
ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2016

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1180

Characterization of Amino Acid
Transporters

Transporters expressed in the central nervous
system belonging to the Solute Carrier family SLC38

SOFIE VICTORIA HELLSTEN

ISSN 1651-6206
ISBN 978-91-554-9477-3
urn:nbn:se:uu:diva-275723



Dissertation presented at Uppsala University to be publicly examined in B/A1:107a BMC,
Biomedicinskt centrum Husargatan 3, Uppsala, Friday, 1 April 2016 at 10:15 for the degree of
Doctor of Philosophy (Faculty of Medicine). The examination will be conducted in English.
Faculty examiner: Professor Gether Ulrik (University of Copenhagen, Department of
Neuroscience and Pharmacology).

Abstract
Hellsten, S. V. 2016. Characterization of Amino Acid Transporters. Transporters expressed
in the central nervous system belonging to the Solute Carrier family SLC38. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1180.
43 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9477-3.

In cells and organelles transporters are responsible for translocation of amino acids, sugars
and nucleotides among others. In the central nervous system (CNS), amino acid transporters
can function as neurotransmitter transporters and nutrient sensors. The Solute carrier (SLC)
superfamily is the largest family of transporters with 395 members divided in 52 families.
The system A and system N amino acid transporter family, SLC38, consists of 11 members,
SNAT1-11 (SLC38A1-11). The members are expressed in the brain, exclusively in neurons or
astrocytes and some in both. Amino acid signaling is mainly regulated via two pathways, the
amino acid responsive (AAR) pathway and the mechanistic/mammalian target of rapamycin
complex 1 (mTORC1) pathway. These pathways regulate the protein synthesis in opposite
directions depending on the amino acid availability. SLC38 members along with other SLCs
have been identified to participate in these pathways.

In paper I, the regulation of SLC genes after complete amino acid starvation in mouse
hypothalamic cells have been studied with microarray and we found that 47 SLC genes were
significantly altered at five hours of starvation. Interestingly, we found that Slc38a1 and Slc38a7
were upregulated along with the known starvation responding gene, Slc38a2. A complementary
starvation study for the SLC38 genes was performed using primary mouse embryonic cortex
cells. We found that Slc38a1, Slc38a2, Slc38a5, Slc38a6 and Slc38a8 were upregulated while
Slc38a3, Slc38a7 and Slc38a11 were downregulated.

Three members from the SLC38 family, SNAT8 (paper IV), SNAT9 (paper III) and SNAT10
(paper II) have been histologically characterized in mouse brain and all these transporters are
exclusively neuronal. SNAT8 and SNAT10 were also functionally characterized and shown
to be transporters for alanine and glutamine among others. SNAT8 was shown to mediate
sodium dependent transport and was classified to system A. SNAT10 was shown to be a sodium
independent bidirectional transporter and displayed characteristics for system A and N. SNAT9
is a lysosomal component of the Ragulator-Rag complex which senses amino acid availability
and activates mTORC1. In paper III we also found that Slc38a9 gene expression was upregulated
following starvation and downregulated following high-fat diet in mouse brain.
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Introduction 

Transporters 
Transporters are responsible for uptake and efflux of amino acids, sugars, 
ions, drugs and nucleotides among others in cells and organelles and are 
therefore vital for them [1]. Amino acid transporters are important in the 
central nervous system (CNS) as transporters for neurotransmitters and pre-
cursors for neurotransmitters but they can also function as nutrient sensors 
[2]. Due to their sensing abilities, transporters can function as regulators of 
protein synthesis by either increase or decrease synthesis, depending on the 
levels of nutrients available [3]. 

Transporters are divided into active and passive transporters. Active 
transporters translocate solutes against their electrochemical gradient by 
using diverse energy coupling mechanisms. Active transporters can further 
be divided into primary or secondary active transporters depending on their 
mode of coupling to cellular energy [4]. Primary active transporters are 
ATP-dependent while secondary active and passive transporters are ATP-
independent [5]. Passive transporters (facilitated transporters) mediate 
transport of solutes down their electrochemical gradient [4]. There are vari-
ous types of transport proteins such as Water channels, Ion channels, ATP-
binding cassette (ABC) transporters, Pumps and the Solute carrier (SLC) 
superfamily [1] (Figure 1a). 

Solute carriers 

SLCs are the largest group of transporters in the human genome and today 
395 SLC genes have been identified and divided into 52 families with varied 
biochemical properties [1]. The genes within each SLC family have at least 
20 % amino acid sequence identity to other members [4]. The SLCs have a 
diverse substrate profile and transports amino acids, ions, sugars, neuro-
transmitters, fatty acids, metals and vitamins among others [6]. 11 of the 
known SLC families are amino acid transporters [7] but there are almost 120 
orphan SLCs and among these approximately 51 are closely related to 
known amino acid transporters [8]. The SLCs interact with numerous im-
portant drugs and can function as drug targets or as mediators of drug dispo-
sition. A quarter of all SLCs are linked with human diseases [9] and current-
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ly 26 SLCs are used in disease treatment or have drugs in clinical trials tar-
geting those SLCs [10].   

The SLCs function as uniporters (passive transporters), symporters (cou-
pled transporters) or antiporters (exchangers) [1] and are all secondary active 
transporters [5]. Passive transporters (uniporters) allow passage of one sub-
strate at a time down its concentration gradient. Co-transporters couple 
transport of one substrate or ion against its concentration gradient, to the 
transport of another substrate or ion down its concentration gradient. Sym-
porters (coupled transporters) transport the substrate or ion and the co-
transported substrate or ion in the same direction. Antiporters (exchangers) 
transport the substrate or ion and the co-transported substrate or ion in the 
opposite direction [6, 11] (Figure 1b). The SLCs are membrane bound pro-
teins and expressed in the plasma [12], vesicle [13], mitochondria [14], pe-
roxisome [15], lysosome [16] and Golgi (II) membranes (Figure 1a).  
 

 
 

 .   

Approximately 27 % of all human genes encode membrane bound proteins 
[17]. The SLCs are the second largest family of membrane bound proteins 
[8] after the membrane bound G-protein coupled receptors with about 800 
genes in human [18]. When all SLC members were phylogenetically classi-
fied it resulted in four major phylogenetic groups, α, β, γ and δ-group and 15 

 12 

Figure 1. SLC transporters localization and transport mechanism and other transport 
proteins. (a) The SLCs are membrane bound and can be found on the plasma mem-
brane or intracellular compartments (black) and other type of transporters (grey). (b) 
The transport mechanism for the SLCs can be coupled, exchanged or passive. This 
figure was adapted from Hediger et al. 2013 [1]



of the SLC families were characterized into these groups. The proteins in 
each group have a common evolutionary origin in mammals [8]. When all 
SLC genes were classified into PFAM clans, 24 SLC  families were shown 
to belong to three PFAM clans, Major Facilitator Superfamily (MFS) 
(CL0015), Amino Acid-Polyamine-organoCation superfamily (APC) 
(CL0062) and Monovalent Cation: Proton Antiporter/ Anion Transporter 
superfamily (CPA/AT) (CL0064) [19].  

SLC38 family  
The system A and system N sodium-coupled neutral amino acid transporter 
family, SLC38 family, has 11 members, encoded by the genes Slc38a1-11 
[20]. The characterized members are termed SNATs, Sodium-coupled Neu-
tral Amino acid Transporters [21]. In this thesis the proteins from the SLC38 
family are referred SNATX and the genes Slc38ax. 

Today, nine members are functionally characterized and several of them 
are subdivided into system A or system N depending on their transport char-
acteristics. SLC38A1, (SNAT1) [22], SLC38A2, (SNAT2) [23, 24], 
SLC38A4, (SNAT4) [25] and SLC38A8, (SNAT8) [26] (IV) are classified 
as system A transporters while SLC38A3, (SNAT3) [27], SLC38A5, 
(SNAT5) [28, 29] and SLC38A7, (SNAT7) [30] are characterized to system 
N. SLC38A9 (SNAT9) [31-33] and SLC38A10, (SNAT10) (II) was recently 
characterized but have not yet been classified into either of the systems. The 
function of SLC38A6, (SNAT6) and SLC38A11, (SNAT11) are still un-
known but SNAT6 have been histologically characterized in mouse brain 
[34]. The system A transporters have a wider substrate profile and the trans-
porters mediate sodium coupled transport of small neutral amino acids, in 
particular alanine, serine and glutamine [35]. Transporters classified to sys-
tem N have a more narrow substrate profile and mediate transport of mainly 
glutamine, asparagine and histidine [36] and the transport is sodium coupled 
with hydrogen exchange [27]. Both transport systems are pH dependent but 
system N transporters tolerates the replacement of sodium by lithium as a 
coupling ion, this tolerance is only partly seen among system A transporters 
[37]. The system A transporter SNAT2 and the system N transporter SNAT5 
are pH sensitive in the physiological range and their activity increases at pH 
8 [38].  

Glutamine is a preferred substrate throughout the SLC38 family, except 
for SNAT4 which transports primarily alanine, asparagine and cysteine [21]. 
The SLC38 family members are expressed in various tissues with some hav-
ing an ubiquitous expression pattern while others have a more narrow ex-
pression profile [37]. However, all of the characterized SNATs are expressed 
in the brain but SNAT4 which is mostly found in liver and skeletal muscle 
[25]. In the brain SNAT1 [39] and SNAT2 [40] are expressed in both neu-
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rons and astrocytes. SNAT3 [41, 42] and SNAT5 [43] are exclusively ex-
pressed in astrocytes and SNAT6 [34], SNAT7 [30], SNAT8 [26] (IV), 
SNAT9 (III) and SNAT10 (II) are exclusively neuronal. 

The SLC38 family belongs to the β-group, together with the SLC32 and 
SLC36 family, which is the second largest phylogenetic cluster of amino 
acid transporters. All three families belong to the Amino Acid-Polyamine-
organoCation (APC) superfamily [44]. The gene expression of the SLC38 
family members are highly regulated by hormones, osmolarity, cell growth 
and amino acid levels [45]. Amino acid transporters can mediate net 
transport of amino acids and can therefore control the intracellular amino 
acid concentration, characteristics also shared among the SLC38 family 
transporters.  

Amino acid signaling is mainly mediated via two pathways, the mamma-
lian/mechanistic target of rapamycin complex 1 (mTORC1) and the general 
control non-derepressible (GCN) pathway. The GCN (GCN2) pathway is 
also referred amino acid responsive (AAR) pathway, in this thesis the path-
way is termed AAR. SLC38 family members have been suggested to be 
involved in these pathways, SNAT9 plays a key role in the activation of 
mTORC1 [32] and SNAT2 is involved in the AAR pathway [46]. Some of 
the SLC38 family members have also been suggested to play a role in the 
glutamate/GABA-glutamine cycle (GGC) which takes place between neu-
rons and astrocytes.  

In neurons, glutamine is used as a precursor to synthesize the excitatory 
neurotransmitter glutamate by the enzyme glutaminase. Glutamate is further 
used as a precursor for the inhibitory neurotransmitter γ amino-butyric acid 
(GABA) in GABAergic neurons. Glutamate plays various roles in the 
mammalian brain and function as a neurotransmitter, precursor, building 
block for proteins, an energy substrate and in contrast also a potent neurotox-
in [47]. Glutamate released by glutamatergic neurons is taken up by astro-
cytes and the enzyme glutamine synthetase converts glutamate back to glu-
tamine. Glutamine is then released by astrocytes and taken up by neurons 
[48]. SNAT3 [49] and SNAT5 [29, 43] have been suggested to mediate the 
efflux of glutamine from astrocytes and SNAT1 [50, 51], SNAT2 [51], 
SNAT7 [30] and SNAT8 [26] (IV) have been suggested to mediate the up-
take of glutamine in neurons. It has also been argued that SNAT1 is not par-
ticipating in this cycle [52]. 
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Table 1. A Summary of the SLC38 family members with system classification, sub-
strate profile and tissue expression.  

The information is taken from the SLC tables (http://slc.bioparadigms.org/), other-
wise stated. (- not known). 

Gene Protein  System Substrates Tissues  References 

SLC38A1 SNAT1 A Gln, Ala, Asn, Cys, His, 
Ser 

brain, retina, heart, placen-
ta, adrenal gland 
 

 

SLC38A2 SNAT2 A Ala, Asn, Cys, Gln, Gly, 
His, Met, Pro, Ser 
 

ubiquitous  
 

SLC38A3 SNAT3 N Gln, His, Ala, Asn liver, skeletal muscle, 
kidney, pancreas 
 

 

SLC38A4 SNAT4 A Ala, Asn, Cys, Gly, Ser, 
Thr 

brain, retina, liver, kidney, 
adipose tissue 
 

 

SLC38A5 SNAT5 N Gln, Asn, His, Ser stomach, brain, liver, lung, 
small intestine, spleen, 
colon, kidney 
 

 

SLC38A6 SNAT6 - - brain, eye, heart, liver, 
kidney 
 

 

SLC38A7 SNAT7 N Gln, His, Ser, Ala, Asn brain, liver, skeletal 
muscle, uterus, pituitary  
 

[30] 

SLC38A8 SNAT8 A Gln, Arg, Ala, Asp, Leu, 
His, Asp, Pro, Glu 

brain, pituitary, thymus, 
stomach, adrenal gland 
 

[26] (IV) 

SLC38A9 SNAT9 - Arg, Asn, Gln ubiquitous 
 

[31] 

SLC38A10 SNAT10 - Ala, Gln, Glu, Asp 
 

brain, pituitary, lung, 
kidney, liver 
 

 (II) 

SLC38A11 SNAT11 - - testes, stomach, skeletal 
muscle, pituitary, adrenal 
gland 
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Glutamine transporters 
Glutamine, together with glucose, is the primary nutrient to maintain the 
homeostasis in the body which reinforces that it is important to regulate and 
keep the glutamine concentrations constant [53]. The most prominent gluta-
mine transporters belong to four SLC families, SLC family 1, 6, 7 and 38 
[54]. Glutamine serves many functions, it is a precursor for neurotransmitter 
[47], protein, amino sugar, purine and pyrimidine synthesis [54]. Glutamine 
is also important for cell growth and glutamine transporters are often upregu-
lated in different cancer cells [55], in addition, glutamine metabolism could 
be used to detect, monitor and treat cancer [56].  

Amino acid transport systems 
Amino acid transporters are classified into different systems depending on 
transport mechanism and substrate profile e.g. system A, ASC, L, N, xc- and 
y+ among others [57]. The sodium coupled neutral amino acid transporters 
classified to system A and N from the SLC38 family have already been de-
scribed. Members from the SLC7 family, the cationic amino acid transport-
ers (CATs), belong to system y+ and the L-type amino acid transporters 
(LATs,) are classified to system L [58] . System y+ transporters mediate 
sodium independent transport of cationic L-amino acids [59]. System L 
transporters are sodium independent but hydrogen dependent and transports 
mainly neutral L-amino acids and branched-chain aromatic amino acids [58]. 
One member from the SLC7 family, SLC7A11 (xCT) heterodimerizes with 
SLC3A2 (4F2hc) and forms an amino acid transporter characterized to sys-
tem xc- [60, 61]. Transporters classified to system xc-, are sodium independ-
ent anionic amino acid transporters, which typically mediate exchange of 
extracellular cysteine and intracellular glutamate [62]. The SLC1 family has 
members classified to system ASC, SLC1A4 (ASCT1) [63] and SLC1A2 
(ASCT2) [64]. ASC transporters mediate sodium dependent exchange of 
small neutral amino acids, mainly alanine, serine, cysteine and threonine 
[65].  

Amino acids role in signaling and as regulators of 
protein synthesis 
Amino acid signaling is mediated mainly via two pathways and amino acids 
are known to play a role in the regulation of gene expression. The amino 
acid sensing machinery is vital for the cell to regulate protein and amino acid 
synthesis and catabolism, as well as to control food intake [66]. Mammalian 
cells have the ability to upregulate or downregulate the protein synthesis via 
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these two pathways depending on the availability of amino acids [3]. When 
the cells have sufficient levels of amino acids the mTORC1 pathway is acti-
vated to maintain protein synthesis and cellular growth [67]. The amino acid 
responsive (AAR) pathway is activated when the cells have limited access of 
amino acids and the effect of this pathway is inhibition of general protein 
synthesis [68].  

Proteins are synthesized at the ribosome, which combines amino acids in-
to peptides, which is guided by specific transfer RNAs (tRNAs). The tRNAs 
are covalently linked to its cognate amino acid which is carried out by spe-
cific aminoacyl tRNA synthetases. No amino acid can be compensated for 
the deficiency of another when proteins are synthesized [66]. It is therefore 
vital for the cell to have amino acid sensing functions to efficiently detect if 
an amino acid is absent in time to prevent potential failures in the synthesis 
of proteins. Amino acids can hence function as regulators of protein synthe-
sis and amino acid transporters have been suggested to function as transcep-
tors, due to their capacity to modulate the intracellular pool of amino acids 
and also their ability to sense changes in extracellular amino acid levels [69].  

The mTORC1 pathway 
The mechanistic/mammalian Target of Rapamycin (mTOR) forms two ki-
nase complexes, mechanistic/mammalian Target of Rapamycin complex 1 
(mTORC1) and mechanistic/mammalian Target of Rapamycin complex 2 
(mTORC2) [70]. The serine/threonine kinase complex mTORC1 is involved 
in regulation of cell growth, nucleotide biosynthesis, lipogenesis, glycolysis 
and autophagy [71]. mTORC1 is regulated by amino acids [72, 73], growth 
factors and nutrients e.g. glucose [74]. mTORC1 is activated by the GTP-
bound protein Ras homolog enriched in brain (Rheb) [75, 76] on the surface 
of the lysosome and two processes must take place for mTORC1 activation. 

mTORC1 is activated when it is translocated to the lysosome, a process 
which is stimulated by amino acids and the Rags (heterodimer complex Ra-
gA or RagB with RagC or RagD) where it encounters the protein Rheb [73, 
77]. RagA and RagB are GDP bound and RagC and RagD are GTP bound. 
The Rag heterodimer complex (RagA/B*GDP-RagC/D*GTP) becomes ac-
tive in the presence of amino acids when RagA/B is GTP bound and RagC/D 
is GDP bound (active Rag complex (RagA/B*GTP-RagC/D*GDP)) [78]. 
Rheb is activated when it is converted from GDP- to GTP-bound in response 
to growth factors [79, 80]. The mTORC1 translocation to the lysosome is 
controlled by the Rag GTPases and the Ragulator in response to amino acids 
[73]. A simplified illustration of how the mTORC1 is activated is presented 
in figure (Figure 2a).  
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The mTORC1 complex consists of five proteins, mTOR, regulatory-
associate protein of mTOR (RAPTOR), mammalian lethal with SEC13 pro-
tein 8 (mLST8), 40-kDa proline-rich Akt substrate (PRAS40) and DEP do-
main containing mTOR-interacting protein (DEPTOR) [78] (Figure 2b). 

 
Figure 2. The mTORC1 pathway. (a) A simplified illustration of mTORC1 activa-
tion and translocation to the lysosome. The translocation of mTORC1 to the lyso-
some by Rags (active complex RagA/B*GTP-RagC/D*GDP) and Ragulator is stim-
ulated by amino acids. Growth factors stimulate the activation of Rheb (GTP bound) 
which enables the activation of mTORC1. The effect of this activation is increased 
protein synthesis and cell growth. (b) mTORC1 consists of five proteins, mTOR, 
RAPTOR, DEPTOR, PRAS40 and mLST8.  

 
The amino acids leucine [72], arginine [81] and glutamine [82] are strong 
activators of mTORC1. When individual amino acids were removed from 
cell cultures, mTORC1 was inhibited in different extent, but removal of leu-
cine and arginine were most comparable to total amino acid deprivation [81]. 
It has also been shown that the activation of mTORC1 differs between glu-
tamine and leucine [83].  

Glutamine also serves an important role in the mTORC1 pathway due to 
its function as an exchange substrate for leucine transport. This substrate 
exchange is used by the glutamine transporters, SLC1A5 (ASCT2) and the 
dimer SLC7A5/SLC3A2 (LAT1/4F2hc), to increase the cytosolic concentra-
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tions of leucine and other neutral amino acids to upkeep cell growth and 
these transporters are involved in the activation of mTORC1 [84].  

SLC38 family members have also been connected with the mTORC1 
pathway. The glutamine transporter SNAT2 has been suggested to function 
as an indirect activator of mTORC1, where it accumulates glutamine in the 
cytosol which later can serve as an exchange substrate for leucine [85]. 
SNAT2 has also been suggested to function directly, in addition to just con-
trol intracellular amino acid concentrations and controlling signaling path-
ways, as a transceptor, with both receptor and transporter qualities [2]. When 
SNAT2 was blocked by using the system A blocker MeAIB, the intracellular 
amino acid concentrations were decreased and the mTORC1 signaling was 
impaired [86]. SNAT9 was recently characterized as a lysosomal component 
of the amino acid sensing Ragulator- Rag GTPase complex [31, 33]. SNAT9 
is a transporter for arginine, asparagine and glutamine [31] and signals main-
ly arginine sufficiency to mTORC1 [32]. When SNAT9 was overexpressed 
in cells, mTORC1 activation was insensitive to amino acid deprivation while 
loss of SNAT9 reduced mTORC1 activation by amino acids [31, 32]. Fol-
lowing starvation or high-fat diet, the SNAT9 gene expression was regulated 
in the opposite direction in mouse brain. Starvation lead to induced Slc38a9 
gene expression and high-fat diet resulted in downregulation of the Slc38a9 
gene (III). SNAT3 has been suggested to have an important role in amino 
acid induced activation of mTORC1 in pig skeletal muscles [87] and this 
glutamine transporter has also been suggested to be involved in the regula-
tion of insulin secretion from β-cells in pancreas [88]. The mTORC1 path-
way is often deregulated in cancer and metabolic diseases such as diabetes 
and obesity [89]. mTOR activity has also been associated with aging and 
when mTOR was inhibited by rapamycin in mice, both male and female 
mice extended their lifespan [90].  

The Amino Acid Responsive (AAR) pathway 
When cells are exposed to low levels of amino acids the AAR pathway is 
activated which leads to decreased protein synthesis [91]. During limited 
access of amino acids the general control non-derepressible 2 (GCN2) kinas-
es are activated by sensing the limitation by binding to uncharged tRNAs, 
which have accumulated during low levels of free amino acids [92, 93]. In 
turn, the GCN2 kinases inactivate the translation eukaryotic initiation factor 
2α (eIF2α) by phosphorylation and the protein translation is decreased [94]. 
When the protein translation is strongly inhibited the activating transcription 
factor 4 (ATF4) becomes transcriptionally upregulated [95]. ATF4 can bind 
to certain elements and genes containing amino acid responsive elements 
(AAREs) or nutrient sensing responsive element 1 (NSRE1) or nutrient sens-
ing responsive element 2 (NSRE2) are transcriptionally upregulated [68, 93, 
96] (Figure 3). These responsive elements were first identified in the enzyme 
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asparagine synthetase (AS) gene and in the transcription factor 
CCAAT/enhancer binding protein homologous protein (CHOP) gene. These 
genes have long been known to be upregulated during amino acid depriva-
tion and in the CHOP gene an AARE was found [97] and in the AS gene 
NSREs were found [98]. The responsive elements are short DNA sequences 
which enables transcription factors, mainly ATF4 to bind to the gene [99].  

A couple of genes encoding SLCs are also known to respond to amino ac-
id limitation and some of these genes have characterized responsive ele-
ments. Members from the SLC7 family, the cationic amino acid trans-
porter/glycoprotein- associated family are known to respond to amino acid 
starvation with increased gene expression, Slc7a1 (CAT-1) [100], Slc7a5 
(LAT1) [101], and Slc7a11 (xCT) [102], all have characterized AAREs. 
Moreover, two members from the SLC1 family, the high- affinity glutamate 
and neutral amino acid transporter family, Slc1a4 (ASCT1) [103] and Slc1a5 
(ASCT2) and also the Slc3a2 (4F2hc, LAT1) heterodimeric partner gene, all 
have induced gene expression and hold AAREs [104]. Also, the system A 
encoding gene, Slc38a2, a member from the SLC38 family, is known to have 
induced gene expression during amino acid deprivation and an AARE has 
been identified in the first intron [69, 105]. Three members from the SLC38 
family, Slc38a1, Slc38a2 and Slc38a7 among other genes from the SLC 
superfamily were also upregulated after amino acid starvation in the mouse 
hypothalamic N25/2 cell line (II). When primary mouse embryonic cortex 
cells were starved of several amino acids including glutamine, eight SLC38 
family genes were found to respond. The gene expression for Slc38a1, 
Slc38a2, Slc38a3, Slc38a5, Slc38a6, Slc38a7, Slc38a8 and Slc38a11 were 
regulated in response to starvation (II).  

Several amino acid transporters from the SLC superfamily are transcrip-
tionally upregulated during starvation as a response to try to enhance amino 
acid uptake. The importance of GCN2 and eIF2α in response to decreased 
amino acid levels have been proven in mouse models [106, 107] and this 
AAR pathway seems to have a major role in CNS to identify imbalances in 
amino acid composition in food [108-110].   
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Figure 3. The amino acid responsive (AAR) pathway. A simplified illustration of 
how the AAR pathway is activated and results in increased gene expression of genes 
holding AAREs and reduced protein synthesis. During amino acid limitation the 
GCN2 kinases senses the limitation by binding to uncharged tRNAs and inactivates 
the translation eukaryotic initiation factor 2α (eIF2α) by phosphorylation. The trans-
lation is inhibited and the activating transcription factor 4 (ATF4) is upregulated. 
ATF4 can bind to genes with amino acid responsive elements (AAREs) and these 
genes become transcriptionally upregulated. As a result of the amino acid starvation 
the general protein synthesis is decreased.  
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Aims 

Paper I 
In paper I the aim was to study the regulation of 28270 mouse genes with a 
focus on SLC and SLC related genes when the immortalized mouse embry-
onic hypothalamic cell line N25/2 was deprived of all amino acids for 1, 2, 
3, 5 or 16 hours compared with amino acid treated control cells. The gene 
expression was analyzed using Genechip® microarray. The aim was also to 
cluster up- and downregulated gene categories that respond to amino acid 
deprivation using Geneontology (GO) annotations for biological process and 
molecular function. A complementary study was performed to study the 
regulation of the SLC38 family genes using primary mouse embryonic cor-
tex cells. The cells were deprived of several amino acids for 3, 7 or 12 hours 
and the gene expression was analyzed using qPCR.  

Paper II 
In paper II the aims was to functionally and histologically characterize 
SNAT10. The protein expression of SNAT10 was mapped in mouse brain 
and also in which type of cells the protein is expressed was determined with 
immunohistochemistry using a custom made polyclonal anti-SNAT10 anti-
body. Proximity ligation assay (PLA) was used to study the interaction be-
tween SNAT10 and Golgi proteins. PLA was also used to quantify the level 
of interactions between SNAT10 and two other proteins from the same fami-
ly, SNAT7 and SNAT8. siRNA was used to knockdown Slc38a10 in the 
immortalized rat adrenal gland cell line PC-12 to measure the influence of 
SNAT10 on protein synthesis. The substrate profile, pH dependency and ion 
dependency for SNAT10 were determined using radiolabeled uptake and 
efflux assays. 

Paper III 
In paper III the aim was to map the protein expression in mouse brain for 
SNAT9 and also to determine in which type of cells the transporter is ex-
pressed with immunohistochemistry using a custom made polyclonal anti-
SNAT9 antibody. A commercially available anti-SNAT9 antibody was used 
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to verify the SNAT9 protein expression in mouse brain. The aim was also to 
study how the Slc38a9 gene expression changes in mouse brain after starva-
tion or high-fat diet compared with standard diet treated mice using qPCR.  

Paper IV 
In paper IV the aims was to functionally and histologically characterize 
SNAT8. The mRNA expression in mouse brain was mapped with in situ 
hybridization using an antisense mRNA probe. The protein expression in 
mouse brain was mapped and the cell type where SNAT8 protein is ex-
pressed was determined using immunohistochemistry using a custom made 
polyclonal anti-SNAT8 antibody. The subcellular localization of SNAT8 
was also determined with fluorescent immunohistochemistry. The interac-
tion between SNAT8 and SNAT7, a closely phylogenetically related protein 
was investigated using PLA. The substrate profile, ion dependency and 
transport system classification for the SNAT8 transporter was determined 
with radiolabeled uptake assays and two-electrode voltage clamp (TEVC) 
electrophysiology.  
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Materials and methods  

In this section the methods used in paper I-IV are described. The experi-
ments are briefly described here, but more detailed information can be found 
in the materials and methods sections in the papers provided in this thesis.    

Gene expression analysis 
Microarray analysis of gene expression 
DNA microarray is a high-throughput screening method used to measure the 
expression level of a large set of genes in parallel [111]. A glass slide/chip 
containing spots of a collection of specific cDNA with well-known positions 
are used. The spots are used to hybridize a fluorescently labeled cDNA sam-
ple generated from mRNA from the samples to be analyzed. Fluorescence 
detection is used to quantify the hybridization [112].  

In paper I, the immortalized mouse embryonic hypothalamic cell line 
N25/2 was treated in medium lacking all amino acids or medium supple-
mented with amino acids for 1, 2, 3, 5 or 16 hours before mRNA was ex-
tracted. Each treatment group was run in singlets except for the five hours 
treatment groups which were run in quadruplicates. The extracted mRNA 
was used to produce amplified biotinylated sense-strand cDNA and the dif-
ference in gene expression for 28270 mouse genes were measured using 
GeneChip® ST Array.  

Polymerase chain reaction 
Polymerase chain reaction (PCR) is a method used to amplify a specific 
short nucleic acid sequence, DNA, using primers for the gene of interest and 
the enzyme DNA polymerase in a sample by a cyclic process. With this 
technique one can amplify DNA sequences from a limited amount of tem-
plate in a sample [113, 114].     

Here, PCR was used to amplify Slc38a8 (SNAT8) (paper IV) and 
Slc38a10 (SNAT10) (paper II) DNA. This DNA was later used as an insert 
in the oocyte vector to clone the gene in order to produce cRNA for injection 
compatible with Xenopus laevis oocytes.   
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Quantitative real-time PCR 
Quantitative real-time PCR (qPCR) is a method based on the PCR reaction 
used to amplify a target DNA molecule and quantify the amount of DNA 
product formed [115]. The reaction is monitored in real time and the fluores-
cence of dyes or probes introduced in the amplification reaction is propor-
tional to the amount of DNA product formed. The number of amplification 
cycles required to obtain a certain amount of DNA product is recorded [116].  

In paper I, qPCR was used to measure the gene expression of some of the 
significantly up- or downregulated SLCs or SLC related genes to verify the 
microarray data. mRNA extracted from the hypothalamic N25/2 cell line 
was synthesized to cDNA and all qPCR reactions were run in triplicates. 
qPCR was also used to analyze the difference in gene expression for the 11 
SLC38 family members in the primary mouse embryonic cortex cells. The 
cells were deprived of L-alanine, L-asparagine, L-glutamine, glycine, L-
histidine, L-isoleucine, L-leucine, L-serine and L-valine for 3, 7 or 12 hours 
with triplicates in each treatment group. The difference in gene expression in 
starved cells compared with amino acid treated cells was analyzed using 
qPCR and all reactions were run in duplicates. 

In paper III, qPCR was used to analyze the changes in Slc38a9 gene ex-
pression in mouse brain (regions I-VII, Bregma 3.2 to -8.6 mm) after starva-
tion or high-fat diet compared with standard diet treated controls. The qPCR 
reactions were run in triplicates and water was used as a negative control and 
cDNA from mouse brain was included on each plate as a positive control.  

In situ hybridization 
In situ hybridization (ISH) is a method used for hybridization-mediated de-
tection of the gene expression in cells and tissues [117]. An in vitro tran-
scribed labeled probe which is sequence specific for a hybridization reaction 
to a complementary target RNA or DNA sequence expressed in the tissue 
sample is used. Radioactively labeled probes are detected by auto radio-
graphic emulsion and non-isotopically labeled probes are detected by histo-
chemical chromogen development. The probes are detected in situ [118].  

In paper IV, ISH was used to map the Slc38a8 mRNA expression with an 
antisense probe using 70 µm free floating wild type mouse brain sections.  

siRNA knockdown of genes 
Small interfering RNA (siRNA) is a short, 21-25 base pairs, double stranded 
RNA molecule used to silence gene expression [119].  

In paper II, siRNA was used to knockdown Slc38a10 in the immortalized 
rat adrenal gland cell line PC-12 to measure SNAT10s effect on protein syn-
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thesis using pulse chase experiments. 3H-labeled L-leucine was used to 
measure the amount of protein synthesized by scintillation counting.        

Protein expression analysis 
Immunohistochemistry 
Immunohistochemistry (IHC) is a method used to detect antigens in a tissue 
sample by using specific antibodies. IHC is based on the principle of using 
unlabeled primary antibodies capable to bind a specific antigen epitope in 
the tissue. The secondary antibody is labeled e.g. with a fluorochrome and 
binds to the primary antibody. The antibody and antigen interaction can be 
visualized by light microscopy or fluorochromes with ultraviolet light (fluo-
rescence IHC) [120]. Another staining method to detect proteins in a tissue 
sample is to use diaminobenzidine (DAB) precipitation (non-fluorescence 
IHC). The secondary antibody is biotinylated and the avidin-biotin binding 
complex is used [121]. 

Here, the protein expression was mapped in mouse brain with non-
fluorescent IHC (DAB IHC) for SNAT8 (paper IV), SNAT9 (paper III) and 
SNAT10 (paper II) using 70 µm free floating wild type mouse brain sec-
tions. Fluorescence IHC was used to determine in which specific cells the 
proteins SNAT8, SNAT9 and SNAT10 were expressed using specific cell 
markers on 7 µm paraffin embedded wild type mouse brain sections. Fluo-
rescence IHC was also used to determine the subcellular localization for 
SNAT8 and SNAT10.  

Western blot 
Western blot is a method used for detection and separation of proteins in a 
sample and the proteins are detected by using epitope specific antibodies 
capable of binding the antigen. Gel electrophoresis is used to separate the 
proteins according to size and the proteins are then transferred from the gel 
to a nitrocellulose membrane. The membrane is incubated in an unlabeled 
primary antibody against the protein of interest and later incubated in a sec-
ondary antibody conjugated to fluorescence or horseradish peroxidase. The 
protein is detected by autoradiography, under UV light [122] or by the chem-
iluminescence of luminol- hydrogen peroxide- horseradish peroxidase detec-
tion method [123].     

Here, western blot was used to investigate the specificity of the anti-
SNAT8 (paper IV), anti-SNAT9 (paper III) and anti-SNAT10 (paper II) 
antibodies.  
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Proximity ligation assay 
Proximity ligation assay (PLA) is a method used to detect proteins and pro-
tein-protein interactions. Unlabeled primary antibodies epitope specific for 
the target proteins and specific secondary antibodies conjugated with a PLA 
probe are used. The secondary antibodies binds to the primary antibodies 
and when the PLA probes are in close proximity (<40 nm) they can interact 
[124]. An oligonucleotide is added to the reaction to bring the two non-
overlapping PLA probes together and the ligation product can be amplified 
using PCR or protein-protein interactions can be detected using fluorescence 
microcopy [125]. 

Here, PLA was used to study the interaction between SNAT10 (paper II) 
and Golgi proteins and was also used to quantify the level of interactions 
between SNAT10 and SNAT7 and SNAT8. PLA was also used to study the 
interaction between the two closely phylogenetically related proteins SNAT7 
and SNAT8 (paper IV) using fluorescence microscopy.  

Functional characterization 
Xenopus laevis oocytes used as a protein expression system 
Oocytes from female South African Clawed frogs Xenopus laevis are used to 
overexpress proteins by injecting RNA or DNA for the gene of interest into 
the oocytes. This oocyte expression system is commonly used for functional 
characterization of membrane transporters [126]. The oocytes hold all sub-
strates they need for growth and protein translation and has a limited number 
of endogenous membrane transporters expressed, which makes them an al-
most ideal single-cell expression system. The oocytes are large cells, with a 
diameter of 1.2 mm, and are therefore easy to handle and inject with RNA or 
DNA [127].  

Here, Xenopus laevis oocytes were surgically harvested from ventrum and 
treated with the enzyme liberase to release the individual oocytes from the 
ovary tissue. Stage V-VI oocytes were microinjected with Slc38a8 (paper 
IV) or Slc38a10 (paper II) cRNA and the oocytes were incubated in OR2 
buffer supplemented with antibiotics at 19 °C for 2-5 days to express the 
protein.  

Uptake assays with isotope labeled substrates 
Radiolabeled uptake assay is a method used for functional characterization 
of transport proteins. The cRNA injected oocytes and non-injected or water 
injected control oocytes are incubated in transport buffer containing radio-
labeled substrate. After incubation the excess of transport buffer containing 
radiolabeled substrate is removed and the oocytes are rinsed in isotope free 
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ice cold transport buffer. The oocytes are then lysed and dissolved in deter-
gent for quantification and the oocyte associated uptake of radiolabeled sub-
strate is measured by liquid scintillation counting [128].  

Here, oocytes overexpressing SNAT8 (paper IV) and SNAT10 (paper II) 
were used. The injected and non-injected control oocytes were incubated in 
transport buffer containing isotope labeled amino acids for an optimized 
time. The uptake in the oocytes was measured by liquid scintillation count-
ing in counts per minute (cpm) to determine the substrate profile, ion de-
pendency and system classification for SNAT8 and substrate profile for 
SNAT10.    

Efflux assays with isotope labeled substrates 
Radiolabeled efflux assay is a method used for functional characterization of 
transport proteins. Oocytes, cRNA injected and controls are injected with 
radiolabeled amino acid and incubated in ice cold transport buffer. After 
incubation the excess of radiolabeled substrate is removed and the oocytes 
are rinsed in ice cold transport buffer. Room temperature transport buffer is 
added and samples of transport buffer are extracted at certain times. The 
samples are dissolved in detergent for quantification by liquid scintillation 
counting [129].  

In paper II, oocytes overexpressing SNAT10 were used. The SNAT10 
overexpressing oocytes and non-injected control oocytes were injected with 
23 nl isotope labeled amino acid. The efflux was measured by liquid scintil-
lation counting in cpm every 5 minutes for 30 minutes to determine the sub-
strate profile, pH dependency and ion dependency for SNAT10.    

Two-electrode voltage clamp electrophysiology 
Two-electrode voltage clamp (TEVC) electrophysiology is a method that can 
be used for functional characterization of transport proteins. TEVC electro-
physiology is used to study electrogenic transport over the plasma membrane 
by artificially controlling the membrane potential. Many transporters are 
characterized in this way since their transport is ion dependent or their fa-
vorable substrates are ionized [128]. In oocytes, two intracellular glass elec-
trodes filled with KCl, one injecting current and one measuring voltage, are 
used together with a grounding electrode to record the alteration in current 
during superfusion with transport buffer holding the substrate of interest 
[130]. 

In paper IV, TEVC electrophysiology was used to determine the substrate 
profile for SNAT8. Oocytes overexpressing SNAT8 was used and the oocyte 
was superfused with the substrates of interest and the variation in current 
evoked by transport was recorded.   
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Results and discussion 

Paper I 
The aim with this experiment was to study the regulation of SLC genes and 
genes encoding SLC related proteins in the mouse hypothalamic N25/2 cell 
line during complete amino acid deprivation compared with amino acid 
treated controls. The hypothalamic cells were treated with medium lacking 
all amino acids or medium containing amino acids for 1, 2, 3, 5 or 16 hours. 
The difference in gene expression was measured with GeneChip® ST Array. 
A complementary starvation study on primary mouse embryonic cortex cells 
was performed where the starved cells were deprived of the following amino 
acids; L-alanine, L-asparagine, L-glutamine, glycine, L-histidine, L-
isoleucine, L-leucine, L-serine and L-valine and the control cells were treat-
ed with amino acid supplemented medium for 3, 7 or 12 hours. The differ-
ence in gene expression was measured with qPCR.   

86.2 % of the 28270 genes in the array were expressed in the hypothalam-
ic cell line. At five hours of deprivation, 1849 genes were significantly regu-
lated, 1001 genes were significantly upregulated and 848 genes were signifi-
cantly downregulated (adj. p-value <0.01). Among these, 47 genes were 
SLCs or sequence related to the SLCs. 

Three and five hours of amino acid starvation resulted in upregulation of 
genes encoding transporters, according to GO Biological process and GO 
Molecular function. At five hours of amino acid deprivation, genes encoding 
amino acid transporters from system A, ASC, L, N, xc- and y+ had increased 
gene expression.  

SLCs with known AAREs, Slc7a1 (CAT-1) [100], Slc7a5 (LAT1) [101], 
Slc7a11 (xCT) [102] and the SLC38 family member Slc38a2 [105] were all 
upregulated. Two transporter encoding genes, Slc1a4 (ASCT1) and Slc1a5 
(ASCT2), classified to system ASC were upregulated along with Slc3a2 
(4F2hc), which heterodimerizes with members from the SLC7 family. All 
these three genes hold AAREs [104]. Only two genes encoding transporters, 
Slc43a2 and Slc3a1, were downregulated at five hours of starvation. Interest-
ingly, two genes encoding transporters from the SLC38 family, Slc38a1 and 
Slc38a7, were upregulated, none of which have previously been reported to 
respond to changed amino acid levels and these transporters could possibly 
be involved in a neuronal response mechanism.  
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The gene expression for all 11 SLC38 family members except Slc38a9 had 
detectable mRNA levels. All detectable genes except for Slc38a4 and 
Slc38a10 had significantly altered gene expression. Slc38a1, Slc38a2, 
Slc38a5, Slc38a6, and Slc38a8 had significantly increased gene expression 
in the starved cells compared with the controls. Slc38a3, Slc38a7 and 
Slc38a11 had significantly decreased gene expression. Slc38a1 [22], Slc38a2 
[23] and Slc38a8 [26] (IV) are classified to system A while Slc38a3 [27], 
Slc38a5 [28] and Slc38a7 [30] are classified to system N. Slc38a6 and 
Slc38a11 are orphans. In this study we found that several genes from both 
system A and system N from the SLC38 family change their gene expression 
upon amino acid starvation. Many of the genes in the hypothalamic N25/2 
cell line regulated by amino acid starvation belong to the APC clan, which 
also all the SLC38 family members do.   

Paper II 
In this paper, SNAT10 was both functionally and histologically character-
ized. Radiolabeled uptake and efflux assays using Xenopus laevis oocytes 
overexpressing SNAT10 were performed to determine substrate profile, pH 
dependency and sodium dependency for the transporter. Immunohistochem-
istry was used to determine the protein expression in mouse brain and the 
subcellular localization of SNAT10. Slc38a10 was knocked down to meas-
ure the effect on protein synthesis. PLA was used to study interactions be-
tween SNAT10 and Golgi proteins, SNAT7 and SNAT8.   

SNAT10 is a bidirectional transporter for L-alanine, D-aspartic acid, L-
glutamic acid and L-glutamine, since it can mediate both uptake and efflux 
of these substrates. SNAT10 is pH dependent but not sodium dependent. The 
transporters sodium dependency was determined using efflux assays with 
radiolabeled L-alanine with sodium ion free transport buffer where the sodi-
um ions were replaced with choline ions. The efflux was not affected by the 
replacement of choline ions. The pH dependency was studied with alanine 
efflux assays at pH 7.0, 7.4, 7.8 and 8.5 where lower pH (7.0 and 7.4) result-
ed in efflux of alanine while higher pH (7.8 and 8.5) resulted in reuptake of 
alanine after efflux. SNAT10 also displayed uptake of the amino acid ana-
logue MeAIB. SNAT10 displayed properties for system A classification 
such as transport of MeAIB but it also shared features with the system N 
transporters by having a more restricted substrate profile. Both systems are 
pH dependent and sodium dependency is a criterion for both systems. Since 
the efflux mediated by the SNAT10 transporter was sodium independent and 
the transporter displayed characteristics for both system A and N, it could 
not be placed into neither systems. The transporter was suggested to be 
termed SNAT10 to adhere with the nomenclature for the SLC38 family 
members.  
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SNAT10 is expressed in neurons but not found in astrocytes. The protein 
is expressed intracellularly, and mostly found in the Golgi apparatus but also 
in the endoplasmic reticulum. SNAT10 is widely expressed in mouse brain 
and the transporter was found in striatum, cerebral cortex, hippocampus, 
hypothalamus, thalamus, pons, cerebellum, in ependyma and cells close to 
the ventricles. More specifically, high expression of SNAT10 was found in 
nucleus accumbens (Acb), Piriform cortex (Pir) and around the lateral ven-
tricles (LV) and dorsal third ventricle (D3V). In hypothalamic areas 
SNAT10 was found in paraventricular hypothalamic nucleus (Pa), suprachi-
asmatic nucleus (SCh), anterior hypothalamic area central part (AHC), dor-
somedial hypothalamic nucleus (DM), arcuate hypothalamic nucleus (Arc) 
and in ventromedial hypothalamic nucleus (VMH). The pyramidal cell layer 
(Py) in hippocampus displayed high SNAT10 expression as well as ventral 
tegmental area (VTA) and dentate gyrus (DG). Furthermore SNAT10 ex-
pression was scattered throughout cerebral cortex, high in the Purkinje cell 
layer in cerebellum and in pons the protein was found close to the 4th ventri-
cle (4V) in locus coeruleus (LC) and Barrington's nucleus (Bar). 

SNAT10 interacts with both SNAT7 and SNAT8, but more interestingly, 
the interaction between SNAT10 and SNAT8 is higher than the interaction 
between the two closely phylogenetically related proteins SNAT7 and 
SNAT8 [26] (IV). By silencing Slc38a10 in PC-12 cells using siRNA the 
protein synthesis was significantly reduced by 40 % after 6 hours compared 
with controls. This suggests SNAT10 to have a signaling role as well and 
these results suggest SNAT10 to possibly have a role as a transceptor due to 
its transport function and sensing function.  

Paper III 
In this paper, the SLC38A9 (SNAT9) protein expression and in which type 
of cells the protein is expressed were mapped in mouse brain using a custom 
made polyclonal anti-SNAT9 antibody. The expression pattern in mouse 
brain was also verified and compared to a commercially available anti-
SNAT9 antibody. The regulation of Slc38a9 gene expression in mouse brain 
after starvation or high-fat diet compared with controls was analyzed using 
qPCR.  

SNAT9 is expressed in cortex, thalamus, hypothalamus, hippocampus, 
amygdala and cerebellum. The protein was expressed in both GABAergic 
and glutamatergic neurons but not in astrocytes. In general the expression 
was lower in hypothalamic regions than in thalamic regions for both antibod-
ies, but SNAT9 was highly expressed in suprachiasmatic nucleus (SCh) and 
arcuate hypothalamic nucleus (Arc). The transporter was also expressed in 
field CA3 and pyramidal cells in hippocampus, ventral tegmental area 
(VTA), and basomedial amygdala nucleus (BMA). In cerebellum, the 
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Purkinje cell layer showed high SNAT9 expression and in cortex, specifical-
ly, piriform cortex (Pir) showed high expression of the protein. Both anti-
bodies displayed a similar expression pattern but the commercially available 
antibody had a broader expression pattern and the staining was clearer due to 
lower background. The background of the custom made antibody was possi-
ble higher due to the antigen retrieval step with citric acid boiling.  

The Slc38a9 gene expression changes in the opposite direction after star-
vation and high-fat diet compared with controls. After starvation the Slc38a9 
gene expression was significantly upregulated in mouse brain regions I, II, 
III, IV (Bregma 3.2 to -2.1 mm) while the Slc38a9 gene expression was sig-
nificantly downregulated in brain regions I, II, III, IV and V (Bregma 3.2 to -
3.3 mm) and VII (Bregma -5.0 to -8.6 mm) following high-fat diet. Strong 
regulation of Slc38a9 gene expression was found in brain regions III and IV 
Bregma (0.7- to -2.1 mm) after starvation or high-fat diet. These brain re-
gions contain thalamus, hypothalamus, cortex and amygdala, areas where 
also SNAT9 protein expression was found.  

SNAT9 was recently characterized as a lysosomal component of the ami-
no acid sensing Ragulator-Rag GTPase complex controlling mTORC1 [33]. 
SNAT9 is a transporter for arginine, glutamine and asparagine [31] and sig-
nals mainly arginine sufficiency to mTORC1 [32]. In previous studies in 
cells, where SNAT9 was overexpressed, mTORC1 activation was insensitive 
to amino acid deprivation and loss of SNAT9 reduced mTORC1 activation 
by amino acids [31, 32]. The mTORC1 activity was also inhibited when 
SNAT9 was depleted in the presence of amino acids and as well after amino 
acid supplementation following deprivation [33]. The upregulation of 
Slc38a9 gene expression following starvation, when the cells have limited 
access of amino acids, could possibly be explained by the need for increased 
SNAT9 protein translation to maintain protein synthesis and cellular growth 
by mTORC1 activation. The downregulation of Slc38a9 gene expression 
after high-fat diet is possibly due to the reduced need for SNAT9 protein 
translation since mTORC1 is activated by amino acids and growth factors 
which are present during high-fat diet.  

Paper IV 
In this paper, SNAT8 was both functionally and histologically characterized. 
Radiolabeled uptake assays and TEVC electrophysiology using Xenopus 
laevis oocytes overexpressing SNAT8 were performed to determine sub-
strate profile, pH dependency, sodium dependency and system classification 
for the transporter. In situ hybridization was used to determine the Slc38a8 
mRNA expression in mouse brain. Immunohistochemistry was used to de-
termine the protein expression in mouse brain and the subcellular localiza-
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tion of SNAT8. PLA was used to study the protein-protein interaction with a 
phylogenetically related family member SNAT7. 

The SNAT8 transporter displayed preference for transport of L-
glutamine, L-alanine, L-histidine, L-arginine and L-aspartic acid. The 
transport was sodium dependent and could not be lithium substituted. Fur-
thermore, the amino acid analogue MeAIB was transported. The SNAT8 
transporter was therefore suggested to be classified to system A. The amino 
acids alanine, glutamine and aspartic acid were highly transported as shown 
with both electrophysiology and radiolabeled uptake assays. Histidine was 
shown to be transported in the electrophysiology assay only. With electro-
physiology, inward currents were obtained for all amino acids as a result of 
increased positive charge in the cells, due to influx of sodium ions. Glutamic 
acid and leucine were transported with uptake assays but the transport was 
low with electrophysiology and uptake assays revealed arginine to be highly 
transported. The transporters sodium dependency was determined with up-
take assays of glutamine where substitution of sodium ions with lithium ions 
or choline ions resulted in low glutamine uptake. To further classify the 
transporter to system A or N, the transport of MeAIB were measured with 
both uptake assays and electrophysiology. MeAIB was significantly taken up 
by SNAT8 overexpressing oocytes compared with controls. Interestingly the 
transport of MeAIB generated an outwardly directed current which could be 
due to inhibition of the transporter, or alternatively, another ion coupling 
mechanism is used for MeAIB transport.  

To map the mRNA and protein expression in mouse brain in situ hybridi-
zation and immunohistochemistry were performed. The mRNA expression 
of Slc38a8 was abundant and the expression was high in hippocampus, 
amygdala, thalamus, hypothalamus, cerebellum and layers of cortex. Espe-
cially strong mRNA expression was found in areas such as paraventricular 
hypothalamic nucleus (Pa), VHM and arcuate hypothalamic nucleus (Arc) in 
hypothalamus, BLA in amygdala, VTA and LC in pons. The SNAT8 protein 
expression was found in cortex, hypothalamus, hippocampus and cerebel-
lum. SNAT8 was expressed in neurons, both excitatory and inhibitory but 
not in vesicles and astrocytes. SNAT8 and SNAT7 were found to be closely 
phylogenetically related and the protein–protein interaction between them 
was evaluated using PLA. The proteins were found to be interacting and 
SNAT8 was suggested, similar to SNAT7 [30], to possibly be involved in 
the GGC cycle.  
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Conclusions and Perspectives 

In paper I, we found that 47 SLC genes or SLC related genes are significant-
ly regulated at five hours of total amino acid starvation in the mouse hypo-
thalamic N25/2 cell line. Genes encoding amino acid transporters from sys-
tem A, ASC, L, N, xc- and y+ were upregulated. Specifically, upregulation 
of Slc38a1 and Slc38a7, which have previously not been shown to respond 
to amino acid starvation, were found. Several amino acid transporter encod-
ing genes and orphan genes from the APC clan were also upregulated. 
Among the downregulated genes only two amino acid transporter encoding 
genes were found. At three and five hours of amino acid starvation genes 
encoding transporters displayed highest upregulation according to GO bio-
logical process and GO molecular function. Among the 11 SLC38 family 
members, both system A encoding genes (Slc38a1, Slc38a2, Slc38a8) and 
system N encoding genes (Slc38a3, Slc38a5, Slc38a7) and the orphan genes 
(Slc38a6, Slc38a11) change their gene expression in primary mouse embry-
onic cortex cells after starvation of several amino acids. Many of the regulat-
ed genes found in this study are known to respond to amino acid starvation 
and have characterized AAREs, but also many genes found in this study 
have not previously been shown to respond to amino acid starvation.   

In the future it would be interesting to investigate the mechanism behind 
their regulation, are there any AAREs in the regulatory regions of these 
genes and are these genes regulated by the mTORC1 and AAR pathways. It 
would also be interesting to investigate if the genes respond differently, de-
pending on cell line and which amino acid is withdraw from the medium and 
also investigate serum and amino acid starvation separately and in combina-
tion.  
 
In paper II, we found that SNAT10 is expressed intracellularly in the Golgi 
apparatus and the endoplasmic reticulum in most neurons but not in astro-
cytes. By knocking down Slc38a10, the protein synthesis was reduced by 40 
%. We also showed that SNAT10 is a bidirectional transporter that can me-
diate both uptake and efflux of L-alanine, L-glutamine, D-aspartic acid and 
L-glutamic acid. The transporter did not display any sodium dependency in 
efflux assays, but pH dependency. SNAT10 shared features with both sys-
tem A and N and could not be placed into either system. 

In the future it would be interesting to study the transport mechanism fur-
ther. Maybe the ion coupling differs between uptake and efflux. SNAT10, 
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just like the lysosomal protein SNAT9, is intracellular and it would be inter-
esting to investigate if it has an amino acid sensing role as well. 

 
In paper III, we found that SNAT9 is expressed in glutamatergic and GA-
BAergic neurons but not in astrocytes. SNAT9 is moderately expressed in 
the mouse brain, and is expressed in cortex, thalamus, hypothalamus, amyg-
dala, hippocampus and cerebellum. The gene expression is regulated by 
starvation and high-fat diet. Following starvation the gene expression was 
significantly upregulated in brain regions I-IV (Bregma 3.2 to -2.1 mm) and 
following high-fat diet the Slc38a9 gene expression was significantly down-
regulated in brain regions I-V (Bregma 3.2 to -3.3 mm) and VII (Bregma -
5.0 to -8.6 mm).  

SNAT9 is already functionally characterized, but in the future it would be 
interesting and perhaps possibly to link the gene to human diseases associat-
ed with mTORC1 activation and subsequently find a possible drug target.  

 
In paper IV, we found that SNAT8 is localized at the membrane of the cell 
body and the axons in glutamatergic and GABAergic neurons but no expres-
sion in astrocytes and vesicles were found. Slc38a8 mRNA expression was 
abundant and high in cortex, hippocampus, amygdala, thalamus, hypothala-
mus and cerebellum. The SNAT8 protein expression was found in cortex, 
hypothalamus and hippocampus. SNAT8 was found to be a sodium depend-
ent transporter for L-glutamine, L-alanine, L-arginine, L-histidine and L-
aspartic acid and classified to system A. SNAT8 was also shown to be close-
ly phylogenetically related to SNAT7.  

In the future it would be interesting to study if SNAT8 may function as a 
transceptor, maybe the gene plays a role in the mTORC1 or AAR pathway 
and is under control of AAREs since the Slc38a8 gene was upregulated in 
the mouse primary embryonic cortex cells following amino acid starvation 
(paper I). It would also be interesting to study the possible role of SNAT8 in 
the GGC.  
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