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Abstract

System X, is a heterodimeric amino acid antiporter that, in the central nervous system, is best
known for linking the import of L-cystine (CySS) with the export of L-glutamate for the
production and maintenance of cellular glutathione (GSH) and extracellular glutamate levels,
respectively. Yet, mice that are null for system x;~ are healthy, fertile, and, morphologically, their
brains are grossly normal. This suggests other glutamate and/or cyst(e)ine transport mechanisms
may be upregulated in compensation. To test this, we measured the plasma membrane expression
of Excitatory Amino Acid Transporters (EAATS) 1-3, the Alanine-Serine-Cysteine-Transporter
(ASCT) 1, the sodium-coupled neutral amino acid transporter (SNAT) 3 and the L Amino Acid
Transporter (LAT) 2 in striatum, hippocampus and cortex of male and female mice using Western
Blot analysis. Present results demonstrate brain region and transporter-specific changes occurs in
female system x;~ null mice with increased expression of EAAT1 and ASCT1 occurring in the
striatum and cortex, respectively, and decreased SNAT 3 expression in cortex. In male system x.~
null brain, only SNAT3 was altered significantly - increasing in the cortex, but decreasing in the
striatum. Total levels of GSH and CyS were similar to that found in age and sex-matched
littermate control mice, however, reductions in the ratio of reduced to oxidized GSH (GSH/GSSG)
— a hallmark of oxidative stress — were found in all three brain regions in female system x.” null
mice, whereas this occurred exclusively in the striatum of males. Protein levels of Superoxide
dismutase (SOD) 1 were reduced, whereas SOD2 was enhanced in the hippocampus of male X~
null mice only. Finally, striatal vulnerability to 3-nitropropionic acid (3-NP)-mediated oxidative
stress in either sex showed no genotype difference, although 3-NP was more toxic to female mice
of either genotype, as evidenced by an increase in moribundity as compared to males.
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Introduction

System x.~ — an obligate exchanger best known for linking the import of L-cystine [but see
(Kobayashi et al., 2015)] to the export of L-glutamate in a 1:1 ratio (Bassi et al., 2001) — is
expressed highly in a subset of astrocytes throughout the brain including in the striatum,
hippocampus, cortex and cerebellum (Ottestad-Hansen et al., 2018; Shih et al., 2006; Zhang
et al., 2014).The glutamate exported from system X" is an important contributor to the
ambient extracellular glutamate levels that bathe the central nervous system /n vivo (Baker et
al., 2002a; Baker et al., 2002b; De Bundel et al., 2011; Massie et al., 2011; McCullagh and
Featherstone, 2014). Rapid reduction of intracellular cystine to cysteine allows for its
incorporation into proteins as well as into GSH (Bassi et al., 2001; Lewerenz et al., 2013;
Sato et al., 1999). GSH is one of a number of endogenous antioxidant molecules employed
to protect against oxidative stress/damage [for review see (Gilgun-Sherki et al., 2001;
Halliwell, 2006). One of the major determinates of the rate of GSH synthesis is the
availability of its substrate cyst(e)ine (Deneke and Fanburg, 1989; Kranich et al., 1996;
Sagara et al., 1993). It is important to note that neurons are only able to import a small
amount of cystine and therefore must be supplied with cysteine (Kranich et al., 1996;
Shanker et al., 2001), primarily through release and catabolism of GSH (Hanigan and
Ricketts, 1993) from astrocytes (Dringen et al., 1997). Remarkably, it has been estimated
that ~10% of astrocytic GSH is released per hour (Dringen et al., 1997), indicating that
synthesis must match release in order to maintain a constant concentration of GSH.

Both GSH and cysteine are common sources of reducing equivalents for combating
oxidative stress, which is the imbalance between the formation and removal of reactive
oxygen species (ROS), that can damage DNA, proteins and lipids (Bains and Shaw, 1997).
Apart from their antioxidant effects, GSH and cysteine participate in signal transduction, and
regulate gene expression, cellular metabolism and cell proliferation (Lu, 2009; Nkabyo et
al., 2005; Noda et al., 2002; Ramirez et al., 2007; Wu et al., 2004).

Cells that lack system X, are unable to grow /n vitro without addition of a reducing agent
such as 2-Mercaptoethanol (2-ME), which maintains viability and supports growth (Chintala
et al., 2005; Jackman et al., 2010; Shih et al., 2006), either via direct reduction of
extracellular cystine to cysteine or by forming a mixed disulfide of 2-ME/cysteine for uptake
by non-xCT (e.g. system L) transport systems (Ishii et al., 1981). Despite this, system x;
appears to be dispensable in mammalian development and health as mice null for the
antiporter, resulting from either transgenic knockout of, or a natural null mutation in the
gene Slc7all, which encodes its substrate specific light chain, xCT (xCT™~ and
Slc7al1s4Sut mice, respectively) (Chintala et al., 2005; Sato et al., 2005), are healthy and
fertile. Of importance, Slc7al1%4/“! male mice, bred homozygously, have been reported to
show enlarged lateral ventricles and striatal and cortical “thinning” at 15 weeks of age (Shih
et al., 2006), an effect unobserved in our SLC7A1154/St mouse colony bred heterozygously
(Sears and Hewett; unpublished observations) or in xCT~/~ null mice (De Bundel et al.,
2011; Sato et al., 2005). Given these findings, we hypothesized that other transport systems
may compensate for the loss of system x;~ to regulate amino acid levels /7 vivo. Toward this
end, we investigated whether plasma membrane protein expression of prominent glutamate
and cyst(e)ine CNS transport systems, many of which are expressed in astrocytes —namely
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Excitatory Amino Acid Transporters 1-3 (EAAT1, Slcla3; EAAT2, Sicla2; EAAT3,
Slclal), the Alanine-Serine-Cysteine-Transporter 1 (ASCT1; Slcla4), System N transporter
3 (SNATS3, Slc38a8) and/or L Amino Acid Transporter 2 (LAT2; Slc7a8) —are upregulated
in cortex, striatum and hippocampus of male and female Slc7a1154%5¢! system x.~ null mice.
Herein, we report that changes in expression of glutamate and cysteine transporters occurs in
brains of system x.~ null mice in both a transporter-specific, region-specific and sexually
dimorphic manner.

2. Methods

2.1 Animals:

This study was conducted in accordance with the National Institute of Health guidelines for
the use of experimental animals and has been approved by the Institutional Animal Care and
Use Committee of Syracuse University. Mice were maintained on a 12-hour light/dark
schedule and provided mouse chow and water ad /ibitum. Littermate mice wild-type
(Slc7al1**) or lacking system x;~ (Slc7a1154754) for this study (Holmdahl and Malissen,
2012) were derived from F1 heterozygous breeding units (C3H/HeSnJ-SIc7allsut/J; JAX #
001310). Slc7al15“/su mice harbor a natural null mutation in exon 12 of Slc7al1, which
encodes for xCT, the substrate specific light chain of system x;~ (Chintala et al., 2005).
Slc7a115u¥sut mice have no xCT mRNA (Chintala et al., 2005) or protein (McCullagh and
Featherstone, 2014) in brain. We have additionally validated lack of system x;~ activity in
astrocytes derived from said mice (Jackman et al., 2010).

F2 and F3 generations only are used for experimentation at 17-20 weeks of age (Wolfer et
al., 2002; Wolfer and Lipp, 2000). Male and female mice are used to address sex as a
biological variable. Mice are separated by sex at weaning, and following initial genotyping,
are placed 4-5/cage ensuring that members of each genotype are represented to control for
any environmental effects (Pick and Little, 1965; Wolfer and Lipp, 2000). Investigators blind
to genotype performed experimental procedures and subsequent analyses. Mice were
regenotyped upon the conclusion of each study and results crosschecked with the original.
Genotyping was performed via PCR analysis of tail genomic DNA samples: WT primers
(230 bp) 5°’- GAA GTG CTC CGT GAA GG -3’ (forward), 5’- ATC TCA ATC CTG GGC
AGA TG - 3’ (reverse); mutant primers (2280 bp) 5’- CCACTG TTG TAG GTC AGC TTA
GG -3’ (forward), 5’- CAG GAC CTG TGA ATA TGA TAG GG -3’ (reverse).

2.2 Immunoblots:

Mice were perfused transcardially with ice-cold 1x phosphate buffered saline (PBS) under
full anesthesia. Bilateral striata, hippocampi and cortices were dissected, snap frozen with
liquid nitrogen, and stored separately at —80°C prior to use. Plasma membrane and total
proteins were extracted as described in each subsection and the resulting protein
concentrations were quantified using the BCA assay kit (Pierce, Rockford, IL). Following
SDS-PAGE and transfer, total protein levels were quantified using Revert™ Total Protein
Stain (Lincoln, NE). Following reversal of Revert™, membranes were blocked in Odyssey®
blocking buffer at 25°C for 1 hr, after which primary antibodies to the proteins of interest
were added in in Odyssey® blocking buffer containing 0.2% Tween-20. All antibodies were
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added overnight at 4°C. Following thorough removal of antibody [3x 5ml 1XPBS with 0.1%
Tween-20 (PBS-T) at 10 min intervals], species specific IR-Dyes [680LT or 800CW
conjugated goat polyclonal anti-rabbit or 800CW conjugated goat polyclonal anti-mouse
secondary antibody (LI-COR Biosciences; Lincoln, NE)] were added for 1 hr at 25°C at
1:10,000 dilution. Results were recorded on LI-COR ODYSSEY® Fc Imaging system (LI-
COR Biosciences) and protein levels quantified using Image Studio 3.1 (LI-COR
Biosciences; Lincoln, NE). To ensure that we were working within the linear range, the
optimum concentration for each antibody and antigen were determined via serial antibody
and protein titration (Supplemental Figure 1).

2.2.1 Glutamate and Cyst(e)ine Transporter Expression: Plasma membrane
protein from five striata pooled from three mice, five hippocampi pooled from three mice, or
two cortices taken from one mouse were isolated using a Plasma Membrane Protein
Extraction Kit [Abcam, Cambridge, U.K. (ab65400)] from system x.” null (Slc7a11su5u
and wild-type (Slc7a11**) mice in parallel to allow for side-by-side comparisons that
controlled for procedural variabilities in the amount of protein extracted. Pooled tissue was
disrupted by 75 strokes in a dounce homogenizer containing 1mL homogenize buffer plus
protease inhibitors. Plasma membrane proteins were isolated from total membranous
proteins via aqueous polymer two-phase (PEG/Dextran) separation as described by
manufacturer. Plasma membrane fraction were resuspended in PBS containing 0.001%
Triton X-100 (40 pL) and stored at —80°C until used. Proteins (3 pg for EAAT1, 1 pg for
EAAT2, 20 pg for EAATS3, 6ug for ASCT1, 6-8 pg for SNAT3 and 35ug for LAT2) were
separated by 8% SDS-PAGE under severe reducing conditions (0.1M DTT and 8M Urea) —
which effectively prevented formation of multimers (Supplemental Figure 1) — and
electrophoretically transferred to a PVDF membrane (Bio-Rad; Hercules, CA). Rabbit
polyclonal antibodies (Table 1) were used to detect EAAT1 (1.3 pug/mL), EAAT2 (1.3 ug/
mL), EAAT3 (1.2 ug/mL), ASCT1 (2.3pg/mL) and SNAT3 (0.3pg/mL). A mouse
monoclonal antibody was used to detect LAT?2 (3.3ug/mL). Transporter protein levels were
quantified by normalizing values to their respective total protein signals, followed by
baseline correction to their wild-type levels from the same protein extraction (set to 1).

2.2.2 Antioxidant Expression: Total protein from two striata, two hippocampi, or one
cortex was extracted using RIPA Buffer (50mM Tris, 0.5% Deoxycholate, 0.1% SDS).
Proteins (16pg for SOD1, 8ug for SOD2 and 25pg for Catalase) were separated by 8%
(Catalase), 11% (SOD?2), or 15% (SOD1) SDS-PAGE under reducing conditions and
electrophoretically transferred to a PVDF membrane (Bio-Rad; Hercules, CA). Rabbit
polyclonal antibodies (Table 1) were used to detect SOD1 (1.3 pg/mL), SOD2 (0.3 pg/mL)
and a mouse monoclonal antibody was used to detect Catalase (0.7ug/mL). Antioxidant
levels were quantified by normalizing values to their respective total protein signals,
followed by baseline correction to the wild-type levels (set to 1).

2.3 Glutathione and Cysteine measurements:

Fully anesthetized naive mice were perfused transcardially with ice-cold PBS. Striata,
hippocampi, and cortices were rapidly dissected and snap-frozen separately in liquid
nitrogen. The concentrations of reduced and oxidized glutathione (GSH and GSSG) and
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cysteine (CyS and CySS) were determined via high-performance liquid chromatography by
the Emory-Children’s Pediatric Biomarkers Core facility (Atlanta, GA). Total GSH = GSH +
2(GSSG); Total CyS = CyS + 2(CySS).

2.4 3 -Nitropropionic Acid (3-NP) Dosing Protocol: Mice were acclimated to
handling by performing mock daily i.p. injections 5 days prior to each study. 3-NP (Sigma
Aldrich Chemicals, St. Louis, MO) was dissolved in normal saline at 25mg/ml and adjusted
to pH 7.4 using 5M NaOH. The solution was filter sterilized and stored at 4°C for no more
than one week. Mice were weighed daily just prior to the first dose of 3-NP and injected
twice daily at 8-12 h intervals by an experimenter blinded to the genotype. Mice completing
the study received a total dose of 920 mg/kg 3-NP (i.p.) over twelve days using an escalating
dosing protocol as follows (b.i.d) : 20 mg/kg X 2 days, 30 mg/kg X 3 days, 40 mg/kg X 3
days, 50 mg/kg X 3 days, 60 mg/kg X 1 day and were sacrificed ~12 hr after the final
injection. Four separate experiments were performed over eight months.

2.5 Behavioral Scoring:

The severity scale for 3-NP-induced motor disorders was performed as described (Fernagut
et al., 2002). General locomotor activity, hindlimb clasping, hindlimb dystonia and/or
truncal dystonia and postural adjustment reflexes were assessed and recorded just prior to
each injection by an observer blinded to genotype. Three scales were assigned
corresponding to no abnormality (0), moderate (1,3) or severe deficits (2,5). Any mouse
attaining a cumulative behavioral score = 9 or sustaining a weight loss = 20% was
immediately sacrificed.

2.6 Histological Analysis:

Brain sections (40um) cut serially through the rostro-caudal extent of each brain (+1.54 to
-0.46 relative to bregma) (Microm HM-550 cryostat, ThermoScientific) were stained with
0.5% thionin as described in detail (Claycomb et al., 2011). Images (2400 pixels) were
captured by scanning (Epson Perfection 3170). The lesion (denoted by pale thionin staining)
and total striatal area of slices +1.42, +0.98, +0.50, +0.02 and —0.46 from bregma was
measured using NIH ImageJ by three individuals blinded to the animal’s genotype. Striatal
and lesion volumes were calculated using the Cavalieri principle (volume = (s1dq) + (S2d)) +
(s3d3) + (s4d4) + (s505)) where s is the area and d is the distance between slices as described
(Shih et al., 2005). The percent of the striatum that had a lesion was calculated bilaterally as
follows: (L/T) x 100, where L and T represent the lesion volume and total striatal volume,
respectively. Lesion incidence is expressed as the percent of the total mice subjected to the
systemic injection paradigm with quantifiable lesions.

2.7 Succinate Dehydrogenase Activity

Succinate dehydrogenase (SDH) activity in crude brain mitochondrial preparations from the
striatum were quantified two hours following injection with either saline or 200 mg/kg 3-NP
as described (Shih et al., 2005).
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2.8 Statistical Analyses:

All statistical analyses were performed using GraphPad Prism (Mersion 6.0.3 or higher,
Graphpad Software, Inc., La Jolla, CA) as described in the individual figure legends.

3. Results

3.1 Comparison of Cysteine and Glutamate Transporter Expression between age- and
sex-matched Slc7al1** and Slc7a11Suvsut mice.

Given the fact that mice null for system x;~ thrive and survive despite the inability of their
cells to proliferate and persist in culture without addition of a reducing agent, we set out to
determine whether the surface expression of other glutamate or cyst(e)ine transport systems
— namely EAATs 1 and 2, EAAT3, ASCT1, SNAT3 and LAT2 — that with exception of
EAAT3 are, like system X", predominately expressed on the plasma membrane of astrocytes
— was altered in the areas of the striatum, hippocampus, and cortex of 17-20 week old
female and male Slc7a115“#5U! mice as compared to Slc7all*/* age and sex-matched
littermate controls. Overall, we find significant region- and transporter-specific changes in
both sexes. In the striatum of female Slc7a11““5¢ mice, the only transporter that was altered
was EAAT1 and its levels increased (p = 0.044) (Figure 1A). No change in the level of any
transporter tested was found in the hippocampus. (Figure 1B). In the cortex, ASCT1
increased (p = 0.026) whereas SNAT3 decreased (p < 0.001) (Figure 1C). In male
Slc7a115¢%sut mice, the only change in the plasma membrane expression of any transporter
examined was that of SNAT3, which significantly decreased in striatum (p = 0.027) and
increased in the cortex (p = 0.026) (Figure 2).

3.2 Comparison of reducing equivalents between age- and sex-matched Slc7a11*/* and
Slc7a115uUsut mjce,

We previously determined that male Slc7al154/5¢ mice had little to no alteration in their
levels of reduced and oxidized cysteine (CyS and CySS) or glutathione (GSH and GSSG) in
hippocampus and cortex (Sears et al., 2019). Herein, we report no change in the total CysS,
CyS and CySS concentrations nor in the CyS/CySS ratio is present in the striatum of male
Slc7al1%4/SU mice (Supplemental Figure 2A). However, despite the maintenance of total
GSH, the GSH/GSSG ratio is significantly decreased (p = 0.02). Although we find no
statistically significant change in either GSH or GSSH concentrations themselves, this ratio
reduction appears to be driven mainly by the increase in GSSG (Supplemental Figure 2B).
In females, total CyS levels in Slc7al154#5% mice show no statistically significant alteration
nor do the concentrations of CyS or CySS in any brain region tested as compared to
Slc7al1*/* females (Figure 3A, 3C, 3E). Yet, the ratio of CyS/CySS is decreased in the
cortex (p = 0.049), owing to a slight but non-significant increase in CySS (p = 0.378); no
change in ratio in the striatum or hippocampus is found (Figure 3A-E). In contrast to what
we found in males (Sears et al., 2019), the concentration of GSH is significantly decreased
in the female Slc7a114#54 hippocampus (p = 0.007) (Figure 3D) with non-significant
reductions noted in the striatum (p = 0.459) (Figure 3B) and cortex (p = 0.196) (Figure 3F).
A slight but non-statistically significant increase in GSSG concentration is evident in all
brain regions tested (Figure 3B, 3D, 3F). In keeping with this, the ratio of reduced to
oxidized glutathione (GSH/GSSG) is lower in all three brain regions (Figure 3B, 3D, 3F),
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although this change is statistically significant only in the hippocampus (p = 0.006) (Figure
3D). These shifts to oxidized states suggest that certain brain regions in both female and
male Slc7al1545U mice are under oxidative stress.

3.3 Comparison of antioxidant protein expression levels between age- and sex-matched
Slc7a11** and Slc7al1Sutsut mice.

We next explored whether expression levels of other antioxidants might be upregulated, in a
region specific manner, in efforts to protect the brain from oxidative stress. No statistically
significant changes in expression of SOD1, 2 or catalase was found in any region of female
Slc7al1“St mouse brain, although the levels of SOD1 (p = 0.066) and catalase (p = 0.087)
in the striatum tended to be smaller (Figure 4A). In Slc7al1%4/“! males, changes were
restricted to the hippocampus, with total SOD1 protein levels being smaller (p = 0.050) and
SOD?2 levels larger (p = 0.033), than that isolated from male Slc7a11*/* hippocampi (Figure
5B).

3.4 Comparison of the toxic effect of 3-nitropropionic acid (3-NP) of age- and sex-
matched Slc7al1*/* and Slc7al11SuUsut mice.

Finally, we compared the neurobehavioral and neurotoxicological responses between age
and sex-matched Slc7a11%* and Slc7al14/“ mice to oxidative damage /n vivo facilitated
by repeated systemic administration of 3-nitropropionic acid (3-NP) (Beal, 1995; Reynolds
etal., 1998; Schulz et al., 1996). We first confirmed that 3-NP significantly reduced SDH
activities in striatum of both Slc7al1**and Slc7al1“5“ mice to a similar extent, and that
this occurs independent of sex (Supplemental Figure 3).

Motor symptoms are nonexistent until after 3-NP injection day 5 with cumulative behavioral
scores increasing at the same rate irrespective of genotype in both females (day effect: p <
0.001, genotype effect: p = 0.73) (Figure 6A) and males (day effect: p < 0.001, genotype
effect: p = 0.911) (Figure 6B). Over the 12 day paradigm, mice of both sexes progressively
lose weight, as expected, with no differences in the percentage of weight lost occurring
between genotypes (female: p = 0.666, male: p = 0.972). Consistent with weight loss, we
find no genotype difference in moribundity (Fisher’s exact test; p > 0.05) for either sex.
However, we do find that 3-NP is more toxic to female mice regardless of genotype with
94% (Slc7al1**) and 83% (Slc7al154/54t) of females becoming moribund before the end of
the study compared to just 46% (Slc7all*/*) and 42% (Slc7a1154#5t) of males. This
notwithstanding, the rate at which the mice in each genotypic group were removed —
graphed as % survival — did not differ for either sex (Figure 7A,B). Despite the high
moribundity in females, only 54% of Slc7a11**and 36% of Slc7al1“/*U! mice show
neurodegeneration (p = 0.288) (Figure 8A). The lesion incidence for Slc7a11** and
Slc7al1%U#S males is 50% and 64%, respectively (p = 0.425) (Figure 8B). Finally, the
lesion sizes for each sex and genotype do not differ (Figure 8A, B), with similar percentages
of Slc7a11%* and Slc7al11%4#SU mice having small (females: 23% vs. 14%, p = 0.462;
males: 30% vs 36%, p = 0.562) and medium sized lesions (females 30% vs 21%; p = 0.454;
males: 20% vs. 18%, p = 0.669). No Slc7al1** mice from either sex nor any Slc7al1su#sut
female mice have lesions that cover greater than 50% of the striatum, whereas 9% of
Slc7al1%4# males do (p = 0.524). Overall, we find that female mice, regardless of
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genotype, show more systemic toxicity to 3-NP than males. Despite this, there is no
genotype difference in either sex in striatal lesion incidence or size.

4. Discussion

Present results demonstrate brain region and transporter-specific transporter alterations occur
in both female and male Slc7al14#5“ mice. Despite maintaining the total CyS and GSH
levels and steady redox states of cyst(e)ine, female and male mice demonstrate region
specific reductions in the ratio of GSH/GSSG, a hallmark of oxidative stress. Region
specific alterations in the protein levels of antioxidants superoxide dismutase 1, 2 and
catalase were also shown to be sexually dimorphic. Yet interestingly, there was no genotype
difference in striatal vulnerability to 3-nitropropionic acid-mediated oxidative stress in either
sex, although 3-NP was more toxic to female mice of either genotype, as evidenced by an
increase in moribundity as compared to males.

The import of cystine by system x;~ has been shown to be vital to cell growth and
proliferation, as melanocytes (Shih et al., 2006), fibroblasts (Sato et al., 2005), astrocytes
(Jackman et al., 2010; Shih et al., 2006) and meningeal cells (Shih et al., 2006) lacking
system x.~ are unable to survive /n vitro without the addition of a reducing agent. Yet mice
lacking system x¢” — including the Slc7a1154/5¢! ysed herein —appear healthy and breed
normally, perhaps due to the fact that plasma contains sufficient concentrations of cysteine
(Bannai, 1984) for uptake by non-system x;~ transport systems. Brain atrophy has been
reported to occur in Slc7al1¥/5U! mice at ~13-15 weeks of age (Shih et al., 2006), though
we find no genotypic differences in the same morphological measures in our colony (Sears
and Hewett, in preparation). We attribute these differential findings to breeding strategies:
independent homozygous breeder lines generated experimental animals in (Shih et al., 2006)
whereas we breed heterozygotes and restrict our use of mice to F2 and F3 generations,
thereby preventing genetic drift (Wolfer et al., 2002; Wolfer and Lipp, 2000). Interestingly,
nominal changes in cellular proliferation in both the subventricular zone and dentate gyrus,
measured at 3 and 11 months of age, have been reported in Slc7al1%¢““ mice (Liu et al.,
2007).

We and others find that once astrocytes and meningeal cells (Jackman et al., 2010; Shih et
al., 2006) are grown to confluence in vitro, system x.~ null cells can survive sans reducing
agents, suggesting the existence of some compensatory mechanisms. Whether more global
compensatory mechanisms occur in brains of Slc7a115“75¢ mice was the focus of this
investigation. Toward this end, we chose to determine whether plasma membrane expression
levels of transporters known to be expressed by astrocytes that flux cyst(e)ine and/or
glutamate —(ASCT1, LAT2, and SNAT3) (Arriza et al., 1993; Hayes et al., 2005; Watts et
al., 2014), and, EAAT1 and 2 (Lehre et al., 1995), respectfully —were altered in naive
Slc7al1%u#sUt mouse brain striatum, cortex and hippocampus. The expression levels of
EAAT3, which fluxes cysteine but is located predominately on neurons (Chen and Swanson,
2003; Holmseth et al., 2012; Rothstein et al., 1994) was also ascertained.

Via extrusion, system X~ contributes to the ambient extracellular glutamate levels that bathe
synapses (Baker et al., 2002a; Baker et al., 2002b; De Bundel et al., 2011; Massie et al.,
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2011; McCullagh and Featherstone, 2014). Optimal basal extracellular glutamate
concentrations in brain are also maintained by glutamate removal facilitated by EAAT1 and
EAAT2 expressed mainly on astrocytes (Anderson and Swanson, 2000; Danbolt, 2001;
O’Donovan et al., 2017). Enhancements in extracellular glutamate concentrations are known
to rapidly upregulate glutamate transporter expression and hence transport capacity (Duan et
al., 1999; Gegelashvili et al., 1996; O’Donovan et al., 2017), which led us to hypothesize
that expression of EAAT 1 and/or 2 might be downregulated in Slc7a115¢%5¢! brain to
balance for the reduction in extracellular glutamate concentrations reported to occur in
system x.~ null mice (De Bundel et al., 2011; Massie et al., 2011; McCullagh and
Featherstone, 2014). However, this was not the case. No changes in EAAT2 were evident in
any brain region assessed in either female or male mice. Interestingly, EAAT1 expression in
female Slc7al154/5¢! striatum was significantly increased as compared to wild-type female
mice. The biological significance of this finding is uncertain given that EAAT2 is
quantitatively the most important transporter with respect to glutamate clearance in brain
[for review see (Robinson, 1998)] and glutamate levels were reported to be decreased (not
increased) in striatum of Slc7a115““5u mice of both sexes (McCullagh and Featherstone,
2014). These findings are consistent, however, with other studies that showed no change in
the total expression of EAAT 1 or 2 in the hippocampus of male XCT~/~ mice (De Bundel et
al., 2011); the effects in female mice were not explored. While no change in total EAAT1
expression in either male or female Slc7a11¢75¢ mice was found previously (McCullagh
and Featherstone, 2014), it is possible the effects were masked as measurements were made
using whole brain protein extracts, which would reflect total protein levels, whereas we
assessed only plasma membrane expression.

Like system X~ (Ottestad-Hansen et al., 2018; Zhang et al., 2014), the alanine, serine
cysteine preferring, ASCT1 (Foster et al., 2016; Sakai et al., 2003), the System N
transporter, SNAT3 (Rubio-Aliaga and Wagner, 2016; Todd et al., 2017), and the L-type
neutral amino acid transporter, LAT2, (Jackman et al., 2010; Kim et al., 2004) are expressed
prominently on astrocytes, with the latter heterodimerizing with the glycoprotein CD98hc
(aka 4F2hc, Slc3a2 ) for plasma membrane expression (Pineda et al., 1999). EAAT3 is
located predominately on neurons (Holmseth et al., 2012; Rothstein et al., 1994). Consistent
with the idea that compensation can occur, we found increased expression of ASCT1 in the
cortex of Slc7a115¥75u! female mice, though interestingly SNAT3 was decreased. No change
in LAT-2 or EAAT3 was evident in any brain region tested (Figure 1). With respect to redox
status, we find normal total CyS levels and CyS/CySS redox ratios in hippocampus and
striatum, but not cortex —where the ratio is more oxidized — as compared to female
Slc7al1** mice (Figure 3). Despite maintenance of total GSH levels in naive female
Slc7al1%U/5U mice, the GSH/GSSG ratio was reduced in all brain regions examined,
providing evidence of basal oxidative stress (Figure 3). Interestingly, reductions (not
enhancements) of striatal levels of the cellular antioxidant enzymes SOD1 and catalase were
also found in female Slc7a11%¢#5“ mice (Figure 4). Despite this, no enhancement in striatal
lesion size or incidence engendered by repeated 3-NP injection in female SLC7A11v/5ut
mice as compared to female Slc7a11*/* mice was found. Thus, we posit that maintenance of
the CyS/CySS redox potential in striatum, is an important adaptive response that protects
against insults resulting from altered bioenergetics or primary mitochondrial dysfunction,
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such as occurs following systemic 3-NP exposure (Beal, 1995; Reynolds et al., 1998; Schulz
et al., 1996). This idea is supported by evidence demonstrating that the cellular Cys/CySS
redox couple represents a distinct node in the circuitry for thiol/disulfide redox signaling,
independent from GSH/GSSG (Jones et al., 2004; Paul et al., 2018), and that CysS itself
plays a protective role in the suppression of certain forms of cell death, including ferroptosis,
itself mediated by CyS deprivation and involving mitochondria (Gao et al., 2019; Sbodio et
al., 2018; Yu and Long, 2016).

With respect to male Slc7al14#“ mice, adaptations were found only in SNAT3, where it is
increased in cortex but decreased in striatum (Figure 2). While no statistically significant
alterations in CyS, CySS, GSH and GSSG levels are found in Slc7al1%4/“! male cortex
(Sears et al., 2019) or striatum (Supplemental Figure 2A), the striatal GSH/GSSG ratio is
more oxidized, owing to an increase in GSSG (Supplemental Figure 2B). This evidence of
oxidative stress was not reflected in any change in the striatal expression of the antioxidant
enzymes SOD1,2 or catalase, although alterations in SOD1 and 2 expression are evident in
the hippocampus (Figure 5). xCT~/~ mice (sex not specified) too show no difference in GSH
levels in striatum; GSSG levels were not ascertained (Massie et al., 2011). Like in females,
we find no statistical difference in 3-NP mediated striatal lesion incidence or size between
genotypes, though there was a trend for an increase in both parameters in male Slc7al1usut
mice. These results differ from those of Massie and colleagues who demonstrated protection
against striatal dopamine loss in XCT”mice (sex non-specified) following 6-
hydroxydopamine lesion, an effect attributed to the reduction in striatal glutamate levels
found (Massie et al., 2011). It should be noted that striatal reductions in glutamate levels of
Slc7al1%u/sut mice of both sexes has also been reported (McCullagh and Featherstone,
2014).

It is important to note that we did not do an exhaustive analysis of all cyst(e)ine transporting
systems, thus, it is possible that the expression and function of others [e.g., ASCT2 (Slc1a5)]
(Broer et al., 1999; Fotiadis et al., 2013) could change in response to loss of system x;™. In
fact, our attempts to quantify ASCT2 were stymied by lack of a suitable antibody.
Additionally, compensatory adaptation could occur through an increase in the rate of influx
via transporters already present on the membrane. Finally, an increase in the transsulfuration
pathway, which has been shown to be upregulated when system x; is inhibited, could be
responsible for producing/maintaining cysteine concentrations (Kandil et al., 2010).

Finally, we find 3NP to be more toxic to female than male mice, as seen by increased
moribundity: only 10-20% of female mice completed the 12 day dosing paradigm as
compared to 40-50% of males, of either genotype. How and why this occurs is not known,
but a sex difference in basal striatal SDH activity, the ability of 3-NP to inhibit said activity,
and ultimately the striatal vulnerability to such inhibition can be ruled out (Figure 8 and
Supplemental Figure 3). Although systemic 3-NP circulates throughout the body and should
lead to SDH inhibition in all tissues and cells, surprisingly very little can be found in the
literature related to toxicity to tissues besides brain. Hence, that idea that peripheral toxic
responses to 3-NP are sexually dimorphic requires further investigation.
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In sum, we report that adaptive changes in expression of transporters capable of fluxing
cyst(e)ine occurs in naive brains of system X.™ mice in a transporter- and region-specific,
sexually dimorphic manner. Associated with these changes is the maintenance of total GSH
and CyS, normal CyS/CySS but not GSH/GSSG ratios in both male and female striatum.
Despite this, 3-NP mediated striatal injury is not enhanced, suggesting a potentially
important role for CyS in neuroprotection. Still unknown are the mechanisms underlying the
differences between male and female mice or how the plasma membrane expression of
transporters and/or cellular antioxidants change in brain of Slc7a1154/5¢ and Slc7al1**
mice of either sex change during 3-NP exposure. It is possible that during this oxidative
challenge a larger pool of these or other transporters further compensate for the loss of
system x.~ via trafficking to the plasma membrane, as has been demonstrated for system X~
itself (Chase et al., 2020).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights —
. Cysteine transporter modifications occur in brains of system x¢™ null mice
. Transporter adaptations are sexually dimorphic and brain region specific

. CyS/CySS but not GSH/GSSG ratios are maintained in a sexually dimorphic
and brain region specific manner.

. System X~ null mice of either sex are no more susceptible to /n vivo oxidative
stress than wild-type littermate controls.
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Figure 1: Comparison of glutamate and cysteine transporter levels between wild-type (+/+) and
system x¢” null (sut/sut) female mice in striatum, hippocampus, and cortex.

Plasma membrane striatal, hippocampal, and cortical protein extracted in pairs from +/+ and
sut/sut female mice [5 striata or 5 hippocampi (5 mice per 2 samples), or 2 cortices (1 mouse
per sample)] were separated under reducing conditions via 8% SDS-PAGE. Representative
blots and protein quantification for EAATL, 2, 3, ASCT1, SNAT3 and LAT?2 protein in
striatum (A), hippocampus (B) and cortex (C). Protein quantification was performed by
normalizing to each samples’ representative total protein to correct for differences in loading
followed by baseline correction to the paired +/+ levels. Values are graphed as Tukey’s box
and whisker plots with the box representing the 2" and 3" quartiles, and whiskers
representing points within 1.5 times the interquartile distance. An asterisk (*) represents a
significant between-group difference calculated using a ratio-paired t-test on transformed
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data. Between-group differences for each brain areas are as follows: (A) Striatum: EAAT1 (p
=0.044; n =6), EAAT2 (p = 0.477; n = 11), EAAT3 (p = 0.234; n = 10), ASCT1 (p = 0.343;
n=14), SNAT3 (p = 0.279; n = 6) and LAT2 (p = 0.376; n = 6). (B) Hippocampus: EAAT1
(p =0.085; n=11), EAAT2 (p =0.169; n =11), EAAT3 (p =0.086; n = 7), ASCT1 (p =
0.144; n = 14), SNAT3 (p = 0.213; n =7) and LAT2 (p = 0.436; n = 7). (C) Cortex: EAAT1
(p=0.092; n = 14), EAAT2 (p = 0.2391; n = 14), EAAT3 (p = 0.426; n = 14), ASCT1 (p =
0.0267; n = 13), SNAT3 (p = 0.0001; n = 6), and LAT2 (F1 1o = 8.313 p = 0.260; n = 6).
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Figure 2: Comparison of glutamate and cysteine transporter levels between wild-type (+/+) and
system x¢ null (sut/sut) male mice in striatum, hippocampus, and cortex.

Plasma membrane striatal, hippocampal, and cortical protein extracted in pairs from +/+ and
sut/sut male mice [5 striata or 5 hippocampi (5 mice per 2 samples), or 2 cortices (1 mouse
per sample)] were separated under reducing conditions via 8% SDS-PAGE. Representative
blot for detection of EAAT1, 2, 3, ASCT1, SNAT3 and LAT2 protein in striatum (A),
hippocampus (B), and cortex (C). Protein quantification was performed by normalizing to
each samples’ representative total protein levels to correct for differences in loading
followed by baseline correction to the paired +/+ levels. Values are graphed as Tukey’s box
and whisker plots with the box representing the 2" and 39 quartiles, and whiskers
representing points within 1.5 times the interquartile distance. An asterisk (*) represents a
significant between-group difference calculated using a ratio-paired t-test on transformed
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data. (A) Striatum: EAAT1 (p = 0.3866; n =7), EAAT2 (p =0.468; n=7), EAAT3 (p =
0.351; n = 6), ASCT1 (p = 0.493; n = 7), SNAT3 (p = 0.0267; n = 7) and LAT2 (p = 0.465; n
= 7). (B) Hippocampus: EAAT1 (p =0.186; n =7), EAAT2 (p = 0.079; n=7), EAAT3 (p =
0.487; n=6), ASCT1 (p =0.469; n=7), SNAT3 (p =0.438; n =7) and LAT2 (p = 0.386; n
=6). (C) Cortex: EAAT1 (p =0.149; n =7), EAAT2 (p = 0.161; n = 7), EAAT3 (p = 0.325; n
=7), ASCT1 (p=0.429; n=7), SNAT3 (p = 0.026; n = 5) and LAT2 (p = 0.254; n = 5).
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Figure 3: Comparison of CyS and GSH redox in wild-type (+/+) and system X.~ null (sut/sut)
female mice in striatum, hippocampus, and cortex.

, CyS, CySS, GSH and GSSG levels were measured in +/+ and sut/sut females using HPLC.
CysS, CySS, and the ratio of CyS:CySS of striatum (A), hippocampus (C) and cortex (E) are
graphed as the mean + SEM. Total GSH (GSH + 2GSSG), GSH, GSSG, and the ratio of
GSH:GSSG of striatum (B), hippocampus (D), and cortex (F) are graphed as the mean +
SEM. An asterisk (*) represents between-group differences calculated using a Mann-
Whitney test. Significance was set at P < 0.05.
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Figure 4: Comparison of antioxidant levels between wild-type (+/+) and system x;™ null (sut/sut)
female mice in striatum, hippocampus, and cortex.

Bilateral striatal, hippocampal, or cortical tissue was pooled from one mouse per sample and
the protein extracted was separated under reducing conditions via 8% (catalase), 11%
(SOD2), or 15% (SOD1) SDS-PAGE. Representative blot for detection of SOD1, SOD2,
and catalase protein in striatum (A), hippocampus (B), and cortex (C). Protein quantification
was performed by normalizing to each samples’ representative total protein to correct for
differences in loading followed by baseline correction to the protein +/+ levels. Values are
graphed as Tukey’s box and whisker plots with the box representing the 2"d and 3" quartiles
and whiskers representing points within 1.5 times the interquartile distance. There are no
between-group differences calculated using a one-sided t-test with Welch’s correction. (A)
Striatum: SOD1 (F1 6 = 36.86; p = 0.066), SOD2 (F1 ¢ = 1.022; p = 0.190) and catalase (F1 ¢
=178.9; p = 0.087). (B) Hippocampus: SOD1 (F1 5 = 2.468; p = 0.383), SOD2 (F1 5 =
1.318; p = 0.364) and catalase (F1 g = 1.922; p = 0.230). (C) Cortex: SOD1 (F1 ¢ = 4.702; p
=0.231), SOD2 (F1 6 = 2.655; p = 0.116) and catalase (Fy g = 2.045; p = 0.448).
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Figure 5: Comparison of antioxidant levels between wild-type (+/+) and system x;™ null (sut/sut)
male mice in striatum, hippocampus, and cortex.

Bilateral striatal, hippocampal, or cortical tissue was pooled from one mouse per sample and
the protein extracted separated under reducing conditions via 8% (catalase), 11% (SOD2), or
15% (SOD1) SDS-PAGE. Representative blot for detection of SOD1, SOD2, and catalase
protein in striatum (A), hippocampus (B), and cortex (C). Protein quantification was
performed by normalizing to each samples’ representative total protein to correct for
differences in loading followed by baseline correction to the protein +/+ levels. Values are
graphed as Tukey’s box and whisker plots with the box representing the 2" and 3"
quartiles, and whiskers representing points within 1.5 times the interquartile distance. An
asterisk (*) represents a significant between-group difference calculated using a one-sided t-
test with Welch’s correction. Between-group differences for each brain area are as follows:
(A) Striatum: SOD1 (F1 6 = 4.193; p = 0.108), SOD2 (F1 ¢ = 7.71; p = 0.195) and catalase
(F1,6 = 1.115; p = 0.442). (B) Hippocampus: SOD1 (F1 ¢ = 8.003; p = 0.050), SOD2 (F1 ¢ =
1.044; p = 0.033) and catalase (F1 ¢ = 1.801; p = 0.432). (C) Cortex: SOD1 (F1 6= 1.574; p
=0.443), SOD2 (F1 6 = 9.502; p = 0.181) and catalase (F1 g = 4.313; p = 0.422).
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Figure 6: Comparison of weight loss and behavioral scores between wild-type (+/+) and system
x¢~ null (sut/sut) mice exposed to 3-nitrpropionic acid (3NP).

A, B) Behavioral assessments were scored and recorded prior to each injection. Any mouse
receiving a score of 9 or greater was removed from the study. Both scores for each day are
graphed (mean + SEM) with a.m. scores on integers, and p.m. scores on half- integers. Any
symbol graphed without error bars means the error falls within the confines of the symbol.
There was no statistically significant between-group differences in either male or female
mice as determined by mixed-effects analysis with Sidak’s multiple comparisons test. C, D)
Female (17 +/+, 18 sut/suf) and male (11 +/+, 12 sut/suf) mice were injected with 3NP twice
per day for 12 days as described in methods. Mice were weighed once each day prior to the
first injection. To facilitate comparison of weight loss, mass is expressed as the mean weight
normalized to the mean starting weight £ SEM. For some points the error bars are shorter
than the height of the symbol. Mean starting weights were as follows: Female: +/+ = 28.06¢
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+0.81, sut/sut=26.19g £ 0.45 and Male: +/+ = 34.369 + 0.96, sut/sut= 33.21g + 0.70.
There was a significant between-group difference in female (p = 0.030) but not male (p =
0.2989) weight. There was a significant day-effect in weight loss for both female (p <
0.0001) and male (p < 0.0001) mice, but no genotype-effect in female (p = 0.666) or male (p
=0.971) mice.
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Figure 7: Comparison of the toxicity of 3NP between wild-type (+/+) and system x¢™ null (sut/sut)

age-and sex-matched mice.

Mice were injected twice daily with 3-NP for 12 days as described in methods. Kaplan-
Meier survival curve depicting the rate in which (A) female (n= 17 +/+; 18 sut/sui) or (B)
male (n= 11 +/+; 12 sut/suf) were removed from the study because of moribundity, defined
as any mouse sacrificed due to severe behavioral deficits (score = 9) or excessive weight loss
(> 20%), including any mouse found dead (2F sut/sut mice). There were no genotypic
differences in the rate of removal from the study in either sex as determined by the Mantel-

COX log-rank test.
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Figure 8: Comparison of striatal lesion size and incidence between wild-type (+/+) and system X~
null (sut/sut) mice exposed to 3-nitropropionic Acid (3NP).

Thionin stained representative images of 3NP exposed mice at 0.98mm, 0.5mm, and
0.02mm from bregma from A) Female (13 +/+, 14 sut/suf) and B) male (10 +/+, 11 sut/sud
mice. Graph depicts the percent of mice from each genotype in 4 defined groups: 0-1%, 1-
25%, 26-50% and 51-75%. No lesion exceeded 75% of the striatum. There was no
significant difference in any of the defined groups as determined by Fisher’s exact test.
Sample sizes differ from those described in figures 6-8 as some slices were lost during
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procurement and/or staining. Brains from mice found dead were also excluded from
analysis.
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Table 1
Protein Host Species  Company Catalog Number RRID Epitope
EAAT1 Rabbit Abcam Ab416 AB_304334 C-terminus of rat EAAT1
EAAT2 Rabbit Abcam Ab41621 AB_941789 C-terminus of rat EAAT2
EAAT3 Rabbit Abcam Ab124802 AB_10974334 Human EAAT3 residues 150-250
ASCT1 Rabbit Alomone Labs  ANT-081 AB_2756719 Mouse Slcla4 residues 500-512
LAT2 Mouse OriGene TA500514 AB_11124222  Full length Slc7a8 from HEK293T cells
SNAT3 Rabbit Proteintech 14315-1-AP AB_941782 Residues 1-191 of Slc38a3 fusion protein
SOD1 Rabbit Millipore 07-043 AB_310587 C-terminus of human Cu/Zn SOD
SOD2 Rabbit Sigma Aldrich  HPA001814 AB_1080134 Residues 2-146 of human SOD2
Catalase  Mouse Sigma Aldrich  C0979 AB_258720 Human erythrocyte catalase
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