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Introduction: SLC38A10 is a gene that encodes the SLC38A10 protein, also

known as SNAT10. The SLC38 family is evolutionary old, and SLC38A10 is

one of the oldest members of the family. It is ubiquitously expressed, and its

substrates are glutamine, glutamate, alanine, aspartate, and serine. However,

little is known about its biological importance.

Methods: In the current study, an SLC38A10 knockout mouse was run in the

multivariate concentric square fieldTM (MCSF) test. The MCSF test gives the

mouse a choice of areas to explore; sheltered areas, elevated and illuminated

areas, or open spaces, and a behavioral profile is obtained. The multivariate

data obtained were analyzed (i) for each parameter, (ii) parameters grouped

into functional categories, and (iii) with a principal component analysis.

Results: In the trend analysis, knockout mice had a decreased exploratory

behavior compared to controls but did not show a distinct grouping in the

principal component analysis.

Discussion: There was not a pronounced difference in the behavioral profile

in SLC38A10 knockout mice compared to their wild-type controls, although

subtle alterations in zones associated with exploratory behavior and risk

assessment in female and male knockout mice, respectively, could be

observed. These results imply that a loss of function of the SLC38A10 protein

in mice does not drastically alter behavior in the MSCF test.
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1 Introduction

The SLC38A10 gene is one member of the Solute Carriers
(SLCs), which is the biggest group of transporters in humans
(Hediger et al., 2013). Transporters and associated proteins are
estimated to constitute around 10% of all human genes (Hediger
et al., 2013), yet the characterization and deorphanization of
these transporters are lagging behind (César-Razquin et al.,
2015). SLC38A10 is one of these transporters which function is
not yet fully understood. This transporter is one member out
of eleven in the SLC38 family, which is a family of sodium-
coupled neutral amino acid transporters, or SNATs (SNAT1-11),
that is involved in a range of physiological functions. The SNATs
are considered especially important for the glutamate-glutamine
cycle in the brain (SNAT1, 2, 3, 5 and possibly 6, 7, and 8;
Chaudhry et al., 1999; Boulland et al., 2002; Cubelos et al., 2005;
Blot et al., 2009; Hägglund et al., 2011; Bröer, 2014; Gandasi
et al., 2021), the glucose-alanine cycle between liver and muscle,
and for the urea cycle (SNAT2, 3, 4, and 5; Chaudhry et al., 1999;
Hatanaka et al., 2001; Varoqui and Erickson, 2002; Baird et al.,
2004; Bröer, 2014). Less is known about the latter SNATs in the
family, and the aim with the current study was to examine the
importance of one of these transporters, SLC38A10 (SNAT10),
for the behavior profile in mice.

SLC38A10 have a bidirectional transport of L-glutamine,
L-alanine, L-glutamate and D-aspartate, as well as an efflux of
L-serine, and is expressed in both astrocytes and neurons in mice
(Hellsten et al., 2017), which was suggested by the authors to
imply that SLC38A10 might be involved in neurotransmission.
SLC38A10 has also been suggested to function as a transceptor
(Tripathi et al., 2019) and be of importance for mitochondrial
function and redox processes (Tripathi et al., 2021). The same
authors found that SLC38A10 KO cells have an increased
resistance to amino acid starvation, as well as an increased
mTORC1 activation at basal level (Tripathi et al., 2022). Slc38a10
mRNA expression was found in all mouse tissues investigated
by Sundberg et al. (2008), with the highest expression in
pituitary gland, eye and lung. Slc38a10 expression is also found
throughout the gastrointestinal tract in rats (Cedernaes et al.,
2011), and found to have changed mRNA expression in mouse
primary cortex cell cultures after amino acid starvation (Hellsten
et al., 2018). SLC38A10 has also been found to be associated
with Alzheimer’s disease (Hashimoto et al., 2019), and a single-
nucleotide polymorphism (SNP) and methylation differences in
SLC38A10 have been associated with frontotemporal dementia
and schizophrenia (Ferrari et al., 2015; Montano et al., 2016).

SLC38A10 knockout mice have earlier been reported to have
weak and brittle bones (Bassett et al., 2012) and a lower body
weight than WT mice (Dickinson et al., 2016; Lindberg et al.,
2022; Slc38a10 - solute carrier family 38, member 10, n.d).
Moreover, amino acid transporters are known to affect brain
function (Smith et al., 2001; Tărlungeanu et al., 2016; Hu et al.,
2020), and behavioral studies are an important tool in studying

such processes (Niv, 2021). In previous studies, SLC38A10
deficient mice have been characterized using several different
behavioral test batteries (Dickinson et al., 2016; Lindberg et al.,
2022; Slc38a10 - solute carrier family 38, member 10, n.d).
Mixed results have been reported for the open field test, with
studies showing no behavioral differences in SLC38A10 deficient
mice (Dickinson et al., 2016; Slc38a10 - solute carrier family 38,
member 10, n.d), but also results indicating a lower thigmotaxis
behavior (Lindberg et al., 2022). Many of the previously used
behavioral tests are designed to test predetermined mental
states, such as anxiety-like behavior in the elevated plus maze
(Walf and Frye, 2009; Hånell and Marklund, 2014). When using
behavioral test batteries there is a risk of introducing multiple
test effects (McIlwain et al., 2001).

Meyerson et al. (2006) proposed the implementation of
a multivariate, not predetermined test which they called the
concentric square filed test, later known as the multivariate
concentric square fieldTM (MCSF) test. In the MCSF, the animal
is introduced to an arena with different zones associated to
risk assessment, risk taking, exploration and shelter seeking,
allowing the animal to freely choose where to go, resulting in
a behavioral profile based on how the animals have moved in
the arena (Bikovski et al., 2020). The MCSF has in previous
studies been useful in studies of effects of mice domestication
(e.g., Augustsson and Meyerson, 2004), for evaluation of specific
gene functions (e.g., Wallén-Mackenzie et al., 2009) and for
the characterization of specific disease models (e.g., Ekmark-
Lewén et al., 2010; Stringer et al., 2017; Ekmark-Lewén et al.,
2018). A complete behavioral profile of SLC38A10 mice has so
far not been established and the aim of the present study was
to behaviorally characterize mice deficient in SLC38A10 protein
using the MCSF test.

2 Materials and methods

2.1 Animals

All experiments in the study were approved by the Uppsala
Animal Ethical Committee (5.8.18-17636/2020) and followed
Swedish Legislation on Animal Welfare. The animals were kept
in an animal facility with a controlled environment, including
humidity (45–65%), temperature (20–24◦C), and ventilation,
and with a 12-h light/dark cycle with lights on at 7 a.m. Animals
were group housed in open cages, with two-five animals per
Green Line cage (501–530 cm2), separated by sex, with wood-
chip bedding, a cardboard house and paper as enrichment.
Breeding was carried out in type III cages (800–820 cm2). Mice
had daily supervision and ad libitum access to food (pellets R3,
Lantmännen, Sweden) and water.

Heterozygous mice (B6Dnk; B6N-Slc38a10tm2a(EUCOMM)

Wtsi/H) and control mice were bought from the International
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Mouse Phenotyping Consortium (IMPC)1 and kept for in house
breeding. The first heterozygous males from that breeding
were in turn bred with C57BL/6J females (Taconic M&B,
Denmark). Further breeding was carried out from in house
bred offspring. Genotyping was made as previously described
(Lindberg et al., 2022).

In this paper, SLC38A10−/− mice will be abbreviated as KO
and SLC38A10+/+ as WT. Animals used (14 WT and 13 KO
females; 14 WT and 11 KO males) came from heterozygous
breeding and were 15–19 weeks of age.

2.2 Handling

Mice were trained to be handled and become accustomed to
transportation to the experimental room in a bucket, in order to
decrease the stressful response that these situations alone could
cause. The handling started approximately 4.5 weeks before the
MCSF test (at 10–14 weeks of age), with six training occasions
during the first 2 weeks where one hand of the experimenter
was placed in the cage for 5 min. During the third week of
handling, each training occasion started with the experimenter’s
hand in the cage for 2 min, and then the mouse was getting
familiar to be placed on the arm of the experimenter and placed
in the bucket, each of these occasions for 30 s each, for six
consecutive days. Fourth week of training started with 2 min
with the experimenter’s hand in the cage, 30 s per mouse in
the bucket, and another 30 s walking around with each mouse
in the bucket. The four remaining training occasions the last
week were started with the experimenter’s hand in the cage for
1 min, and then walking around with each mouse in the bucket,
increasing the duration and walking distance each day. After
the last handling day, the mice were left undisturbed for 3 days
before the start of the MCSF test. The bucket was cleaned with
10% ethanol between each cage that was trained/handled, and
a separate bucket was used for males and females. Handling
training was performed by the same experimenter that was
running the MCSF test (FL).

2.3 The multivariate concentric square
fieldTM test

The multivariate concentric square fieldTM test is described
in detail by Meyerson et al. (2006) and is used to characterize
behavioral profiles from a single test trial (Bikovski et al., 2020).
Briefly, the arena is 70 × 70 cm (Figure 1), and divided into
zones that provide the animal with different explorative options,
including sheltered, open and elevated areas. There is also a
difference in illumination between areas, providing additional

1 https://www.mousephenotype.org/data/genes/MGI:1919305

FIGURE 1

Layout of the multivariate concentric square fieldTM (MCSF) test
arena. (1) Central circle (CTRCI), (2) center, (3) corridors, (4) dark
corner room (DCR), (5) hurdle with hole board and ramps to the
adjacent corridors, (6) slope, (7) bridge entrance, (8) bridge and
(9) beyond bridge zone.

risk- or sheltered effects. The center of the arena is 40 × 40 cm,
with a central circle of 16 cm in diameter in the middle. From
the center, there are entries to the three corridors which leads to
one sheltered corner, the dark corner room (DCR), the hurdle
zone with a hole board for nose pokes, or a slope leading to the
elevated and illuminated bridge. The slope beyond the bridge,
here called the beyond bridge zone, distinguished this area from
the risk-associated bridge. The hurdle zone had one ramp on
each side to facilitate entries and exits. The illumination of the
arena was as follows: 25 lux in the central circle, <1 lux in the
DCR, 90–100 lux in the slope, 230–250 lux at the bridge entrance
and 550 lux at the bridge. At the start of the test, the animal
was placed in the arena facing the wall in the center without
an entry to one of the corridors. Each trial was 20 min, and
the arena was cleaned with 10% ethanol between each animal.
Before the first trial of each day, an out-of-test mouse of the
same sex as the ones to be tested explored the arena to avoid
first-in-line effects. Testing occurred when the animals were 15–
19 weeks of age (mean age 119.7 ± 7.3 days old), males were
tested before females, and all tests were run during the light part
of the light/dark cycle. Testing of the two genotypes was spread
throughout the day. Due to technical difficulties, four mice were
excluded from the analysis (2 WT males, 1 KO male, and 1 WT
female), and gave rise to a final number of 13 WT and 13 KO
females, and 12 WT and 10 KO males.

Trials were monitored, and rearing, nose-pokes, grooming
and climbing were manually scored in an adjacent room
to the test room using the Ethovision system (version 15,
Noldus Information Technology, Wageningen, Netherlands).
Ethovision version 16 was used for both manual scoring of
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zones and automatic tracking of total distance (cm) and mean
velocity (cm/s) in the center and central circle. Occurrence
and frequency (F) of zone visits, total duration (D, s) in each
zone and latency (L, s) to first visit were scored for each zone.
Urine and fecal boli were counted after each trial. Total activity
(Tot Act, i.e., sum of all frequencies), percentage duration and
frequency, duration per visit (D/F, s), risk/shelter index for
frequencies and duration [(F or D bridge – F or D DCR)/(F or
D bridge + F or D DCR)] and impulsive-like behavior [(latency
to first (s) slope – latency to first (s) bridge)/latency to first (s)
slope] were manually calculated (Roman et al., 2012).

2.4 Statistical analysis

Statistica 14 (TIBCO Software Inc., Tulsa, OK,
United States) was used for statistical analyses unless otherwise
stated, and a p-value of < 0.05 was considered statistically
significant. A majority of the behavioral data was not normally
distributed (Shapiro–Wilk normality test, p > 0.05), hence non-
parametrical statistics were used. Parameters were analyzed
with Mann–Whitney U-test comparing KO and WT with sex
collapsed, KO and WT within the respective sex as well as males
and females within genotype.

Occurrences were analyzed with Fisher’s exact test. Body
weight data was normally distributed, and an unpaired t-test was
therefore used. These analyses were made in in GraphPad Prism,
version 5.02 (GraphPad software Inc., San Diego, CA, USA).

Longitudinal data sets (total activity and rearing over time)
were analyzed for main effects and interactions in R 4.0.4 (R
Core Team, 2021) with the nparLD package (Noguchi et al.,
2012), with genotype and sex as between-subject factors and
time as within-subject factor. Significant effects and interactions
were further examined with post hoc Wilcoxon’s matched pairs
test (within subject-dependent).

Furthermore, a trend analysis was performed (modified
from Ekmark-Lewén et al., 2010; Meyerson et al., 2013) in
order to detect differences in parameters belonging to the same
functional category. 3–6 parameters per functional category
(general activity (Tot Act, F TotCorr, D/F TotCorr [reversed],
F center); exploratory activity [D TotCorr (reversed), D center
(reversed), D hurdle, rearing, nose-pokes]; risk assessment (F
slope, D slope, D/F slope, F bridge entrance, D bridge entrance,
D/F bridge entrance); risk taking (F bridge, D bridge, D/F
bridge, F central circle, D central circle, D/F central circle) and
shelter seeking (F DCR, D DCR, D/F DCR) were used and
ranked according to animal ID, summed up to sum rank scores
and statistical analyses were made on the sum ranks for each
functional category. Sum rank values were analyzed with Mann–
Whitney U-test comparing KO and WT with sex collapsed, KO
and WT within the respective sex as well as males and females
within genotype.

Finally, a principal component analysis (PCA) was
performed in SIMCA 17 (Sartorius Stedim Data Analytics AB,
Umeå, Sweden) as a multivariate complement to the statistical
analyses. Autofit was used to generate the model, and the model
was based on frequency, duration and duration/visit in the
zones with the corridors summed into total corridors as well as
distance moved in the center, velocity in the central circle, and
total activity. The PCA generates a two-dimensional score plot
showing the individual animals and a corresponding loading
plot showing the MCSF parameters.

3 Results

In agreement with previous reports (Dickinson et al., 2016;
Lindberg et al., 2022; Slc38a10 - solute carrier family 38,
member 10, n.d), SLC38A10 KO mice had a lower body weight
than WT mice, which was true for both males and females
(Supplementary Table 1).

3.1 No genotype effect on activity over
time in the MCSF arena

The activity of mice was studied by analyzing rearing as well
as the sum of frequencies of visited zones (total activity) in each
5-min time-bin, resulting in four time-periods of 5 min each. As
seen in Figure 2A, no genotype effect was seen in total activity;
however, both WT and KO mice increased their activity over
time compared to the first 5-min time-period (main effect of
genotype p > 0.05, main effect of time p < 0.0001). Rearing also
increased over time (Figure 2B; main effect of time p < 0.0001),
while genotype had tendencies toward significance (main effect
of genotype p = 0.0517). Descriptive statistics for each sex are
summarized in Supplementary Table 2.

3.2 Genotype effects on the behavior
in the MCSF

The descriptive data for male and female mice as well as with
sex collapsed are shown in Supplementary Table 1. In females,
the most pronounced genotype effect was seen in explorative
parameters associated to the hurdle zone, where KO mice had
lower duration, proportional duration (%D), duration per visit
(D/F) and nose-pokes in the hole-board than WT mice. A trend
could be seen for visits to the hurdle, with fewer visits in KO
than WT females (p = 0.0568).

In males (Supplementary Table 1), visits to the slope and
proportional visits to the slope (%F) were lower in KO mice,
while the proportion of visits to the DCR was increased in
KO males compared to WT. KO males also had an increased
latency to the first visit of the beyond bridge zone. The
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FIGURE 2

Activity and trend analysis of MCSF data in SLC38A10 KO and WT mice. (A) Total activity (Tot Act; sum of all frequencies) and (B) number of
rearings of WT and KO mice divided into 5-min time-bins. Analysis was made with the nparLD-package in R, with post hoc Wilcoxon matched
pairs test. p < 0.05, p < 0.01, and p < 0.001 within genotype over time. Data are presented as median with interquartile range. (C,D)
Trend analysis of the functional categories general activity, exploratory activity, risk assessment, risk taking and shelter seeking analyzed (C) for
each sex separately and (D) with sex collapsed. #p < 0.05 comparing KO and WT mice within sex; §p < 0.05 denoting differences across sex and
*p < 0.05 between KO and WT mice with sex collapsed. Data are presented as median with upper and lower quartiles and min and max values.

calculated risk/shelter index for frequency was statistically
different between male KO and WT mice, indicating fewer visits
to the bridge than to the DCR in KO compared with WT males.
Duration per visit to the slope, visits to the beyond bridge zone
and velocity in the central circle were all close to the significance
level (p = 0.0591, 0.0503, and 0.0610, respectively) with trends
toward a longer duration per visit to the slope, fewer visits
to the beyond bridge zone and a lower velocity in the central
circle in KO mice.

In the analysis with sex collapsed (Supplementary Table 1),
visits to the slope and proportional visits to the slope (%F) were
decreased in KO mice. Trends could be seen for duration in
hurdle (p = 0.0544) and for proportional duration in hurdle
(D%, p = 0.0544), where KO mice had lower values for these
parameters. The proportional visits (%F) to the DCR tended
to be increased in KO mice but was just above the significance
level (p = 0.0571). Rearing and nose-pokes in the sex collapsed
comparison were close to the statistical significance level,
where KO mice had a trend to fewer rearings and nose-pokes
(p = 0.0659 and 0.0691, respectively). Another trend was the
proportion of visits to the center, which tended to be increased
in KO mice (p = 0.0571) compared to WT mice.

In the trend analysis, parameters are grouped into
the functional categories: general activity, exploration, risk
assessment, risk taking and shelter seeking, and compared
between genotypes and sex. Exploration was lower in KO
females compared to WT females (Figure 2C), and the same
effect was seen with sex collapsed (Figure 2D), but not in the
genotype comparison in only males. No genotype effect was
seen for general activity, risk assessment, risk taking or shelter
seeking in the trend analysis (Figures 2C,D).

The PCA is shown in Figure 3 [one significant component
with one non-significant component added; R2X(cum) = 0.472,
Q2X(cum) = 0.278]. The score plot (Figure 3A), showing
individual animals, did not clearly group genotypes together,
but rather separated males and females. Male KO mice grouped
close to the origo, while WT were more spread. Females on the
other hand were more scattered from the origo, with KO females
in all quadrants except the upper right one and WT females
spread across all four quadrants. The loading plot (Figure 3B),
showing parameters of importance for the individual loadings,
showed that the latency in leaving the center (Lat leave),
total activity (Tot Act), and parameters related to the DCR,
bridge and central circle (CTRCI) contributed to the separation
between males and females.
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3.3 Sex differences

The male and female mice differed in behavior for some of
the parameters. For instance, the genotype effect seen in female
mice in hurdle-related parameters did not differ in males, where
KO females had a lower duration and proportional duration
(%D) compared with male KO mice. Moreover, nose-pokes
in the hurdle zone differed between male and female mice,
although only in the WT groups, with more nose-pokes in
females than in males (Supplementary Table 1).

For distance moved in the center, WT females traveled a
shorter distance than male mice. Latency to the first visit to
the bridge entrance, proportion of visits to the slope (%F),
and latencies to the first visits to the bridge and the beyond
bridge zone were all increased in females compared to males,
although not for both genotypes. A trend toward fewer visits
to the bridge entrance, bridge and beyond bridge was seen in
WT females compared to males (p = 0.0523, 0.0523, and 0.0597,
respectively). There was also a trend toward a shorter duration
and proportional duration (%D) in the center in KO females
than males (p = 0.0575). Risk/shelter index for duration on
bridge/DCR was trending to be lower in females than males
(p = 0.0597, Supplementary Table 1).

A majority of the parameters regarding the central circle
differed between male and female KO mice, with an increased
latency to the first visit in females, as well as decreased duration,
proportional duration (%D) and duration per visit in females.
Moreover, velocity within the central circle was higher in females
than in males (Supplementary Table 1). In the trend analysis,
risk taking behavior was lower in females than in males, both in
WT and KO mice (Figure 2C).

4 Discussion

In the current study, male and female SLC38A10 KO mice
were characterized using the multivariate concentric square
fieldTM (MCSF) test. The outline of the MCSF arena, with zones
associated with explorative incentives, risk and shelter, generates
a behavioral profile in a single test session (Meyerson et al.,
2006; Bikovski et al., 2020). Herein subtle behavioral differences
between SLC38A10 KO and WT mice were revealed, but no
distinct profile characterizing SLC38A10 deficient mice were
found.

The trend analysis revealed a lower explorative behavior in
KO than WT mice (Figure 2D), but there was only a trend
toward lower number of rearings and nose-pokes in the hurdle
hole board in KO relative to WT mice. While no effects on
risk assessment, risk taking or shelter seeking were revealed
in the trend analysis, there were tendencies toward lower risk
assessment and increased shelter seeking in KO than WT mice
based on specific parameters associated with risk assessment and
shelter seeking, respectively (Supplementary Table 1). In our

previous study of the same KO mouse model, the SLC38A10
deficient mice were found to have an increased explorative/risk-
taking behavior in the open field test (Lindberg et al., 2022). The
difference in results may be explained by the multivariate nature
of the MCSF arena and the lack of possibilities to immediately
oversee the arena compared to the open field test. An additional
explanation might be the fact that the mice were older in the
present study relative to previous studies (Dickinson et al., 2016;
Lindberg et al., 2022; Slc38a10 - solute carrier family 38, member
10, n.d). Age is known to affect MCSF explorative strategies in
rats (Lundberg et al., 2019) but has so far not been systematically
investigated in mice. Nonetheless, these results together might
suggest that SLC38A10 is involved in processes important for
exploration and risk assessment, but that the effects seen are
dependent on the environment. Adolescents over a range of
species (including human) are known to be more risk taking
than adults (reviewed by Spear, 2000); hence could a difference
in this behavior between WT and KO mice possibly be greater
in younger mice and thereby not be as evident in this study.
Although it is hard to speculate about a possible effect of age,
it is likely a parameter that makes the comparison between the
previous open field study (Lindberg et al., 2022) and the current
one even more difficult. The MCSF is designed to evaluate risk
assessment, which tests used in previous studies (Dickinson
et al., 2016; Lindberg et al., 2022; Slc38a10 - solute carrier family
38, member 10, n.d) are not, hence the data generated herein add
an additional dimension to the behavioral profile of SLC38A10
deficient mice.

The beyond bridge zone (#9 in Figure 1) was not included
in any functional category since it is scored for the first time
(Wallén-Mackenzie et al., 2009; Ekmark-Lewén et al., 2010;
Ekmark-Lewén et al., 2018; Bikovski et al., 2020). One could
interpret the increased latency to the first visit to the beyond
bridge zone in KO males as a sign of the lower explorative
behavior seen for other parameters (Figures 2C,D). Since
animals move from a risk area (bridge) to an unfamiliar area
(beyond bridge), risk assessment is probably also involved, but
due to the more sheltered part of the area, it is difficult to
interpret visits (that tended to be lower in KO than WT males)
and duration since we do not know what is motivating the
animal to return to this zone. In the PCA loading plot (Figure 3),
the beyond bridge zone parameters (duration and frequency)
loaded close to parameters categorized as risk assessment and
risk taking behaviors, suggesting that the beyond bridge zone
could belong to the same category. This would be supported by
the lower explorative strategies.

The lower explorative behavior in KO than WT mice
revealed by the trend analysis (Figure 2D) was driven by the
effect in female mice, as no difference between male mice was
found. Exploration is generally higher in females than in males
(Archer, 1975) and the same has been found for rats in the MCSF
(Lundberg et al., 2018). In support of this finding, the explorative
parameter nose-pokes in the hole board in the hurdle zone was
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FIGURE 3

Principal component analysis (PCA). (A) Score plot showing the individual animals and (B) loading plot showing the parameters of importance
for the individual loadings [one significant component with one non-significant component added: R2X(cum) = 0.472, Q2X(cum) = 0.278].
Parameters used in trend analysis are color-coded. BB, beyond bridge; BE, bridge entrance; CTRCI, central circle; DCR, dark corner room; Dist,
distance; D, duration; D/F, duration/visit; F, frequency; L, latency; Tot Act, total activity; TotCorr, total corridors.

higher in WT females than WT males (Supplementary Table 1),
but other explorative parameters, e.g., rearing and latency to
fully explore the arena were not affected by sex. Exploratory
behavior in the MCSF has been reported to be affected by the
estrous cycle in rats (Lundberg et al., 2017), but no reports of
similar effects in female mice in the MCSF have been published
to this date. Since estrous cycle was not controlled for, we cannot
rule out that the estrous stage of females may have made an
impact on their behavior and thereby might have caused a
skewed balance in the experimental groups. A similar pattern
could though be seen for male mice (Figure 2C), although not
statistically significant, which disputes that the effect seen is
only due to the estrous cycle itself. Amino acid metabolism is
also known to be affected by sex hormones (Darst et al., 2019),
which makes it possible that a SLC38A10 deficiency might affect

females differently than males, depending on the involvement of
this protein in amino acid sensing, transport and metabolism.

Parameters regarding risk assessment and shelter seeking
were affected in males but not females, indicating that male
KO mice were more cautious than their WT littermates. No
previous studies characterizing SLC38A10 deficient mice have
reported sex differences (Dickinson et al., 2016; Lindberg et al.,
2022; Slc38a10 - solute carrier family 38, member 10, n.d) and,
in agreement with the findings herein, general activity and
rearings in the open field and general activity in the elevated
plus maze and Y-maze did not differ between male and female
mice (Lindberg et al., 2022). However, WT males were more
risk taking than WT females and KO males were more risk
taking than KO females, suggesting a more risk taking behavior
in males, but which was stable across genotypes.
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The differences in explorative behavior between KO and WT
mice were not explained by differences in general activity. In
both KO and WT mice, total activity and rearings increased over
time (Figures 2A,B), suggesting that mice were a bit hesitant to
explore the arena at first. In previous studies, total activity over
time in mice has revealed mixed patterns. Most studies have
reported that activity decreased over time (Wallén-Mackenzie
et al., 2009; Ekmark-Lewén et al., 2010; Ekmark-Lewén et al.,
2018) while one previous study showed results similar as in
the present study (Wallén-Mackenzie et al., 2009). Moreover,
the pattern found herein was similar to that found in the
same KO mouse when exploring the central circle of the open
field (Lindberg et al., 2022). Genotype effects for rearing over
time was just above significance level, as well as for the total
amount of rearing during the whole trial, indicating that vertical
explorative behavior might be slightly decreased in SLC38A10
deficient mice. This finding contrasts a previous study using
the same KO mouse but tested at a younger age, in which
rearing in the open field test was unaffected by genotype,
and generally higher during the first 5 min (Lindberg et al.,
2022) than in the present study. This difference may again be
explained by age as adolescent rats were found to rear more in
the MCSF than adult rats (Lundberg et al., 2019), and similar
results have been reported for mice as well (although between
8 and 11 months old mice, and not the primary outcome)
(Ekmark-Lewén et al., 2018).

Relative to results from previous studies characterizing
SLC38A10 deficient mice (Dickinson et al., 2016; Lindberg et al.,
2022; Slc38a10 - solute carrier family 38, member 10, n.d), the
results from the MCSF test give a more nuanced behavioral
profile. Previous in vitro studies have reported an increased
resistance to different types of stressors in KO cells (Tripathi
et al., 2022, 2021), and based on the lack of a clear phenotype
from the present study, challenging the KO model, e.g., with
a stressor, could possibly distinguish KO mice from WT and
give rise to a more pronounced behavioral profile in SLC38A10
deficient mice than the basal profile revealed herein.

5 Conclusion

Although a decrease in explorative behavior was found in
KO mice in the trend analysis, suggesting that SLC38A10 might
be of importance for exploration, an evident behavioral profile
in SLC30A10 deficient mice relative to WT could not be found
in a principal component analysis.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary material, further
inquiries can be directed to the corresponding author.

Ethics statement

The animal study was reviewed and approved by Uppsala
Animal Ethical Committee.

Author contributions

FL planned, performed, analyzed, and wrote the first draft
of the manuscript. ER planned, analyzed, and wrote parts of
the manuscript. RF planned and funded the study. All authors
approved the final version of the manuscript.

Funding

This study was supported by the Swedish Brain Foundation,
the Novo Nordisk Foundation, Åhlens Foundation, Gunvor
and Josef Anér Foundation, and the Swedish Research Council
(DNR 2016-01972).

Acknowledgments

We thank Uppsala University Behavioral Facility (UUBF)
that provided lab space, MCSF arena and help with the statistical
analysis using R.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnbeh.
2022.987037/full#supplementary-material

Frontiers in Behavioral Neuroscience 08 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.987037
https://www.frontiersin.org/articles/10.3389/fnbeh.2022.987037/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnbeh.2022.987037/full#supplementary-material
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/


fnbeh-16-987037 December 16, 2022 Time: 15:11 # 9

Lindberg et al. 10.3389/fnbeh.2022.987037

References

Archer, J. (1975). Rodent sex differences in emotional and related behavior.
Behav. Biol. 14, 451–479. doi: 10.1016/s0091-6773(75)90636-7

Augustsson, H., and Meyerson, B. J. (2004). Exploration and risk assessment:
A comparative study of male house mice (Mus musculus musculus) and two
laboratory strains. Physiol. Behav. 81, 685–698. doi: 10.1016/j.physbeh.2004.0
3.014

Baird, F. E., Beattie, K. J., Hyde, A. R., Ganapathy, V., Rennie, M. J., and
Taylor, P. M. (2004). Bidirectional substrate fluxes through the system N (SNAT5)
glutamine transporter may determine net glutamine flux in rat liver. J. Physiol. 559,
367–381. doi: 10.1113/jphysiol.2003.060293

Bassett, J. H. D., Gogakos, A., White, J. K., Evans, H., Jacques, R. M., and van
der Spek, A. H. (2012). Rapid-Throughput skeletal phenotyping of 100 knockout
mice identifies 9 new genes that determine bone strength. PLoS Genet. 8:e1002858.
doi: 10.1371/journal.pgen.1002858

Bikovski, L., Robinson, L., Konradsson-Geuken, A., Kullander, K., Viereckel, T.,
Winberg, S., et al. (2020). Lessons, insights and newly developed tools emerging
from behavioral phenotyping core facilities. J. Neurosci. Methods 334:108597. doi:
10.1016/j.jneumeth.2020.108597

Blot, A., Billups, D., Bjørkmo, M., Quazi, A. Z., Uwechue, N. M., Chaudhry,
F. A., et al. (2009). Functional expression of two system a glutamine transporter
isoforms in rat auditory brainstem neurons. Neuroscience 164, 998–1008. doi:
10.1016/j.neuroscience.2009.09.015

Boulland, J.-L., Osen, K. K., Levy, L. M., Danbolt, N. C., Edwards, R. H.,
Storm-Mathisen, J., et al. (2002). Cell-specific expression of the glutamine
transporter SN1 suggests differences in dependence on the glutamine
cycle. Eur. J. Neurosci. 15, 1615–1631. doi: 10.1046/j.1460-9568.2002.
01995.x

Bröer, S. (2014). The SLC38 family of sodium-amino acid co-
transporters. Pflugers Arch. 466, 155–172. doi: 10.1007/s00424-013-
1393-y

Cedernaes, J., Olszewski, P. K., Almén, M. S., Stephansson, O., Levine,
A. S., Fredriksson, R., et al. (2011). Comprehensive analysis of localization of
78 solute carrier genes throughout the subsections of the rat gastrointestinal
tract. Biochem. Biophys. Res. Commun. 411, 702–707. doi: 10.1016/j.bbrc.2011.0
7.005

César-Razquin, A., Snijder, B., Frappier-Brinton, T., Isserlin, R., Gyimesi, G.,
Bai, X., et al. (2015). A call for systematic research on solute carriers. Cell 162,
478–487. doi: 10.1016/j.cell.2015.07.022

Chaudhry, F. A., Reimer, R. J., Krizaj, D., Barber, D., Storm-Mathisen, J.,
Copenhagen, D. R., et al. (1999). Molecular analysis of system N suggests novel
physiological roles in nitrogen metabolism and synaptic transmission. Cell 99,
769–780. doi: 10.1016/s0092-8674(00)81674-8

Cubelos, B., González-González, I. M., Giménez, C., and Zafra, F. (2005). Amino
acid transporter SNAT5 localizes to glial cells in the rat brain. Glia 49, 230–244.
doi: 10.1002/glia.20106

Darst, B. F., Koscik, R. L., Hogan, K. J., Johnson, S. C., and Engelman, C. D.
(2019). Longitudinal plasma metabolomics of aging and sex. Aging 11, 1262–1282.
doi: 10.18632/aging.101837

Dickinson, M. E., Flenniken, A. M., Ji, X., Teboul, L., Wong, M. D., White,
J. K., et al. (2016). High-throughput discovery of novel developmental phenotypes.
Nature 537, 508–514. doi: 10.1038/nature19356

Ekmark-Lewén, S., Lewén, A., Meyerson, B. J., and Hillered, L. (2010). The
multivariate concentric square field test reveals behavioral profiles of risk taking,
exploration, and cognitive impairment in mice subjected to traumatic brain injury.
J. Neurotrauma 27, 1643–1655. doi: 10.1089/neu.2009.0953

Ekmark-Lewén, S., Lindström, V., Gumucio, A., Ihse, E., Behere, A., Kahle,
P. J., et al. (2018). Early fine motor impairment and behavioral dysfunction in
(Thy-1)-h[A30P] alpha-synuclein mice. Brain Behav. 8:e00915. doi: 10.1002/brb3.
915

Ferrari, R., Grassi, M., Salvi, E., Borroni, B., Palluzzi, F., Pepe, D., et al.
(2015). A genome-wide screening and SNPs-to-genes approach to identify novel
genetic risk factors associated with frontotemporal dementia. Neurobiol. Aging
36:2904.e13–26. doi: 10.1016/j.neurobiolaging.2015.06.005

Gandasi, N. R., Arapi, V., Mickael, M. E., Belekar, P. A., Granlund, L., Kothegala,
L., et al. (2021). Glutamine uptake via SNAT6 and caveolin regulates glutamine-
glutamate cycle. Int. J. Mol. Sci. 22:1167. doi: 10.3390/ijms22031167

Hägglund, M. G. A., Sreedharan, S., Nilsson, V. C. O., Shaik, J. H. A., Almkvist,
I. M., Bäcklin, S., et al. (2011). Identification of SLC38A7 (SNAT7) protein as
a glutamine transporter expressed in neurons. J. Biol. Chem. 286, 20500–20511.
doi: 10.1074/jbc.M110.162404

Hånell, A., and Marklund, N. (2014). Structured evaluation of rodent behavioral
tests used in drug discovery research. Front. Behav. Neurosci. 8:252. doi: 10.3389/
fnbeh.2014.00252

Hashimoto, M., Yamazaki, A., Ohno, A., Kimura, T., Winblad, B., and Tjernberg,
L. O. (2019). A fragment of S38AA is a novel plasma biomarker of Alzheimer’s
disease. J. Alzheimers Dis. JAD 71, 1163–1174. doi: 10.3233/JAD-190700

Hatanaka, T., Huang, W., Ling, R., Prasad, P. D., Sugawara, M., Leibach, F. H.,
et al. (2001). Evidence for the transport of neutral as well as cationic amino acids by
ATA3, a novel and liver-specific subtype of amino acid transport system a. Biochim.
Biophys. Acta 1510, 10–17. doi: 10.1016/s0005-2736(00)00390-4

Hediger, M. A., Clémençon, B., Burrier, R. E., and Bruford, E. A. (2013). The
ABCs of membrane transporters in health and disease (SLC series): Introduction.
Mol. Aspects Med. 34, 95–107. doi: 10.1016/j.mam.2012.12.009

Hellsten, S. V., Hägglund, M. G., Eriksson, M. M., and Fredriksson, R. (2017).
The neuronal and astrocytic protein SLC38A10 transports glutamine, glutamate,
and aspartate, suggesting a role in neurotransmission. FEBS Open Bio 7, 730–746.
doi: 10.1002/2211-5463.12219

Hellsten, S. V., Tripathi, R., Ceder, M. M., and Fredriksson, R. (2018).
Nutritional stress induced by amino acid starvation results in changes for Slc38
transporters in immortalized hypothalamic neuronal cells and primary cortex
cells. Front. Mol. Biosci. 5:45. doi: 10.3389/fmolb.2018.00045

Hu, C., Tao, L., Cao, X., and Chen, L. (2020). The solute carrier transporters and
the brain: Physiological and pharmacological implications. Asian J. Pharm. Sci. 15,
131–144. doi: 10.1016/j.ajps.2019.09.002

Lindberg, F. A., Nordenankar, K., and Fredriksson, R. (2022). SLC38A10
knockout mice display a decreased body weight and an increased risk-taking
behavior in the open field test. Front. Behav. Neurosci. 16:840987. doi: 10.3389/
fnbeh.2022.840987

Lundberg, S., Abelson, K. S. P., Nylander, I., and Roman, E. (2017).
Few long-term consequences after prolonged maternal separation in
female Wistar rats. PLoS One 12:e0190042. doi: 10.1371/journal.pone.019
0042

Lundberg, S., Högman, C., and Roman, E. (2019). Adolescent exploratory
strategies and behavioral types in the multivariate concentric square FieldTM test.
Front. Behav. Neurosci. 13:41. doi: 10.3389/fnbeh.2019.00041

Lundberg, S., Le, H., and Roman, E. (2018). “Left alone-Effects of acute and
prolonged social isolation on the behavioral profile in adult male and female
Wistar rats,” in Measuring Behavior, eds R. Grant, T. Allen, A. Spink, and M.
Sullivan (Manchester: Manchester Metropolitan University).

McIlwain, K. L., Merriweather, M. Y., Yuva-Paylor, L. A., and Paylor, R. (2001).
The use of behavioral test batteries: Effects of training history. Physiol. Behav. 73,
705–717. doi: 10.1016/s0031-9384(01)00528-5

Meyerson, B. J., Augustsson, H., Berg, M., and Roman, E. (2006).
The concentric square field: A multivariate test arena for analysis of
explorative strategies. Behav. Brain Res. 168, 100–113. doi: 10.1016/j.bbr.2005.1
0.020

Meyerson, B. J., Jurek, B., and Roman, E. (2013). A rank-order procedure
applied to an ethoexperimental behavior model—the multivariate concentric
square FieldTM (MCSF) test. J. Behav. Brain Sci. 3, 350–361. doi: 10.4236/jbbs.
2013.34035

Montano, C., Taub, M. A., Jaffe, A., Briem, E., Feinberg, J. I., Trygvadottir, R.,
et al. (2016). Association of DNA methylation differences with schizophrenia in
an epigenome-wide association study. JAMA Psychiatry 73, 506–514. doi: 10.1001/
jamapsychiatry.2016.0144

Niv, Y. (2021). The primacy of behavioral research for understanding the brain.
Behav. Neurosci. 135, 601–609. doi: 10.1037/bne0000471

Noguchi, K., Gel, Y. R., Brunner, E., and Konietschke, F. (2012). nparLD:
An R software package for the nonparametric analysis of longitudinal
data in factorial experiments. J. Stat. Softw. 50, 1–23. doi: 10.18637/jss.v05
0.i12

R Core Team (2021). R: A Language and Environment for Statistical Computing.
Vienna: R foundation for statistical computing.

Roman, E., Stewart, R. B., Bertholomey, M. L., Jensen, M. L., Colombo, G., and
Hyytiä, P. (2012). Behavioral profiling of multiple pairs of rats selectively bred
for high and low alcohol intake using the MCSF test. Addict. Biol. 17, 33–46.
doi: 10.1111/j.1369-1600.2011.00327.x

Slc38a10 - solute carrier family 38, member 10 (n.d). International Mouse
Phenotyping Consortium. Available online at: https://www.mousephenotype.org/
data/genes/MGI:1919305 (accessed September 1, 2020).

Frontiers in Behavioral Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnbeh.2022.987037
https://doi.org/10.1016/s0091-6773(75)90636-7
https://doi.org/10.1016/j.physbeh.2004.03.014
https://doi.org/10.1016/j.physbeh.2004.03.014
https://doi.org/10.1113/jphysiol.2003.060293
https://doi.org/10.1371/journal.pgen.1002858
https://doi.org/10.1016/j.jneumeth.2020.108597
https://doi.org/10.1016/j.jneumeth.2020.108597
https://doi.org/10.1016/j.neuroscience.2009.09.015
https://doi.org/10.1016/j.neuroscience.2009.09.015
https://doi.org/10.1046/j.1460-9568.2002.01995.x
https://doi.org/10.1046/j.1460-9568.2002.01995.x
https://doi.org/10.1007/s00424-013-1393-y
https://doi.org/10.1007/s00424-013-1393-y
https://doi.org/10.1016/j.bbrc.2011.07.005
https://doi.org/10.1016/j.bbrc.2011.07.005
https://doi.org/10.1016/j.cell.2015.07.022
https://doi.org/10.1016/s0092-8674(00)81674-8
https://doi.org/10.1002/glia.20106
https://doi.org/10.18632/aging.101837
https://doi.org/10.1038/nature19356
https://doi.org/10.1089/neu.2009.0953
https://doi.org/10.1002/brb3.915
https://doi.org/10.1002/brb3.915
https://doi.org/10.1016/j.neurobiolaging.2015.06.005
https://doi.org/10.3390/ijms22031167
https://doi.org/10.1074/jbc.M110.162404
https://doi.org/10.3389/fnbeh.2014.00252
https://doi.org/10.3389/fnbeh.2014.00252
https://doi.org/10.3233/JAD-190700
https://doi.org/10.1016/s0005-2736(00)00390-4
https://doi.org/10.1016/j.mam.2012.12.009
https://doi.org/10.1002/2211-5463.12219
https://doi.org/10.3389/fmolb.2018.00045
https://doi.org/10.1016/j.ajps.2019.09.002
https://doi.org/10.3389/fnbeh.2022.840987
https://doi.org/10.3389/fnbeh.2022.840987
https://doi.org/10.1371/journal.pone.0190042
https://doi.org/10.1371/journal.pone.0190042
https://doi.org/10.3389/fnbeh.2019.00041
https://doi.org/10.1016/s0031-9384(01)00528-5
https://doi.org/10.1016/j.bbr.2005.10.020
https://doi.org/10.1016/j.bbr.2005.10.020
https://doi.org/10.4236/jbbs.2013.34035
https://doi.org/10.4236/jbbs.2013.34035
https://doi.org/10.1001/jamapsychiatry.2016.0144
https://doi.org/10.1001/jamapsychiatry.2016.0144
https://doi.org/10.1037/bne0000471
https://doi.org/10.18637/jss.v050.i12
https://doi.org/10.18637/jss.v050.i12
https://doi.org/10.1111/j.1369-1600.2011.00327.x
https://www.mousephenotype.org/data/genes/MGI:1919305
https://www.mousephenotype.org/data/genes/MGI:1919305
https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org/


fnbeh-16-987037 December 16, 2022 Time: 15:11 # 10

Lindberg et al. 10.3389/fnbeh.2022.987037

Smith, R. E., Haroutunian, V., Davis, K. L., and Meador-Woodruff, J. H. (2001).
Expression of excitatory amino acid transporter transcripts in the thalamus of
subjects with schizophrenia. Am. J. Psychiatry 158, 1393–1399. doi: 10.1176/appi.
ajp.158.9.1393

Spear, L. P. (2000). The adolescent brain and age-related behavioral
manifestations. Neurosci. Biobehav. Rev. 24, 417–463. doi: 10.1016/s0149-7634(00)
00014-2

Stringer, M., Abeysekera, I., Thomas, J., LaCombe, J., Stancombe, K., Stewart,
R. J., et al. (2017). Epigallocatechin-3-gallate (EGCG) consumption in the Ts65Dn
model of Down syndrome fails to improve behavioral deficits and is detrimental
to skeletal phenotypes. Physiol. Behav. 177, 230–241. doi: 10.1016/j.physbeh.2017.
05.003

Sundberg, B. E., Wååg, E., Jacobsson, J. A., Stephansson, O., Rumaks, J.,
Svirskis, S., et al. (2008). The evolutionary history and tissue mapping of
amino acid transporters belonging to solute carrier families SLC32, SLC36,
and SLC38. J. Mol. Neurosci. MN 35, 179–193. doi: 10.1007/s12031-008-9
046-x
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