission and may be among
the main causes of the pathology of aralar/AGC1
deficiency. © 2011 Wiley-Liss, Inc.

Key words: aralar/AGC1; aspartate-glutamate mito-
chondrial carrier; N-acetyl aspartate; glutamine;
oligodendrocyte; neurofilaments; myelination; OmniBank

Mitochondrial metabolite carriers have a known
role in the exchange of nucleotides, coenzymes, and
metabolites across the mitochondrial membrane. Muta-
tions or disruptions in the genes coding for these trans-
porters are expected to affect this intracellular traffic, and

© 2011 Wiley-Liss, Inc.

the outcome at the cellular level can be predicted from
basic biochemical and cell biology principles. However,
in the case of AGC1/aralar, disruption of the gene in
mouse and lack-of-function mutations in humans have
revealed unanticipated new functions of the carrier.
These functions are related to a complex metabolite traf-
fic among cells with different levels of expression of the
carrier whereby metabolites produced in the AGCI1-
enriched cells are required in the AGC1-deficient cells.
Aralar/AGC1/Slc25212 (also named aralar!) and
citrin/AGC2/Slc25a13 are isoforms of the mitochondrial
aspartate-glutamate carrier, which 1) is a component of
the malate-aspartate NADH shuttle (MAS), in which it
transfers aspartate out of mitochondria in exchange of
the entry of glutamate, the only irreversible step of MAS
in polarized mitochondria; 2) is a mitochondrial trans-
porter involved in the respiration on malate plus gluta-
mate; and 3) is a component of the urea cycle in liver
(LaNoue and Tischler, 1974). Disruption of aralar/
AGC1, the main AGC isoform in brain and skeletal
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muscle, was predicted to block MAS activity and respira-
tion on glutamate and malate in mitochondria from
these tissues if no compensatory increases in citrin/
AGC2 levels existed. Indeed, in aralar/AGC1 KO mice,
MAS activity was completely absent in mitochondria
from these tissues (Jalil et al., 2005). Moreover, a very
drastic decrease in respiration on malate plus glutamate
was similarly found, although a residual activity of about
12% persisted (Jalil et al., 2005), probably explained by
the presence of other glutamate carriers (GC1 or GC2)
that have a much lower activity level than Aralar in
these mitochondria (Molinari et al., 2005, 2009). This
result is important in showing the very large contribu-
tion of AGC1 as a mitochondrial transporter of gluta-
mate in these tissues. However, other characteristics of
the aralar/AGC1 KO mouse were entirely unanticipated.
These characteristics affect myelin formation and gluta-
mine synthesis (SatrGstegui et al., 2007a,b; Pardo et al.,
2011).

Aralar KO mice are smaller than their littermates
aralar (+/+) or aralar (+/-) and have a shortened life
span of about 22-23 days. They have clear motor coor-
dination defects, which become apparent at about 15
days, when their littermates acquire the ability to per-
form these tasks (Jalil et al., 2005). The brain is hypo-
myelinated, and this particular defect has been associated
with a fall in N-acetylaspartate (NAA) levels in whole
brain and cultured neurons from aralar (—/—) mice (Jalil
et al., 2005). Based on the fact that NAA can be used as
an acetate donor for myelin lipid synthesis (Mehta and
Namboodiri, 1995; Chakraborty et al., 2001), it was
proposed that the failure of aralar-deficient neurons to
provide this lipid precursor to oligodendrocytes could
result in a limited synthesis of galactocerebrosides, a
major component of myelin lipids, and in hypomyelina-
tion (Jalil et al., 2005; Satrtstegui et al., 2007b). The
mouse deficient in UDP-galactose:ceramide galactosyl-
transferase (CGT), the enzyme responsible for the syn-
thesis of galactocerebrosides (Coetzee et al.,, 1996; Bosio
et al., 1996), has a shortened life span and progressive
defects in myelin properties (Coetzee et al., 1998; Mar-
cus et al., 2000), all of which are rescued by oligoden-
drocyte-specific expression of CGT (Zoller et al., 2005).
However, the phenotype of the aralar KO mouse is
much more severe than that of the CGT-KO mouse,
indicating that aralar deficiency causes additional defects.
Indeed, we have found that, because of the drop in neu-
ronal aspartate levels, a gradual failure of glutamate-glu-
tamine cycle develops in these animals, which is likely
to contribute to the severity of the phenotype (Pardo
et al., 2011). A human AGC1-deficient patient has been
described with a pathology resembling that of the aralar
KO mouse, including global cerebral hypomyelination
and a drop in brain NAA (Wibom et al., 2009). This
indicates that NAA may have a similar role in myelin
lipid synthesis in mouse and humans.

We have analyzed here in more detail brain hypo-
myelination and axonal processes in aralar KO mice and
studied the growth and maturation in culture of oligo-
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dendrocytes from these mice. The data obtained show
that aralar deficiency has a clear impact on the genera-
tion/degeneration of axonal processes in cerebral cortex,
but not in Purkinje neurons, and that these axonal
defects are primary ones, not caused by hypomyelina-
tion. The results are discussed in the light of a recent
description of a new aralar KO mouse (Sakurai et al.,
2010) and new findings regarding synthesis and break-
down of NAA in brain and its role in the synthesis of
myelin lipids, in particular the identification of aspartate
N-acetyltransferase, the enzyme responsible for NAA
synthesis in brain, as NaTL8, a methamphetamine-
induced neuronal protein (Niwa et al., 2007; Wiame
et al., 2010; Ariyannur et al., 2010a).

MATERIALS AND METHODS
Animals and Genotypes

Male SVJ129 X C57BL6 mice carrying a deficiency for
aralar expression [Aralar (—/-), Aralar (+/-), and Aralar (+/
+)] obtained from Lexicon Pharmaceuticals were used (Jalil
et al., 2005). The mice were housed in a humidity- and tem-
perature-controlled room on a 12-hr light/dark cycle, receiv-
ing 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) as
described previously (Jalil et al., 2005). The experimental pro-
tocols used in this study were approved by the appropriate
institutional review committees and met the guidelines of the
proper government agency. All efforts were made to minimize
animal suffering.

Brain Sections

Twenty-day-old aralar (+/+) or aralar (—/—) mice (Jalil
et al.,, 2005) were anesthetized with an overdose of chloral
hydrate and intracardially perfused with freshly prepared, buf-
fered 4% paraformaldehyde (in 0.1 M phosphate buffer, pH
7.4). Brains were removed, postfixed for 24 her in the same
fixative at 4°C, and then equilibrated in 0.1 M phosphate
buffer containing 30% sucrose for 2448 hr at 4°C. Serial 30-
pm-thick coronal sections were collected with a freezing
microtome and stored in cryoprotectant solution until immu-
nohistochemistry.

For immunohistochemistry, endogenous peroxidase was
first quenched in 3% HyO, in 10% methanol in phosphate-
buffered saline (PBS) for 20 min, and free-floating sections
were blocked for 1 hr in PBS containing 10% normal horse
serum, 0.25% Triton X-100 and incubated overnight at 4°C
with antibodies against neurofilament 200 kDa (NF-200;
1:500; Chemicon, Temecula, CA), myelin associated glyco-
protein (MAG; 1:500; Santa Cruz Biotechnology, Santa Cruz,
CA), myelin/oligodendrocyte specific protein (MOSP;
1:1,000; Chemicon), neuronal nuclei (NeuN; 1:500; Chemi-
con), synaptophysin (1:100; Chemicon), calbindin (1:200;
Sigma, St. Louis, MO), and oligodendrocyte marker O4 (O4;
1:100; Chemicon). Afterward, sections were rinsed three times
in PBS and then incubated for 2 hr with the secondary biotin-
ylated antibodies (horse anti-mouse and goat anti-rabbit;
1:150; Vector, Burlingame, CA) for 1 hr, followed by a 1-hr
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reaction with avidin-biotin peroxidase complexes (regular
Vectastain ABC Kit; Vector). Sections were then developed
using 0.05% 3,3-diaminobenzidine (Sigma) as a chromogen in
the presence of 0.03% H,O, in PBS for 2—10 min. Sections
were mounted onto polylysine-coated slides, dehydrated, deli-
pidated, and coverslipped with DPX

For immunohistofluorescence: free-floating sections
were blocked for 1 hr in PBS containing 10% normal horse
serum, 0.25% Triton X-100 and incubated overnight at 4°C
with the Cy3-conjugated antibody against glial fibrillary acidic
protein (GFAP; 1:400; Sigma). Sections were rinsed three
times in PBS and mounted onto polylysine-coated slides. The
slides were dried overnight and coverslipped with Mowiol.

Glial Cell Cultures

Mixed macroglial (astrocytes and oligodendrocytes) cul-
tures were obtained from 1-2-day old mice as described by
McCarthy and De Vellis (1980). Briefly, cerebral cortex were
dlssected and mechanically dissociated in HBSS medium with-
out Ca®" and Mg®" (5.33 mM KCl, 0.44 mM KH,PO,, 138
mM NaCl, 0.3 mM Na,HPOy, glucose 5.6 mM). Dissociated
cells were collected by centrifugation (800g, 5 min) and plated
in DMEM supplemented with 10% fetal bovine serum, 2 mM
glutamine, and antibiotics at a density of 100,000 cells/ cm?
(low-density cell cultures) or 200,000 cells/cm® (high-density
cell cultures) in plates precoated with poly-L-lysine. The cul-
tures were maintained at 37°C and 95% humidity in a 7%
CO; atmosphere for periods of 7, 14, and 21 days. The me-
dium was changed after the first 3 days and three times per
week thereafter.

Immunocytochemistry

Cells were fixed in freshly prepared 4% paraformalde-
hyde (in 0.1 M phosphate buffer, pH 7.4). Fixed cells were
blocked for 1 hr in PBS containing 10% normal horse serum,
0.25% Triton X-100, and incubated overnight at 4°C with
monoclonal antibodies against myelin basic protein (MBP;
1:50; Serotec, Bicester, United Kingdom) and galactocerebro-
side C (GalC; 1:500; Sigma). For DAB detection, cells were
rinsed and incubated with biotinylated horse anti-mouse anti-
body (1:100; Vector) for 1 hr at room temperature and devel-
oped after incubation with standard ABC reagent (Vector)
and nickel-intensified DAB reaction. Cell nuclei were coun-
terstained with Hoechst 33258 (Molecular Probes, Eugene,
OR) at 0.2 mg/ml in PBS. Oligodendrocytes present in high-
density cell cultures were stained for MBP and GalC to ana-
lyze their maturation state. Low-density cultures were used to
determine the percentage of oligodendrocytes (GalC) over
total cells (Hoechst).

RESULTS

Myelin Defects Are More Prominent in
Gray Than in White Matter Regions

As observed previously, myelin markers were nota-
bly reduced in the brain of the 19-21-day-old aralar KO
mouse, whereas no detectable changes in neuronal num-
bers were observed by cresyl violet staining (Jalil et al.,
2005) or NeuN immunolabeling (results not shown). In

+[+

Fig. 1. Hypomyelination in gray matter regions of aralar (—/—) mice.
Coronal sections stained for MAG showing the frontal cortex (A,B)
and cerebellum (C,D) from 20-day-old wild-type (+/+; A,C) and
aralar KO (—/— B,D) mice. Sections from aralar KO stained for
MAG show a clear hypomyelination in corpus callosum (cc), external
layers of cerebral cortex (arrows in B), and cerebellar granule cell
layer (gcl). Scale bars = 200 pm in B (applies to A,B); 75 pm in D
(applies to C,D).

wild-type animals, myelinated fibers stained with anti-
MAG (Fig. 1A) or anti-MBP antibodies (not shown)
from the subcortical white matter (corpus callosum)
extend up to the more external layers of the cerebral
cortex, but not in aralar KO mice (Fig. 1B). Similarly,
in KO animals, these fibers do not extend across the
granular cell layer in the cerebellum (compare wild-type
and KO in Fig. 1C,D). However, myelin labelling is
lower but is still observed in the subcortical white matter
(Fig. 1B) and white matter regions in the cerebellum
(Fig. 1C,D), indicating that aralar deficiency does not
affect gray and white matter regions equally. In addition,
there are differences in myelin labelling between differ-
ent white matter regions (compare white matter myelin
labelling in aralar KO mouse in Fig. 1B,D).

Myelin Defects Are Independent of Axonal
Changes

To study possible axonal changes associated with
myelin loss, neurofilament distribution in hypomyeli-
nated regions was studied with an anti-NF200 antibody,
which recognizes mainly axonal structures (Butt et al.,

Journal of Neuroscience Research

-190-



Fig. 2. Neurofilament staining in cerebral cortex of aralar (~/-)
mice. Coronal brain sections of 20-day-old wild-type (+/+; A,C,E)
and aralar KO (—/—; B,D,F) mice were stained with NF-200 anti-
body, which mainly recognizes axonal structures. Boxed areas of cor-
tex in A and B are shown at higher magnification in C and D,
respectively. Boxed areas in C and D are shown at higher magnifica-
tion in B and F, respectively. High-power photomicrographs of
NF200 immunoreactivity show processes from large pyramidal neu-
rons in the lower part of cortical layer III in wild-type brain (A,C,E),
which are visibly less stained in aralar KO mouse (B,D,F). Scale bars
= 0.5 mm in B (applies to A,B); 100 pm in D (applies to C,D); 50
pm in F (applies to E,F).

1997). Figure 2 shows a prominent loss of neurofila-
ments in cerebral cortex layers IV and III in the brain of
20-day-old aralar KO mice. A reduced number of neu-
rofilaments in the external cortex layers was also
reported by Sakurai et al. (2010) in 13- or 14-day-old
aralar KO mice and was taken as an indication of either
a defect in the development of some nerve processes or
neurodegeneration in the aralar KO mouse. Similarly, in
the striatum gray matter of the aralar KO mouse, there
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Fig. 3. Myelin and neurofilaments in striatum of aralar (—/—) mice.
Coronal brain sections of 20-day-old wild-type (+/+; A,C) and
aralar KO (~/—; B,D) mice were stained for myelin with an anti-
MOSP antibody (A,B) and for neurofilaments with NF-200 antibody
(C,D). Scale bars = 0.25 mm. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

is a loss of myelinated fiber tracts accompanied by a par-
tial reduction of neurofilaments staining (Fig. 3).

However, no loss of neurofilaments was observed
in the cerebellum of the aralar KO mouse (Fig. 4). On
the contrary, there was an increased density of NF200
fibers across the granular cell layer and in white matter
regions (Fig. 4B). Strikingly, a prominent loss of NF200
fibers surrounding the Purkinje cell bodies was observed
in the KO mouse (Fig. 4D). This was not due to a loss
in Purkinje neurons, insofar as no loss was observed
when these cells were labelled with anticalbindin anti-
bodies (Fig. 4E—H). Therefore, the increase in the den-
sity of NF200 fibers in the granule cell layer is probably
associated with increase in calbindin-labelled processes in
this same region (Fig. 4F,H), and the reduced number of
NF200 fibers around Purkinje cell bodies (Fig. 4D) may
reflect a relative decrease in afferent basket cell fibers,
although no obvious change in synaptophysin-labelled
terminals on Purkinje neurons was observed (results not
shown).

Because hypomyelination in the cerebellum is not
associated with an equivalent loss of neurofilaments, it
may be concluded that the loss of neurofilaments in cer-
ebral cortex and striatum gray matter is not caused by
hypomyelination but is due to an effect of AGC1 defi-
ciency per se in cortical and striatal neuronal processes.

Maturation of Oligodendrocytes in Brain From
Aralar-Deficient Mice

To study whether the lack of myelin was associated
with changes in the distribution and morphology of oli-
godendrocytes, brain sections were immunolabeld with
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Fig. 4. Neurofilaments and calbindin-labelled Purkinje neurons in
cerebellum of aralar (—/-) mice. Coronal sections of the cerebellum
of 20-day-old wild-type (+/+; A,C,E,G) and aralar KO (~/—;
B,D,F,H) mice. Sections were stained for neurofilaments with NF-
200 antibody (A-D) and for calbindin (E-H), showing the presence
of Purkinje cells in both wild-type (E,G) and aralar KO (F,H) mice.
Boxed areas in A and B are shown at higher magnification in C and
D, respectively. Areas similar to those shown in E and F are shown
at higher magnification in G and H, respectively. Note the decrease
in staining intensity of basket cell axons that surround Purkinje cells
in aralar KO mouse (arrow in D) compared with wild-type mouse
(arrow in C). gcl, Granular cell layer; pcl, Purkinje cell layer; wm,
white matter region. Scale bars = 100 pm in B (applies to A,B); 25
um in D (applies to C,D); 50 um in F (applies to E,F); 25 um in H
(applies to G,H).

antibodies against O4, a sulfatide and pro-oligodendro-
blast antigen that has been used as marker of cell bodies
and processes of late precursors and immature premyeli-
nating oligodendrocytes (Sommer and Schachner, 1981;
Dawson et al., 2000; Woodruff et al., 2001). O4-marked
cells are clearly present in the mutant mice within gray

Fig. 5. Immature oligodendrocytes in brain from aralar (—/-) mice.
Coronal brain sections of 20-day-old wild-type (+/+; A,C) and
aralar KO (~/—; B,D) mice were stained with an anti-O4 antibody,
which recognizes mainly premyelinating oligodendrocytes. Boxed
areas of cortex in A and B are shown at higher magnification in C
and D, respectively. Note the increased immunoreactivity for O4 in
aralar KO brain sections (D) compared with wild-type (C). cc, Cor-
pus callosum. Scale bars = 0,5 mm in B (applies to A,B); 20 pm in
D (applies to C,D).

matter regions of the cerebral cortex (Fig. 5A-D), cere-
bellum, and brainstem (data not shown), albeit with a
somewhat different morphology and increased intensity
of staining, which may suggest a difference in maturation
with respect to the control mice. A similar labeling pat-
tern was obtained by using myelin oligodendrocyte-spe-
cific protein (MOSP) as oligodendrocyte cell marker
(Dyer et al., 2000; results not shown). Moreover, stain-
ing of white matter tracts with O4 antibodies was also
stronger in KO mice (see the corpus callosum in Fig.
5A,B). This may suggest that oligodendrocytes are
formed in the right numbers but that their differentiation
is stalled in the KO mouse.

Interestingly, there is a similar increase in oligoden-
drocyte numbers in the CGT knockout mouse, which
lacks myelin galactolipids (Marcus et al., 2000). CGT-
deficient oligodendrocytes express immature forms of
myelin-associated glycoprotein (MAG) even in the older
animals, a clear indication of an impeded maturation
(Marcus and Popko, 2002).

Astrogliosis in Aralar KO Mouse

Aralar (—/-) brain sections exhibited elevated stain-
ing for glial acidic fibrillary protein (GFAP) compared
with wild-type mice (Fig. 6A—H). Astrogliosis was partic-
ularly prominent in subcortical white matter (Fig. 6A-H), in
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Fig. 6. Astroglyosis in aralar (—/-) mice. Coronal brain sections
showing the frontal cortex (A-D) and cerebellum (E-H) from 20-
day-old wild-type (A,B.E,F) and aralar KO (C,D,G,H) mice. Sec-
tions were stained with a GFAP-Cy3 antibody (A,C,E,G). Trans-
mission light microphotographs of A,CE,G are shown merged with
fluorescent images in B,D,F,H, respectively, to reveal the morphol-

cerebellar white matter (Fig. 6E-H), and within the
white matter of the spinal cord (not shown). Astrogliosis
was especially acute in those animals with advanced
CNS pathology (ventricle enlargement, severe reduction
in the number of myelinated axons) but was less or
hardly apparent in those with a milder pathology. Astro-
gliosis in white matter regions was also reported in the
CGT-KO mouse, but also as a late effect, when a sub-
stantial loss of myelin proteins is observed (Coetzee
et al,, 1998). In the aspartoacylase KO mouse (Mattan
et al., 2010), a model of Canavan disease, which lacks of
the enzyme reponsible for NAA cleavage in the oligo-
dendrocyte, there is a similar increase in brain GFAP
levels and hypertrophic astrocytes starting at about the
time when the decrease in myelination becomes appa-
rent (Mattan et al., 2010). In sum, the increased GFAP
immunostaining in the aralar KO mouse is restricted to
white matter regions and is probably secondary to hypo-
myelination. However, further studies will be required
to determine whether astrogliosis in the aralar KO
mouse is reactive or causative.

Oligodendrocyte Maturation in Culture

Oligodendrocytes have very low levels of aralar
mRNA compared with neurons (Cahoy et al., 2008), so
it was postulated that the inability of aralar-deficient oli-
godendrocytes to mature and myelinate in vivo, espe-
cially in gray matter regions, was due to the lack of sup-
ply of NAA from neighboring neurons. To test whether
the lack of aralar caused a primary failure in oligoden-
drocyte maturation in a neuron-free medium, mixed
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ogy of the sections.
increased staining for GFAP in aralar KO mice, both in the subcort-
ical white matter (C) and in the cerebellum white matter (G). cc,
Corpus callosum; LV, lateral ventricles; wm, white matter region.

Note the enlarged ventricles (LV) and the

Scale bars =
to E-H).

100 pm in D (applies to A-D); 100 pm in H (applies

' glial cultures were obtained from KO animals and stud-

ied during maturation in culture at different cell den-
sities. Serum was present in the culture medium.

The percentage of oligodendrocytes within the
total glial population was about 20% between 7 and 21
days in vitro, as judged from the immunolabeling with
anti GalC antibodies. This percentage was the same in
control and mutant mice (Fig. 7A). The maturation state
of the oligodendrocytes was studied in higher density
cultures (200,000 cells/cm?®) and was evaluated at 21
days in vitro, after labeling with anti-GalC and anti
MBP antibodies. Figure 7 clearly shows that there was
no difference in the maturation state between mutant
(Fig. 7C,E) and control (Fig. 7B,D). Therefore, when
cultured in a serum-rich medium, which contains fatty
acids and other lipids, maturation of oligodendrocytes
from aralar KO was unimpaired.

DISCUSSION

Two aralar KO mice have been generated so far,
and they differ in the disruption sites and mouse strains
used, intron 13 and hybrid sv129 X C57BL/6 by Jalil
et al. (2005) and exon 1 and pure C57BL/6 by Sakurai
et al. (2010). However, both have a similar phenotype,
indicating that the effects of the disruption are not com-
pensated by the influence of modifying genes polymor-
phic between the two strains. Most of the aralar (—/-)
mice die at about postnatal day 22-23 regardless of the
genetic background, although we have observed that a
few of these animals in the hybrid sv129 X C57BL/6
occasionally reach 27-30 days. The similar penetrance of
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Fig. 7. Maturation of oligodendrocytes in mixed glial cell cultures.
A: Percentage of oligodendrocytes (GalC-positive cells) present in
mixed glial cell cultures obtained from postnatal 2-day-old wild-type
(WT) and aralar KO (KO) mice. Cells were plated at 100,000 cells/
cm® for 7, 14, and 21 days in vitro. Percentage of oligodendrocytes
was determined by immunocytochemistry in double-stained GalC
and Hoechst cultures. Data were obtained from triplicate experiments
and are expressed as mean * SEM (*P < 0.05, ANOVA, Tukey
test). B—E: Mixed glial cell cultures obtained from postnatal 2-day-
old wild-type (+/+; B,D) and aralar KO mice (—/— C,E) were
plated at 200,000 cells/cm” for 21 days in vitro. Microphotographs
show oligodendrocytes stained for MBP (B,C) and GalC (D,E). No
differences in the maturation state between wild-type (B,D) and
aralar KO (C,E) genotypes were observed. Scale bar = 50 pm; in C
(applies to B,C); 50 pm; in E (applies to D,E).

this disruption in different genetic backgrounds makes
the aralar KO mice powerful models for the study of
human AGC1 deficiency (Wiborn et al., 2009).

At 20 days, these animals have a pronounced loss
of neurofilament-containing processes in striatum and
especially cerebral cortex, in layers II/III and IV, a loss
that Sakurai et al. (2010) found already at an earlier
stage, 13—14 days. Interestingly, neurofilament loss is not
general for all neurons in the aralar KO brain, insofar as
no loss of neurofilaments in cerebellar Purkinje neurons
was observed at postnatal day 20. A pronounced loss of
myelinated fibers was observed in all of these gray matter
regions in the aralar KO mouse, so these results clearly
show that the loss of neuronal processes is independent

of the myelination defect and possibly reflects a defect in
the development or neurodegeneration of cerebral cor-
tex and striatal neurons caused by the lack of aralar
expression. On the other hand, Sakurai et al. (2010)
reported an altered cell alignment in the Purkinje cell
layer of aralar KO mice at 13—14 days, which was not
observed in this study, possibly because of the older age
of the mice.

When studied in culture, cortical neurons from
aralar (—/—) mice have profound metabolic disturbances,
including a failure to produce aspartate, which limits
NAA production and may even limit protein synthesis,
and a complete shutdown of the malate-aspartate NADH
shuttle, which causes an increase in lactate production
and a decrease in pyruvate levels (Pardo et al., 2011).
Many cortical neurons are glutamatergic and rely on an
active glutamate-glutamine cycle with neighboring astro-
cytes to maintain glutamatergic transmission. In fact, glu-
tamate is produced de novo in astrocytes and transferred
to neurons in the form of glutamine, where it is trans-
formed to glutamate. Glutamate released from neuronal
synapses can be transported into astrocytes to be trans-
formed into glutamine, thus closing the cycle. Any gluta-
mate leaving this cycle must be replaced by de novo syn-
thesis in astrocytes. When glutamate is metabolized in
neurons, it leaves the cycle, and an amino group must be
transferred into astrocytes for de novo synthesis of gluta-
mate. We have shown that aspartate (or NAA) produced
by neurons is required in neighboring astrocytes as a
nitrogen source for de novo glutamate synthesis (Pardo
et al., 2011). Because fo the lack of neuronal aspartate,
astrogial synthesis of glutamate and glutamine falls, and
glutamine levels progressively decline in the aralar KO
brain (Pardo et al., 2011). This points to a gradual impair-
ment of glutamatergic transmission in these animals.

Taken together, the results indicate that the cortical
neurons of the aralar KO mouse are metabolically
impaired, fail to acquire processes, or show progressive
signs of axonal neurodegeneration and are committed to
develop impairment in glutamatergic transmission. In
contrast, Purkinje neurons in the cerebellum show no
evidence of neurofilament loss. Interestingly, the levels
of their neurotransmitter, GABA, were also unchanged
in the aralar KO brain (Pardo et al, 2011), possibly
because GABA levels are maintained independently of
the glutamate-glutamine cycle, as indicated in recent
modelling studies (Occhipinti et al., 2010). The reasons
why these cerebellar neurons seem to be spared in the
aralar KO brain is still unknown. In the mouse, citrin is
transcribed at very low levels in groups of neurons in
the deep cerebellar nuclei (Contreras et al., 2010),
although the levels of citrin protein are hardly detecta-
ble. Whether these citrin-expressing neurons or other
possible NADH shuttle systems compensate for the loss
of aralar in the cerebellum is still an open question. This
is important, especially because, unlike the case in
mouse, human AGC1 deficiency does not result in
hypomyelination in the cerebellum (Wibom et al,
2009).
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The aralar KO mice show a characteristic lack of
myelination in all brain regions and a drastic decrease in
brain myelin proteins and lipids (Jalil et al., 2005; Sakurai
et al.,, 2010). The first human patient with a complete
lack of AGC1 activity resulting from a homozygous loss-
of-function mutation in Slc25a12 has a similar global
lack of myelin (Wibom at al., 2009).

A first clue to the cause of hypomyelination is a
drop in brain NAA levels starting at 10 days postnatally
and reaching 25% of control values at 20 days. The loss
in NAA was also found in neuronal cultures derived
from these mice (Jalil et al., 2005). Aralar KO brains had
also a yet more dramatic loss of aspartate at 10 days (to
20%), and, as brain aspartate levels keep increasing from
10 to 20 days postnatal in wild-type but not in aralar
KO mice, the decrease in aspartate is more pronounced,
to about 5%, at 20 days (Jalil et al., 2005). The lack of
aspartate is due to a lack of synthesis of aspartate in the
brain, because the brain has to produce its own aspartate
when the blood—brain barrier completes its development
in the postnatal brain (Liebner et al., 2008). Aspartate is
predominantly a neuronal product (Urenjak et al., 1993;
Jalil et al., 2005; Pardo et al, 2011), and it requires
Aralar for synthesis in mitochondria and transport to the
cytosol. NAA is also a predominantly neuronal product
(Urenjak et al,, 1993; Ariyannur et al.,, 2010a), which
derives from aspartate and acetylCoA, thanks to aspartate
N-acetyl-transferase, which is also largely, but not exclu-
sively, neuronal (Urenjak et al., 1993; Bjartmar et al.,
2001; Ariyannur et al., 2010a; Wiame et al., 2010). The
exact location of aspartate N-acetyltransferase (NATSL),
whether mitochondrial or microsomal or both, is still
questioned (Ariyannur et al., 2010a; Wiame et al,
2010). NATSL requires aspartate as substrate either in
mitochondria or in the cytosol, and both of these sour-
ces of aspartate are unavailable in aralar KO mice, insofar
as the lack of mitochondrial uptake of glutamate hampers
OAA transamination in mitochondria, and cytosolic
aspartate requires aralar for its transfer to the cytosol.

There is evidence that NAA may serve as a precur-
sor of myelin lipid synthesis by way of providing acetate
to the oligodendrocyte. This relies on the transaxonal
transport of NAA from neurons to ohgodendrocytes
which have an NAA transporter, NaDC3; an Na™ -de-
pendent, high-affinity dicarboxylate transporter (Huang
et al.,, 2000); and, in the presence of aspartoacylase
(ASPA), the NAA splitting enzyme, where its expression
increases late during development (Dugas et al., 2006).
Brain ASPA expression starts in the embryonic brain
(Kumar et al., 2009) and peaks at 30 days, when myelin
production is maximal (Mattan et al., 2010). Brain ace-
tyl-CoA synthetase required to produce acetylCoA from
free acetate also peaks at about postnatal day 18 and may
also be involved in histone acetylation (Ariyannur et al.,
2010b). Additional evidence indicating that NAA is an
important source of myelin lipid synthesis derives from
studies in murine models of Canavan disease (Matalon
et al., 2000; Mattan et al.,, 2010), which causes the
degeneration of the white matter, demyelination, and a
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spongy brain appearance. The disease is caused by muta-
tions in ASPA, resulting in an accumulation of brain
NAA and a reduction in brain acetate, the product of
NAA breakdown (Bliiml, 1999; Madhavaro et al., 2005).
One possible pathogenic mechanism in Canavan disease
is that excess NAA in brain is toxic (Kitada et al., 2000),
perhaps to oligodendrocytes or oligodendrocyte precur-
sor cells (OPCs). Because oligodendrocytes have NMDA
receptors, and NAA can act on neuronal NMDA recep-
tors, NAA may be toxic to oligodendrocytes by a mech-
anism similar to that involved in glutamate-induced neu-
ronal death. This possibility has been ruled out, in that
Kolodziejczyk et al. (2009) have found that NAA is not
active on oligodendrocyte NMDA receptors. However,
other pathogenic mechanisms of excess NAA cannot be
excluded (Traka et al., 2008).

On the other hand, there is increasing evidence
that ASPA deficiency causes impaired maturation of oli-
godendrocytes, with an increase in immature ones
(Kumar et al., 2009; Mattan et al., 2010), because of a
failure to take up sufficient acetate for myelin lipid syn-
thesis (Madhavaro et al.,, 2005; Moftet et al., 2007).
Some of these characteristics, such as the increase in
immature oligodendrocytes, are shared with the CGT-
KO mouse (Marcus and Popko, 2002) and the aralar
KO mouse, suggesting that the effects on oligodendro-
cytes might occur through a partially common mecha-
nism, involving a deficient substrate supply for myelin
lipid synthesis.

It is, however, surprising that oligodendrocytes
would use NAA rather than glucose for their own lipid
synthesis, at least during development. One possibility is
that NAA is used mainly in gray matter myelin, insofar as
these are the regions most affected in the aralar KO
mouse. The growing process in a myelinating oligoden-
drocyte is farthest apart from its own the cell body, but it
lies in close contact with the axon around which it grows
and wraps (Nave, 2010). As the oligodendrocyte process
grows, local protein synthesis takes place there (Sherman
and Brophy, 2005). It is possible that local lipid synthesis
also occurs at the growing tip of the oligodendrocyte,
using NAA from the axon that it wraps as precursor.
NAA is produced at high levels in pyramidal neurons in
cerebral cortex and other brain neurons also enriched in
the enzyme responsible for NAA synthesis, NATSL
(Ariyannur et al., 2010a). It is possible that the growing
tip of the oligodendrocyte is enriched in the NAA trans-
porter NaDC3 and in aspartoacylase, which have been
shown to be located not only in cell bodies but also in
myelin (Chakraborty et al., 2001), to allow for local lipid
synthesis away from the ohgodendrocyte cell body. Inter-
estingly, the mRINAs for the NAA transporter NaDC3
(Slc13a3), ASPA, acetyl-CoA synthetase (Acss2), and
CGT (UGTS) are all substantially enriched (six- to 87-
fold) in mouse brain myelinating oligodendrocytes com-
pared with OPCs, whereas the expression of aralar and
NATSL is down-regulated (Cahoy et al., 2008).

On the other hand, it is unlikely that these restric-
tions in substrates for lipid synthesis can be recapitulated
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in cultured oligodendrocytes, especially in a neuron-free
culture. The serum-rich culture provides glucose, fatty
acids and other nutrients, and it is likely that oligoden-
drocytes in mixed astroglial cultures use those during
their maturation in culture. Therefore, the finding that
oligodendrocytes from aralar KO mice develop normally
in a neuron-free culture supports the idea that the defect
in oligodendrocytes is due to a failure to receive NAA
or other metabolites from aralar KO neurons in vivo
rather than to an oligodendrocyte-specific defect. How-
ever, Sakurai et al. (2010) have reported that pure rat
oligodendrocytes cultures in which aralar has been
silenced do have a maturation defect. If this was also the
case for mouse oligodendrocytes, the lack of aralar in
oligodendrocytes, presumably in OPCs, which express
both aralar (Cahoy et al., 2008) and NATS8L (Ariyannur
et al., 2010a), might also be involved in the hypomyeli-
nation defect. Clearly, further studies are required to
clarify this point.
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Abstract. Citrin is a liver-type aspartate/glutamate carrier
(AGC) encoded by the gene SLC25A13. Two phenotypes
for human citrin deficiency have been described, namely the
adult-onset citrullinemia type II (CTLN2) and the neonatal
intrahepatic cholestasis caused by citrin deficiency (NICCD).
However, citrin deficiency currently remains a perplexing and
poorly recognized disorder. In particular, description of post-
NICCD clinical presentations before CTLN2 onset is rather
limited. Analysis of SLC25A13 mutations, identification of
dysmorphic erythrocytes, hepatobiliary scintigraphic imaging
and investigation of post-NICCD clinical presentations were
performed in a citrin-deficient cohort comprised of 51 cases
of children diagnosed with citrin deficiency in a Chinese pedi-
atric center. Twelve SLC25A13 mutations were detected in
this cohort, including the novel V411M and G283X mutations.
Among the 51 citrin-deficient subjects, 7 cases had echino-
cytosis, which was associated with more severe biochemical
abnormalities. Delayed hepatic discharge and bile duct/bowel
visualization were common scintigraphic findings. Moreover,
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9 of the 34 post-NICCD cases demonstrated concurrent failure
to thrive and dyslipidemia, constituting a clinical phenotype
different from NICCD and CTLN2. The novel mutations,
echinocytosis, hepatobiliary scintigraphic features and the
novel clinical phenotype in this study expanded the genotypic
and phenotypic spectrum of citrin deficiency, and challenge
the traditionally-assumed ‘apparently healthy’ period after the
NICCD state for this disease entity.

Introduction

Citrin is a liver-type aspartate/glutamate carrier (AGC)
encoded by the gene SLC25A13 which was cloned in 1999 by
Kobayashi et al (1). It has been well-recognized that human
citrin deficiency encompasses both adult-onset type II citrul-
linemia (CTLN2, OMIM #603471) and neonatal intrahepatic
cholestasis caused by citrin deficiency (NICCD, OMIM
#605814). An ‘apparently healthy’ period without symptoms
between the state of NICCD and the onset of CTLN2 has
been traditionally assumed for years (2). However, a poten-
tially different course of citrin deficiency, including failure
to thrive (FTT), hyperlipidemia, hepatoma and pancreatitis
at the post-NICCD but pre-CTLN2 stage, has been proposed
by Saheki et al (3), suggesting the existence of other post-
NICCD phenotype(s) in addition to CTLN2. Although citrin
deficiency was initially reported among individuals of East
Asian ancestry, more and more citrin-deficient patients have
been identified in other populations (4-10), suggesting it is
a panethnic disease with a worldwide distribution. Further
elucidation of the clinical and laboratory characteristics of
this disease will facilitate its early diagnosis and appropriate
management. Citrin deficiency currently remains a perplexing
and poorly recognized disorder (11,12). In particular, a
description of post-NICCD clinical presentations before
CTLN2 onset is rather limited, although abnormal metabolic
profiles at this stage have been reported by Nagasaka et al (13).
We performed a comprehensive review in a citrin-deficient
cohort obtained from a Chinese pediatric center, to explore
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novel molecular, erythrocytic, scintigraphic and post-NICCD
clinical features.

Subjects and methods

Subjects. This citrin-deficient cohort was composed of 51
pediatric cases diagnosed between July 2005 and September
2010 in the Department of Pediatrics, the First Affiliated
Hospital, Jinan University, Guangdong, China. All diagnoses
were confirmed by SLC25A13 analysis, and some genotypes
had been reported in our previous publications (14-18).
Galactose-free and/or medium-chain triglycerides (MCTs)
enriched formulas were introduced as dietary therapeutics
in most cases once their diagnoses were suspected or
established. In some patients with obvious jaundice and
cholestatic indices, oral ursodeoxycholate and intravenous
reductive glutathione were given, and intravenous arginine
was administered in several cases of hyperammonemia. All
subjects were followed-up by counseling at the clinic and by
e-mail or telephone counseling, and the clinical information
was recorded in detail.

SLC25A13 mutation analysis. The four most frequent
mutations, i.e. 851del4, 1638-1660dup, IVS6+5G>A and
IVS16ins3kb, were screened by means of a routine procedure
(15,16), and DNA sequencing of the 18 exons and their flanking
sites in the SLC25A13 gene was performed as described in
our previous investigations (17,18) in the subjects in which
only one mutation was identified. Adhering to the principles
of the Declaration of Helsinki, the parents of all subjects
gave informed consents. This study has been approved by the
Committee for Ethics of the Kagoshima University Faculty of
Medicine in Japan, and by the Committee for Medical Ethics,
the First Affiliated Hospital, Jinan University in China.

Light and electron microscopy. Blood smears were prepared
with venous samples collected from the subjects. Erythrocyte
morphology observation was performed after Giemsa staining
by means of a previously described procedure (19). Scanning
electron microscopy (SEM) was used to confirm the erythro-
cyte dysmorphy in some cases. SEM sample preparation,
including erythrocyte fixing with glutaraldehyde, buffer washing,
post-fixing with osmium tetroxide, dehydration with ethanol,
depositing of a diluted sample drop, air drying and coating with
gold, was carried out as previously described (20). A Nikon
Eclipse 80i (Japan) microscope and a Philips ESEM XL-30
SEM instrument (The Netherlands) were used for the analysis.
The echinocyte stages were classified according to Brecher et al
(21): stage 1 is characterized by irregularity of cellular edges;
stage 2 by spicules in a still flat cell; and stage 3 by spicules
uniformly distributed over the surface of a round cell.

Hepatobiliary scintigraphic imaging. Scintigraphy of the
hepatobiliary system with technetium-99m-N,a-(2,6- diethyl-
acetanilide)-iminodiacetic acid (Tc-99m-EHIDA) as the
tracer has been well recognized as a reliable tool for clinical
investigation of the origin of jaundice. To distinguish between
the icterus of a hepatocellular and an obstructive origin,
Tc-99m-EHIDA was injected intravenously at the dosage
of 1 mCi, and serial abdominal views were obtained by

means of a scintillation camera, during at least the first hour
and up to 24 h when necessary. A single-photon emission
computed tomography (SPECT) instrument (Elscint Helix,
GE Healthcare) was used in this study to perform hepato-
biliary imaging.

Clinical presentations after the NICCD state. We investigated
the clinical features of the citrin-deficient subjects after
the NICCD state, focusing on their anthropometric and
biochemical information collected in the past five years.
In this study, measurements of weight- and/or length-for-
chronological age <5th percentile were defined as FTT
according to Olsen ef al (22), and the age and gender-matched
5th percentile values of the anthropometric indices were
based on the WHO child growth standards (http://www.
who.int/childgrowth/standards/en/). Furthermore, patients
with serum levels of total triglycerides (TG) =1.70 mmol/Il,
and/or total cholesterol (T-Chol) =5.18 mmol/l, and/or high
density lipoprotein (HDL)-cholesterol <1.04 mmol/l and/or
low density lipoprotein (LDL)-cholesterol =3.37 mmol/l, were
defined as dyslipidemic (23).

Statistics. Independent-sample t-tests were used to compare
the differences of serum biochemical indices between different
groups of patients with and without echinocytosis, and those
with and without failure to thrive and dyslipidemia caused by
citrin deficiency (FT'TDCD). The indices following a Gaussian
distribution are presented as the mean + SD, and those skewed
are denoted as the median (minimum, maximum). Skewed
raw data were logarithmically transformed before statistical
assessment as indicated in the corresponding tables. The
difference in the SLC25A13 mutation spectrum was examined
by using the latitude of 30°N as the border line dividing the
patient origin between the south or north China. The mutation
spectrum difference was evaluated by means of a 2x2 table
¥2-test with correction for continuity. A P-value <0.05 was
taken to denote statistical significance.

Results

Patient information. The subjects came from 13 provinces,
municipalities and autonomous regions of mainland China,
including Guangdong, Guangxi, Hunan, Hubei, Jiangxi,
Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Shanxi,
Henan and Hebei, with most of them from south China (south
of 30°N) such as the Guangdong and Hunan provinces. As
listed in Table I, the citrin-deficient cohort in this study was
composed of 51 subjects including 17 females and 34 males,
with NICCD as the main clinical presentation in most cases.
Three subjects demonstrated poor outcomes and another
2 lost contact, but all the remaining 46 cases recovered or
improved clinically. However, FTT and dyslipidemia were
observed as rather common manifestations after the NICCD
state, as described in detail below.

SLC25A13 mutations. A total of 12 mutations including the 7
previously reported mutations (14-18), 851del4, IVS6+5G>A,
1638-1660dup, 1VS16ins3kb, G333D, A541D and R319X,
and 5 additional ones, IVS11+1G>A, R360X, R467X, V411M
and G283X, were found in this Chinese cohort, as shown
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