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Abstract
Tripathi, R. 2021. Unlocking the Role Of Orphan Solute Carrier SLC38A10 In Brain 
Metabolism. The SLC38A10 transporter in nutrient and metabolic regulation. Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Pharmacy 299.
72 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1249-1.

Membrane transporters are the primary gatekeepers of cells and regulate the transport of 
nutrients, metabolites, ions, water, and neurotransmitters into and across the human cells. The 
solute carrier transporters (SLCs) are the most prominent transporters, comprising 430 members 
divided into 65 subfamilies. SLCs are located on the plasma membrane and organelles such as 
mitochondria, vesicles, peroxisomes, endoplasmic reticulum, Golgi, and lysosomes. This thesis 
aimed to study SLCs of the SLC38 family under nutrient stress, focused particularly on the 
orphan SLC38A10 transporter.

In Paper I, regulation of members of SLC38 family transporter, after amino acid starvation in 
mouse hypothalamic cells and primary cortex cells, was studied using microarrays and qPCR. 
We found several members of the SLC38 family that were strongly affected under amino acid 
starvation and showing a potential role in amino acid signaling in the brain.

In Paper II, we performed a cellular and tissue localization and functional study of SLC38A10 
transporter and revealed that SLC38A10 was expressed in both excitatory and inhibitory neurons 
in the mouse brain and has a unique subcellular localization in the ER and Golgi membrane. 
Furthermore, knockdown of the SLC38A10 gene resulted in reduced nascent protein synthesis 
in PC12 cells. Further, to unlock the biological function of the SLC38A10 transporter, in Paper 
III and Paper IV, we used SLC38A10 knockout mouse model.

In Paper III, the goal was to uncover the role of SLC38A10 in acute glutamate and oxidative 
stress. Here, we found that a loss of SLC38A10 KO resulted in changes in the p53 levels and 
affected the mitochondrial function. Thus, this study established a possible role of SLC38A10 
in cell survival, linked with p53, in mouse primary cortex cells.

In Paper IV, we examined the role of SLC38A10 in amino acid metabolism and nutrient 
sensing in the mTOR signaling pathway. We performed complete amino acid starvation and 
refeed experiment on SLC38A10 knockout primary cortex cells. We concluded that SLC38A10 
acts as a transceptor and regulates mTOR-dependent protein and lipid synthesis in brain cells, 
corroborating the findings from Paper II.

To summarize, the present work has uncovered the function of SLC38A10 in the brain. 
It also provides knowledge of SLC38A10’s role in amino acid metabolism and signaling 
pathway(s). The findings of this thesis will enhance an understanding of SLC38A10 transporter 
and provide insight into future disease targeted drug studies focused on metabolic disorder and 
neurodegenerative disease.
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Introduction 

Cellular homeostasis is one of the essential functionalities needed to maintain 
the cells' healthy metabolic and signaling properties. This homeostasis is reg-
ulated with the help of protein molecules, which play a role as gatekeepers to 
maintain the flow of molecules over the cellular membrane, called transport-
ers. Transporters are members of various protein classes such as channel pro-
teins or carrier proteins, designed to provide selectivity regarding the transport 
of biomolecules. Substrates commonly transported over the membrane in-
clude amino acids, sugars, ions, fatty acids, neurotransmitters and drugs 
(1)(2). There are three main types of transporters in vertebrates: ATP-depend-
ent active pumps, passive channels, and solute carriers(3)(4). These membrane 
proteins keep essential control of the entry and exit of biomolecules across 
lipid bilayer (5). There are various types of secondary active transporters, 
which are responsible for the transport of nutrients and metabolites to maintain 
cellular homeostasis; a few examples are represented in Figure 1. 

 

Figure 1. In facilitated transport, substrates move down their concentration gradient 
across biological membranes. In antiporters, various transport substrates are ex-
changed in opposite directions, whereas in symporters, transport substrates are trans-
ferred in the same direction. In In uniporters, substrates are transferred only in one di-
rection. All figures in thesis created with BioRender.com 
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Solute carrier transporters 
Solute carrier transporters (SLCs) are defined as an integral membrane protein 
that transports solutes in or out of the cell with an ATP-independent mecha-
nism (3). SLCs are the most prominent family of transporters, comprising 430 
members divided into 65 subfamilies (6)(7). Furthermore, SLCs are located 
on the plasma membrane and membranes of organelles such as mitochondria, 
vesicles, peroxisomes, endoplasmic reticulum (ER), Golgi and lysosomes (Fig 
2). The localization of SLCs is involved explicitly in the regulation of physi-
ological functions such as nutrient absorption, energy metabolism, regulation, 
tissue development, external stress and neurotransmission regulation. SLCs 
are highly expressed in active metabolic organs such as the brain, kidney, 
liver, gut and heart (8). It is possible for the same specific SLC to have differ-
ent cellular functions depending on its tissue of expression (8). Genetic vari-
ants in or near SLCs have been shown to predispose for diseases, especially 
in CNS and metabolic diseases (8). 

Figure 2. Schematic representation of the general locations of the SLC proteins. 
These SLCs are found in the plasma membrane and the membrane of other orga-
nelles where it regulates metabolic and secretory functions, along with energy and 
nutrient homeostasis of the cell.  
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Glutamate and Glutamine metabolism in the brain 
Glutamine is a major amino acid in the central nervous system, which acts as 
a precursor for the excitatory amino acids, glutamate (Glu) and aspartate 
(Asp), and the inhibitory amino acid, γ-aminobutyric acid (GABA), and par-
ticipates in the glutamate/GABA-Glutamine cycle (GGC). From the whole 
body, 20% of the total glucose supply goes to the brain; from these, 80% of 
the brain glucose pool goes to maintain the homeostasis of GGC (9)(10). 

Glutamate-glutamine metabolism also participates in energy metabolism. In 
the brain, glutamate is synthesized by transamination of an amino group to α-
ketoglutarate (TCA intermediate), or conversion of glutamine by loss of an 
NH2 group from glutamine in the presence of the enzyme phosphate-activated 
glutaminase (PAG). The brain utilizes glutamate in several ways, such as in 
astrocytes, converting it into glutamine-by-glutamine synthetase (GS); in GA-
BAergic neurons, it is converted to GABA by enzyme glutamic acid decar-
boxylase (GAD). It undergoes oxidation for energy production in the brain for 
various pathways via the TCA cycle, protein synthesis and glutathione syn-
thesis (11)(12)(13). GGC cycle is regulated with various SLCs, which are 
mainly AATs and regulate neuronal communication in the brain. 

Amino acids as mTOR regulators in the brain  
Amino acids are fundamental for various biochemical processes such as reg-
ulation of synthesis of proteins, lipids and carbohydrates; they also act as pre-
cursors of multiple hormones, neurotransmitters and other specialized mole-
cules such as polyamines and creatine. Moreover, amino acid participate in 
numerous biosynthesis pathways of various molecules as they act as principal 
generators of C1 carbon compounds (14). Twenty biogenic amino acids are 
the fundamental building blocks of all proteins. Amino acid availability regu-
lates cellular physiology by altering gene and cellular signaling pathways. 
Molecules involved in regulating amino acid signaling are binding proteins, 
tRNAs, enzymes and, notably, transporters. Interaction between amino acids 
and sensors initiates a cascade of catabolic and anabolic processes for protein 
metabolism using the mechanistic target of the rapamycin (mTOR) signaling 
pathway(15). 
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Mechanistic target of rapamycin (mTOR) signaling 
pathway  
mTOR is an evolutionally conserved serine/threonine-protein kinase, which 
participates in regulating diverse cellular processes, such as translation, tran-
scription, and mRNA processing, autophagy and cytoskeleton organization 
(16)(17). Rapamycin is a compound produced by soil bacteria and found in 
the soil of Easter Island, which inhibits mTOR activity and inhibits the prolif-
eration of eukaryotic cells. The Mammalian target of rapamycin complex 1 
(mTORC1) and phosphoinositide3-kinase (PI3K)/Akt regulates signaling cas-
cades to maintain cellular metabolism and expected growth. In humans, 
mTOR has two forms of the functional regulatory complex: mTORC1 and 
mTORC2. The mTORC1 protein complex comprises mTOR, Raptor (the ac-
tual rapamycin target), Deptor, Tel two-interacting protein 1 (Tti1), telomere 
maintenance (Tel2) and mammalian lethal with SEC13 protein 8 (mLST8) 
and the proline-rich AKT1 substrate 40 kDa (PRAS40). The mTORC1 is mod-
ulated by various external stimuli, nutrients (glucose, amino acid), growth fac-
tors (epidermal growth factor [EGF] and insulin-like growth factor 1 (IGF1), 
energy (ATP), neurotransmitters (glutamate, GABA), monoamines (dopa-
mine, serotonin, acetylcholine) and neuropeptides 
 (orexin)(18).  

In the brain, activation of both ionotropic and metabotropic glutamate recep-
tors (mGluRs) is caused by glutamate-mediated mTORC1 activation. The 
mTORC2 protein complex consists of a rapamycin-insensitive companion of 
mTOR (Rictor), mammalian stress-activated protein kinase- interacting pro-
tein 1 (mSin1), and protein observed with Rictor (Protor) (19)(20). It controls 
growth by regulating lipogenesis, glucose metabolism, cytoskeleton reorgan-
ization and apoptosis (21)(22). Thus, disturbance of the mTOR pathway has 
been found in numerous neurological disorders. Hyper-activation of mTOR 
signaling leads to increased protein translation, which can be studied using 
targets p70 ribosomal S6 protein kinase 1 (p70S6K1) and eukaryotic initiation 
factor 4E-binding proteins (4E-BPs), also important in neurodevelopment dis-
eases linked with neuronal plasticity, long-term potentiation (LTP), long-term 
depression (LTD) and learning and memory (23). mTOR pathway has been 
shown to be associated with neurodevelopmental and neurodegenerative dis-
eases. Thus, it is an essential pathway to focus on to understand the effect of 
any protein or gene in a biologically relevant context in the human body. 
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Amino acid transporters 
Amino acids are the building blocks of proteins, which carry out crucial phys-
iological functions of the human body. Amino acid transporters (AATs) reg-
ulate the flow of amino acids into and out of the cell, a group of SLCs respon-
sible for maintaining cellular amino acid homeostasis. Based on our current 
knowledge, out of the total of 65 different SLC families, 11 consists of amino 
acid transporters (AATs), with a total of 66 known AATs (24). These regulate 
diverse catabolic and anabolic functions, energy regulation, neurotransmis-
sion and toxic excretion. Dysfunction in AATs is associated with diseases 
such as metabolic disorders, kidney diseases, diabetes, tumors, neurodegener-
ative diseases and cancer. Several members of AATs of various SLCs families 
are proposed as targets for anticancer drugs, for example, SLC1A5, SLC7A5, 
SLC16A4 and SLC38A2 (24).  

Transporters as Transceptors 
Communication by cells with their environment is very significant in the pro-
cess of obtaining nutrients. Cells develop, divide, and respond to different sig-
nals regarding adaptations to stress or other changed physiological conditions. 
The primary question in biological studies is how cells of organisms respond 
to varying external environments. External stress or nutrient stimuli regulate 
cellular signaling and metabolism homeostasis with the help of plasma mem-
brane localized receptors,  transporters and channels; transporters, even 
though critical, have not been well studied in this respect and are considered 
newcomers in environmental sensing (25)(26). These newcomers, which help 
cells to sense the external environment, are called transceptors. They are mem-
brane proteins that have a combined characteristic of transporters and recep-
tors to regulate signaling activities. One example of a transceptor in Saccha-
romyces cerevisiae (yeast) is the general amino acid permease Gap1 which 
regulates cAMP-independent activation of the PKA (Protein Kinase A) path-
way under amino acid starved and re-feed conditions (27). The original con-
cept of transceptors in yeast (28) has later been identified also in mammals. 
Transceptors can function as signaling molecules with or without their trans-
portability to modulate the signaling pathway. Previously, amino acid trans-
porters were known to participate in amino acid sensing in the metabolic ho-
meostasis of the whole body. The SLC36 and SLC38 amino acid transporter 
members were shown to act as transceptors and participate in amino acid sens-
ing regulation to regulate mTORC1 and General control non-derepressible 2 
(GCN2) signaling pathway, which senses amino acid deficiency by binding to 
accumulated uncharged tRNAs (29)(30)(31)(32)(33). 
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Amino acid sensors 
Solute carriers are involved in the uptake of amino acids across the lipid bi-
layer. These levels of amino acids act as an external trigger, which modulates 
the activity of the central metabolic signaling hub, mTORC1 to control cellu-
lar anabolic and catabolic processes (33). In general, amino acid transport, 
with transporter and transceptors, is represented in Figure 3. Different types 
of SLCs such as Proton-assisted Amino acid Transporter (PAT or SLC36) and 
Sodium-coupled Neutral Amino acid Transporter (SNAT or SLC38) families 
participate in this process of regulating amino acid sensing and homeostasis 
(34)(35)(15).  

Glutamine transporter SLC38A2, also known as a transceptor, participate in 
amino acid sensing under external amino acid adaptation (36)(37). SLC38A2 
senses amino acid availability and passes this information to regulate intracel-
lular pathways through the mTOR and GCN2 pathways as well as regulating 
protein synthesis, cellular proliferation and apoptosis (38)(29). A recent re-
view on SLC38A2 concluded that its activity is also affected by hyperosmotic 
stress, amino acid, ER stress and hormones (39).  

In the past few years, another member of the SLC38 family, SLC38A9, was 
found to function as a transceptor (40). SLC38A9 is ubiquitously expressed, 
not on plasma membrane but on lysosomes; it participates in the amino acid 
regulating machinery of the Rag-Regulator- mTORC1 complex. SLC38A9 
senses cellular amino acid availability of arginine and glutamine. It is a rather 
poor transporter of low capacity and probably mainly works as an amino acid 
sensor in the cell. A recently published article shows that SLC38A9 acts as a 
direct sensor for arginine by interacting with CASTOR1, which interacts via 
GATOR2 with the SNAT9-Rag-Ragulator-mTORC1 com-
plex(41)(42)(43)(41). The latest work on hSLC38A9 supported that it acts as 
a transceptor, important for mTOR activation(44). 
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Figure 3. Schematic model of how transporter (A) and transceptor (B)regulate 
amino acid transport and signaling differently by switching confirmation between 
outward and inward, enabling molecules such as amino acids (AA) to be carried 
across lipid bilayers. The binding of such substrates is thought to stabilize an inter-
mediate conformation. There are transporters, which can function as symporters, 
co-transporting H +for some PATs and Na+ ions for some SNATs. These co-trans-
ported ions determine the directionality of transport. Transceptor (B), along with 
amino acids, also interact with the amino acid-sensing complex and activate mTOR 
signaling process, which regulates anabolic and catabolic cellular functions. 

Amino acid transporters in the glutamate/GABA-
glutamine cycle 
AATs, mainly glutamate transporters, are involved in neurotransmission and 
protection against excitotoxicity. In neurons, glutamate, which is synthesized 
from glutamine that is provided by astrocytes. This transport of glutamine 
from astrocytes is managed by SLC38A3 and SLC38A5 transporters, and in 
presynaptic neurons, this is taken up by SLC38A2/SLC38A7 and then con-
verted into glutamate using Glutaminase 2 (GLS2) in the mitochondrial mem-
brane. Furthermore, synthesized glutamate is transported into synaptic vesi-
cles (SVs) by members of SLC17, vesicular glutamate transporters (e.g 
SLC17A6 and A7). Upon depolarization of the neuron, glutamate is released 
into the synaptic cleft, where it binds glutamate receptors (AMPA-R and 
NMDA-R), which stimulate postsynaptic neurons to membrane depolariza-
tion and generate action potentials. Postsynaptic signals are terminated by up-
take of glutamate via SLC1A2/A3 in astrocytes and clearing excess of gluta-
mate from the synaptic cleft. After being taken up by astrocytes, glutamate is 
converted into glutamine by GS. This glutamine is further transported out of 
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the astrocyte and into the neurons to complete the glutamate-glutamine cycle 
(45)(46).  

Alternatively, in astrocytes, glutamate is converted into α-ketoglutarate (α 
KG), released to the neurons, which is used as a precursor for L-Gln synthesis. 
Glutamine also acts as a substrate for the uptake of L-cystine through the xCT 
cystine/glutamate exchanger, e.g., SLC7A11 /SLC3A2, and participates in the 
synthesis of glutathione (GSH) and glycine. Uptake of glutamine into inhibi-
tory GABAergic neurons via SLC38A1/A2/A7 and SLC1A5, where it is con-
verted into GABA by the enzyme glutamic acid decarboxylase (GAD) and 
packed into vesicles by the vesicular GABA transporters (VGAT) SLC32A1 
(47)(24).  

In the brain, neurotransmitter transporters play a key role in maintaining 
healthy brain signaling. The dysfunctionality of glutamate neurotransmitter 
transporters leads to neurodegeneration. A previous study shows that defects 
in the function of SLC1A2 lead to the accumulate of L-glutamate in the syn-
aptic cleft (excitotoxicity) and stimulate glutamate receptor signaling. Hyper-
active glutamate receptor signaling results in an increase of intracellular Ca2+ 
levels in the postsynaptic neuron, where excitotoxicity induces neuronal cell 
death. There are several secondary effects of excitotoxicity, such as mitochon-
drial damage, oxidative stress, cell swelling and apoptosis of neuronal cells, 
which are compiled into neurodegenerative diseases (48)(49)(50). 

In summary, dysregulation of these AATs may lead to excitotoxicity due to 
the accumulation of glutamate in the synaptic cleft, known to be involved in 
the pathogenesis of various brain disorders, such as epilepsy, AD, PD, schiz-
ophrenia and autism (45)(51)(52)(53). There is a range of SLC-related dis-
eases linked with neurotransmitter transporters, and dysfunction of SLC1 and 
SLC6 has been shown to be important in neurological disorders such as ALS, 
PD, AD, epilepsy, schizophrenia and autism (38). Previous articles have sum-
marized general overviews on SLC transporters in human diseases, including 
mainly metabolic disorders, cancer and neurological disorders and their po-
tential as promising novel drug targets (54)(45)(51)(52).  

The SLC38 family of sodium-amino acid co-
transporters 
The putative sodium-coupled neutral amino acid transporter family 38 com-
prises eleven members with gene symbols SLC38A1-11 and protein names 
SNAT 1-11. Members of the SLC38 transporter family facilitate sodium (Na) 
dependent neutral amino acid uptake and efflux across cell membranes (55). 
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The SLC38 family transporters are subdivided into system N and System A 
transporters, based on structure similarity and substrate profile. They play a 
key role in cellular adaption to various nutrient conditions and metabolic ho-
meostasis of the body. The system A amino acid transporters regulate the flow 
of neutral amino acids and have a wide range of substrates, including alanine, 
asparagine, cysteine, glutamine, glycine, methionine and serine. These trans-
porters are pH sensitive, and their expression and transport capabilities are 
modulated depending on nutrient availability and external stress. Transport 
can be inhibited by the amino acid analog 2-(methylamine) isobutyric acid 
(MeAIB), and the first discovered and most studied system A transporter is 
SLC38A2. The system N amino acid transporters have a more limited sub-
strate profile, preferring glutamine, histidine and asparagine. Among the sys-
tem N transporters, Li+ can replace Na+ as a counter ion. SLC38 transporters 
are expressed in organs involved in amino acid homeostasis in the body, such 
as the brain, liver, kidney and pancreas (55). Glutamine is a favored amino 
acid of both system A and system N, as well as for SLC38 transporters not 
fitting this classification. SLC38 transporters are therefore simply termed glu-
tamine transporters, although they have other amino acid substrates too. Mem-
bers of the SLC38 family play an essential role in amino acid homeostasis in 
the brain, where they participate in the regulation of the glutamate-glutamine 
cycle between astrocytes and neurons. 
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Sodium-coupled neutral amino acid transporter 10 
(SLC38A10) 
SLC38A10 is an evolutionarily conserved member of the SLC38 family (56). 
As its protein name, it is also referred to as SNAT10. It is expressed ubiqui-
tously throughout the whole body, especially with high expression in the 
brain, pituitary, lung, kidney and liver (56). Moreover, SLC38A10 is sug-
gested to belong to system A, although its classification is somewhat ambig-
uous. SLC38A10 can import L- glutamine, L-alanine, L-glutamate and D-as-
partate, and has efflux capabilities for L-serine. Bioinformatics analysis has 
suggested a possible tertiary structure of SLC38A10 protein, consisting of 
eleven transmembrane helixes (TMHs) with a short N-terminal on the outside 
and long C-terminal (722 amino acids) directed towards the luminal side of 
the membrane (Fig 4). This long C-terminal makes it unique within the SLC38 
family. SLC38A10 is localized in neurons, astrocytes and epithelial cells in 
mouse CNS (57), indicating that it has a role in transporting many amino ac-
ids, including glutamine, in various brain cell types. SLC38A10 has been sug-
gested to be a possible plasma biomarker for AD (58). Apart from that, we 
have little information on SLC38A10 in brain physiology; thus, my goal is to 
unlock the physiological and cellular function of SLC38A10 to get a compre-
hensive understanding of brain amino acid homeostasis, along with its ability 
to regulate mTOR under acute cellular stress.  

 
Figure 4. Predicted hSLC38A10 protein model drawn using Phyre 2 software. 
SLC38A10 with intracellular N‐terminal and a long extracellular localized C‐termi-
nal made up of 722 amino acids.  
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Amino acid transporters in disease 
Metabolic disorders 
The cellular metabolic function is vital to maintain the physiological process, 
which is a path to convert nutrients into energy; proteins, lipids, carbohydrates 
and nucleic acids are required to maintain cell structure and function in order 
to keep the cells healthy and alive. SLC proteins regulate the flow of essential 
nutrients and toxins across the plasma membrane and intracellular membranes 
needed to regulate healthy cell metabolism, maintaining body metabolic ho-
meostasis. There are various SLC defects associated with active metabolic or-
gans such as the liver, kidney, brain, and intestine, contributing to Mendelian 
and complex multifactorial diseases. The dysfunctionality of body metabolism 
results in various disorders called metabolic diseases, e.g., cancer, insulin-re-
sistant type 2 diabetes (T2D), kidney disease, gout, asthma, cancer and anxiety 
disorders (54). 

Neurological disorders 
Among the 400 SLC members, about 287 are found in the brain, and 71 re-
ported mutations and dysfunctionalities are reported with human brain disor-
ders. Many key brain functions are regulated by various SLC families, mainly 
amino acid transporters (51)(59). In the brain, SLCs localized in the blood-
brain barrier (BBB), astrocytes, and neurons mediate the transport of various 
substrates such as energetic substrates, amino acids, neurotransmitters, inor-
ganic ions, metals, organic anions and vitamins, and they play crucial roles in 
brain homeostasis and drug delivery. SLCs from the SLC2 family regulate 
glucose homeostasis, and at least ten members from this family are expressed 
in the brain; of those, SLC2A1 and SLC2A3 play a major role in glucose up-
take in the brain. In astrocytes, consumption of glucose is higher than in neu-
rons, which is regulated by SLC2A1. Apart from glucose transporters, amino 
acid transporters play a key role in the brain, mainly to regulate neurotrans-
mission by regulating the GGGcycle. There are two target organs, brain and 
kidney, with the highest expression of SLC-coupled diseases. There are sev-
eral SLC families found to be involved in neurological disorders, such as 
SLC3A1 and SLC6A15, which are associated with anxiety and major depres-
sion; SLC2A1 with epilepsy; SLCO3A1 with PD; SLC9A9 and SLC27A4 
with autism; and SLC17A7, SLC2A1 and the zinc transporter SLC39 with AD 
(54)(60). Previously published studies have shown decreased expression of  
SLC2A1 in the cortex of AD patients, which participate in Aβ deposition, and 
its neuronal-specific loss in the AD brain affects tau hyper phosphorylation 
(61). Other AATs are linked to neurological disease, e.g., SLC1A3 is associ-
ated with episodic ataxia; the aspartate/glutamate transporter SLC25A12 was 
found to be linked with global cerebral hypo- myelination. There is a very 
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limited number of drugs targeting SLCs under clinical trials, and several SLCs 
remain orphans; thus, it is important to perform in-depth studies to character-
ize them and to understand their physiological role in the human body. More-
over, it is crucial to focus on the characterization and unlocking function of 
orphan SLCs in the human body as they are promising drug targets for various 
neurological and metabolic diseases (24)(3)(7). 



 23

Aims 

SLC38 family members are involved in various important physiological func-
tions of the body. Overall, nine members of the SLC38 family are well char-
acterized in different tissues and cells, while two, SLC38A10 and SLC38A11, 
have scarcely been studied. Previously, histochemical characterization of 
SLC38A10 was performed. In the mouse brain, it is highly expressed in the 
striatum, cerebral cortex, hippocampus, hypothalamus, thalamus, pons, cere-
bellum and ependymal cells. The SLC38A10 transporter was studied using 
the Xenopus laevis oocytes transport model and is more similar to sodium-
dependent system A than system N. However, its overall cellular and physio-
logical function is still unknown (49). The current thesis work is focused on 
elucidating the physiological, metabolic and cellular role of SLC38A10 using 
different approaches to uncover the role of the SLC38A10 transporter in the 
brain. The specific aims for each paper were as follows. 

Paper I 
In Paper I, the goal was to study the regulation of eleven members of SLC38, 
SLC38A1-11, in mouse brain cells under amino acid starvation. Immortalized 
mouse embryonic hypothalamic cell line N25/2 were subjected to complete 
amino acids deprivation for 1, 2, 3, 5 or 16 hours. The gene expression was 
analyzed using Gene chip® microarray, and protein levels were measured for 
SLC38A7 and SLC38A11 using western blot. Furthermore, primary mouse 
cortex cells were deprived of glycine, L-alanine, L-asparagine, L-glutamine, 
L-histidine, L-isoleucine, L-leucine, L-serine and L-valine, which are among 
the most common amino acids transported by the SLC38 family and their pre-
cursors for several other amino acids, for 3, 7 or 12 hours. Thereafter the gene 
expression was analyzed using qPCR. 

Paper II 
In Paper II, the aim was to perform characterization and functional study of 
SLC38A10 (SNAT10) transporter using different cell lines. The first aim was 
to investigate the cellular localization of SLC38A10 in cell lines and stem cells 
using immunocytochemistry and transfection with a vector carrying GFP-
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tagged SLA38A10. The second aim was to explore the effect on protein syn-
thesis due to the knockdown of the SLC38A10 gene using RNAi technology 
in an in vitro model. 

Paper III 
Paper III aimed to determine the effects of chemically-induced stress on 
SLC38A10 KO mouse primary cortical cells compared with wild-type (WT) 
cells (with normal expression of SLC38A10). Primary cortex cells were sub-
jected to glutamate and oxidative challenges, and cell health was monitored 
by measuring various parameters. In neurodegenerative diseases, brain cells 
undergo apoptosis or necrosis due to oxidative or glutamate toxicity stress. An 
earlier published article also showed the association of SLC38A10 mutation 
in neurodegenerative diseases such as AD, PD, and autism disorders. This 
study helps to establish the possible role of SLC38A10 in cell survival under 
various stressors. 

Paper IV 
In Paper IV, the overall goal was to understand the role of SLC38A10 trans-
porters in amino acid metabolism and regulation of the mTOR pathway. We 
have previously characterized SLC38A10 in cells and shown that it is local-
ized in ER and Golgi and that it regulates protein synthesis. In this paper, we 
tried to investigate its cellular and signaling role using various methods to ex-
plore the role of SLC38A10 in the brain. Here, the first aim was to understand 
the role of SLC38A10 on cellular amino acid metabolism in brain cells by 
using the constitutive knockout mouse model. The second aim was to study 
the possible involvement of SLC38A10 in mTOR regulation in primary cortex 
cells after amino acid starvation.  
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Methodology 

Paper I 
Cellular and functional characterization of SLC38A10 

Cellular imaging methods in subcellular localization study -Vector 
transfection 
There are various methods of cellular imaging currently used to determine the 
subcellular localization of proteins. Immunocytochemistry (ICC) is com-
monly used to compare the localization of a protein of interest with known 
markers. Subcellular localization of orphan SLCs is often very difficult due to 
the lack of specific antibodies (62)(63), which is also the case for SLC38A10. 
Commercially available antibodies lack specificity and reproducibility, and 
results vary depending upon the tissue. Another approach to study the locali-
zation of SLCs is to use fusion proteins tagged with GFP or other fluorescent 
tags (64). In Paper I, we expressed GFP and FLAG-tagged SLC38A10 and 
combined this with ICC for the native SLC38A10 to determine its subcellular 
localization. The fusion proteins were introduced into different cell lines and 
neuronal stem cells by transfection with a vector encoding these proteins for 
localization studies.  

The limitation of the ICC method is its dependency on high-quality specific 
antibodies availability.  

Genetic modulation of SLC38A10 

Study the effect of loss of gene function (RNAi technology)  
Various methods are available to determine the primary function of the gene 
or protein of interest. One approach is to study the effect of a loss of function 
or development of mutation of individual genes, where specific inhibition or 
knockdown of gene expression has been used widely. We have used 21–23 
base-pair small interfering RNAs (siRNA) knockdown technology to obtain 
specific mRNA reduction, to evaluate its cellular function, specifically to-
wards protein regulation. The siRNAs are double-stranded RNA molecules 
made up of 21–25 base pairs, homologous to the genes of interest and used to 
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reduce gene expression. We used them to knockdown the SLC38A10 gene in 
an immortalized rat adrenal gland cell line (PC12).  

The drawbacks of RNA interference technology are that despite specifically 
designed siRNA sequences, it still has some off-target effects. It binds to one 
target, but a consequence is often hard to detect. In addition, even specific 
sequence designs turn out to give knockdown efficiency at generally 80% or 
less on the target gene, making it less effective than genetic methods acting 
on DNA.  

Nascent protein synthesis  
The silencing of particle genes can positively or negatively affect important 
cellular functions such as protein synthesis. As silencing of the SLC38A10 
gene could have some effect on protein synthesis,we used an imaging method 
to measure protein synthesis with an alkyne analog of puromycin, O-propar-
gyl-puromycin (OP-puro) (65). We also used Click-iT® Plus OPP Protein 
Synthesis non-radioactive method assays to detect nascent protein synthesis 
using fluorescence microscopy. It works on the principle of the addition of 
Click-iT® OPP (O-propargyl-puromycin) molecule to actively growing cells. 
OPP supplied to cells via the media inhibits protein synthesis by disrupting 
the translation process by blocking peptide chain transfer on ribosomes, which 
results in premature chain termination. Using Click-iT® chemistry, after add-
ing Alexa Fluor® picolyl azide, the "click" reaction occurs between the 
picolyl azide dye and the alkyne OPP. The OPP-click method helps to detect 
the modified proteins by fluorescence-based image analysis. This method 
helps label nascent-translated polypeptides with a fluorescent tag, producing 
low backgrounds and high detection sensitivities. 
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The Knockout mouse model 

One of the essential aims of biological science is to investigate the physiolog-
ical role of known/unknown proteins. This is particularly challenging since 
protein function is associated with thousands of other proteins found in every 
cell (66). Genetically altered mice are one of the traditional and most trusted 
tools to define the in vivo function of a gene, and the most common way is to 
introduce a loss-of-function mutation to generate so-called knockout mice. 
These mutant mice are used to study the gene function at many biochemical, 
cellular, physiological and behavioral levels. In addition, these genetically 
modified mice are often used to model human diseases. Current technology 
allows for building a mouse model using single-gene knock-outs (for loss-of-
function) and knock-ins (for gain-of-function) to study the gene of interest in 
vitro or in vivo (67)(68). We have focused on the gene knockout method. Over 
the years, interest in knockout mice has increased, and there are currently more 
than 3,000 genes knocked out in mice, both those related to disease conditions 
and primary research (69). In knockout mice, the gene of interest is inactivated 
by removing or altering the gene's DNA sequence. 

Previously, various mouse models of solute carrier transporters have been 
studied, which have provided important information on the role of SLCs in 
vivo. We used this approach to elucidate the physiological and behavioral 
functions of the SLC38A10 gene using a knockout (SLC38A10KO) mouse 
model. In Paper III and IV, we use SLC38A10KO, which is a constitutive 
knockout. It is also known as the conventional or whole-body Knockout (KO) 
model (Fig 5).  

It defines a mouse model in which the gene of interest is inactivated perma-
nently in the whole animal, in all the organism’s cells. This targeted gene is 
inactivated at all embryonic stages of development, although the gene is only 
expected to affect the time points where it is usually expressed. The applica-
tion of constitutive KO mouse models is mainly to determine the primary 
function of the gene or protein as well as to create disease models for in vivo 
studies, to study drug target or off-target effects of human disease pathological 
studies, which are caused by gene inactivation.  
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We have used the SLC38A10 knockout model (Fig 5) to uncover its biological 
function. Further, we used in vitro primary cortex cultures of SLC38A10 
knockout mice to study the role of SLC38A10 in chemically-induced oxida-
tive and glutamate stress (Paper III) and its role in amino acid metabolism and 
nutrient sensing (Paper IV).  

 
The drawback of KO mouse model studies is that functional compensation 
mechanisms can develop in a knockout mouse to reduce the phenotype result-
ing from the total absence of an endogenous gene (67). The resulting pheno-
type can have a global effect on different tissues, which may lead to non-con-
clusive studies. 

A primary culture system for functional analysis of brain cells  
Primary cell culture, as an in vitro model, has been used in the past to under-
stand the organ's functionality from where it is derived. The brain is the body's 
most complex organ, and to uncover its function in detail, different biological 
models have been used. Primary cells (primary cultures) are cells taken di-
rectly from the living tissue of an organism (e.g., biopsy material, brain cortex) 
and grown in vitro for at least 24 hours. Primary cells show the main charac-
teristic of the tissue from which they are derived, and they mimic the actual 
situation more closely than continuous cell lines. Overall, this provides a 
model that is closer to its in vivo state. 

Further, to increase understanding of the brain biochemical function, the pri-
mary culture from neurons and astrocytes are valuable models for studying 
subcellular compartmentation and identifying metabolic pathways. There are 
various preferred model systems, depending on the tissue; for example, GA-

Figure 5. Simplified illustration of Constitutive SLC38A10 Knockout mouse model. 
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BAergic cerebral cortex neurons are the model for inhibitory neurotransmis-
sion, and cerebellar granule cells are the preferred model system for excitatory 
neurotransmission. Such in vitro studies help to understand various neuro-
degenerative and neurodevelopmental diseases (70)—our primary focus is to 
uncover the role of a transporter in neurons and elucidate its links with signal-
ing mechanisms and gene and metabolic homeostasis. Our mouse primary cor-
tical cells (PCCs) in vitro model was used to examine these processes 
(71)(72). In Paper III, PCCs were utilized to understand the correlation of 
SLC38A10 to the acute stress of oxidative and glutamate toxicity. In Paper 
IV, we have used PCCs to understand the biochemical functionality of the 
SLC38A10 transporter. Even though primary cell culture helps to understand 
the relevant biological function, it has its limitation since cells cultured in vitro 
have increased genes, and protein expression and cell culture media can affect 
transport and metabolism (73)(11). In addition, especially for neurons, taking 
them out of their everyday three-dimensional context has an effect. 

Paper III  
This study aimed to correlate SLC38A10 in cell health under chemically-in-
duced glutamate toxicity and oxidative stress. Primary cortex cells were 
treated with different concentrations of hydrogen peroxide (100 and 200 mM) 
and glutamate (100 and 500 mM).  

Cellular assay–Cell viability/cell toxicity/ATP detection 
After treatment, the cells were subjected to experiments to measure cell via-
bility. We used the MTT and LDH assays to measure toxicity (cell death), and 
apoptosis was measured using a caspase 3/7 assay.  

Mitochondrial health 
Brain functionality relies on a constant supply of high energy provided by the 
powerhouse of cell mitochondria. Mitochondrial health is a crucial function 
of active and healthy neuronal cells. Since we were subjecting primary cortex 
cells under chemically induced oxidative and glutamate toxicity, it is essential 
to understand how it affects mitochondrial activity in SLC38A10 KO primary 
cortex cells. To monitor mitochondrial health under induced stress, we used 
the JC-1 dye to measure mitochondrial membrane potential (MMP), which 
acts as a marker for healthy mitochondrial activity. A monomer of JC-1 
showed green fluorescence and low MMP due to apoptotic cells, indicating 
mitochondrial dysfunction. Healthy cells showed higher MMP and formed 
JC-1 aggregates that are visible as red fluorescence. Thus, mitochondrial 
membrane depolarization is measured by a ratio of red to green fluorescence. 
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Affected MMP indicates leaked or dysfunctional mitochondria, which implies 
unhealthy cells. Mitochondrial dysfunctionalities, known to be pathophysio-
logical, are associated with numerous neurodegenerative diseases 
(74)(75)(76).  

In-Cell ELISA Colorimetric assay 
To monitor the extent of cellular stress of glutamate toxicity and oxidative 
stress on primary cortex cells, we measured tumor suppressor protein, p53, a 
specific transcription factor modulated under cellular stress. Previous studies 
on p53 protein found an association between chemically-induced oxidative 
and glutamate toxicity stress with ROS and cell death (77)(78). The p53 pro-
tein has a broader effect on mitochondrial health in neurons, as it is affected 
in acute and progressive neurological conditions (79)(80). p53 supports cell 
adaptation in response to acute and chronic stress, such as limited periods of 
nutrient starvation and hydrogen peroxide, glutamate exposure(81)(82). Here, 
we used In-Cell ELISA (also known as cell-based ELISA, in-cell western, or 
cytoblot). It is an immunocytochemistry method, which is convenient and 
straightforward to quantify target protein in cultured cells. We used In-Cell 
ELISA to determine intracellular p53 protein levels. Cells were cultured in 96 
well microplates and fixed, and p53 protein expression was measured using 
target-specific primary antibodies and horseradish peroxidase (HRP)-conju-
gated detection reagent. The advantage of the In-Cell ELISA method is the 
ability to measure the protein of interests’ accurate quantitation using a stand-
ard ELISA plate reader in single cells, enabling quantification of the number 
of cells expressing a given protein (83)(84).  
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Paper IV 

In Paper IV, the focus was to understand the role of SLC38A10 in amino acid 
metabolism and mTOR signaling various techniques used to answer this ques-
tion represented in Fig 6. 

 

Omics approach– next-generation sequencing (NGS) 
Knockout of a gene can result in several alterations of the cellular transcrip-
tome, and next-generation RNA Sequencing is useful to understand differen-
tial gene expression and transcriptional networks as a result of loss of the 
SLC38A10 gene in mice. We used a targeted next-generation sequencing 
(NGS) method for the transcriptome level as gene expression analysis, which 
is relatively simple, scalable, time-efficient, highly accurate and sensitive 
compared to traditional microarrays. For this study, we used Ion Torrent Am-
pliSeq Transcriptome for gene-level expression analysis to understand the dif-
ference between SLC38A10 KO and WT cells at the basal level as well as 
after challenges. 

Figure 6. Illustration of number of techniques used in Paper IV. 
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The advantage of the method is that it is efficient and highly sensitive and 
does not require a priori knowledge of the genome or genomic features. It 
offers single-nucleotide resolution, making it possible to separate highly re-
lated genes (or features), requires a less amount of starting material (10 ng of 
total RNA is sufficient) and is highly reproducible. 

Antibody Microarray  
Antibody microarrays make it possible to perform an analysis of protein levels 
and phosphorylation patterns of multiple targets simultaneously (85). Appli-
cation of this method is used to investigate biological processes, protein-pro-
tein interactions, signal pathways, post-translation modifications, effects of 
toxins and drugs (86)(87)(88). 

We have used antibody microarrays, which is a high-throughput ELISA-based 
platform for effective protein expression profiling, screening, and evaluation 
between control and knockout samples (86)(85). Antibody microarray assays 
are fast and require a small amount of sample compared to other protein iden-
tification methods such as traditional ELISA and Western blotting or immune-
capture MS. Our focus was to understand the signaling event altered in 
SLC38A10KO mice; we used the full moon bio system phospho-mTOR array 
(Fig 7). This is based on an ELISA antibody array principle, which contains 
four steps: 1. Protein extraction, 2. Biotinylated extracted cell lysate, 3. Incu-
bate biotinylated protein with antibody array and 4. Detection by dye strep-
tavidin. It gives opportunity to detect several targets at the same time on a 

single slide, saving time and resources. Aside from multiple advantages, the 
drawback of this method is that certain proteins can remain undetected be-
cause non-denatured proteins are used in this assay. Protein structures in sam-
ples help to maintain the native tertiary structures, and multi-protein com-
plexes are intact. It can give raise to false negatives. However, the specificity 
of antibody defines the sensitivity of an antibody array and concentration de-

Figure 7. Simplified view of Antibody array method used for studying various signal-
ling pathways. 



 33

termination of non-denatured protein. These could be challenging for phos-
phorylation-based studies. Some of the data from our experiment was further 
confirmed by performing western blot method for selected proteins. 

Metabolomics 
Metabolomics acts as part of the omics puzzle in system biology. The metab-
olomics study reveals the complete set of known and unknown metabolites (or 
low-molecular-weight biomolecules) that are endpoints or intermediate of 
metabolic processes, which integrate gene, protein expression and cellular ac-
tivity. Metabolomics is, therefore, a direct readout of the biochemical activity 
of an organ. Since metabolism is the fundamental part of molecular physiol-
ogy, uncovering the regulatory function of metabolic pathways is vital for a 
comprehensive understanding of the cellular function and helps to understand 
metabolic disorders and provide a fingerprint of cellular and physiological 
metabolic activity (Fig 8). Metabolomics Analysis is one of the most recently 

evolved fields in understanding brain metabolism (89). Solute carrier trans-
porters act as metabolic gatekeepers of cells, so maintaining metabolic home-
ostasis is one of their major tasks. Metabolomics has been used in the past to 
re-live the correlation of solute carrier genetic polymorphism for a better un-
derstanding of disease (7). We have used a metabolomics approach to under-
stand the role of SLC38A10 in amino acid homeostasis in an in-vitro model 
and how it participates in regulating various cellar signaling pathways using 
untargeted metabolomics (89). 

Figure 8. The central dogma of molecular biology and system biology, illustration re-
ferred from J. Ivanisevic and G. Siuzdak, “The Role of Metabolomics in Brain Metabo-
lism Research,” Journal of Neuroimmune Pharmacology, vol. 10, no. 3, pp. 391–395, 
Sep. 2015. 
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In Paper IV, we have focused on understanding amino acid and other cellular 
metabolites alteration in SLC38A10KO. We performed a study targeted to-
wards intracellular amino acid levels and untargeted metabolomics (Fig 9) to 
determine metabolites involved in the glutamate-glutamine cycle, gluconeo-
genesis, glycolysis, TCA and fatty acid (FA) pathway.  

Pathway analysis 
The Ingenuity Pathway Analysis (IPA) software was used to identify canoni-
cal pathways, diseases and functions, which are the gene networks that are 
most significantly changed based on the microarray outcomes. It was also used 
to categories differentially expressed genes in specific conditions and pro-
cesses most affected by SLC38A10KO. Heatmap and hierarchical cluster 
analysis were performed to demonstrate the expression patterns of these dif-
ferentially expressed genes. 
  

Figure 9. Representation of Untargeted metabolic study to understand cellular me-
tabolism of SLC38A10 KO cells. 
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Result Summary  

Paper I 
Nutrient availability directly coordinates with gene expression in multicellular 
organisms. Amino acids are key players in the regulation of various functions 
in brain cells, mainly coordinating protein synthesis and maintaining neuro-
transmission. In the brain, various amino acid transporters maintain the amino 
acid pool, among which members of the glutamine transporting SLC38 family 
are known to participate in nutrient sensing and mTOR regulation such as 
SLC38A2 and SLC38A9. Here, we investigated the effect of complete amino 
acid starvation on members of the SLC38 family, SLC38A1-A11, in the 
mouse hypo-thalamic cell line N25/2 at different time points. Mouse Gene 
Chip® ST Array was used to monitor changes in gene expression in N25/2 
cells at 1, 2, 3, 5 or 16 hours. The microarray analysis of data was performed 
in (90) and can be accessed from the NCBI-GEO database with accession 
number GSE61402. In this part of the study, after 5 hours and 16 hours of 
complete amino acid starvation, we found SLC38A1, SLC38A2 and 
SLC38A7 were significantly upregulated; thereafter, we followed with meas-
uring protein expression of unstudied transporters SLC38A7 and SLC38A11 
(orphan transporters), which remained unaffected. Other members of the 
SLC38 family, namely SLC38A3, SLC38A4, SLC38A5, SLC38A8, 
SLC38A9, SLC38A10, and SLC38A11, were not significantly affected at 5 h 
time point. However, in hypothalamic N25/2 cells, after 16h of amino acid 
starvation, SLC38A10 showed a trend towards downregulation, although this 
was not statistically significant.  

The second part of the study the effect of amino acid deprivation of the most 
preferred amino acid by SLC38 family transporters. Primary cortex cells were 
deprived of glycine, L-alanine, L-asparagine, L-glutamine, L-histidine, L-iso-
leucine, L-leucine, L-serine and L-valine, for 3h, 7h and 12h. Primary cortex 
cells were deprived of a common substrate of SLC38 family transporters, 
which has shown a stronger effect on almost all members but at different time 
points. Here, gene expression was measured using qPCR. The following table 
shows which SLC38 members were affected at various time points. 
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Table 1. SLC38 members were affected at various time points in mouse primary cor-
tex cells 

Gene 3h 7h 12h 
Slc38a1    

Slc38a2    

Slc38a3    

Slc38a4 No effect No effect No effect 

Slc38a5    

Slc38a6    

Slc38a7    

Slc38a8    

Slc38a9    

Slc38a10    

Slc38a11    

 
The above table summarises the gene expression changes measured with 
qPCR for each SLC38 gene, as members of the SLC38 family are known to 
participate in amino acid sensing, signaling regulation and also act as transcep-
tors. Here, we found upregulation of the SLC38A2 gene at all time points in 
hypothalamic cell line and primary cortex cells, whereas SLC38A9 was up-
regulated at 3h in primary cortex cells. 

While comparing data, we need to consider that hypothalamic cells were com-
pletely starved of all amino acids, whereas selective amino acid deprivation 
was performed in primary cortex cells. In general, nutrient starvation affects 
gene expression, not only for members of SLC38 family transporters but other 
amino acid transporters also get affected due to limited sources of amino acids. 
Among this family, there are two orphan members: SLC38A10 and 
SLC38A11. Very interestingly, SLC38A10 transporters showed trends to-
wards downregulation (although this was not statistically significant) after16h 
complete amino acid starvation in hypothalamic cell line N25/2 and upregu-
lated after12h limited amino acid derivation in primary cortex cells.  

Overall, members of the SLC38 family transporters are strongly affected due 
to partial or complete amino acid deprivation and are possibly involved in 
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regulating amino acid signaling and sensing function to regulate brain metab-
olism. 

Key findings 

Paper II 
Characterization and functional study of SLC38A10 (SNAT10) transporter 
using different cell lines derived from in the brain 

For Paper I, the main aim was to elucidate the subcellular localization of the 
SNAT10 protein in various immortalized cell lines. We used PC12 cells, 
which originate from a rat pheochromocytoma from chromaffin cells of the 
adrenal medulla, which is a commonly used model for neuroscience research. 
In addition, the embryonic Mouse Hypothalamus Cell Line N25/2 (mHypoE-
N25/2) and Human embryonic kidney 293 cells (HEK293) were used. Firstly, 
we used immunocytochemistry, which is dependent on the specificity of the 
primary antibody. Further, to validate the results, we used eGFP and FLAG-
tagged SLC38A10 to study the localization of SLC38A10. Also, we used a 
gene knockdown approach with siRNA to understand the effects of silencing 
SLC38A10, providing some hints on downstream pathways of SLC38A10. 
After the knockdown of SLC38A10, we measured nascent protein synthesis 
using the Click-IT Plus technology. Here we also elucidate the distribution of 
the SLC38A10 on brain sections by using double immunocytochemistry. 

Solute carrier proteins are expressed on the plasma membrane and the mem-
branes of other internal organelles like mitochondria, lysosomes, Golgi and 
endoplasmic reticulum (ER), and the transporter's cellular localization pro-
vides insight into its cellular function. In Paper I, we investigated the subcel-
lular localization of SLC38A10 (SNAT10 protein) in three cell lines: PC12, 
N25/2 and HEK293, and neurons derived from human embryonic stem cells 
(hESCs). We used a custom-made SLC38A10 rabbit polyclonal antibody and 
eGFP tagged and FLAG-tagged fusion proteins of SNAT10 to investigate the 
subcellular localization of SLC38A10. Co-localization studies of SNAT10 
with different ER and Golgi markers showed major co-localization of 
SLC38A10 with Golgi staining and partial overlap with ER markers. The sec-
ond aim of the paper was to understand the possible involvement of 
SLC38A10 in a cellular signaling pathway. Two members of the SLC38 fam-
ily, SLC38A2 and SLC38A9, are known to regulate mTOR signaling, which 
is known to regulate cellular metabolism and protein synthesis. We performed 
an RNAi knockdown study in PC12 cells with specific siRNA for SLC38A10. 
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We found that the knockdown of SLC38A10 resulted in a decreased rate of 
nascent protein synthesis. 

Key findings 
• SLC38A10 is expressed in both excitatory and inhibitory neurons in 

the mouse brain.  
• Subcellular localization of SNAT10 protein is localized to secretory 

organelles. SLC38A10 is expressed intracellularly, predominantly in 
the endoplasmic reticulum (ER) and in the Golgi apparatus.  

• Knockdown of SLC38A10 gene resulted in reduced nascent protein 
synthesis in PC12 cells, suggesting a probable role for SLC38A10 in 
protein synthesis. 
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SLC38A10 Knockout model 

To understand the molecular and cellular function of the SLC38A10 trans-
porter, we used a constitutive Knockout mice model in Paper III and Paper IV. 
Physiological characterization of mice deficient in SLC38A10 gives us excit-
ing results, reflecting a substantial point of the possible role of SLC38A10 in 
body metabolism. 

Body weight of SLC38A10 knockout mice 
SLC38A10 knockout embryo size, body weight and food intake were meas-
ured. The embryo size of SLC38A10 KO was measured at gestational day 
15.5, and no differences were observed (Lindberg et al., unpublished). How-
ever, body weight measurements of males and females showed lower body 
weight than WT males and females. In males, the body weight difference was 
seen at postnatal day 14, while in females, it could be seen at postnatal day 28 
for the SLC38A10 KO to WT mice. Figure 10 represents the difference be-

tween SLC38A10 KO and WT male and female mice. We observed differ-
ences in body weight in WT and SLC38A10KO increase with age, as shown 
in Figure 10; distinct differences could be seen between SLC38A10 KO and 
WT in males and females. This observation increases our curiosity to under-
stand the role of SLC38A10 in metabolism (91). 

 
 

Figure 10. Body weight measurements of male and female in WT and SLC38A10 KO 
mouse. (unpublished data)  
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Amino acid levels in the plasma of SLC38A10 KO mice  
We measured amino acid levels in plasma from SLC38A10 KO and WT; 
around 26 amino acids were detected, among those, 14 amino acids were 
changed in males (Figure 11). However, the difference in plasma amino acid 
levels suggests that loss of amino acid transporter SLC38A10 brings about a 
difference in amino acid metabolism reflected in their plasma levels.  

Plasma data and lower body weight indicated that there was a defect in body 
metabolism due to the knockdown of SLC38A10 in the knockout mice 
model(91). These interesting findings from the SLC38A10 knockout mice 
model motivate us to investigate the role of SLC38A10 on amino acid metab-
olism in the brain and signaling, which are addressed in Papers III and IV. 

Figure 11. Amino acid levels in plasma collected from WT and SLC38A10 KO. Blood was 
collected from adult mice, and the plasma was used for amino acid quantification by LC-
ESI-MSMS. Both (a) male (8 WT, 8 KO) and (b) female (8 WT, 8 KO) mice were used. 
Data represent amino acid levels analyzed with unpaired t-tests with Bonferroni correc-
tion. Statistical differences indicated with an asterisk sign (*).unpublished data 
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Paper III 

In Paper III, we try to understand the role of SLC38A10 under acute stress of 
oxidative and glutamate toxicity. We were interested in the effect of removing 
SLC38A10 on cell health under acute stress. We used hydrogen peroxide to 
induce oxidative stress and glutamate to induce glutamate excitotoxicity for a 
short time to replicate acute excitotoxicity and oxidative stress. Furthermore, 
we treated WT and SLC38A10 PCCs, with different concentrations of hydro-
gen peroxide (100 and 200 µM) or glutamate (100 and 500 µM) incubated for 
2 h at 37◦C (92)(93,94). Under chemically induced oxidative stress, loss of 
SLC38A10 affects the response to these stressors. Here, we measured cell 
health using MTS and ATP metabolic assay. Under hydrogen peroxide, treat-
ment SLC38A10 KO cells show lower viability and lower ATP levels, as they 
are affected lower than WT at basal; however, increased concentration of hy-
drogen peroxide does not affect cell viability or ATP levels. SLC38A10 KO 
cells show cellular resistance at different concentrations of hydrogen peroxide 
treatment. Specifically, under glutamate excitotoxicity, the effect on cell via-
bility remains low at the basal level and unaffected with glutamate treatment. 
Cell toxicity was measured to determine the extent of damage occurring to 
cells due to hydrogen peroxide and glutamate to SLC38A10 KO PCC com-
pared with WT. Cell toxicity was measured by monitoring cell membrane in-
tegrity using enzyme lactate dehydrogenase (LDH) assay. This assay provides 
details on whether primary cortex cells have damaged or ruptured membranes 
because of primary necrosis or secondary necrosis following apoptosis in-
duced as a result of treatment. Interestingly, we saw increased cell toxicity in 
response to glutamate toxicity treatment in SLC38A10 KO cells, under oxi-
dative stress effect, was lower. 

This could be because, as per our Paper IV findings, the intracellular amino 
acid concentration of SLC38A10 KO PCCs has increased the level of gluta-
mate and aspartic acid at basal conditions. This indicates loss of SLC38A10 
in KO-induced glutamate excitotoxicity in primary cortex cells at basal con-
dition. Therefore, the addition of excess glutamate is additive to the effect of 
glutamate toxicity that leads to increased cell death in SLC38A10 KO PCC, 
but cell viability remains unaffected.  
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Based on the above observation, we conclude that SLC38A10 KO cells are 
sensitive to stress, but as a result of increased concentration, it shows cellular 
resistance towards acute stress.  

Mitochondrial function is closely associated with glutamate metabolism and 
is known to play a key role in brain energy homeostasis and neurotransmission 
balance (95). We performed assays to determine mitochondrial function in 
brain cells under oxidative stress and glutamate toxicity. SLC38A10 KO PCC 
showed lower mitochondrial membrane potential (MMP) levels at basal level 
and under stress treatment (hydrogen peroxide and glutamate) compared with 
WT Lower MMP, which indicates mitochondrial dysfunction resulted possi-
bly because of loss of SLC38A10 in PCCs. Lower MMP indicates leaky mi-
tochondrial, which is more prone to induced cell death because of external 
stress.  

To explore possible downstream targets for cell survival and adaptation in-
duced under stress, we decided to measure the p53 tumor suppressor gene, 
which is a sequence-specific transcription factor that regulates the expression 
of genes involved in promoting growth arrest or cell death in response to nu-
merous types of stress. The p53 protein is well studied, where it has been 
shown how it affects neuronal cell death under chronic or acute oxidative and 
excitotoxicity stress. In SLC38A10 KO PCCs, we observed lower levels of 
p53 protein, which indicate possible neuroprotective type help for cellular ad-
aptation to cope with external stress. Neurological disorders such as Hunting-
ton's disease (HD), AD,  PD and stroke show pathophysiological symptoms 
are associated with increased glutamate level in neurons and lead to glutamate 
excitotoxicity. Our study indicates that loss of SLC38A10 affects primary cor-
tex cells and increases degeneration of neurons and the possibility of increased 
chances of neurodevelopmental or neurodegenerative disorders.  

The drawback of this study is that we have not performed a concentration 
dose-dependent gradient for the stressors that we used for induction of oxida-
tive and excitotoxicity in primary cortex cells. In this study, the objective was 
to investigate the effect of an absence of SLC38A10 in PCCs under stressed 
conditions, and it was important to administer the stressors at a dose that 
would allow the neuron to get affected but not lead to their complete death. 
Here, we chose already established concentrations for a short time interval to 
study its acute stress. The dose used in the current article has been used previ-
ously in many studies to understand the effect of oxidative stress and gluta-
mate excitotoxicity on primary neuronal and astrocyte cultures (96–98). Also, 
since our study's objective was to investigate the effect of SNAT10 knock-
down on the neuronal cells under stressed conditions, it was important to ad-
minister the neurons at a dose that will allow the neuron to get affected but 
not lead to their complete cell death. 
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Key Findings 
• SLC38A10 loss affects the number of healthy primary cortex cells, ATP 

levels and mitochondrial function at basal condition. 
• SLC38A10 KO cells show increased cell toxicity under oxidative stress 

and mainly glutamate toxicity but are predisposed to show resistance to-
wards increased concentration. 

• Loss of SLC38A10 results in a lower level of p53 and affected the mito-
chondrial function.  

• SLC38A10 possibly plays a key role in cell survival under acute stress.  
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Paper IV 

In Paper II, we found localization of SLC38A10 transporter in membrane-
bound cell organelles ER and Golgi, and their involvement in regulating pro-
tein synthesis. To further explore the role of SLC38A10 in the brain, we used 
a constitutive knockout model of SLC38A10 to determine the detailed meta-
bolic function in cortical cells. This is of particular interest because 
SLC38A10 can transport glutamine, glutamate and aspartate (57), which are 
key amino acids in the function of the two major neurotransmitter systems, 
GABA and glutamate, in the brain. The main part of this study was to inves-
tigate the possible involvement of SLC38A10 regulation of amino acid home-
ostasis and mTOR signaling. 

Part I– Amino acid metabolism  
To understand how SLC38A10 can affect intracellular concentrations of 
amino acids in PCCs, we measured intracellular free amino acids using LC 
MS/MS, which showed increased glutamate concentration in SLC38A10KO 
PCCs.  

We also used radiolabelled amino acids in uptake assays to understand the 
uptake mechanism in these cells for several amino acids, most importantly 
aspartic acid, glutamic acid and glutamine. Furthermore, we performed untar-
geted metabolomics to understand a possible metabolic dysregulation result-
ing from the removal of SLC38A10. We also investigated how metabolites 
from glycolysis, amino acid synthesis or fatty acid synthesis are affected in 
knockout PCCs.  

Part II– SLC38A10 transporter as an amino acid sensor for mTOR  
We performed amino acid starvation as described in Figure 12 to evaluate nu-
trient sensing by the mTOR pathway. After overnight B27 depravation, PCCs 
were subjected to complete amino acid starvation for two hours, followed by 
re-feeding for one hour with a complete amino acid mixture. Further, a down-
stream and upstream regulator of mTOR signaling were measured using a 
phospho protein array (Fig 7) and western blot for phospho-mTOR proteins. 
Protein phosphorylation is one key mechanism of mTOR signaling (99). It has 
been shown that lysosomal mTOR has a role in amino acid sensing and regu-
lating the cellular response to amino acid starvation. 
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Nutrient starvation affects cellular lysosomal 
function, which is coordinated with mTOR sig-
naling, involving the movement of mTOR from 
the lysosomes to other intracellular locations. 
Thus, to understand where mTOR is localized on 
SLC38A10 PCCs under amino acid starvation, 
we can use immunocytochemistry methods with 
LAMP1 as a lysosomal marker and mTOR pro-
tein. Localization of mTOR and LAMP further 
defines the effect on mTOR and Lamp-regulated 
amino acid mTOR signaling; importantly, the ly-
sosomal localization of mTORC1 that is induced 
by nutrients is a prerequisite. Transcriptional 
changes were measured with next-generation se-
quencing with AmpliSeq™ Transcriptome 
Mouse Gene Expression. It provides information 
on gene-level dysregulation as a result of remov-
ing the SLC38A10 gene from mice (100). 

SLCs are known to participate in the regulation 
and modulation of amino acid homeostasis. Cells 
need to ensure homeostasis of the pool of the 20-
biogenic amino acids to charge tRNAs molecules 
for protein biosynthesis. Accumulation of un-
charged tRNAs acts as signals for dysregulation 

of the intracellular amino acid pool. Uncharged tRNAs activate the general 
control GCN2 pathway, which inhibits the initiation of translation and, as a 
result, reduced demand for amino acids. In humans, there are over 50 different 
amino acid transporters, specifically localized in different cell types and intra-
cellular organelles, to participate in a specialized function. Some examples are 
localized to the plasma membrane, such as ASCT1, ASCT2, LAT1, 
SLC38A1, SLC38A2 (32), SLC38A6, SLC38A7 and SLC36A4 and some, 
such as SLC38A9, are localized to the lysosome (101)(14). We measured the 
intracellular amino acid concentration of AAs in SLC38A10KO primary cor-
tex cells (PCCs). Here, we detected an increased level of aspartic acid and 
glutamic acid at basal conditions in the PCCs from SLC38A10KO mice, 
which suggests a role of SLC38A10 in the regulation of glutamate homeosta-
sis in the brain. Glutamate is the main excitatory neurotransmitter in the brain, 
and regulation of glutamate concentration is crucial, as dysregulation can lead 
to other neuropathological conditions (48). Transporters possess a central role 
in the regulation of excitatory neurotransmission to block excitotoxicity ef-
fects resulting from high concentrations of glutamate in the brain (102)(103). 
This data was also supported by transcriptomic analysis performed on 
SLC38A10KO PCCs, where genes involved in glutamate transport, synthesis 

Figure 12. Amino acid 
starvation protocol 
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and degradation were affected. Pathway analysis using IPA integrated MAP 
function shows increased glutamate concentrations because of upregulation of 
SLC1A2/3 and SLC1A6/7 in glial cells and SLC17A, SLC1A1/4 and 
SLC1A6/7 in presynaptic neurons, indicating altered glutamate receptor sig-
naling. Transcriptional changes were also found in gene expression of fatty 
acid regulators SREBP1, SLC27A4, and SLC27A3, which, taken together, in-
dicated reduced fatty acid synthesis in SLC38A10KO cells. Globally, pathway 
analysis indicated changed expression of genes linked with transport of mol-
ecules, neurotransmission, fatty acid synthesis and glutamate signaling. This 
data indicates that removal of SLC38A10 results in dysregulation of neuronal 
signaling processes and metabolism in neurons, which is one of the neuropa-
thological factors in various neurological disorders (104)(105)(106). It sug-
gests that SLC38A10 could be involved in various neuropsychiatric and neu-
rodegenerative diseases and has a role in the glutamate-glutamine cycle in 
neurons. Glutamate excitotoxicity is an important factor in diseases like ALS, 
AD, and HD (107)(108). Interestingly, recent work suggests that SLC38A10 
could be a potential plasma biomarker of Alzheimer's Disease (58). 

Two members of the SLC38 family, SLC38A2 and SLC38A9, have been 
shown to regulate the mTOR pathway. Of these, SLC38A2 is found in the 
plasma membrane, and SLC38A9 is found in the lysosomal membrane. There-
fore, we were interested in studying the role of SLC38A10 in nutrient sensing 
in the mTOR pathway. We performed complete AAs starvation on PCCs for 
two hours after overnight B27 withdrawal. B27 Supplement is an optimized 
supplement for embryonic neuronal cultures. It consists of several compo-
nents: biotin, α-tocopheryl acetate, α-tocopherol, vitamin A, bovine serum al-
bumin, catalase, insulin, transferrin, superoxide dismutase, corticosterone, ga-
lactose, ethanolamine, glutathione, carnitine, linoleic acid, linolenic acid, pro-
gesterone, putrescine, selenium and also trido-l-thyronine, which is a potent 
regulator of mTORC2 complex in mTOR signaling (109). Our focus was to 
investigate the effects of amino acid withdrawal, so we deprived cells over-
night without B27 and performed complete amino acid starvation and re-feed-
ing experiments. We could show increased protein synthesis in PCCs cultures 
from SLC38A10 KO mice compared to cultures from WT mice, even in amino 
acid starved conditions. It shows that mTOR is not receiving a signal to shoot 
down protein synthesis in SLC38A10 KO cells. At normal conditions, amino 
acid starvation lowers p-S6 (a ribosomal protein) expression, but it remains 
unaffected in SLC38A10KO PCCs. The upstream regulator was also inhibited 
in KO PCCs. This data was supported by transcriptomic and pathway analysis, 
which indicated a dysregulated mTOR pathway in PCCs from SLC38A0 KO 
mice. Previous studies show the association of abnormal protein synthesis 
with abnormal neuronal morphology (110)(111). 
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Metabolomics data also show increased aspartic acid and glutamic acid in 
cells and some intermediate of the TCA cycle and fatty acid pathway. Re-
moval of SLC38A10 affects fatty acid synthesis, resulting in decreased cho-
lesterol levels in neurons. This can possibly be due to the mTORC1-mediated 
activation of SREBP1 and SREBP2, which regulate lipogenesis 
(112)(113)(111). It has been found that increased glutamate concentration in 
cells also affects cholesterol concentrations, and this is possibly a secondary 
effect that functions as a neuroprotective act to protect neurons 
(114)(115)(116). Alteration in cholesterol metabolism is implied in various 
neurodegenerative disorders such as AD, HD, PD (117)(118)(119).In conclu-
sion, we found SLC38A10 in the brain could possibly act as a glutamate sen-
sor to regulate mTORC1 signaling. It plays a key role in glutamate homeosta-
sis, either directly or indirectly and participates in the GGC cycle. The absence 
of SLC38A10 affects mTOR regulated protein synthesis and cholesterol ho-
meostasis. Changes in these pathways are vital in the pathogenesis of neuro-
logical disorders. Earlier studies suggested that SLC38A10 is a possible 
plasma biomarker for AD (58), and genetic studies have indicated its link with 
autism (120). The differences in the basal condition discovered from this study 
between WT and SLC38A10KO are represented as a graphical abstract in Fig-
ure 13, which focuses on the most important findings. Our study shows the 
indicative role of SLC38A10 in neurodegenerative, neurodevelopmental and 
neuropsychiatric diseases. Therefore, further research is needed to acquire in-
depth information on the pharmacological and functional importance of 

SLC38A10. 
  

Figure 13. Comparative difference in primary cortex cells WT and SLC38A10KO. 
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Key findings 
• SLC38A10 KO PCCs have a high concentration of glutamate and aspartic 

acid and play a vital role in the regulation of glutamate homeostasis. 
• SLC38A10 regulates amino acid-dependent mTORC1 to regulate protein 

synthesis. 
• Transcript data show downregulation of the essential genes TSC2 (Up-

stream regulator of mTOR) and ER localized SREBP-2 gene (cholesterol 
synthesis). 

• The absence of SLC38A10 affects the TCA and FA synthesis cycle and 
decreases levels of cholesterol in PCCs.  

• Loss of SLC38A10 affects transcriptional genes prone to increased neu-
rodegeneration of neurons. 

• SLC38A10 acts as a transceptor and might be a sensor in glutamate regula-
tion. 
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Overall Conclusion 

Decades of studies on how metabolites modulate cellular function and signal-
ing provide an understanding of different models of nutrient and metabolite 
sensing. We propose a model where SLC38A10 acts as a glutamate transcep-
tor to sense concentrations of glutamate and modulate mTOR signaling. We 
have collected evidence for the role of SLC38A10 as sensors of glutamate 
homeostasis in cells using a knockout model, which results in an imbalance in 
glutamate and glutamine levels because of an absence of this transporter. It 
fits well with a ternary model for metabolite sensing and signaling, with the 
role of transporters as transporters and receptors (28). Our current interpreta-
tion regarding signaling through the mTORC1 pathways is summarized 
in Figure 13. In this schema, it is evident that the SLC38A10 activities are 
likely to play an important part in determining the composition of the intra-
cellular glutamate amino acid pool and, hence, downstream mTOR signaling. 
Previous studies on members of the SLC38 family show that SLC38A2 acts 
as a transceptor, creating changes in cell metabolism under various conditions 
of physiological stress and that SLC38A9 is an arginine sensor controlling 
mTOR signaling. The mTOR kinase cannot function as an amino acid sensor 
itself.  

In the case of SLC38A9, information regarding levels of arginine is relayed 
to the CASTOR1 protein, which is further transferred to the mTOR signaling 
pathway. In SLC38A10KO PCCs, metabolomics data and transcriptomic data 
analysis using IPA indicate TSC2 as upstream targets of mTOR, which here 
is inhibited. It also shows changes in the expression of SREBP2, which affects 
fatty acid synthesis, predicting lower cholesterol levels, which we can also 
measure in our metabolomics analysis. The mTORC1 activity is inversely pro-
portioned to ER cholesterol through SREBP-2 activation. Conversely, a de-
crease in mTORC1 activity coincides with higher ER cholesterol and lower 
SERBP-2 activity. We have established a transceptor model of SLC38A10 in 
glutamate sensing and amino acid-dependent mTOR signaling to act as a reg-
ulating protein for protein and fatty acid synthesis, as represented in Figure 
13. It is known that glutamate levels affect ATP levels in neurons (95). Previ-
ous studies on knockdown of SLC38A11 (CG13743) in Drosophila melano-
gaster resulted in reduced body weight and reduced lipid- and glycogen pools 
(122). Loss of SLC38A10 increases glutamate, which leads to excitotoxicity 
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and possibly affects ATP levels of neurons and induces NMDA receptor sig-
naling. Excess of glutamate gives possibly secondary effects such as loss of 
mitochondrial membrane potential, which increase calcium homeostasis in ER 
and mitochondria, leads to increase ROS in primary cortex cells and lower 
cholesterol. Resulted cellular changes can affect neuronal cell morphology. 

We found SLC38A10 acts more like a sensor for glutamate than as a trans-
porter. Another interesting fact regarding the SL38A10 transporter is about 
the long C-terminal, which we assume to be localized cytoplasmically and 
participates mainly in the signaling process, coordinating with ER stress and 
protein degradation process. The primary source of energy in the brain is glu-
cose, but previous studies have shown that neurons use the oxidation of glu-
tamate to convert it into glucose to stay alive and protect cells from excitotox-
icity (11). In metabolomics data, we found increased glucose levels in 
SLC38A10 PCC, which indicates that excess intracellular glutamate has been 
utilized by mitochondrial and converted into glucose. As a result, its concen-
tration drops in neurons (123,124), thus protecting cells against excitotoxicity 

as a result of the loss of a glutamate sensor. 

Figure 14. Schematic model of showing effect of absence of SLC38A10 .Absence 
of SLC38A10 makes it difficult to inhibit active glutamine transporter, e.g. 
SLC38A2/SLC38A1 or glutamate/aspartate transporter, e.g. SLC1A2 leads to ex-
cess of glutamate excitoxicity in primary cortex cell. 
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 It is well known that not all transporters have a good ability to transport amino 
acids. Some transporters are poor transporters, acting mainly as receptors and 
performing the function of a transreceptor, where they co-ordinate the main 
signaling pathway to maintain cellular function for growth and proliferation. 
In Figure 15, we illustrate the possible role of SLC38A10 as a poor trans-
porter, acting mainly as a modulator for signaling pathway to maintain cellular 
homeostasis; nonetheless, we still do not have any information on what the 
sensing complex component could be that is interacting with mTOR to result 
in these changes in cells. This question remains unanswered and provides a 
vast opportunity to investigate further in-depth involvement in signaling cas-
cade regulation in the brain. 

Figure 15. Represents possible action of SLC38A10 as poor transporter, acting 
mainly as a transceptor for regulating glutamate and protein synthesis. 
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Prospectives 

One of the most interesting for the future would be to discover the interacting 
partner of the SLC38A10 transporter. Our findings have provided insight into 
the possible link of SLC38A10 with metabolic disorders. Therefore, it will be 
exciting to see the knockout effect on other tissues related to metabolic pro-
cesses such as the pancreas, liver, muscles and diabetes. We do not know the 
exact reason for growth retardation in SLC38A10 knockout mice, which could 
be attractive to further study in detail. SLC38A10 is ubiquitously expressed 
and could possibly play a key role in metabolic disorders. Further, detailed 
studies of behaviors of knockout mice need to be performed, which will pro-
vide more information associated with biological function in the whole body. 
It is also important to study possible ER stress and ubiquitination pathway in 
detail because when we knock down SLC38A10 for a short time, it leads to 
reduced protein synthesis. And also because ER stress could result in UPR 
pathway upregulation and increase autophagy which could explain the in-
crease in protein synthesis observed in SLC38A10 KO cells. One aspect that 
should be carefully investigated is the role of SLC38A10 in growth disorders, 
using the postnatal SLC38A10 knockdown model, either with a late-onset Cre 
mice or by using CRISPER CAS-9 technology to remove possible limitations 
due to full knockout mice resulting in compensatory effects. Secondly, a study 
performing an organ-specific model could be exciting since SLC38A10 is ex-
pressed ubiquitously. This would allow us to understand its role in particular 
tissues and organs, for example, to address the role of SLC38A19 in bone or 
other endocrine functions. The effect of SLA38A10 can also be investigated 
using the aging model since previous studies have shown an association be-
tween aging and SLC38A10 polymorphisms in human genetic association 
studies.  
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Popular scientific summary 

Metabolite Gatekeeper as hope for brain metabolic disorders 

Have you ever wondered how your brain cells get food? Smartly, your 
brain has employed smart people to transport food smoothly, both in and out 
of brain cells. These are nothing but transporters that can supply nutrients in 
and out of human cells. Membrane proteins act as post office guards, allowing 
molecules like glucose to cross into the cells, and are called transporters. This 
group of nutrient transporters supply brain cells with nutrients such as carbo-
hydrates, proteins, fats, vitamins, water and ions. They also regulate the entry 
of drugs into the different organs of the body. These transporters carry specific 
molecules and deliver them to target areas, similar to how a city post office 
handles various letters and parcels. Think of these membrane transporters as 
specialised GATES. 

In some cases, these gatekeepers go on strike or forget its job forever, affecting 
the brain's normal function. Similarly, in the brain, we have a number of these 
transporters called solute carriers, or in short SLCs. Not all SLCs are studied 
thoroughly, but they are still important and can play a key role in helping us 
to find potential drug targets for several human diseases. In this thesis, we 
have focused on one of the SLC38 family members, specifically SLC38A10. 
This SLC has been studied very little; thus, we have very little information 
about this transporter. We have used different methods to investigate its role, 
specifically in the brain, which is the main controlling organ of the body. The 
condition of the brain needs to be at its absolute best, and it should at all times 
get sufficient food such as sugar, vitamins, fats and proteins. Here, we have 
focused on SLC38A10, which transports amino acids, which are needed to 
build protein. Failure in this process disturbs the brain’s internal environment, 
changing the nutrient balance and leading to various disease conditions rang-
ing from Alzheimer's disease (AD) and amyotrophic lateral sclerosis (ALS) to 
schizophrenia and autism. 

Here, we focused on a transporter called SLC38A10. This transporter appears 
to be involved in some brain disorders, for example, AD and autism. You can 
say SLC38A10 is a worker who has refused to act or has fallen ill, unable to 
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perform its purpose of transporting amino acids such as glutamine, glutamate 
and aspartic acid into nerve cells, most likely resulting in brain disorders.  

To understand what SLC38A10 does in the brain, we have used mice without 
this transporter. Let's call these mice knock out, or KO as short. Interestingly, 
when mice do not have SLC38A10, they are 20% smaller than normal mice, 
which excites what could happen during nutrient metabolism in the mice’s 
body. We focused on the brain cell and experimented with amino acid starva-
tion and cellular stress to see if the mice have any problem with their nutrient 
balance, and if they can manage this stress better or worse than normal cells, 
which have SLC38A10 gene intact. Interestingly, brain cells that do not have 
SLC38A10 are not good under amino acid starvation or cellular stress. 

On the contrary, they have an excess of the amino acid glutamate, which is 
not good for the brain. Excess of glutamate affects other cell functions, mainly 
the synthesis machinery mTOR (master of the regulator) and produces more 
protein. When these cells were placed in hydrogen peroxide and excess gluta-
mate was added, the number of dead brain cells increased in cells without 
SLC38A10. Still, when these chemical concentrations increase, there was no 
effect on these cells. This means SLC38A10 knock out makes the cell more 
resistant to oxidative and glutamate stress. The overall conclusion from our 
studies is that SLC38A10 is a very important protein to maintain amino acid 
balance in normal cells. It can play a key role in metabolic diseases such as 
diabetes. It has also affected the growth function of mice that do not have 
SLC38A10. Therefore, it would be interesting to study the protein, with a fo-
cus on the brain and metabolic diseases. In the future, these transporters may 
be drug targets and assist in the treatment of various metabolic and neuro-
degenerative diseases, with drugs acting on SLC38A10 to help restore the 
cells’ nutrient balance back to normal. 
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िव ान संचार 

मि त क चयापचय सबंधंी िवकार  के िलए आशा के प म 
मेटाबोलाइट वारपाल 
 

 क्या आपने सोचा है िक आपके मिस्तष्क की कोिशकाओ ंको भोजन कैसे िमलता है 

?  सुव्यविस्थत ढंग से, उसने अपने स्माटर् पोषक तत्व को मानव कोिशकाओ ंके अदंर और बाहर िनयोिजत 

िकया है। ये कुछ और नही ंबिल्क पिरवाहक हैं, जो मानव कोिशकाओ ंके अंदर और बाहर पोषक तत्वो ंकी आपूिर्त 

कर सकते हैं। िझल्ली प्रोटीन डाक घर सुरक्षाकमीर् के रूप में कायर् करते हैं, जो ग्लूकोज जैसे अणुओ ंको कोिशका में 

पार करने की अनुमित देते हैं, और इन िझल्ली प्रोटीनो ंको पिरवाहक कहा जाता है। पोषक तत्वो ंके पिरवाहको ंका यह 

समूह मिस्तष्क की कोिशकाओ ंको काबोर्हाइड्रेट, प्रोटीन, वसा िवटािमन, पानी और आयनो ं जैसे पोषक तत्वो ंकी 

आपूिर्त करता है। ये शरीर के िविभन्न अंगो ंमें दवाओ ंके प्रवेश को भी िनयंित्रत करते हैं। ये ट्रासंपोटर्र िविशष्ट अणुओ ं

को वहन करते हैं और उन्हें लिक्षत स्थानो ंपर पहंुचाते हैं, ठीक उसी तरह जैसे शहर का डाकघर िविभन्न पत्रो ंऔर पासर्ल 

को संभालता है। इन िझल्ली पिरवाहको ंको िवशेष द्वार के रूप में सोचें। 
 

 कुछ मामलो ंमें, ये द्वारपाल हड़ताल पर चले जाते हैं या अपना काम हमेशा के िलए भूल जाते 

हैं, िजससे मिस्तष्क की सामान्य कायर्प्रणाली प्रभािवत होती है। इसी तरह, मिस्तष्क में, हमारे पास ऐसे कई पिरवाहक 

हैं िजन्हें िवलेय वाहक कहा जाता है, या संक्षपे में SLCs। सभी SLCs का अच्छी तरह से अध्ययन नही ंिकया गया 

है, लेिकन वे अभी-भी महत्वपूणर् हैं और कई मानव रोगो ंके िलए संभािवत दवा लक्ष्य खोजने में हमारी मदद करने में 

महत्वपूणर् भूिमका िनभा सकते हैं। इस शोध में, हमने SLC38 पिरवार के एक सदस्य पर ध्यान कें िद्रत िकया ह,ै 

िजसका नाम SLC38A10 है। इस SLCs का बहुत कम अध्ययन िकया गया है और शुरुआत में हमें इस पिरवाहक 

के बारे में बहुत कम जानकारी थी। हमने इसकी भूिमका की जाचं करने के िलए िविभन्न तरीको ंका प्रयोग िकया है, 

िवशेष रूप से मिस्तष्क में, जो शरीर का मुख्य िनयंत्रण अंग है। मिस्तष्क की िस्थित सबसे अच्छी होनी चािहए और उसे 

हर समय पयार्प्त भोजन जैसे: शक्कर, िवटािमन, वसा और प्रोटीन िमलना चािहए। यहा ँहमने SLC38A10 पर ध्यान 

कें िद्रत िकया ह,ै जो प्रोटीन बनाने के िलए आवश्यक अमीनो अम्ल का पिरवहन करता है। इस प्रिक्रया में िवफलता 

मिस्तष्क को परेशान करती है आतंिरक वातावरण पोषक तत्व संतुलन को बदल देता है िजससे अल्जाइमर रोग और 

एिमयोट्रोिफक लेटरल स्क्लेरोिसस )एएलएस (क की बीमािरयो ंमें िविभन्न रोग से लेकर िसज़ोफे्रिनया और ऑिटज़्म त

की िस्थित पैदा हो जाती है। 
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 यहा ँहमने SLC38A10 नाम के एक पिरवाहक पर ध्यान केिन्द्रत िकया  है। उदाहरण के 

िलए, यह पिरवाहक मिस्तष्क में िकसी िवकार में शािमल प्रतीत होता है। अल्जाइमर रोग और आत्मकें िद्रत। आप कह 

सकते हैं िक SLC38A10 एक ऐसा कायर्कतार् है िजसने कायर् करने से इनकार कर िदया है या बीमार पड़ गया है, 
ग्लूटामाइन, ग्लूटामटे और एस्पािर्टक एिसड जैसे अमीनो अम्ल को तंित्रका कोिशकाओ ंमें ले जाने के अपने उदे्दश्य को 

पूरा करने में असमथर् है, िजसके पिरणामस्वरूप मिस्तष्क संबंधी िवकार होने की संभावना है। 

 यह समझने के िलए िक SLC38A10 मिस्तष्क में क्या कर रहा है,  हमन ेिबना इस पिरवाहक 

के चूहो ंका इस्तमेाल िकया है। आइए, इन चूहो ंको नॉक आउट कहें, या संक्षपे में KO कहें। िदलचस्प बात यह है िक 

जब चूहो ंमें SLC38A10 नही ंहोता है,  तो वे सामान्य चूहो ंकी तुलना में 20 प्रितशत छोटे होते हैं, जो चूहो ंके 

शरीर में पोषक तत्वो ंके चयापचय के अदंर क्या हो सकता है, इसे उत्सािहत करते हैं। हमने मिस्तष्क कोिशका पर 

ध्यान कें िद्रत िकया और अमीनो अम्ल भुखमरी और ऑक्सीडेिटव / ग्लूटामेट तनाव के साथ प्रयोग िकया , यह देखन े

के िलए िक क्या उन्हें अपने पोषक तत्व संतुलन में कोई समस्या है, और क्या वे इस तनाव को सामान्य कोिशकाओ ंकी 

तुलना में बेहतर या बदतर प्रबंिधत कर सकते हैं, िजनमें SLC38A10 जीन बरकरार है। िदलचस्प बात यह है िक 

मिस्तष्क की कोिशकाएं िजनमें SLC38A10 नही ंहै, अमीनो अम्ल भुखमरी या ऑक्सीडेिटव या ग्लूटामेट तनाव के 

तहत अच्छी नही ंहैं। 
 इसके िवपरीत, उनमें अमीनो अम्ल ग्लूटामेट की अिधकता होती ह,ै जो मिस्तष्क के िलए अच्छी 
नही ंहै। ग्लूटामेट की अिधकता अन्य कोिशका के कायर्  मुख्य संश्लेषण मशीनरी एमटीओआर )िनयामक के मास्टर (

है और अिध  को प्रभािवत करती क प्रोटीन पैदा करती है। जब इन कोिशकाओ ंको हाइड्रोजन पेरोक्साइड के तहत रखा 
गया और अितिरक्त ग्लूटामेट िमलाया गया, तो िबना SLC38A10 नॉक आउट (KO) के कोिशकाओ ंमें मृत 
मिस्तष्क कोिशकाओ ंकी संख्या में वृिद्ध हुई, िजससे कोिशका सादं्रता बढ़ गई, इन कोिशकाओ ंपर कोई प्रभाव नही ं
पड़ा। इसका मतलब है िक SLC38A10 नॉक आउट सेल को ऑक्सीडेिटव और ग्लूटामेट तनाव के प्रित अिधक 
प्रितरोधी बनाता है। हमारे अध्ययन से समग्र िनष्कषर् यह है िक सामान्य कोिशका आतंिरक अमीनो अम्ल संतुलन बनाए 
रखने के िलए SLC38A10 एक बहुत ही महत्वपूणर् प्रोटीन है। यह मधुमेह जैसे चयापचय रोग में महत्वपूणर् भूिमका 
िनभा सकता है या इसने चूहो ंकी वृिद्ध के कायर् को प्रभािवत िकया है िजनमें SLC38A10 नही ंहै। अतः मिस्तष्क 
और चयापचय रोग पर ध्यान कें िद्रत करके प्रोटीन का अध्ययन करना अच्छा हो सकता है। भिवष्य में, ये पिरवाहक 
िविभन्न चयापचय और न्यूरोडीजेनेरेिटव रोगो ं के सहायक उपचार के िलए दवा लक्ष्य बन सकते हैं, िजसमें 
SLC38A10 पर काम करने वाली दवाएं कोिशकाओ ंके पोषक तत्व संतुलन को वापस सामान्य करने में मदद करती 
हैं।  

(Translation performed by Manish Kumar Srivastava ) 
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Populärvetenskaplig sammanfattning 

Portvakter som energibärare en hjälp för hjärnans metabola stör-
ningar 

Har du undrat hur dina hjärnceller får mat? Smart nog använder vår hjärna 
speciella transportvägar för att bära mat smidigt in och ut ur hjärnceller. Dessa 
är inget annat än transportörer som kan leverera näringsämnen in och ut från 
mänskliga celler. Membranproteiner fungerar som portvakter så att molekyler 
som glukos kan passera in i cellen, och dessa membranproteiner kallas trans-
portörer. Denna grupp av näringstransportörer försörjer hjärnceller med nä-
ringsämnen som kolhydrater, proteiner, fett, vitaminer, vatten och joner. 
Dessa reglerar också läkemedelsupptag i olika kroppsorgan. Dessa transpor-
törer bär specifika molekyler och levererar dem dit de ska, en liknelse skulle 
vara hur ett postkontor hanterar olika brev och paket. Tänk på dessa membran-
transportörer som specialiserade portar eller färjor. I vissa fall strejker dessa 
portvakter eller lägger ned sitt jobb för alltid, vilket påverkar hjärnans normala 
funktion.  

Vi har i hjärnan ett antal av dessa transportörer som kallas lösningsbärare, eller 
i korthet SLC. Många SLC:er har inte studerats så noggrant, men de är fortfa-
rande viktiga och kan spela en nyckelroll i att vara måltavlor för nya läkeme-
del för flera av hjärnans sjukdomar. I denna avhandling har vi fokuserat på en 
av medlemmarna i SLC38-familjen, som heter SLC38A10. Denna SLC är väl-
digt lite studerad och vi hade i början väldigt lite information om denna trans-
portör. Vi har använt olika metoder för att undersöka dess roll, särskilt i hjär-
nan, som är kroppens huvudsakliga kontrollorgan. Hjärnans energitillstånd 
måste alltid vara i balans, och det måste alltid finnas tillräckligt med energi. 
Här har vi fokuserat SLC38a10, som transporterar aminosyra som behövs för 
att bygga protein. Fel i denna process stör hjärnans inre miljö och förändrar 
näringsbalansen som leder till olika sjukdomstillstånd som sträcker sig från 
Alzheimers sjukdom och amyotrofisk lateral skleros (ALS) till schizofreni och 
autism. 

Här har vi fokus på en transportör som heter SLC38A10. Denna transportör 
verkar vara involverad i flera av hjärnans sjukdomar, till exempel Alzheimers 
sjukdom och autism. Du kan säga att SLC38A10 är en arbetare som har vägrat 
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att agera eller har blivit sjuk, inte kan utföra sitt uppdrag att transportera ami-
nosyror som glutamin, glutamat och asparaginsyra in i nervcellerna, vilket tro-
ligen är en del av orsaken bakom dessa sjukdomar. 

För att förstå vad SLC38A10 gör i hjärnan har vi använt möss utan denna 
transportör. Låt oss kalla dessa knock out möss, eller kort KO. Intressant är 
att när möss inte har SLC38A10 är de 20% mindre än vanliga möss, vilket 
indikerar något om vad som kan hända med näringsämnesomsättningen i mös-
sens kroppar. Vi fokuserade på hjärnceller och experimenterade med aminosy-
rasvält och cellular stress för att se om de har några problem med sin närings-
balans, och om de kan hantera denna stress bättre eller sämre än normala cel-
ler, som har SLC38A10 genen intakt. Intressant nog klarar hjärnceller som 
inte har SLC38A10 sig inte bra under aminosyrasvält och inte heller under 
cellular stress. 

Däremot har de ett överskott av aminosyran glutamat, vilket inte är bra för 
hjärnan. Överskott av glutamat påverkar ett protein som heter mTOR, som är 
huvudregulatorn för cellernas energibalans, och får dessa att producera mer 
protein. När dessa celler exponerades för väteperoxid eller överskott av gluta-
mat ökade antalet döda hjärnceller i odlingar utan SLC38A10. Intressant var 
också att när koncentrationen av dessa kemikalier ökade, ökade inte effekten 
på de celler som saknar SLC38A10 i samma grad som celler med en funge-
rande SLC38A10 gen. Den övergripande slutsatsen från våra studier är att 
SLC38A10 är ett mycket viktigt protein för att upprätthålla normal aminosy-
rabalans i nervceller. Den kan även spela en nyckelroll vid metabola sjukdo-
mar som diabetes, eftersom den har visat sig påverka tillväxten hos möss. Så 
det kan vara av stort intresse att studera proteinet med fokus på hjärnans sjuk-
domar. men även metabola sjukdomar i periferin. I framtiden kan dessa trans-
portörer bli måltavlor för läkemedel för behandling av olika metabolia och 
neurodegenerativa sjukdomar då läkemedel som verkar på SLC38A10 skulle 
kunna återställa cellernas näringsbalans till det normala. 
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