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Abstract

SLC38A9 is characterized as a lysosomal component of the amino acid sensing Ragulator-

RAG GTPase complex, controlling the mechanistic target of rapamycin complex 1 (mTORC1).

Here, immunohistochemistry was used to map SLC38A9 in mouse brain and staining was

detected throughout the brain, in cortex, hypothalamus, thalamus, hippocampus, brainstem

and cerebellum. More specifically, immunostaining was found in areas known to be involved in

amino acid sensing and signaling pathways e.g. piriform cortex and hypothalamus. SLC38A9

immunoreactivity co-localized with both GABAergic and glutamatergic neurons, but not with

astrocytes. SLC38A9 play a key role in the mTORC1 pathway, and therefore we performed in

vivo starvation and high-fat diet studies, to measure gene expression alterations in specific

brain tissues and in larger brain regions. Following starvation, Slc38a9 was upregulated in

brainstem and cortex, and in anterior parts of the brain (Bregma 3.2 to -2.1mm). After high-fat

diet, Slc38a9 was specifically upregulated in hypothalamus, while overall downregulation was

noticed throughout the brain (Bregma 3.2 to -8.6mm).

Introduction

Solute carriers (SLCs) are the largest group of transporters in the human genome [1] and they

function as passive transporters, coupled transporters, or exchangers [2]. The transporters are

membrane bound and found in the plasma [3], vesicle [4], mitochondrial [5], peroxisomal [6]

and lysosomal [7] membranes. The 395 SLCs found so far are divided into 52 families, where

the members in each family share at least 20% amino acid sequence identity to another mem-

ber, and hence functional properties [8]. SLCs are transporters for a variety of substrates, e.g.

drugs, ions, amino acids, sugars and nucleotides [9].

The system A and system N sodium-coupled neutral amino acid transporter family, SLC38

family, has 11 members [10]. Today, seven members are functionally characterized and divided

into system A, SLC38A1 [11], SLC38A2 [12], SLC38A4 [13] and SLC38A8 [14], or system N,

SLC38A3 [15], SLC38A5 [16] and SLC38A7 [17]. System A transport of small neutral amino acids,

in particular alanine, serine and glutamine, is sodium coupled [18], while system N transport of
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mainly glutamine, asparagine and histidine [19] is sodium coupled with hydrogen in exchange

[15]. SLC38A9 is not yet characterized into either transport system, but was recently implicated as

a lysosomal component of the amino acid sensing Ragulator-RAG GTPase complex, controlling

the mechanistic target of rapamycin complex 1 (mTORC1) [20, 21]. Furthermore, SLC38A9 is a

low affinity transporter for arginine, glutamine and asparagine [21] and signals mainly arginine

sufficiency to mTORC1 [22]. In mammalian cells, there are two major amino acid sensing path-

ways, the mTORC1 pathway and the amino acid responsive (AAR) pathway [23]. Amino acid

transporters play key roles both upstream and downstream in these pathways, since they can sense

intracellular and extracellular amino acid concentrations. Both pathways are involved in gene

expression regulation of amino acid transporters [24]. mTORC1 function as a signal integrator

that receive information about nutrient levels e.g. glucose, amino acids, growth factors and energy,

and can therefore regulate the metabolism and cell growth [25, 26]. Amino acids increase the

mTORC1 activation on lysosomes via the Rag GTPases and the Ragulator complex, and amino

acids thereby control protein synthesis and cell growth [26]. In the brain, SLC38A1 [27, 28] and

SLC38A2 [29] are located to neurons and astrocytes. SLC38A3 [30, 31] and SLC38A5 [32] are

astrocytic, while SLC38A6 [33], SLC38A7 [17] and SLC38A8 [14] are neuronal. SLC38A9 is ubiq-

uitously expressed in the body, especially in parathyroid gland, thyroid gland, testis and adrenal

gland [34].

Here we present histological data of SLC38A9, as well as gene expression data for Slc38a9
following altered nutrient availability. SLC38A9 immunoreactivity was mapped in mouse

brain using non-fluorescent immunohistochemistry with a custom made anti-SLC38A9 anti-

body. Furthermore, a commercially available anti-SLC38A9 antibody was used to verify the

staining in mouse brain. In addition, fluorescent immunohistochemistry was used to deter-

mine in which cell types SLC38A9 co-localize with specific cell markers. Moreover, Slc38a9
gene expression changes in mouse brain after starvation and high-fat diet was studied to gain

information about the relation of Slc38a9 and nutrient availability in vivo.

Material and methods

Ethical statement

All experiments using C57Bl6/J mice (Taconic M&B, Denmark) were approved by the local

ethical committee in Uppsala, in unity with the EU-directive 2010/63, (Permit number: C67/

13 and C419/12). Adult male mice were used in all experiments and they were kept in a tem-

perature controlled room on a 12h light-dark cycle, with food and water ad libitum, unless oth-

erwise stated. All chemicals used were purchased from Sigma-Aldrich, St. Louis, MO, USA,

unless otherwise stated.

Western blot to verify antibody specificity

A mouse was sacrificed by cervical dislocation and the brain was dissected. One tablet of prote-

ase inhibitor cocktail (Roche Diagnostics, Switzerland) was dissolved in 50ml PBS (137.0mM

NaCl, 2.7mM KCl, 10.0mM Na2HPO4, pH 7.4) and 5 volumes were added to the sample and

the brain sample was homogenized using a Dounce homogenizer. Proteins were centrifuged

for 10min at 17000 rpm and the supernatant was discarded and the pellet was dissolved in 5ml

PBS/inhibitor and the proteins were quickly spun. The supernatant (S0) was collected and the

pellet was dissolved in 1ml homogenization buffer (50.0mM Tris, 150.0mM NaCl, 4.0mM

MgCl, 0.5mM EDTA, 2% Triton-X and 1 protease inhibitor cocktail tablet/50ml buffer). The

dissolved pellet was centrifuged at 10000 rpm for 10min and the supernatant (S1) was collected

and the pellet (P1) was dissolved in 1ml homogenization buffer. The dissolved pellet (P1) was

centrifuged again and the supernatant (S2) was collected and the pellet (P2) was dissolved in
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1ml homogenization buffer. Protein concentrations were measured using the DC protein assay

kit (Bio-Rad, Hercules, CA, USA), following manufactures protocol, in 96 well BRAND-

plates1 pureGradeTM (BRAND GMBH, Germany). Sample preparation and electrophoresis

was performed as described in [14] and 200μg of proteins from supernatant (S2) were loaded

in the wells. Proteins were transferred to an immobilian Transfer Membrane (PVDF, 0.45μm,

Millipore, Germany) using the Trans-Blot1 Turbo™ Mini PVDF Transfer Packs (Bio-Rad,

Hercules, CA, USA) in the Trans-Blot1 Turbo™ Transfer System for 3min (Bio-Rad, Hercules,

CA, USA), following manufactures protocol. The membrane was incubated in blocking buffer

(5% Blotting grade blocker Non-fat dry Milk (Bio-Rad, Hercules, CA, USA) in TTBS (0.15M

NaCl, 0.01M Trizma base, 0.05% Tween-20, pH = 8.0)) for 1h, before incubation in the custom

made anti-SLC38A9 (Innovagen, Sweden) (NH2-MASVDGDSRHLLSEC-CONH2) diluted

1:100 in blocking buffer or in the commercially available anti-SLC38A9 (HPA043785, Sigma-

Aldrich, St. Louis, MO, USA) diluted 1:100 in blocking buffer overnight at 4˚C. The mem-

brane was washed 3x10min in TTBS before 1h incubation in goat-anti-rabbit horseradish per-

oxidase antibody (Invitrogen, Waltham, MS, USA) diluted 1:10000 in blocking buffer. The

membrane was washed 5x10min in TTBS and the blot was developed using Clarity Western

ECL Substrate (Bio-Rad, Hercules, CA, USA) and visualized using a CCD camera (Bio-Rad,

Hercules, CA, USA).

Non-fluorescent DAB immunohistochemistry on free floating mouse

brain sections

Sections of desired thickness (70μm) were obtained as described in [35] using a vibratome

Leica VT 1200S (Leica Microsystems, Germany). Sections were rinsed in Tris-buffered saline

(TBS) (0.04 M Trizma HCl, 0.01 M Trizma base, 0.15 M NaCl, pH 7.4) 4x8min before and

after 40min of 0.01 M citric acid (pH 6.0) boiling at 70˚C. Sections were incubated in 1%

MeOH, 3% H2O2 (Merck, Germany) in TBS for 10min and rinsed in TBS again. Sections were

incubated in 1% blocking reagent (Roche Diagnostics, Switzerland) for 1h followed by incuba-

tion in a custom made anti-SLC38A9 antibody (Innovagen, Sweden) diluted 1:800 in supermix

(TBS, 0.25% gelatin, 0.5% Triton X-100) for 24h at 4˚C. Sections were rinsed in TBS 2x1+-

4x8min and incubated in the secondary antibody (biotinylated goat-anti-rabbit IgG (H+L),

Vector laboratories, Burlingame, CA, USA) diluted 1:400 in supermix for 1h. Sections were

rinsed in TBS 5x8min before and after incubation in ABC kit (Reagent A, Reagent B (Vectas-

tain, Vector Laboratories, Burlingame, CA, USA), diluted 1:800 in supermix for 1h. Sections

were incubated in 0.05% 3.3 Diaminobenzidine tetrahydrochloride (DAB), 0.35% NiCl and

0.015% H2O2 and rinsed 4x5min in TBS and mounted on gelatinized microscope slides (Men-

zel Gläser, Germany). Sections were dehydrated in 70% and 95% EtOH for 5min, 100% EtOH

(Solveco, Sweden) for 10min and Xylene for 20min. The DAB immunohistochemistry using

the commercially anti-SLC38A9 antibody (HPA043785, Sigma-Aldrich, St. Louis, MO, USA)

used in [21] was performed as stated above with the exception that the citric acid boiling and

the following washes in TBS was excluded and the antibody was diluted 1:750. Sections were

analyzed using a Mirax Pannoramic midi scanner with the Pannoramic Viewer software ver-

sion 1.15.4 RTM (3dHistech, Hungary).

Fluorescence immunohistochemistry on paraffin embedded mouse brain

sections

Paraffin embedded sections of 7μm thickness were obtained and fluorescent immunohis-

tochemistry was performed as described in [17], with the exceptions that anti-SLC38A9 was

diluted 1:25, together with mouse anti-NeuN (1:400, Millipore, Germany), mouse anti-GAD67
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(1:400, Millipore, Germany), mouse anti-GFAP (1:500, Millipore, Germany), mouse anti-glu-

taminase (1:100, Abcam, United Kingdom). Sections were analyzed using a fluorescence

microscope (Zeiss Axioplan2 imaging) connected to a camera (AxioCam HRm) with the Axio-

vison 4.7 software.

In vivo diet experiment and tissue collection

The experiment was performed in Perland et.al. 2016 [36, 37] and samples were used here to

analyze the Slc38a9 gene expression. Briefly, mice were divided in three groups (controls,

starved and high-fat diet) given different diet. Group 1, control mice, were fed standard chow

(R3, Lantmännen, Sweden, 5% fat), group 2, fed standard chow but starved 24h before eutha-

nasia, and group 3, fed high-fat western diet (R638, Lantmännen, Sweden, 21% fat) for eight

weeks to induce obesity. The controls and the obese mice were weighing every second week

and the high-fat diet mice were significantly heavier than the controls at the day of euthanasia.

Specific brain tissues (brainstem, cortex, cerebellum and hypothalamus) were dissected, and

additional whole brains were dissected and cut in seven coronal regions (I-VII) using a brain

matrix (Alto, 1mm, CellPoint Scientific, USA). For specific brain tissues, four mice were used

in all three groups, and for larger brain regions, controls (six mice), starved (four mice), high-

fat diet (six mice). RNA was extracted using Absolutely RNA Miniprep Kit (Agilent Technolo-

gies, Santa Clara, CA, USA) following the manufactures protocol. 2μg RNA was used for

cDNA synthesis using High Capacity RNA-to-cDNA kit (Thermo Fisher Scientific, Waltham,

MS, USA) according to manufactures protocol. cDNA from different animals, but the same

brain tissue or region (I-VII) was pooled.

Primer design and quantitative real-time PCR

Primers were designed using Beacon Design 8 (Premier Biosoft, Palo Alto, CA, USA). qPCR was

performed using 5ng of pooled cDNA (5ng/μl) and the mastermix contained 2X DreamTaq

Buffer (Thermo Scientific, Waltham, MS, USA), 0.2μl 25mM dNTP (Fermentas, Sweden), 0.05μl

forward and reverse primer (100pmol/μl) (Slc38a9 (F;tgctgtcattgctgtaat, R;actgagaa
gaaccatcct), primers for housekeeping genes (mGapdh (F;gccttccgtgttcctacc, R;

gcctgcttcaccaccttc)mH3a (F;ccttgtgggtctgtttga, R;cagttggatgtccttggg)

and mActb (F;ccttcttgggtatggaatcctgtg, R;cagcactgtgttggcatagagg)) (Invi-

trogen, Germany), 0.5μl 10X SYBRGreen (1:50000, diluted in TE buffer, pH 7.8, (Invitrogen,

Germany)) and 0.08μl DreamTaq polymerase (5U/μl, Thermo Scientific, Waltham, MS, USA)

and water was added to a total reaction volume of 20μl. All cDNA samples were run in triplicates

and water was used as a negative control. The iCycler real-time detection instrument (Bio-Rad,

Hercules, CA, USA) was used. Amplification was performed as follows; initial denaturation,

95.0˚C for 30s, 45 cycles of: 95.0˚C for 10s, 55.8˚C for 30s and 72.0˚C for 30s. Cycling was fol-

lowed by melt curve performance for 81 cycles, starting at 55.0˚C, with 10s intervals and steps of

0.5˚C.

Analysis of qPCR data

The MyIQ (Bio-Rad, Hercules, CA, USA) software was used to obtain Ct-values for all sam-

ples. The raw Ct-values were compared and outliers were removed if the difference was greater

than 0.99 between triplicates. Primer efficiency was calculated with LinRegPCR software [38],

after outliers were removed with Grubbs test (GraphPad software, La Jolla, CA, USA). GeN-

orm [39] was used to calculate if the housekeeping genes were stable. The geometric mean of

the housekeeping genes was used as normalization factors and the relative mRNA expression

was calculated. For the specific brain tissues, two different qPCR runs were analyzed as one set
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of data, i.e. hexaplicates per treatment and tissue, using the mean value of the primer efficiency

from both runs (run 1, 2.0334±0.18, run 2, 2.0397±0.12) and each tissue was corrected sepa-

rately. For the larger brain regions, the qPCRs were repeated twice and analyzed separately

and one representative run is presented. Unpaired t-tests were performed between controls

and the starved group or the high-fat diet group, using GraphPad Prism 5 (Graph Pad soft-

ware, La Jolla, CA, USA), and the significance levels were Bonferroni corrected for multiple

comparison, (�p�0.049375, ��p�0.009975, ���p�0.001).

Results

Verification of the antibodies used for immunostaining

The specificity of the antibodies used for protein localization in mouse brain was verified

using western blot on mouse brain homogenate. The predicted size of the SLC38A9 protein

was found to be 63.4kDa (NP_848861). For the custom made antibody, one band was detected

with approximate size of 55kDa (Fig 1A), which is in range of ±10kDa from the predicted size,

and hence the blot verifies the antibody specificity. For the commercially available anti-

SLC38A9 antibody, one band was detected with approximately size of 95kDA (Fig 1B).

SLC38A9 immunostaining of the custom made antibody in cortex,

thalamus, hippocampus, hypothalamus, brainstem and cerebellum

Non-fluorescent immunohistochemistry on 70μm free floating mouse brain sections was per-

formed using the custom made anti-SLC38A9 antibody (Fig 2A–2E overview pictures and 2F–

2N close ups), to provide a comprehensive profile of the protein expression in mouse brain.

Immunoreactivity was detected throughout the mouse brain. In cortex the staining was espe-

cially prominent in piriform cortex (Pir) (Fig 2F) and evenly distributed in cortex layer 2–6, in

Fig 1. Western blot of the anti-SLC38A9 antibodies. Western blot was used to verify the antibodies. (a)

The blot of the custom made anti-SLC38A9 antibody displayed a band with approximately size of 55kDa,

which is ±10kDa of the predicted size of 63kDa of the SLC38A9 protein. (b) The blot of the commercial anti-

SLC38A9 (HPA043785) antibody displayed a band with approximately size of 95kDa.

doi:10.1371/journal.pone.0172917.g001
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cingulate cortex, area 1(Cg1), primary motor cortex (M1) and secondary motor cortex (M2)

(Fig 2G). Staining was detected in hypothalamic areas around the third ventricle (3V), in

suprachiasmatic nucleus (SCh) and in anterior hypothalamic area, central (AHC) (Fig 2H).

Immunoreactivity was found in thalamic parts, e.g. paraventricular thalamic nucleus (PVA)

Fig 2. SLC38A9 immunostaining is abundant in mouse brain using a custom made anti-SLC38A9

antibody. Non-fluorescent DAB immunohistochemistry on free floating mouse brain sections, overview

pictures (a-e) and close ups (f-n) with adjacent scale bars. (a) Bregma 0.26mm, (b) Bregma -0.82mm, (c)

Bregma -1.58mm, (d) Bregma -3.08mm, (e) Bregma -5.88mm, (f) piriform cortex (Pir) and caudate putamen

(striatum) (CPu), Bregma 0.26mm, (g) cingulate cortex, area 2 (Cg2), secondary motor cortex (M2) and

primary motor cortex (M1), Bregma 0.26mm, (h) Third ventricle (3V), Suprachiasmatic nucleus (SCh) and

anterior hy area, central (AHC), Bregma -0.82mm, (i) paraventricular thalamic nucleus anterior, (PVA),

Bregma -0.82mm, (j) hippocampus, field CA1 hippocampus (CA1), field CA2 hippocampus (CA2), field CA3

hippocampus (CA3) and dentate gyrus (DG), Bregma -1.58mm, (k) superior Cb peduncle (scp), Bregma

-3.08mm, (l) ventral tegmental area (VTA), Bregma -3.08mm, (m) Facial nucleus (7N), Bregma -5.88mm, (n)

Purkinje cell layer in simple lobule (Sim) crus 1 ansiform lobule (Crus1), Bregma -5.88mm.

doi:10.1371/journal.pone.0172917.g002
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(Fig 2I). Moreover, SLC38A9 staining was found in hippocampus, in field CA3 the staining

was more intense while only specific cells were stained in field CA1 and CA2 and dentate

gyrus (DG) (Fig 2J). Cells were also stained in superior Cb peduncle (scp) (Fig 2K) and in the

ventral tegmental area (VTA) (Fig 2L). In the posterior parts of the brain, SLC38A9 immuno-

reactivity was detected in brainstem, with large cells stained in the area facial nucleus (7N) (Fig

2M), and in the Purkinje cell layer in cerebellum (Fig 2N). The described brain areas were

identified using, The Mouse Brain, by Franklin and Paxinos 2007.

SLC38A9 immunostaining of the commercially available antibody in

cortex, thalamus, hippocampus, hypothalamus, brainstem and

cerebellum

To verify the staining of the custom made anti-SLC38A9 antibody further, a complementary

non-fluorescent immunohistochemistry was run using the commercially anti-SLC38A9 anti-

body (Fig 3A–3D overview pictures and 3E–3K close ups). SLC38A9 staining was found in

cortex, with evenly distributed staining in cortex layer 2–6, in cingulate cortex, area 1 (Cg1),

primary motor cortex (M1) and secondary motor cortex (M2) (Fig 3E), with high intensity in

piriform cortex (Pir) (Fig 3F). Immunoreactivity was found in hypothalamic areas around

third ventricle (3V), in suprachiasmatic nucleus (SCh) and anterior hypothalamic area, central

(AHC) (Fig 3G). In addition, staining was also found in thalamic areas, paraventricular tha-

lamic nucleus (PVA) (Fig 3H). Evenly distributed staining was found in hippocampus, in den-

tate gyrus (DG) and in field CA1, CA2 and CA3 (Fig 3I). In brainstem, large cells were stained

in gigantocellular reticular nucleus (Gi) (Fig 3J) and in cerebellum intense immunoreactivity

was found in the Purkinje cell layer (Fig 3K).

SLC38A9 staining in inhibitory and excitatory neurons

Fluorescent immunohistochemistry was used to determine the co-localization of the custom

made anti-SLC38A9 and specific cell makers (Fig 4). The antibody was hybridized together

with specific cell markers on 7μm paraffin embedded mouse brain sections. SLC38A9 immu-

nofluorescence co-localized with the neuronal marker NeuN in 10th cerebellar lobule (10Cb)

at Bregma -6.72mm (Fig 4A), and with the GABAergic neuronal marker GAD67 in cells in the

area anterior hypothalamic area, post (AHP) at Bregma -1.22mm (Fig 4B). No co-expression

with the astrocytic marker GFAP was observed in reuniens thalamic nucleus (Re) at Bregma

-0.70mm, (Fig 4C). Furthermore, SLC38A9 immunoreactivity and the enzyme glutaminase

co-localized in glutamatergic neurons in the area B9 serotonin cells (B9) at Bregma -4.36mm,

(Fig 4D).

Slc38a9 changes in mouse brain following starvation and high-fat diet

To study the Slc38a9 gene expression changes in vivo in response to nutrient availability, mice

were starved for 24h or fed with high-fat diet for 8 weeks before euthanasia. Specific brain tis-

sues together with larger brain regions (I-VII) were dissected for analysis (Fig 5). Following

24h of starvation, the Slc38a9 gene expression was significantly upregulated in brainstem

(p = 0.0442) and cortex (p = 0.0055) compared with controls, while no significant regulation

was found in cerebellum (p = 0.4865) or hypothalamus (p = 0.9803) (Fig 5A). After high-fat

diet, Slc38a9 was upregulated in hypothalamus (p = 0.0014) (Fig 5B), but not altered in brain-

stem (p = 0.9111), cerebellum (p = 0.6745) or cortex (p = 0.5967). Furthermore, Slc38a9 was

significantly upregulated in the starved group in brain regions; I (p = 0.0310), II (p = 0.0297),

III (p = 0.0009) and IV (p = 0.0159), while expression was unaffected in brain regions; V
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(p = 0.0743), VI (p = 0.6162) and VII (p = 0.8486) (Fig 5C). The Slc38a9 gene expression was sig-

nificantly downregulated in all brain regions from the obese mice, I (p = 0.0016), II (p = 0.0007),

III (p<0.0001), IV (p = 0.0006), V (p = 0.0266), VI (p = 0.0124) and VII (p = 0.0151) (Fig 5D).

Fig 5E displays a schematic picture of the mouse brain divided in seven regions (I-VII) with the

corresponding Bregma numbers (mm), image was adopted from [36].

Fig 3. SLC38A9 immunostaining is abundant in mouse brain using a commercial anti-SLC38A9

antibody. Additional DAB immunohistochemistry on free floating mouse brain sections was performed using

a commercially available anti-SLC38A9 antibody, to verify the staining of the custom made anti-SLC38A9

antibody. Overview pictures (a-d) and close up pictures (e-k) with adjacent scale bars. (a) Bregma -0.10mm,

(b) Bregma -0.70mm, (c) Bregma -1.94mm, (d) Bregma -5.88mm, (e) cingulate cortex, area 1 (Cg1), primary

motor cortex (M1) and secondary motor cortex (M2), Bregma -0.10mm, (f) piriform cortex (Pir) and caudate

putamen (striatum) (CPu), Bregma -0.10mm, (g) third ventricle (3V), suprachiasmatic nucleus (SCh) and

anterior hypothalamic area, central (AHC), Bregma -0.70mm, (h) paraventricular thalamic nucleus (PVA),

Bregma -0.70mm, (i) hippocampus, field CA1 hippocampus (CA1), field CA2 hippocampus (CA2), field CA3

hippocampus (CA3) and dentate gyrus (DG), Bregma -1.94mm, (j) gigantocellular reticular nucleus (Gi),

Bregma -5.88mm, (k) Purkinje cell layer in simple lobule (Sim) and crus 1 ansiform lobule (Crus1), Bregma

-5.88mm.

doi:10.1371/journal.pone.0172917.g003
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Discussion

SLC38A9 is characterized as a lysosomal component of the amino acid sensing Ragulator-

RAG GTPase complex controlling the mechanistic target of rapamycin complex 1 (mTORC1)

[20–22], one of the major amino sensing pathways in mammalian cells. Here we have charac-

terized the protein expression of SLC38A9 in the mouse brain. Furthermore, due to the estab-

lished role of SLC38A9 in the mTORC1 pathway, we found it interesting to study the Slc38a9
gene expression alterations following in vivo starvation and high-fat diet. Slc38a9 expression

was analyzed in specific brain tissues associated with feeding behavior, and in larger brain

regions, since neuronal circuits can project beyond specific brain structures, to provide a more

comprehensive understanding of how altered energy intake can affect the overall gene expres-

sion in the mouse brain.

Abundant SLC38A9 immunoreactivity was found throughout the mouse brain, in cortex,

thalamus, hippocampus, hypothalamus, brainstem and cerebellum, and two antibodies were

Fig 4. SLC38A9 staining co-localize with GABAergic and glutamatergic neurons. Fluorescence

immunohistochemistry (a-d) on mouse brain paraffin embedded sections with SLC38A9 immunostaining in

red, protein markers in green and the nuclear marker DAPI in blue. All scale bars are 20μm. White arrows

indicate cells with SLC38A9 immunoreactivity and yellow arrows indicate cells with immunoreactivity of the

markers. (a) The neuronal marker NeuN co-localizes in the 10th cerebellar lobule (10cb), Bregma -6.72mm.

(b) The GABAergic neuronal marker GAD67 co-localized with SLC38A9 in cells close to third ventricle (3V), in

anterior hypothalamic area, post (AHP), Bregma -1.22mm. (c) SLC38A9 and the astrocyte marker GFAP do

not overlap in the area around third ventricle (3V), reuniens thalamic nucleus (Re), Bregma -0.70mm. (d) The

enzyme glutaminase is expressed in glutamatergic neurons and overlap with SLC38A9 in the area B9

serotonin cells (B9), Bregma -4.36mm.

doi:10.1371/journal.pone.0172917.g004
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used to verify the staining. The staining of both antibodies was similar, although the staining

from the commercial antibody was more intense. However, the staining of the commercially

available anti-SLC38A9 was broader in hippocampus and stained all fields as well as dentate

gyrus, while the custom made antibody stained some cells in dente gyrus and field CA1 and

CA2, while abundant staining was only found in field CA3. Previously characterized members

from the SLC38 family are in brain, either located to neurons or astrocytes or both. SLC38A9

immunoreactivity was located to GABAergic and glutamatergic neurons, while no staining

was found in astrocytes. This is similar to what has been found for SLC38A6 [33], SLC38A7

[17] and SLC38A8 [14].

CNS control eating behavior, and receive signals about energy status via various neuronal

circuits [40]. Hypothalamus is one of the key structures associated with regulation of metabo-

lism and mTORC1 activity [41]. In hypothalamus, the arcuate nucleus (Arc), close to the third

ventricle, integrate signals about energy status and further control metabolism and energy bal-

ance via mTORC1 [42]. SLC38A9 immunostaining was found in hypothalamic areas around

the third ventricle (3V), which was not surprising, considering the function of SLC38A9 as a

signal integrator about amino acid levels. In hypothalamus, the mTORC1 pathway is activated

in response to amino acids, glucose and growth factors, resulting in reduced food intake [43].

However, during diet induced obesity, the mTORC1 pathway is downregulated in hypothala-

mus [44]. The gene expression of Slc38a9 was found to be un-altered following starvation, but

upregulated after high-fat diet in hypothalamus. The diet induced obesity paradigm is a long

term treatment while the starvation is short term. This could be the reason why the high-fat

diet influences Slc38a9 gene expression while the starvation paradigm does not. It is possible

that the upregulation of Slc38a9 in hypothalamus is to enable mTORC1 activation and com-

pensate for the diet-induced loss of mTORC1 activity.

In the mammalian brain, the piriform cortex is shown to sense uncharged tRNAs and inade-

quate levels of amino acids in food. The cells in anterior piriform cortex are sensitive to amino

acid deficiency and the eukaryotic initiation factor 2 (eIF2) is phosphorylated by the GCN2

kinases in the absence of amino acids [45]. In the amino acid responsive (AAR) pathway, the

detection of amino acid limitation begins with the sensing of uncharged tRNA, which accumu-

lates during starvation, by the GCN2 kinases, which results in phosphorylation of the eukaryotic

initiation factor 2α (eIF2α) [46, 47]. The translation is then strongly inhibited and the activating

transcription factor 4 (ATF4) is therefore transcriptionally upregulated, leading to upregulation

of genes holding amino acid responsive elements (AARE). The overall effect of this pathway is

decreased protein synthesis [48]. The importance of GCN2 and eIF2α in response to limited lev-

els of amino acids has been confirmed in mouse models [49, 50] and this pathway seems to be

important in CNS to identify variations in amino acid composition in food [45, 51, 52]. Several

amino acid transporters from the SLC superfamily e.g. SLC7A1 [53], SLC7A5 [54], SLC7A11

[55], SLC1A4 [56], SLC1A5 [57], SLC3A2 [57] and also the SLC38 family member, SLC38A2

[58, 59], are transcriptionally upregulated during amino acid starvation and these genes also

Fig 5. Slc38a9 gene expression in mouse brain following starvation and high-fat diet. Relative Slc38a9 mRNA expression ±SD are plotted and

compared with controls (Unpaired t-tests, significance adjusted for multiple testing, *p�0.049375, **p�0.009975, ***p�0.001, n represents technical

replicates). (a) Control group (white bars), Starved group (light grey bars), n = 6 for both groups and all tissue tested, except n = 5 for starved group in

cerebellum, Brainstem (p = 0.0442), Cerebellum (p = 0.4865), Cortex (p = 0.0055), Hypothalamus (p = 0.9803). (b) Control group (white bars), High fat diet

group (dark grey bars), n = 6 for both groups and all tissue tested, Brainstem (p = 0.9111), Cerebellum (p = 0.6745), Cortex (p = 0.5967), Hypothalamus

(p = 0.0014). (c) Control group (white bars, (region I, II, III and VI, n = 2, region IV, V and VII, n = 3), Starved group (light grey bars, (n = 3 for all regions

except for regions I and VII were n = 2)). (I (p = 0.0310), II (p = 0.0297), III (p = 0.0009), IV (p = 0.0159), V (p = 0.0743), VI (p = 0.6162) and VII (p = 0.8486)).

(d) Control group (white bars, (region I, II, III and VI, n = 2, region IV, V and VII, n = 3)), High-fat diet group (dark grey bars, (n = 3 for all brain regions except

for region V, n = 2)). (p = 0.0016), II (p = 0.0007), III (p<0.0001), IV (p = 0.0006), V (p = 0.0266), VI (p = 0.0124) and VII (p = 0.0151). (e) Representation of

the mouse brain displaying the brain regions I-VII, with corresponding Bregma numbers (mm).

doi:10.1371/journal.pone.0172917.g005
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have identified responsive elements. In addition, SLC1A5 [60], SLC7A5/SLC3A2 [60] and

SLC38A2 [61–63] have also been found to be involved in the activation of mTORC1. Intense

SLC38A9 immunostaining was found in piriform cortex suggesting a potential role in sensing

inadequate amino acid levels. In addition, the upregulation of Slc38a9 in cortex following starva-

tion, suggest that Slc38a9 could be under control of responsive elements and respond to amino

acid deprivation in a similar way as other SLCs.

In previous studies in cells overexpressing SLC38A9, mTORC1 activation was shown to be

insensitive to amino acid deprivation, and loss of SLC38A9 reduced mTORC1 activation by

amino acids [21, 22]. Furthermore, mTORC1 activity was also inhibited when SLC38A9 was

depleted in the presence of amino acids, as well as after amino acid supplementation following

deprivation [20]. Amino acids increase the mTORC1 activation on lysosomes and can thereby

control metabolism and cell growth [26]. Following starvation, Slc38a9 was significantly upre-

gulated in brain regions I-IV (Bregma 3.2 to -2.1mm), and specifically in cortex and brainstem.

Brain regions from section I-IV all comprise tissue from cortex among others. However, in

brain region VII, encompassing brainstem, no alteration was found. The signal from brain-

stem could have been diluted in the larger sample as this region also include cerebellum, which

was not altered. Following high-fat diet, Slc38a9 was downregulated in all brain regions, I-VII

(Bregma 3.2 to -8.6mm). Furthermore, no downregulation of Slc38a9 was detected in brain-

stem, cerebellum or cortex, but instead upregulation in hypothalamus was found. The upregu-

lation in hypothalamus could be compensatory for the loss of mTORC1 activity induced by

obesity, as earlier discussed. In the larger brain regions, the effects on gene expression is a sum

of the expression in all structures within that region, and signals could hence be increased or

decreased, which could explain the differences found in specific tissues and brain regions. In

our feeding experiments, the overall gene expression of Slc38a9 was altered in the opposite

direction depending on nutritional availability. During amino acid starvation, cells are exposed

to low levels of amino acids and to maintain protein synthesis and cellular growth the

mTORC1 pathway must be activated. It is possible that the requirement of SLC38A9 in order

to sense amino acids increases, without this sensing of amino acid the mTORC1 pathway

remain inactive. The increased need for SLC38A9 could explain the upregulation of Slc38a9
following starvation. After high-fat diet, the cells have plenty of amino acids, growth factors

and nutrients capable for mTORC1 activation, and the need for SLC38A9 protein translation

might be decreased, and hence Slc38a9 is downregulated.

In conclusion, SLC38A9 immunostaining was found throughout the mouse brain in cortex,

hypothalamus, thalamus, hippocampus, brainstem and the Purkinje cell layer in cerebellum.

More specifically, we found staining in hypothalamic areas and piriform cortex, areas known to

be involved in amino acid sensing and signaling. SLC38A9 immunofluorescence co-localized

with markers for both GABAergic and glutamatergic neurons. Slc38a9 gene expression was

altered in mouse brain following in vivo starvation and high-fat diet. Following starvation, upregu-

lation of Slc38a9 was found specifically in brainstem and cortex, and in brain regions between

Bregma 3.2 to -2.1mm. After high-fat diet, upregulation of Slc38a9 was specifically found in hypo-

thalamus, while Slc38a9 was downregulated throughout the brain between Bregma 3.2 to -8.6mm.
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Anérs foundation and Magnus Bergvalls foundation. Thanks to Anders Eriksson for assistance

with preparation of diet panels, and Mohamed Eltahir and Thi Cam Linh Nguyen for assis-

tance with immunohistochemistry.

The gene expression of SLC38A9, changes in mouse brain following altered nutrient intake

PLOS ONE | DOI:10.1371/journal.pone.0172917 February 24, 2017 12 / 16



Author Contributions

Conceptualization: SVH RF.

Formal analysis: SVH MME.

Funding acquisition: RF.

Investigation: SVH MME EL VA EP.

Methodology: SVH RF.

Project administration: SVH RF.

Resources: RF.

Supervision: SVH, RF.

Validation: SVH MME RF.

Visualization: SVH EL.

Writing – original draft: SVH RF.

Writing – review & editing: SVH MME EL VA EP RF.

References
1. Fredriksson R, Nordstrom KJ, Stephansson O, Hagglund MG, Schioth HB. The solute carrier (SLC)

complement of the human genome: phylogenetic classification reveals four major families. FEBS let-

ters. 2008; 582(27):3811–6. doi: 10.1016/j.febslet.2008.10.016 PMID: 18948099

2. Hediger MA, Romero MF, Peng JB, Rolfs A, Takanaga H, Bruford EA. The ABCs of solute carriers:

physiological, pathological and therapeutic implications of human membrane transport proteinsIntro-

duction. Pflugers Archiv: European journal of physiology. 2004; 447(5):465–8. doi: 10.1007/s00424-

003-1192-y PMID: 14624363

3. Closs EI, Simon A, Vekony N, Rotmann A. Plasma membrane transporters for arginine. The Journal of

nutrition. 2004; 134(10 Suppl):2752S–9S; discussion 65S-67S. PMID: 15465780

4. Takamori S. VGLUTs: ’exciting’ times for glutamatergic research? Neuroscience research. 2006; 55

(4):343–51. doi: 10.1016/j.neures.2006.04.016 PMID: 16765470

5. Haitina T, Lindblom J, Renstrom T, Fredriksson R. Fourteen novel human members of mitochondrial

solute carrier family 25 (SLC25) widely expressed in the central nervous system. Genomics. 2006; 88

(6):779–90. doi: 10.1016/j.ygeno.2006.06.016 PMID: 16949250

6. Visser WF, van Roermund CW, Waterham HR, Wanders RJ. Identification of human PMP34 as a per-

oxisomal ATP transporter. Biochemical and biophysical research communications. 2002; 299(3):494–

7. PMID: 12445829

7. Boll M, Daniel H, Gasnier B. The SLC36 family: proton-coupled transporters for the absorption of

selected amino acids from extracellular and intracellular proteolysis. Pflugers Archiv: European journal

of physiology. 2004; 447(5):776–9. doi: 10.1007/s00424-003-1073-4 PMID: 12748860

8. Hediger MA, Clemencon B, Burrier RE, Bruford EA. The ABCs of membrane transporters in health and

disease (SLC series): introduction. Molecular aspects of medicine. 2013; 34(2–3):95–107. doi: 10.

1016/j.mam.2012.12.009 PMID: 23506860

9. He L, Vasiliou K, Nebert DW. Analysis and update of the human solute carrier (SLC) gene superfamily.

Human genomics. 2009; 3(2):195–206. doi: 10.1186/1479-7364-3-2-195 PMID: 19164095

10. Sundberg BE, Waag E, Jacobsson JA, Stephansson O, Rumaks J, Svirskis S, et al. The evolutionary

history and tissue mapping of amino acid transporters belonging to solute carrier families SLC32,

SLC36, and SLC38. Journal of molecular neuroscience: MN. 2008; 35(2):179–93. doi: 10.1007/

s12031-008-9046-x PMID: 18418736

11. Varoqui H, Zhu H, Yao D, Ming H, Erickson JD. Cloning and functional identification of a neuronal gluta-

mine transporter. The Journal of biological chemistry. 2000; 275(6):4049–54. PMID: 10660562

12. Sugawara M, Nakanishi T, Fei YJ, Huang W, Ganapathy ME, Leibach FH, et al. Cloning of an amino

acid transporter with functional characteristics and tissue expression pattern identical to that of system

The gene expression of SLC38A9, changes in mouse brain following altered nutrient intake

PLOS ONE | DOI:10.1371/journal.pone.0172917 February 24, 2017 13 / 16

http://dx.doi.org/10.1016/j.febslet.2008.10.016
http://www.ncbi.nlm.nih.gov/pubmed/18948099
http://dx.doi.org/10.1007/s00424-003-1192-y
http://dx.doi.org/10.1007/s00424-003-1192-y
http://www.ncbi.nlm.nih.gov/pubmed/14624363
http://www.ncbi.nlm.nih.gov/pubmed/15465780
http://dx.doi.org/10.1016/j.neures.2006.04.016
http://www.ncbi.nlm.nih.gov/pubmed/16765470
http://dx.doi.org/10.1016/j.ygeno.2006.06.016
http://www.ncbi.nlm.nih.gov/pubmed/16949250
http://www.ncbi.nlm.nih.gov/pubmed/12445829
http://dx.doi.org/10.1007/s00424-003-1073-4
http://www.ncbi.nlm.nih.gov/pubmed/12748860
http://dx.doi.org/10.1016/j.mam.2012.12.009
http://dx.doi.org/10.1016/j.mam.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23506860
http://dx.doi.org/10.1186/1479-7364-3-2-195
http://www.ncbi.nlm.nih.gov/pubmed/19164095
http://dx.doi.org/10.1007/s12031-008-9046-x
http://dx.doi.org/10.1007/s12031-008-9046-x
http://www.ncbi.nlm.nih.gov/pubmed/18418736
http://www.ncbi.nlm.nih.gov/pubmed/10660562


A. The Journal of biological chemistry. 2000; 275(22):16473–7. doi: 10.1074/jbc.C000205200 PMID:

10747860

13. Sugawara M, Nakanishi T, Fei YJ, Martindale RG, Ganapathy ME, Leibach FH, et al. Structure and

function of ATA3, a new subtype of amino acid transport system A, primarily expressed in the liver and

skeletal muscle. Biochimica et biophysica acta. 2000; 1509(1–2):7–13. PMID: 11118514

14. Hagglund MG, Hellsten SV, Bagchi S, Philippot G, Lofqvist E, Nilsson VC, et al. Transport of L-gluta-

mine, L-alanine, L-arginine and L-histidine by the neuron-specific Slc38a8 (SNAT8) in CNS. Journal of

molecular biology. 2015; 427(6 Pt B):1495–512.

15. Chaudhry FA, Reimer RJ, Krizaj D, Barber D, Storm-Mathisen J, Copenhagen DR, et al. Molecular anal-

ysis of system N suggests novel physiological roles in nitrogen metabolism and synaptic transmission.

Cell. 1999; 99(7):769–80. PMID: 10619430

16. Nakanishi T, Kekuda R, Fei YJ, Hatanaka T, Sugawara M, Martindale RG, et al. Cloning and functional

characterization of a new subtype of the amino acid transport system N. American journal of physiology

Cell physiology. 2001; 281(6):C1757–68. PMID: 11698233

17. Hagglund MG, Sreedharan S, Nilsson VC, Shaik JH, Almkvist IM, Backlin S, et al. Identification of

SLC38A7 (SNAT7) protein as a glutamine transporter expressed in neurons. The Journal of biological

chemistry. 2011; 286(23):20500–11. doi: 10.1074/jbc.M110.162404 PMID: 21511949

18. Christensen HN, Oxender DL, Liang M, Vatz KA. The use of N-methylation to direct route of mediated

transport of amino acids. The Journal of biological chemistry. 1965; 240(9):3609–16. PMID: 5891075

19. Kilberg MS, Handlogten ME, Christensen HN. Characteristics of an amino acid transport system in rat

liver for glutamine, asparagine, histidine, and closely related analogs. The Journal of biological chemis-

try. 1980; 255(9):4011–9. PMID: 7372663

20. Jung J, Genau HM, Behrends C. Amino Acid-Dependent mTORC1 Regulation by the Lysosomal Mem-

brane Protein SLC38A9. Molecular and cellular biology. 2015; 35(14):2479–94. doi: 10.1128/MCB.

00125-15 PMID: 25963655

21. Rebsamen M, Pochini L, Stasyk T, de Araujo ME, Galluccio M, Kandasamy RK, et al. SLC38A9 is a

component of the lysosomal amino acid sensing machinery that controls mTORC1. Nature. 2015; 519

(7544):477–81. doi: 10.1038/nature14107 PMID: 25561175

22. Wang S, Tsun ZY, Wolfson RL, Shen K, Wyant GA, Plovanich ME, et al. Metabolism. Lysosomal amino

acid transporter SLC38A9 signals arginine sufficiency to mTORC1. Science. 2015; 347(6218):188–94.

doi: 10.1126/science.1257132 PMID: 25567906

23. Kilberg MS, Pan YX, Chen H, Leung-Pineda V. Nutritional control of gene expression: how mammalian

cells respond to amino acid limitation. Annual review of nutrition. 2005; 25:59–85. doi: 10.1146/

annurev.nutr.24.012003.132145 PMID: 16011459

24. Taylor PM. Role of amino acid transporters in amino acid sensing. The American journal of clinical nutri-

tion. 2014; 99(1):223s–30s. doi: 10.3945/ajcn.113.070086 PMID: 24284439

25. Fingar DC, Blenis J. Target of rapamycin (TOR): an integrator of nutrient and growth factor signals and

coordinator of cell growth and cell cycle progression. Oncogene. 2004; 23(18):3151–71. doi: 10.1038/

sj.onc.1207542 PMID: 15094765

26. Sancak Y, Bar-Peled L, Zoncu R, Markhard AL, Nada S, Sabatini DM. Ragulator-Rag complex targets

mTORC1 to the lysosomal surface and is necessary for its activation by amino acids. Cell. 2010; 141

(2):290–303. doi: 10.1016/j.cell.2010.02.024 PMID: 20381137

27. Mackenzie B, Schafer MK, Erickson JD, Hediger MA, Weihe E, Varoqui H. Functional properties and

cellular distribution of the system A glutamine transporter SNAT1 support specialized roles in central

neurons. The Journal of biological chemistry. 2003; 278(26):23720–30. doi: 10.1074/jbc.M212718200

PMID: 12684517

28. Melone M, Quagliano F, Barbaresi P, Varoqui H, Erickson JD, Conti F. Localization of the glutamine

transporter SNAT1 in rat cerebral cortex and neighboring structures, with a note on its localization in

human cortex. Cerebral cortex. 2004; 14(5):562–74. doi: 10.1093/cercor/bhh018 PMID: 15054072

29. Gonzalez-Gonzalez IM, Cubelos B, Gimenez C, Zafra F. Immunohistochemical localization of the

amino acid transporter SNAT2 in the rat brain. Neuroscience. 2005; 130(1):61–73. doi: 10.1016/j.

neuroscience.2004.09.023 PMID: 15561425

30. Boulland JL, Rafiki A, Levy LM, Storm-Mathisen J, Chaudhry FA. Highly differential expression of SN1,

a bidirectional glutamine transporter, in astroglia and endothelium in the developing rat brain. Glia.

2003; 41(3):260–75. doi: 10.1002/glia.10188 PMID: 12528181

31. Boulland JL, Osen KK, Levy LM, Danbolt NC, Edwards RH, Storm-Mathisen J, et al. Cell-specific

expression of the glutamine transporter SN1 suggests differences in dependence on the glutamine

cycle. The European journal of neuroscience. 2002; 15(10):1615–31. PMID: 12059969

The gene expression of SLC38A9, changes in mouse brain following altered nutrient intake

PLOS ONE | DOI:10.1371/journal.pone.0172917 February 24, 2017 14 / 16

http://dx.doi.org/10.1074/jbc.C000205200
http://www.ncbi.nlm.nih.gov/pubmed/10747860
http://www.ncbi.nlm.nih.gov/pubmed/11118514
http://www.ncbi.nlm.nih.gov/pubmed/10619430
http://www.ncbi.nlm.nih.gov/pubmed/11698233
http://dx.doi.org/10.1074/jbc.M110.162404
http://www.ncbi.nlm.nih.gov/pubmed/21511949
http://www.ncbi.nlm.nih.gov/pubmed/5891075
http://www.ncbi.nlm.nih.gov/pubmed/7372663
http://dx.doi.org/10.1128/MCB.00125-15
http://dx.doi.org/10.1128/MCB.00125-15
http://www.ncbi.nlm.nih.gov/pubmed/25963655
http://dx.doi.org/10.1038/nature14107
http://www.ncbi.nlm.nih.gov/pubmed/25561175
http://dx.doi.org/10.1126/science.1257132
http://www.ncbi.nlm.nih.gov/pubmed/25567906
http://dx.doi.org/10.1146/annurev.nutr.24.012003.132145
http://dx.doi.org/10.1146/annurev.nutr.24.012003.132145
http://www.ncbi.nlm.nih.gov/pubmed/16011459
http://dx.doi.org/10.3945/ajcn.113.070086
http://www.ncbi.nlm.nih.gov/pubmed/24284439
http://dx.doi.org/10.1038/sj.onc.1207542
http://dx.doi.org/10.1038/sj.onc.1207542
http://www.ncbi.nlm.nih.gov/pubmed/15094765
http://dx.doi.org/10.1016/j.cell.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20381137
http://dx.doi.org/10.1074/jbc.M212718200
http://www.ncbi.nlm.nih.gov/pubmed/12684517
http://dx.doi.org/10.1093/cercor/bhh018
http://www.ncbi.nlm.nih.gov/pubmed/15054072
http://dx.doi.org/10.1016/j.neuroscience.2004.09.023
http://dx.doi.org/10.1016/j.neuroscience.2004.09.023
http://www.ncbi.nlm.nih.gov/pubmed/15561425
http://dx.doi.org/10.1002/glia.10188
http://www.ncbi.nlm.nih.gov/pubmed/12528181
http://www.ncbi.nlm.nih.gov/pubmed/12059969


32. Cubelos B, Gonzalez-Gonzalez IM, Gimenez C, Zafra F. Amino acid transporter SNAT5 localizes to

glial cells in the rat brain. Glia. 2005; 49(2):230–44. doi: 10.1002/glia.20106 PMID: 15390093

33. Bagchi S, Baomar HA, Al-Walai S, Al-Sadi S, Fredriksson R. Histological analysis of SLC38A6

(SNAT6) expression in mouse brain shows selective expression in excitatory neurons with high expres-

sion in the synapses. PloS one. 2014; 9(4):e95438. doi: 10.1371/journal.pone.0095438 PMID:

24752331

34. Broer S. The SLC38 family of sodium-amino acid co-transporters. Pflugers Archiv: European journal of

physiology. 2014; 466(1):155–72. doi: 10.1007/s00424-013-1393-y PMID: 24193407

35. Roshanbin S, Hellsten SV, Tafreshiha A, Zhu Y, Raine A, Fredriksson R. PAT4 is abundantly expressed

in excitatory and inhibitory neurons as well as epithelial cells. Brain research. 2014; 1557:12–25. doi:

10.1016/j.brainres.2014.02.014 PMID: 24530433

36. Perland E, Lekholm E, Eriksson MM, Bagchi S, Arapi V, Fredriksson R. The Putative SLC Transporters

Mfsd5 and Mfsd11 Are Abundantly Expressed in the Mouse Brain and Have a Potential Role in Energy

Homeostasis. PloS one. 2016; 11(6):e0156912. doi: 10.1371/journal.pone.0156912 PMID: 27272503

37. Perland E, Hellsten SV, Lekholm E, Eriksson MM, Arapi V, Fredriksson R. The Novel Membrane-

Bound Proteins MFSD1 and MFSD3 are Putative SLC Transporters Affected by Altered Nutrient Intake.

Journal of Molecular Neuroscience. 2016:1–16.

38. Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-free analysis of quantitative real-time

polymerase chain reaction (PCR) data. Neuroscience letters. 2003; 339(1):62–6. PMID: 12618301

39. De Preter K, Speleman F, Combaret V, Lunec J, Laureys G, Eussen BH, et al. Quantification of MYCN,

DDX1, and NAG gene copy number in neuroblastoma using a real-time quantitative PCR assay. Mod-

ern pathology: an official journal of the United States and Canadian Academy of Pathology, Inc. 2002;

15(2):159–66.

40. Schwartz MW, Woods SC, Porte D, Jr., Seeley RJ, Baskin DG. Central nervous system control of food

intake. Nature. 2000; 404(6778):661–71. doi: 10.1038/35007534 PMID: 10766253

41. Muta K, Morgan DA, Rahmouni K. The role of hypothalamic mTORC1 signaling in insulin regulation of

food intake, body weight, and sympathetic nerve activity in male mice. Endocrinology. 2015; 156

(4):1398–407. doi: 10.1210/en.2014-1660 PMID: 25574706

42. Villanueva EC, Munzberg H, Cota D, Leshan RL, Kopp K, Ishida-Takahashi R, et al. Complex regulation

of mammalian target of rapamycin complex 1 in the basomedial hypothalamus by leptin and nutritional

status. Endocrinology. 2009; 150(10):4541–51. doi: 10.1210/en.2009-0642 PMID: 19628573

43. Cota D. Mammalian target of rapamycin complex 1 (mTORC1) signaling in energy balance and obesity.

Physiology & behavior. 2009; 97(5):520–4.

44. Cota D, Matter EK, Woods SC, Seeley RJ. The role of hypothalamic mammalian target of rapamycin

complex 1 signaling in diet-induced obesity. The Journal of neuroscience: the official journal of the Soci-

ety for Neuroscience. 2008; 28(28):7202–8.

45. Hao S, Sharp JW, Ross-Inta CM, McDaniel BJ, Anthony TG, Wek RC, et al. Uncharged tRNA and sens-

ing of amino acid deficiency in mammalian piriform cortex. Science. 2005; 307(5716):1776–8. doi: 10.

1126/science.1104882 PMID: 15774759

46. Deval C, Chaveroux C, Maurin AC, Cherasse Y, Parry L, Carraro V, et al. Amino acid limitation regu-

lates the expression of genes involved in several specific biological processes through GCN2-depen-

dent and GCN2-independent pathways. The FEBS journal. 2009; 276(3):707–18. doi: 10.1111/j.1742-

4658.2008.06818.x PMID: 19120448

47. Hara K, Yonezawa K, Weng QP, Kozlowski MT, Belham C, Avruch J. Amino acid sufficiency and

mTOR regulate p70 S6 kinase and eIF-4E BP1 through a common effector mechanism. The Journal of

biological chemistry. 1998; 273(23):14484–94. PMID: 9603962

48. Kilberg MS, Shan J, Su N. ATF4-dependent transcription mediates signaling of amino acid limitation.

Trends in endocrinology and metabolism: TEM. 2009; 20(9):436–43. doi: 10.1016/j.tem.2009.05.008

PMID: 19800252

49. Zhang P, McGrath BC, Reinert J, Olsen DS, Lei L, Gill S, et al. The GCN2 eIF2alpha kinase is required

for adaptation to amino acid deprivation in mice. Molecular and cellular biology. 2002; 22(19):6681–8.

doi: 10.1128/MCB.22.19.6681-6688.2002 PMID: 12215525

50. Scheuner D, Song B, McEwen E, Liu C, Laybutt R, Gillespie P, et al. Translational control is required for

the unfolded protein response and in vivo glucose homeostasis. Molecular cell. 2001; 7(6):1165–76.

PMID: 11430820

51. Hao S, Ross-Inta CM, Gietzen DW. The sensing of essential amino acid deficiency in the anterior piri-

form cortex, that requires the uncharged tRNA/GCN2 pathway, is sensitive to wortmannin but not rapa-

mycin. Pharmacology, biochemistry, and behavior. 2010; 94(3):333–40. doi: 10.1016/j.pbb.2009.09.

014 PMID: 19800362

The gene expression of SLC38A9, changes in mouse brain following altered nutrient intake

PLOS ONE | DOI:10.1371/journal.pone.0172917 February 24, 2017 15 / 16

http://dx.doi.org/10.1002/glia.20106
http://www.ncbi.nlm.nih.gov/pubmed/15390093
http://dx.doi.org/10.1371/journal.pone.0095438
http://www.ncbi.nlm.nih.gov/pubmed/24752331
http://dx.doi.org/10.1007/s00424-013-1393-y
http://www.ncbi.nlm.nih.gov/pubmed/24193407
http://dx.doi.org/10.1016/j.brainres.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24530433
http://dx.doi.org/10.1371/journal.pone.0156912
http://www.ncbi.nlm.nih.gov/pubmed/27272503
http://www.ncbi.nlm.nih.gov/pubmed/12618301
http://dx.doi.org/10.1038/35007534
http://www.ncbi.nlm.nih.gov/pubmed/10766253
http://dx.doi.org/10.1210/en.2014-1660
http://www.ncbi.nlm.nih.gov/pubmed/25574706
http://dx.doi.org/10.1210/en.2009-0642
http://www.ncbi.nlm.nih.gov/pubmed/19628573
http://dx.doi.org/10.1126/science.1104882
http://dx.doi.org/10.1126/science.1104882
http://www.ncbi.nlm.nih.gov/pubmed/15774759
http://dx.doi.org/10.1111/j.1742-4658.2008.06818.x
http://dx.doi.org/10.1111/j.1742-4658.2008.06818.x
http://www.ncbi.nlm.nih.gov/pubmed/19120448
http://www.ncbi.nlm.nih.gov/pubmed/9603962
http://dx.doi.org/10.1016/j.tem.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19800252
http://dx.doi.org/10.1128/MCB.22.19.6681-6688.2002
http://www.ncbi.nlm.nih.gov/pubmed/12215525
http://www.ncbi.nlm.nih.gov/pubmed/11430820
http://dx.doi.org/10.1016/j.pbb.2009.09.014
http://dx.doi.org/10.1016/j.pbb.2009.09.014
http://www.ncbi.nlm.nih.gov/pubmed/19800362


52. Maurin AC, Jousse C, Averous J, Parry L, Bruhat A, Cherasse Y, et al. The GCN2 kinase biases feeding

behavior to maintain amino acid homeostasis in omnivores. Cell metabolism. 2005; 1(4):273–7. doi: 10.

1016/j.cmet.2005.03.004 PMID: 16054071

53. Fernandez J, Lopez AB, Wang C, Mishra R, Zhou L, Yaman I, et al. Transcriptional control of the argi-

nine/lysine transporter, cat-1, by physiological stress. The Journal of biological chemistry. 2003; 278

(50):50000–9. doi: 10.1074/jbc.M305903200 PMID: 14523001

54. Padbury JF, Diah SK, McGonnigal B, Miller C, Fugere C, Kuzniar M, et al. Transcriptional regulation of

the LAT-1/CD98 light chain. Biochemical and biophysical research communications. 2004; 318(2):529–

34. doi: 10.1016/j.bbrc.2004.04.062 PMID: 15120633

55. Sato H, Nomura S, Maebara K, Sato K, Tamba M, Bannai S. Transcriptional control of cystine/gluta-

mate transporter gene by amino acid deprivation. Biochemical and biophysical research communica-

tions. 2004; 325(1):109–16. doi: 10.1016/j.bbrc.2004.10.009 PMID: 15522208

56. Lee JI, Dominy JE Jr., Sikalidis AK, Hirschberger LL, Wang W, Stipanuk MH. HepG2/C3A cells respond

to cysteine deprivation by induction of the amino acid deprivation/integrated stress response pathway.

Physiological genomics. 2008; 33(2):218–29. doi: 10.1152/physiolgenomics.00263.2007 PMID:

18285520

57. Wang Q, Tiffen J, Bailey CG, Lehman ML, Ritchie W, Fazli L, et al. Targeting amino acid transport in

metastatic castration-resistant prostate cancer: effects on cell cycle, cell growth, and tumor develop-

ment. Journal of the National Cancer Institute. 2013; 105(19):1463–73. doi: 10.1093/jnci/djt241 PMID:

24052624

58. Hyde R, Cwiklinski EL, MacAulay K, Taylor PM, Hundal HS. Distinct sensor pathways in the hierarchical

control of SNAT2, a putative amino acid transceptor, by amino acid availability. The Journal of biological

chemistry. 2007; 282(27):19788–98. doi: 10.1074/jbc.M611520200 PMID: 17488712

59. Palii SS, Thiaville MM, Pan YX, Zhong C, Kilberg MS. Characterization of the amino acid response ele-

ment within the human sodium-coupled neutral amino acid transporter 2 (SNAT2) System A transporter

gene. The Biochemical journal. 2006; 395(3):517–27. doi: 10.1042/BJ20051867 PMID: 16445384

60. Nicklin P, Bergman P, Zhang B, Triantafellow E, Wang H, Nyfeler B, et al. Bidirectional transport of

amino acids regulates mTOR and autophagy. Cell. 2009; 136(3):521–34. doi: 10.1016/j.cell.2008.11.

044 PMID: 19203585

61. Baird FE, Bett KJ, MacLean C, Tee AR, Hundal HS, Taylor PM. Tertiary active transport of amino acids

reconstituted by coexpression of System A and L transporters in Xenopus oocytes. American journal of

physiology Endocrinology and metabolism. 2009; 297(3):E822–9. doi: 10.1152/ajpendo.00330.2009

PMID: 19622785

62. Hundal HS, Taylor PM. Amino acid transceptors: gate keepers of nutrient exchange and regulators of

nutrient signaling. American journal of physiology Endocrinology and metabolism. 2009; 296(4):E603–

13. doi: 10.1152/ajpendo.91002.2008 PMID: 19158318

63. Pinilla J, Aledo JC, Cwiklinski E, Hyde R, Taylor PM, Hundal HS. SNAT2 transceptor signalling via

mTOR: a role in cell growth and proliferation? Frontiers in bioscience (Elite edition). 2011; 3:1289–99.

The gene expression of SLC38A9, changes in mouse brain following altered nutrient intake

PLOS ONE | DOI:10.1371/journal.pone.0172917 February 24, 2017 16 / 16

http://dx.doi.org/10.1016/j.cmet.2005.03.004
http://dx.doi.org/10.1016/j.cmet.2005.03.004
http://www.ncbi.nlm.nih.gov/pubmed/16054071
http://dx.doi.org/10.1074/jbc.M305903200
http://www.ncbi.nlm.nih.gov/pubmed/14523001
http://dx.doi.org/10.1016/j.bbrc.2004.04.062
http://www.ncbi.nlm.nih.gov/pubmed/15120633
http://dx.doi.org/10.1016/j.bbrc.2004.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15522208
http://dx.doi.org/10.1152/physiolgenomics.00263.2007
http://www.ncbi.nlm.nih.gov/pubmed/18285520
http://dx.doi.org/10.1093/jnci/djt241
http://www.ncbi.nlm.nih.gov/pubmed/24052624
http://dx.doi.org/10.1074/jbc.M611520200
http://www.ncbi.nlm.nih.gov/pubmed/17488712
http://dx.doi.org/10.1042/BJ20051867
http://www.ncbi.nlm.nih.gov/pubmed/16445384
http://dx.doi.org/10.1016/j.cell.2008.11.044
http://dx.doi.org/10.1016/j.cell.2008.11.044
http://www.ncbi.nlm.nih.gov/pubmed/19203585
http://dx.doi.org/10.1152/ajpendo.00330.2009
http://www.ncbi.nlm.nih.gov/pubmed/19622785
http://dx.doi.org/10.1152/ajpendo.91002.2008
http://www.ncbi.nlm.nih.gov/pubmed/19158318

