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Abstract

Major depressive disorder (MDD) is one of the most severe global health problems
with millions of people affected, however, the mechanisms underlying this disor-
der is still poorly understood. Genome-wide association studies have highlighted a
link between the neutral amino acid transporter SLC6A15 and MDD. Additionally,
a number of preclinical studies support the function of this transporter in modulating
levels of brain neurotransmitters, stress system regulation and behavioural pheno-
types related to MDD. However, the molecular and functional mechanisms involved
in this interaction are still unresolved. Therefore, to investigate the effects of the
SLC6A1S5 transporter, we used hippocampal tissue from Slc6al5-KO and wild-type
mice, together with several in-vitro assays in primary hippocampal neurons. Utilizing
a proteomics approach we identified differentially regulated proteins that formed a
regulatory network and pathway analysis indicated significantly affected cellular do-
mains, including metabolic, mitochondrial and structural functions. Furthermore, we
observed reduced release probability at glutamatergic synapses, increased mitochon-
drial function, higher GSH/GSSG redox ratio and an improved neurite outgrowth in
primary neurons lacking SLC6A1S5. In summary, we hypothesize that by control-
ling the intracellular concentrations of neutral amino acids, SLC6A15 affects mito-
chondrial activity, which could lead to alterations in neuronal structure and activity.
These data provide further indication that a pharmacological or genetic reduction of

SLC6AI1S activity may indeed be a promising approach for antidepressant therapy.
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1 | INTRODUCTION

According to the World Health Organization (WHO), major
depressive disorder (MDD) is the leading cause of disability,
with more than 300 million people suffering worldwide (James
et al., 2018; Wittchen et al., 2011). While pharmacological and
non-pharmacological treatments exist, many patients remain
unresponsive to medication, there is a high relapse rate in those
initially successfully treated (Schumann et al., 2014), and the
medication often has significant side effects. These shortcom-
ings in MDD treatment partly result from our lack of under-
standing of the molecular and cellular processes that transmit
the intricate interaction of genetic and environmental risk fac-
tors and illustrate the urgent need for research in this field.

In the vast wake of genome-wide association studies
(GWAS) and meta-analysis studies trying to pinpoint ge-
netic risk factors for psychiatric disorders, SLC6A15 has
recently gained attention due to several publications impli-
cating the gene in the etiology of MDD. Single nucleotide
polymorphisms (SNPs) near SLC6A 15 correlated with MDD
prevalence and stress vulnerability (Kohli et al., 2011), and
hypothalamus-pituitary-adrenal (HPA) axis regulation and
memory (Schuhmacher et al., 2013). Recently, another SNP
in close proximity to SLC6A 15 reached genome-wide signif-
icance in a joint study that associated 15 genetic loci with the
risk of MDD (Hyde et al., 2016).

SLC6A15 (also referred to as B(0)AT2 or v7-3) is a
member of the well-known solute carrier 6 protein family,
the more prominent members being the serotonin transporter
(SLC6A4) and the norepinephrine transporter (SLC6A2).
The protein encoded by SLC6AI15 is a sodium-dependent
symporter for neutral amino-acids, with the major substrates
being proline, the essential branched amino acids leucine
and isoleucine, and the methyl donor methionine (O’Mara
et al., 2006; Takanaga et al., 2005). It is expressed in a small
percentage of neurons in the hippocampus, the amygdala
and other limbic regions (Zeisel et al., 2015), as well as in
the olfactory bulb, the cortex and the cerebellum (Farmer
et al., 2000; Inoue et al., 1996). Despite the transporter's
highly abundant substrates and restricted expression, a com-
plete ablation of the gene in mice reduces leucine and proline
uptake into cortical synaptosomes by 40% and 15%, respec-
tively (Drgonova et al., 2007). Furthermore, ablation reduces
the overall tissue content of its substrates in the hippocampus,
but also tissue glutamate and GABA levels in hippocampus
and prefrontal cortex (PFC; Santarelli et al., 2015, 2016).
Moreover, behavioural studies have implicated this gene in
coping with stress: knock-out (KO) mice show increased
baseline corticosterone levels, but also a stronger downreg-
ulation of corticosterone (CORT) 90 min after acute stress,
and an increased latency to float in the forced swim test as
compared to wild-type (WT) mice (Santarelli et al., 2016).
Chandra and colleagues down-regulated SLC6A15-levels in

D2-neurons of the nucleus accumbens of mice and found an
increased susceptibility to subthreshold social defeat stress
in the social interaction test, while restoration of SLC6A15
expression rescued normal behaviour (Chandra et al., 2017).

Although there is converging evidence that SLC6A1S ex-
pression impacts brain chemistry and mouse behaviour, the
underlying mechanisms are as yet obscure. Possible modes
of action comprise a direct effect of the altered proline avail-
ability on glutamate synthesis, metabolic effects of altered
essential branched amino acid levels, e.g., via the mTOR
pathway, and epigenetic effects due to the reduced abundancy
of methionine-derived methyl groups. Therefore, we first
used proteomics on tissue extract of the mouse hippocampus,
the major site of SLC6A15 expression in the mouse brain, to
get an indication of pathways affected by a KO of Sic6al5
and then followed up on different cellular functions associ-
ated with substrates of the transporter as well as glutamate
in primary neurons, i.e., electrophysiology, oxidative phos-
phorylation, redox state and neurite outgrowth. We found
that SLC6A15 KO leads to reduced frequency of AMPA-
mediated mEPSCs, whereas cell metabolism and neurite out-
growth were increased.

2 | MATERIALS AND METHODS

2.1 | Animals

All the procedures involving animals were carried out ac-
cording to the European Communities Council Directive
2010/63/EU and approved by the committee for the Care
and Use of Laboratory Animals of the Government of Upper
Bavaria, Germany. Slc6al5-KO mice on C57BL/6J back-
ground were kindly provided (Drgonova et al., 2007) and
kept as in house colony at standard housing conditions in-
cluding chow and water ad libitum. Animals for proteomics
were generated from heterozygous breeding pairs, while em-
bryos for primary cell culture were generated from homozy-
gous breeding pairs.

2.2 | Proteomics

Protein expression profiles were generated using whole pro-
teome analysis on dorsal hippocampi extracted from adult
(3-6 month old) male Sic6al5-KO and WT mice (n = 3-5

per group).

2.2.1 | Sample preparation

Tissues were homogenized in a lysis buffer contain-
ing 1% sodium deoxycholate, 10 mM TCEP and 40 mM
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chloroacetamide in 25 mM Tris, pH 8.5. Homogenized
samples were heated at 95°C for 2 min. Samples were di-
luted onefold with water and digested at 37°C using endo-
proteinase lysC (Wako Pure Chemicals, Fujifilm) for two
hours. Subsequently, the samples were further digested using
trypsin (Promega) overnight. Digested peptides were purified
using StageTips (Rappsilber et al., 2003).

2.2.2 | Liquid chromatography mass
spectrometry

Peptides were loaded on an in-house packed column (50 cm
long, 75 pym inner diameter packed with 1.9 um C18 beads
from Reprosil) using the autosampler of Easy nLC 1200
(Thermo Scientific) and sprayed directly into Q Exactive HF
mass spectrometer (Thermo Scientific). The mass spectrom-
eter was operated in a data dependent mode with up to Top15
precursors (Nagaraj et al., 2012) were selected for fragmenta-
tion by HCD.

2.2.3 | Data analysis

Raw data were processed in MaxQuant (Cox & Mann, 2008)
computational software version 1.6.0.15 and protein and pep-
tide identification were filtered at 1% false discovery rate.
Match between the runs feature was enabled and MaxLFQ
algorithm (Cox et al., 2014) was used for protein quantifica-
tion. Candidate proteins and the remaining whole proteome
data (n = 6,404 proteins) were analysed for the effect of group
(WT vs. SLC6A15 KO). For the full proteome analysis, p
value distributions were visualized, indicating a signal for the
effect of group. Given that the whole proteome analysis is
exploratory and within a small sample, we used a nominal
p-value cutoff <.05, and report these top effects of SLC6A15
KO on the hippocampal proteome, although we additionally
report the Benjamini-Hochberg false discovery rate.

We then performed a gene-annotation enrichment analy-
sis in DAVID (Database for Annotation, Visualization and
Integrated Discovery) 6.8 (Dennis et al., 2003) using differen-
tially expressed genes in KO versus WT mice with a nominal
p-value smaller than .05 and the mus musculus background.

2.3 | Primary cell culture

Hippocampal neurons were generated from E15-16 pups
using a standard primary neuron cell culture protocol. All
materials were purchased from Thermo Fisher Scientific, un-
less stated otherwise. Briefly, dissected hippocampi were har-
vested in ice-cold dissection medium (HBSS, 7 mM HEPES,
2 mM L-glutamine, 500 U/ml penicillin-streptomycin, all
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Gibco®, Thermo Fisher Scientific) and dissociated using
0.25% Trypsin-EDTA (Gibco®) in a humidified incubator
at 37°C and 5% CO,. Cells were washed with serum me-
dium (DMEM, 1% FBS, Gibco®), collected in growth me-
dium (Neurobasal A medium, 1Xx B27 supplement, 0.25%
GlutaMAX, all Gibco®) and seeded on clear Nunclon™
Delta 24-well plates with coverslips (12 mm, Menzel),
Seahorse XF96 plates (Agilent) or black Nunclon™ 96-well
plates with optical bottom. All plates/coverslips were subse-
quently coated overnight with 0.05 mg/ml poly-D-lysine in
0.15M borate buffer (pH = 8.4) and for 3—6 hr with 0.5-2 pg/
ml laminin (Sigma Aldrich). Cells were seeded in 24-well
plates at a density of 6 X 10* cells in 1 ml growth medium,
in XF96 plates at 1.2 X 10* cells in 150 ul growth medium or
in 96-well plates at 1.2 X 10* cells in 200 ul growth medium.
Only the 60 inner wells of a 96-well plate were used for ex-
periments, the wells of the outer rim were filled with water.
All cultures were kept in a humidified incubator at 37°C and
5% CO,.

2.4 | Electrophysiology

AMPA receptor-mediated miniature excitatory postsyn-
aptic currents (mEPSCs) in cultured hippocampal neurons
(older than D17) were recorded at room temperature (23—
25°C) using an EPC9 amplifier (HEKA Electronic; Cuboni
et al., 2014). Cells were continuously superfused with an ex-
tracellular solution (saturated with carbogen gas (95% O,/5%
CO,), 2-3 ml/min flow rate) containing (in mM): 125 NaCl,
2.5 KCl, 25 NaHCOs, 1.25 NaH,PO,, 2 CaCl,, 1 MgCl,, 25
D-glucose, 0.001 TTX, 0.05 APV, and 0.02 bicuculline me-
thiodide (pH 7.4). The patch pipettes (4—6 MQ open-tip re-
sistance) were pulled from borosilicate glass capillaries and
filled with a solution consisting of (in mM): 125 CsCH;SO;3,
10 HEPES, 0.5 EGTA, 8 NaCl, 10 phosphocreatine, 4 Mg-
ATP, and 0.3 GTP (pH 7.4, all potentials were corrected
for a liquid junction potential of 10 mV). Visually guided
somatic whole-cell voltage-clamp measurements (>1 GQ
seal resistance, <20 MQ series resistance) were performed
at =70 mV and mEPSCs were recorded 5 min after “break
in” into the cell for 5 min. Recording data were low-pass fil-
tered at 1.3 kHz and digitized at 6.5 kHz. Off-line analysis
of mEPSCs was conducted using the Mini Analysis Program
(Synaptosoft).

2.5 | Plate-based respirometry (seahorse
technology)

To capture differences of mitochondrial respiration between
WT and SLC6A15-KO neurons, oxygen consumption was
measured in intact D17-21 primary hippocampal neurons
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seeded at 1.5 x 10* cells per well in a Seahorse XF96-well
microplate using the Seahorse XF96 Analyser (Agilent).
Cells were washed with 100 pl Seahorse XF base medium
(Agilent) per well and the assay was performed in 180 ul of
Seahorse XF base medium. The previously water-filled rim
wells were used as blanks.

Oxygen consumption rate (OCR) was measured under
basal condition in Seahorse XF base medium containing
25 mM glucose and after injection of compounds interacting
with the mitochondrial oxidative phosphorylation machin-
ery. Compounds were injected as described in Figure S1.
Briefly, ATP synthase was inhibited by 1 ug/ml of oligomy-
cin (Sigma-Aldrich) to assess ATP-associated respiration.
The mitochondrial proton gradient was uncoupled from ATP
production by addition of the ionophore 2,4-Dinitrophenol
(DNP, Sigma-Aldrich) (100 uM) in order to induce maximal
respiration and calculate spare respiratory capacity. Finally,
mitochondrial respiration was completely inhibited by addi-
tion of 2 uM rotenone and 2 uM antimycin A (both Sigma-
Aldrich) to assess non-mitochondrial respiration and subtract
it from the total measured OCR.

In order to assess if the availability of SLC6A15-substrates
proline and leucine has any acute effects on respiration in WT
compared to KO cells, OCR was measured in Seahorse XF
base medium without glucose or pyruvate before and after in-
jection of 0.07 mM proline or 0.80 mM leucine, respectively.
The doses for proline and leucine were based on the respec-
tive concentrations in the Neurobasal A growth medium, in
which the cells where grown.

2.6 | ATP
ATP content was measured in WT and KO primary hip-
pocampal neurons seeded at 1.4 x 10* cells per well using
the Promega CellTiter-Glo® Kit (Promega) according to the
manufacturer's instruction with an integration time of 1 min.
Only the inner 60 wells were seeded with cells, the wells of
the outer rim were filled with water and some of them were
used as blanks.

2.7 | Glutathione

GSH and GSSG, the reduced and oxidized form of glu-
tathione, were measured using the GSH/GSSG-Glo™ Assay
(Promega) on D18 in primary hippocampal cells seeded
at 1.3 x 10* as described above in a black 96-well plates
(Thermofisher). The assay was performed according to the
manufacturer's instructions. GSSG and GSH were measured
in separate wells. Only the inner 60 wells were seeded with
cells, the wells of the outer rim were filled with water and
some of them were used as blanks.

2.8 | Neurite outgrowth

Neurite outgrowth was assessed on D7, D14 and D21 using
the neurite outgrowth staining kit (Invitrogen™, CA, USA)
in primary hippocampal cells seeded at 1.3 x 10* (as de-
scribed above) in a black 96-well optical-bottom plate with
polymer base. Only the inner 60 wells were seeded with cells,
the wells of the outer rim were filled with water and used
as blanks. The assay was performed according to the manu-
facturer's instructions. Briefly, growth medium was removed
and both cells and blank wells were incubated for 20 min
with staining solution containing 1M PBS and 0.1% of both
the cell membrane and the cell viability dye. The staining
solution was then replaced by the background suppression
solution containing 1M PBS and 1% background suppres-
sion dye and fluorescence was measured subsequently using
a Citation3 plate reader (BioTek) at excitation 485 nm, emis-
sion 528 nm for cell viability stain and excitation 530 nm,
emission 590 nm for cell membrane stain. Neurite outgrowth
was quantified by dividing the blanked emission value for the
cell membrane stain by the blanked one for the cell viability
stain.

2.9 | Statistical analysis

Statistical analyses were calculated using IBM PASW
Statistics 18 (IBM). Data were tested for normal distribution
using the Kolmogorov—Smirnov test and variance homoge-
neity using Levene's test for homogeneity of variance. We
used an independent sample #-test for data that met criteria
for normal distribution and variance homogeneity and the
Mann—Whitney U test for data that did not. Graphs were cre-
ated using GraphPad PRISM 8 (GraphPad Software, Inc.).
Bars represent the arithmetic mean with SEM (standard error
of the mean); significance was set at p < .05.

3 | RESULTS

3.1 | Proteomics

Our proteomics analysis identified 5,996 expressed proteins,
of which 81 were differently expressed in hippocampal tis-
sue homogenates of KO compared to WT mice (Table S1,
p < .05). Interestingly, the majority (70 proteins) were found
to be downregulated in KO animals (Figure 1a,b). SLC6A15
was not detected in either WT or KO tissue, likely due to
comparably low overall expression levels. STRING v11.0
analysis (Szklarczyk et al., 2019) showed that our network
of 81 differently expressed proteins has significantly more
interactions than expected (36 found, 26 expected, p = .0316,
network Figure 1c). We then used DAVID 6.8 on our list of
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81 proteins to identify pathways and processes affected by (GO) terms. The top enriched KEGG pathways were adher-
the lack of SLC6A1S5 in the hippocampus. Table S2 shows an ens junctions and metabolic pathways. In the section of GO
overview of identified enriched pathways and gene ontology Biological process, terms regarding hippocampus and cortex
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development as well as negative regulation of insulin recep-
tor signalling, TOR signalling and cell size were enriched.
Equally interesting, the category GO Cellular compartment
yielded apart from the rather general cytoplasm and cy-
toskeleton also lamellipodium and cell-cell adherens junction
as well as mitochondrion and mitochondrial matrix. While
the results from the proteomics analysis are exploratory and
would need to be validated in replication studies for individ-
ual proteins and pathways, they were used as guidance for
a following more in-depth analysis of biological processes.

3.2 | Single cell expression of Slc6al5 in
hippocampus

Next, since very little is known about cell-type specificity of
Slc6al5 in the mouse brain, we explored its expression using
publicly available single-cell RNA sequencing data from 18,147

mouse hippocampal cells (Zeisel et al., 2015). Interestingly,
we detected in the central nervous system an enrichment of
SLC6AI5 expression in the hippocampus, but also on cho-
linergic/monoaminergic nuclei of the hindbrain (Figure 2a).
Furthermore, Slc6al5 was found to be mostly expressed in glu-
tamatergic and GABAergic neurons (Figure 2b). When investi-
gating the expression of the 81 differentially expressed proteins
from the proteomics analysis in this data set, we could confirm
that there is a high level of expression of these transcripts in
the mouse hippocampus (Figure S1). Based on the proteomics
and single-cell data, we decided to follow upon metabolic and
glutamatergic function in neurons.

3.3 | Electrophysiology

AMPA receptor-mediated mEPSCs in mature primary hip-
pocampal neurons (older than D17) were recorded using
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the whole-cell patch-clamp technique. Figure 3a—c shows
the effect of Sic6al5-KO on mEPSC frequency and ampli-
tude. Slc6al5-KO significantly decreased mEPSC frequency
(U = 66, p =.0002), but not amplitude (U = 148, p = .2).

3.4 | Respirometry and ATP

Next, we assessed different aspects of cellular respiration by
measuring the oxygen consumption rate (OCR) in intact pri-
mary neurons. Basal, ATP-coupled and maximal respiration
were increased in KO cells when compared to WT cells in the
standard XF base medium in the presence of 25 mM glucose
(basal respiration: F' = 10.46, p = .0039; ATP-coupled respi-
ration: F = 8.59, p = .0079; maximal respiration: F = 26.3,
p = .00004; Figure 4a—c). Spare respiratory capacity, deter-
mined as maximal respiration minus basal respiration OCR,
was also increased in KO cells (F = 38.07, p = 4 X 10"6,
Figure 4d). Cellular respiratory control (F' = 6.03, p = .023,
Figure 4e) was increased while coupling efficiency, deter-
mining the respiratory fraction dedicated to ATP production
(fraction of ATP production-coupled OCR of basal OCR)
was not (F = 3.97, p = .059, Figure 4f). The OCR exper-
imental trace over time can be seen in the Figure S2. We
asked whether the observed increase in respiration in KO
cells was due to any direct effects of the (missing) SLC6A15
substrates or an inherent attribute of the KO cells. Therefore,
we tested the cells in the same XF base medium without
glucose and injected either proline or leucine, respectively.
The acute administration of proline or leucine did not im-
pose acute effects on basal respiration, neither in WT nor
KO cells (2-way-ANOVA, p = .86 for substrate injection,
Figure 4g). Increased ATP turnover observed in respiratory
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measurements was corroborated in a separate independent
experiment using a luminescent cell viability assay, confirm-
ing increased ATP levels in Slc6al5-KO cells (F = 4.03,
p = .033; Figure 4h).

3.5 | Glutathione

In order to assess the consequences of Slc6al5-KO on the re-
dox-state of the cells, we measured total levels of glutathione
(GSH and GSSG) and its oxidized form, GSSG. While KO
cells had increased levels of both total glutathione (GSH
and GSSG; U = 1, p = .0003) and GSSG (U = 4, p = .0008;
Figure 5a,b), they also had a lower percentage of GSSG to
total glutathione (U = 2, p = .0003; Figure 5c), indicating a
higher proportion of the reduced GSH.

3.6 | Neurite outgrowth

Finally, we performed a neurite outgrowth assay on D8, 13
and 17 in Slc6al5-KO and WT cells. We found that KO

cells showed an increased membrane stain (Fysg = 24.2,
p < .0001; Figure 6a), viability stain (F,;;, = 57.9,
p < .0001; Figure 6b) and ratio of membrane to viability

stain (F; sg = 56.6, p < .0001; Figure 6¢), indicating a faster
growth in the KO neurons.

4 | DISCUSSION

Several studies have associated SLC6A1S5 with differ-
ent aspects of psychiatric disorders, for example with an
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increased risk of MDD and difficulties in regulating the HPA
axis (Kohli et al., 2011; Schuhmacher et al., 2013). In ad-
dition, animal studies indicate that this neutral amino acid
transporter affects stress resilience phenotypes (Chandra
et al., 2017; Santarelli et al., 2016). However, the cellular
mechanisms that SLC6A15 controls and how they may lead
to the association with psychiatric disorders and stress resil-
ience are not yet understood. Here, we present the first evi-
dence that lack of SLC6A15 affects a number of prominent

(c)

FIGURE 5 Sic6al5-KO increased
levels of total glutathione (a) and of the total
amount of oxidized form (GSSG) (b), but
reduced the percentage of GSSG to total

% of GSSG of
total glutathion

* % %

oo .
glutathione (c). Bars represent mean + SEM.
? n (number of wells, WT) =7-9, n
o
° (KO) = 7-8. ***p < .001
wT Ko

neuronal functions, including glutamatergic neurotransmis-
sion, mitochondrial function and neuronal growth.

4.1 | Lack of SLC6A1S affects the
hippocampal proteome

To gain insight into the potential cellular functions affected
by SLC6A1S, we first performed a proteomics analysis on



SCHRAUT ET AL. 9
EJ N European journal of Neuroscience  FENS W[ LEY
(a) (b) (c)
400007 40000 0.4 *kk o WT
- *kk ~ A
=) *hk - = O S -9-
== *kk > B E *Hk " i Ny ¢ KO
o« B-- g - 4 " L S
£ 30000 A - & 30000 e € 5 0.3 - =%
= —— Fid e e
i . ) © - g ‘e
© 20000 ’ % 20000 - S5 2 0.2-
c ’ o E E
e wwn 2 — g9
o P = - £ .2
€ 10000 = @ 10000 e’ o ~ 0.1
) = ¢ 2
= &
0 T T T 0 T T T 0.0 T T T
D8 D13 D17 D8 D13 D17 D8 D13 D17
Time (days) Time (days) Time (days)

FIGURE 6 Sic6al5-KO increased neurite outgrowth in primary hippocampal neurons after 8 and 13 days in culture. (a) membrane stain,

(b) viability stain, (c) ratio of membrane and viability stain. Points represent mean + SEM. n (number of wells, WT) = 29-30, n (KO) = 29-30.
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the hippocampus and identified a moderate number of differ-
entially expressed proteins, most of which were decreased in
expression in Slc6al5-KO mice. Interestingly, the observed
proteins form a regulatory network and the pathway analy-
sis indicated a number of interesting cellular domains that
were affected, including metabolic, structural and mitochon-
drial functions. For example, the most significantly regulated
protein, Catenin alpha 2 (CTNNAZ2) controls synaptic spine
stability and synaptic contacts (Abe et al., 2004). Another in-
teresting candidate protein found to be differentially expressed
is Monoamine oxidase A (MAQO-A), which is attached to the
outer mitochondrial membrane (Bortolato & Shih, 2011) and
has previously been heavily implicated in a number of psy-
chiatric disorders, including MDD (Hamon & Blier, 2013;
Mandelli & Serretti, 2013). It should be noted, though, that the
proteomics analysis was exploratory in nature and the differ-
entially expressed proteins need to be validated in future stud-
ies. Following confirmation that SLC6A15 is indeed primarily
expressed in neurons, we next focused on neuronal activity,
cellular metabolism and mitochondrial function as potentially
affected phenotypes in SLC6A15 KO cells.

4.2 | SLC6A15 knockout leads to reduced
frequency of AMPA-mediated mEPSCs

As previous reports on SLC6A1S5 already speculated that glu-
tamatergic signalling might be affected by this transporter
(Kohli et al., 2011) and especially glutamate tissue concentra-
tion was found to be reduced in the hippocampus of SLC6A15
KO mice (Santarelli et al., 2015), we hypothesized that neu-
ronal activity might directly be affected. Indeed, our results
demonstrate that the spontaneous release probability of excita-
tory neurons is significantly reduced in SLC6A15 KO cells.
Given that high glutamate levels are neurotoxic (Olloquequi
et al., 2018) and the established link between glutamate neuro-
transmission and psychiatric disorders such as MDD (Duman
etal., 2019), it is possible that a reduction in SLC6A15 expres-
sion could lead to reduced neuronal activity, which would be

neuroprotective and pro-resilient especially under high demand
conditions. Indeed supporting this hypothesis, SLC6A15 KO
mice are resilient to chronic social stress exposure (Santarelli
et al., 2016). In future studies it would be interesting to test
whether SLC6A15 can also alter stimulated release of gluta-
mate in vitro and in vivo, which would further support its role
in modulating glutamate signalling.

4.3 | SLC6A1S5 deletion enhances
mitochondrial function and
cellular metabolism

The role of glutamatergic signalling in neuropsychiatric dis-
orders is tightly linked to neuroinflammation and specifi-
cally the function of mitochondria (Réus et al., 2015). For
example, hereditary mitochondrial disorders were previously
found to be associated to a high degree with psychiatric dis-
orders (Morava & Kozicz, 2013; Preston et al., 2018). There
is also mounting evidence indicating that mitochondrial func-
tion and spare respiratory capacity might contribute to mech-
anisms of plasticity and stress resilience (Cherix et al., 2020;
Choi et al., 2009; Filiou & Sandi, 2019; Papilloud et al., 2018;
Picard et al., 2018). This is of central importance given the
close connection of SLC6A15 with stress and stress-related
psychopathologies (Kohli et al., 2011; Santarelli et al., 2016)
and further points to a decisive role of altered mitochondrial
function in stress-related disorders.

Next to their well-known role in producing ATP via ox-
idative phosphorylation, mitochondria play a key function
in the brain with their ability to modulate Ca®" concentra-
tions and central control in glutamate synthesis (Nunnari &
Suomalainen, 2012). It is therefore intriguing that deletion of
SLC6AI15 causes increased mitochondrial function and — in
line with this observation — an increased GSH/GSSG redox
ratio. A low glutathione redox ratio in the brain has been re-
peatedly observed in a number of neuropsychiatric disorders
(Gu et al., 2015) and ways to increase GSH levels would
be promising avenues for novel treatments of psychiatric
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disorders (Morris et al., 2014). Whether or not the observed
effects on mitochondrial function by SLC6A1S5 are causally
related to the altered uptake of neutral amino acids remains to
be shown, as a replacement of glucose with proline or leucine
did not alter mitochondrial respiration. One possible explana-
tion for this could be that the doses used for proline or leucine
were too low to observe an effect.

4.4 | SLC6A15 knockout promotes
neurite outgrowth

Mitochondria play important roles in controlling fundamen-
tal functions in neuroplasticity, including neurite outgrowth
(Cheng et al., 2010). In line with this, we observed a signifi-
cant increase in neurite outgrowth in primary neurons lack-
ing SLC6A1S5. Such a phenotype would be expected from
increased mitochondrial function. Importantly, psychiatric
disorders are associated with hippocampal atrophy and re-
duced connectivity (Duman et al., 2019), and antidepressant
treatment reverses this deficit (Banasr et al., 2011).

5 | CONCLUSION

Taken together, our results highlight the potentially im-
portant contribution of the neutral amino acid transporter
SLC6A15 in modulating brain functions, with direct impli-
cations for psychiatric disorders, such as MDD. We propose
that by controlling intracellular concentrations of neutral
amino acids like proline, this transporter affects mitochon-
drial activity. In addition, the alterations in spontaneous
release probability of excitatory neurons could be related
to altered intracellular glutamate levels due to changes in
proline-dependent glutamate synthesis. Finally, both the
changes in mitochondrial function as well as release prob-
ability of glutamate could contribute to the observed mor-
phological and structural changes of SLC6A15 KO cells,
which may also underlie the previously observed behav-
ioural phenotype of SLC6A15 KO mice. It will be inter-
esting to test if SLC6A15 deletion in mice or SLC6A15
polymorphisms in humans can lead to altered hippocampal
volumes or dendritic structures. Overall these data provide
further indications that a pharmacological or genetic reduc-
tion of SLC6A1S5 activity may represent a promising ap-
proach for a novel antidepressant therapy.
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