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Abstract

The solute carrier (SLC) group of membrane transport proteins includes about 400 members organized into more than 50 families.
The SLC family that comprises nucleoside-sugar transporters is referred to as SLC35. One of the members of this family is
SLC35F1. The function of SLC35F1 is still unknown; however, recent studies demonstrated that SLC35F1 mRNA is highly
expressed in the brain and in the kidney. Therefore, we examine the distribution of Slc35f1 protein in the murine forebrain using
immunohistochemistry. We could demonstrate that Slc35f1 is highly expressed in the adult mouse brain in a variety of different
brain structures, including the cortex, hippocampus, amygdala, thalamus, basal ganglia, and hypothalamus. To examine the
possible roles of Slc35f1 and its subcellular localization, we used an in vitro glioblastoma cell line expressing Slc35f1. Co-
labeling experiments were performed to reveal the subcellular localization of Slc35f1. Our results indicate that Slc35f1 neither
co-localizes with markers for the Golgi apparatus nor with markers for the endoplasmic reticulum. Time-lapse microscopy of
living cells revealed that Slc35f1-positive structures are highly dynamic and resemble vesicles. Using super-resolution microscopy,

these Slc35fl-positive spots clearly co-localize with the recycling endosome marker Rab11.
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Introduction

The solute carrier (SLC) group of membrane transport proteins
includes about 400 members organized into more than 50 fam-
ilies (Hediger et al. 2013). The solute carrier family that com-
prises nucleoside-sugar transporters is referred to as SLC35
(Hediger et al. 2013). The SLC35 family consists of at least
30 molecular species in humans (Hediger et al. 2013). SLC35
family members are very hydrophobic proteins of about 320—
400 amino acid residues, and they are thought to act as
antiporters, transporting nucleotide sugars pooled in the cyto-
sol into the lumen of the Golgi and/or the endoplasmic reticu-
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lum (ER) in exchange for the corresponding nucleoside
monophosphates (Ishida and Kawakita 2004). In detail, the
SLC35 family can be categorized broadly into six subfamilies
(SLC35A-G) on the basis of their amino acid similarities
(Nishimura et al. 2009; Song 2013). An expression profile
study has shown that human slc35f transporter mRNAs
(SLC35F1-SLC35F5) are expressed in various tissues and that
slc35f1 mRNA is highly expressed in the fetal brain
(Nishimura et al. 2009).

Slc35f1 is expressed postnatally in different tissues.
However, the exact expression pattern is largely unknown as
well as the function. In birds and mammals, slc35f1 is thought
to share some functions for the preservation of viable sperma-
tozoa in the female reservoirs (Atikuzzaman et al. 2017).

In human tissue, SLC35F1 protein is especially expressed
within the brain and kidney and at moderate levels in the heart
(http://www.proteinatlas.org/ENSG00000196376/normal).
Concerning SLC35F1 in the human heart, mRNA expression
has been confirmed (Vasan et al. 2009). In a meta-analysis of
genome-wide association data, common genetic variants as-
sociated with cardiac structure and function have been ana-
lyzed. The results obtained show that the left ventricular dia-
stolic dimension was associated with two single-nucleotide
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polymorphisms (SNPs), presumably marking the same 6q22
locus that included C6orf204 and SLC35F1 (Vasan et al.
2009). Moreover, in a further study, an association with rest-
ing heart rate (6922 near SLC35F1) was discovered
(Eijgelsheim et al. 2010). Furthermore, Slc35F1 might be in-
volved in the regulation of heart rate dependant of the ethnic-
ity (Avery et al. 2017). The role of SLC35F1 in cardiac phys-
iology, however, is currently unknown as well as its function
in other organs.

Since Slc35f1 is strongly expressed in the brain, we ana-
lyzed the localization of Slc35f1 in the murine brain in detail.
Moreover, by in vivo microscopy and super-resolution mi-
croscopy, we identified the dynamic and the subcellular local-
ization of Slc35f1.

Materials and methods
Animals

Adult C57BL/6J mice of both sexes with an age of 3 to
6 months were kept in standard cages with 12 h dark/light cycle
as well as with access to food and water ad libitum. All of the
experimental protocols were approved by government authori-
ties (Landesamt flir Landwirtschaft, Lebensmittelsicherheit und
Fischerei Mecklenburg-Vorpommern. (LALLF); 7221.3-2) and
performed according to the German Animal Welfare Act of
May 25, 1998, and the European Communities Council
Directive of November 24, 1986 (86/609/EEC). All efforts
were made to minimize suffering.

Transcardial perfusion, which utilizes the vasculature to
achieve systemic delivery of fixative in the living animal, is
a commonly used standard for tissue fixation. For that pur-
pose, the animal is anesthetized, the chest wall opened, the
beating heart exposed, and a needle is then inserted into the
left ventricle in order to pump fixative into the systemic circuit
(Kasukurthi et al. 2009). To minimize suffering, we developed
a method that does not require living animals; instead, the
animals will be euthanized using ether and the preparation is
performed postmortem. This method has been successfully
used for several years in our lab (Busch et al. 2017; Dokter
etal. 2015; Freund et al. 2012; Koschiitzke et al. 2015) and is
approved by the local government (LALLF, Reference-
number 7221.3-2). Exposure to anesthetic drugs, including
ketamine, midazolam, propofol, isoflurane, and chloral hy-
drate, can induce neuroapoptosis (for review, see Creeley
and Olney 2010). Moreover, on the level of neuronal plastic-
ity, it has been shown that isoflurane affects adult hippocam-
pal neurogenesis (Sall et al. 2009; Stratmann et al. 2009). In
addition, we have shown that isoflurane, in contrast to ether,
severely affects neuronal signaling and neuronal plasticity and
thus an appropriate choice of anesthetics used is an important
consideration when brain plasticity is analyzed (Zschenderlein
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etal. 2011). Therefore, ether was used to avoid neuronal dam-
age or alterations in neuronal plasticity and is authorized by
the local government.

RNA isolation and RT-PCR

Cortical brain tissues from adult C57BL/6J mice (n =3) were
collected. Total RNA of mouse brain was isolated using TRI
Reagent (Sigma-Aldrich, St. Louis, MO, USA) as described
by the manufacturer. The synthesis of cDNA was performed
using QuantiTect® Reverse Transcription Kit (Qiagen,
Hilden, Germany) and 1 pg of RNA according to the manu-
facturer’s protocol. Reaction mix lacking reverse transcriptase
was used as negative control. Reverse transcription PCR (RT-
PCR) was performed in the presence of 1 U/ul Taq polymer-
ase (Peqlab, Darmstadt, Germany). The following primers
were used (final concentration 0.5 uM): slc35f1 forward prim-
er (5'- GTCTTAGGAGGAGCCACCCTGTA-3') and Slc35f1
reverse primer (5- ATGGGGCTCTTCTTCTGTCTCC-3")
getting a specific signal at 546 bp. After an initial hold of
5 min at 95 °C for denaturation, 30 cycles were performed
with 30 s at 94 °C, 40 s at annealing temperature of 64 °C, and
90 s at 72 °C. PCR products were separated on 2% ethidium
bromide-stained agarose gel, which were recorded with a dig-
itizing video system (Intas, Gottingen, Germany). The product
size of 546 bp was examined using GeneRuler 100 bp DNA
Ladder (0.1 pug/ul, Thermo Fisher Scientific, Waltham, MA,
USA). Additionally, the sequence specificity of the amplicon
was confirmed by sequencing (LGC Genomics, Berlin,
Germany).

Western blot

Cells were lysed in lysis buffer (50 mM octylglucoside,
50 mM Tris, 150 mM NaCl, 10 mM CaCl,, I mM MgCl,,
and 1 mM PMSF) for western blot. After incubation (4 °C,
20 min, shaker), the lysate was centrifuged (10,000g for
20 min at 4 °C). Thereafter, the protein-containing supernatant
(20-30 pg/lane) was separated under denatured conditions
using a 4-20% Mini-PROTEAN® TGX™ precast gel (Bio-
Rad Laboratories, Hercules, CA, USA) and transferred to a
nitrocellulose membrane by electrophoresis. Blocking (5%
low-fat milk, 60 min) was followed by incubation with the
primary antibody (rabbit anti-SLC35F1, HPA019576,
Sigma-Aldrich, Germany). For negative control, primary
Slc35f1 antibody was pre-incubated with the corre-
sponding slc35f1 antigen (PrEST Antigen SLC35F1,
APREST73313, Sigma-Aldrich) and centrifuged, and fi-
nally the supernatant was used. Antigen-antibody com-
plexes were visualized with an HRPO-labeled anti-rabbit
secondary antibody (Santa Cruz Biotechnology, Dallas, TX,
USA) and a Clarity Western ECL Substrate kit (Bio-Rad
Laboratories, Kabelsketal, Germany).
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Expression of slc35f1 protein in the adult mouse brain

In order to avoid interferences with neuronal plasticity, mice
were euthanized with ether (Zschenderlein et al. 2011) and
transcardiacally perfused with phosphate-buffered saline
(PBS) and afterwards with 4% paraformaldehyde (PFA) as de-
scribed recently (Gebhardt et al. 2016). Paraformaldehyde-fixed
brains from adult C57BL/6 mice (n=3) were used for this
study, and 30-pum-thick coronal sections were made using a
vibratome (VT 1000, Leica, Wetzlar, Germany) and collected
in 20% ethanol as described earlier in detail (Dokter et al. 2015).
Sections were mounted and air-dried overnight. For the detec-
tion of Slc35F1 protein, a phosphate-buffered saline (PBS) so-
lution containing rabbit affinity-purified anti-Slc35f1 polyclonal
antibodies (1:100), 5% serum, and 0.1% Triton X was used.
Visualization was performed using biotinylated anti-rabbit IgG
(1:200; Dianova, Hamburg, Germany) and Cy3-conjugated
streptavidin (1:2000; Dianova). Sections were rinsed again three
times in PBS and then counterstained with DAPI (0.1 pg/ml).
Finally, sections were embedded in Mowiol (Sigma-Aldrich).
Slc35f1 immunohistochemistry was combined either with an
antibody against GFAP (affinity-purified polyclonal antibodies
(1:50; Santa Cruz Biotechnology)) or NeuN (polyclonal anti-
bodies (1:100; Millipore, Darmstadt, Germany)). Visualization
was done using Alexa 488-conjugated antibodies (1:400;
Dianova). Sections were analyzed using an Axioplan 2 imaging
microscope (Zeiss, Jena, Germany). For analysis of double-
stained material, a randomly chosen region of interest (ROI
200 x 200 wm) was located within the brain and the number
of stained cells within that ROI was determined. Per brain re-
gion and animal, between six ROIs were sampled and the mean
cell density was determined. In the overview presented in
Table 1, cell densities were grouped according the following
scheme: + <10, ++ <20, +++<30 and ++++> 30 cells per
ROI. The nomenclature used is based on a mouse brain atlas
(Franklin and Paxinos 2007).

Transfection of cultured glioblastoma cells

Cells of a well-established glioblastoma cell line (U-251 MG,
Cell Lines Service, Eppelheim, Germany) were used.
Glioblastoma cells were maintained in RPMI 1640 (Lonza,
Basel, Switzerland) supplemented with 2.0 mM L-glutamine,
1.0 mM sodium pyruvate, 10% fetal bovine serum, 100 U/ml
penicillin, and 10 pg/ml streptomycin. Cells were cultivated at
37 °C and 5% CO, on uncoated glass cover slips. Cells were
transfected by a tGFP-tagged Slc35f1 plasmid (MG206418
Origene, Rockville, MD, USA) using jetPEI (Polyplus-
transfection, Illkirch, France) as described by the manufactur-
er. The cells were taken for experiment 24 h after transfection.
Control-transfected cells (carrying only a GFP-vector) as well
as cells that were treated with the transfection media were used
as control. For co-localization studies, Slc35f1-transfected
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Table 1 Relative densities of slc35f1 protein—expressing cells
Area Relative density
Cortex Auditory cortex +++
Cingulate cortex ++
Entorhinal cortex ++
Motor cortex +++
Piriform cortex +++
Somatosensory cortex o
Visual cortex +++
Hippocampus CAl ++++
CA2 -+
CA3 +++
DG o+
Amygdala BLA ++++
Ce +
LA ++
Me +
Basal ganglia CPu +H++
GP +
Ncl. subthalamicus ++
SN +
Thalamus AD ++
DLG ++
LHb -
MHb ++
Rt +
VPM/VPL +
Hypothalamus AHA ++
DM ++
MN Attt
Ncl. arcuatus +
Ncl. preopticus +
PaV ++
PE +
PH +++
Others CM ++++
Necl ruber +
PAG +

raphe nuclei

++

AD, anterodorsal thalamic nucleus; AHA, anterior hypothalamic area;
BLA, basolateral nucleus of the amygdala; Ce, central nucleus of the
amygdala; CPu, caudate-putamen; DG, dentate gyrus; DLG, dorsal lateral
geniculate nucleus; DM, dorsomedial hypothalamic nucleus; GP, globus
pallidus; LA, lateral nucleus of the amygdala; LHb, lateral habenula; Me,
medial nucleus of the amygdala; MHb, medial habenula; MN, mammil-
lary nucleus; PAG, periaqueductal gray; PaV, paraventricular hypotha-
lamic nucleus; PE, periventricular hypothalamic nucleus; PH, posterior
hypothalamic area; Rt, reticular thalamic nucleus; SN, substantia nigra;
VPM/VPL, ventral posteromedial/posterolateral thalamic nucleus

glioblastoma cells were stained for Rab proteins as described
earlier (Blumenthal et al. 2015). Cells were fixed at room

@ Springer



170

Cell Tissue Res (2019) 377:167-176

temperature with 2% PFA (dissolved in a solution containing
4% sucrose, and PBS). Afterwards, cells were permeabilized
for 8 min (0.3% Triton X-100 in PBS) and incubated for
45 min in blocking solution (2% fetal bovine serum, 2% bo-
vine serum albumin, 0.2% gelatin, PBS). Antibodies against
the following proteins were used: rabbit anti-Slc35f1 (Sigma-
Aldrich), mouse anti-Rab5 (Santa Cruz Biotechnology),
mouse anti-Rab7 (Santa Cruz Biotechnology), goat anti-
Rabl1 (Santa Cruz Biotechnology), mouse anti-Golgin97
(Life Technologies, Carlsbad, CA, USA), rabbit anti-PDIA3
(ER) (Sigma-Aldrich), and mouse anti-x-tubulin (Sigma-
Aldrich). For visualization, Cy3-conjugated and Alexa 488-
conjugated (Vector Laboratories Inc., Peterborough, United
Kingdom) secondary antibodies were used.

Additionally, Slc35f1-expressing cells were used for live
cell imaging. A custom build Plexiglas chamber was filled
with 400 pl observation medium (RPMI 1640 w/o phenol
red supplemented with 10% fetal bovine serum). The uncoat-
ed cover slips were attached, and the Plexiglas chamber was
sealed. For live cell observation, an inverted laser scanning
microscope was used (IRBE; Leica Microsystems) and the

a

RT-PCR
-RT Ctrl

cortex

500 bp -

C

Fig. 1 Slc35f1 is expressed in the mouse brain. Sle35f1 mRNA
expression in the cortical brain tissue was confirmed by RT-PCR
obtaining a specific signal at 546 bp (a). No reverse transcriptase control
(—RT Ctrl) was used as negative control. Slc35f1 protein is also detected
by western blot in the cortex and the cerebellum (b). As a negative control
(Ab+Ag), the primary Slc35f1 antibody (Ab) was pre-incubated with the
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temperature was kept at 37 °C by using an airstream incubator
(ASI 400; Nevtek, Burnsville, VA, USA).

Images and videos were taken using confocal laser scan-
ning microscopy (Leica TCS-SP5, Leica Microsystems). For
analysis, the software ImageJ (NIH, USA) and the Leica
Application Suite LAS AF (Leica, Germany) were used. For
the subcellular analysis, pictures were taken by the use of
super-resolution microscopy SIM (structured illumination mi-
croscopy; Elyra PS1, Zeiss, Germany) as recently described
(Siegerist et al. 2017).

Results

SIc35f1 is expressed in the cortex and the cerebellum
of mice

To obtain insight into the putative expression of Slc35f1 in the
adult murine brain, we performed RT-PCR and western blots
(Fig. 1a, b). By RT-PCR analysis, we confirmed Slc35f1 ex-
pression in the cortex. A specific band with the expected size of

b b’
Western blot

cere-
kbA cortex bellum kDA Ab + Ag
75 =. 75 ==
50 M e— EU
37 wm “ .-
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slc35F1 antigen (Ag) and showed no signal (b”). Omission of the primary
antibody does not result in a visible fluorescent signal (c), whereas the
counterstaining with DAPI (in blue) clearly labels the brain structures (d).
The overlay of (¢) and (d) is shown in (e). RT-PCR reverse transcription
PCR
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45 kDa in the cortex and the cerebellum was detected by west-
ern blot, whereas the negative control showed no signal
(Fig. 1b). Beside this, we could show that the antibody was also
able to detect Slc35f1 in transfected glioblastoma cells express-
ing Sle35f1 (see below).

Distribution of Slc35f1 in the adult murine brain

Next, we used this antibody for analyzing the distribution of
Slc35f1 in the adult mouse brain. The omission of the primary

Fig. 2 Slc35f1-positive cells in
the mouse brain. Within the adult
mouse brain, cells positive for
slc35f1 are widely distributed (a).
A rectangle indicates a
magnification of that area that is
shown in (b). Slc35f1 is present in
fibers and cells within the
caudate-putamen (CPu; b).
Slc35f1 is also expressed in the
substantia nigra (c). Cells
expressing slc35f1 protein were
shown in a higher magnification
(d). Within the cortex, slc35f1 (e)
and NeuN (f) co-localize (g),
indicating that slc35f1 is
expressed by neurons. Sle35f1 (h)
and GFAP (i) did not co-localize
(j). This indicates that slc35f1 is
mainly expressed by neurons.
(S1c35f1 is shown in red; DAPI
(in blue) was used to visualize cell
nuclei). CPu caudate-putamen, fi
fimbria, ic internal capsule, opt
optical tract

Slc35f1

Slc35f1

antibody did not reveal any specific staining on brain sections
(Fig. 1c—¢), whereas the use of the Slc35f1 antibody provided
a specific staining pattern. In the adult murine brain, Slc35f1
protein expression is widely distributed (Fig. 2a). Slc35f1 pro-
tein was detected in most brain regions of the forebrain, in-
cluding cortical, limbic, thalamic, and hypothalamic areas
(Table 1). In detail, Slc35f1 protein was found to be expressed
in most cortical areas. Strong Slc35f1 protein expression was
mainly found in cortical layers II to VI (data not shown).
Within the hippocampus, high Slc35f1 protein expression

GFAP
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was found, especially within area CA1 and the dentate gyrus
(DG; Table 1). As compared with these hippocampal areas,
the density of Slc35f1 protein—expressing cells in areas CA2
and CA3 was somewhat lower.

The most prominent expression of Sle35f1 protein was
found within the basolateral complex of the amygdala, namely
within the basolateral (BLA) and lateral (LA) nucleus of the
amygdala. Slc35f1 protein was also found within brain areas
belonging to the basal ganglia, including the subthalamic nu-
cleus, the globus pallidus (GP). The highest density of such
cells was noted in the caudate-putamen (CPu; Table 1, Fig. 2a,
b). Within both, the thalamus and the hypothalamus, Slc35f1
protein—expressing cells could also be detected. The analysis
of the densities of labeled cells indicated that high densities
could be found within the hypothalamus especially within the
mammillary nucleus (MN) and the posterior hypothalamic
area (PH), whereas the densities of Slc35f1 protein—
expressing cells was somewhat lower in the other areas ana-
lyzed (Table 1). Moreover, Slc35f1 protein expression was
detected in other brain structures, including the nucleus ruber,
substantia nigra (SN; Fig. 2c, d), periaqueductal gray (PAG),
and the raphé nuclei (Table 1). According to the morphology
of the Slc35fl-positive cells, these cells appear to represent
neurons. This was verified by co-staining with antibodies di-
rected against the neuronal marker NeuN (Fig. 2e—g). In order
to investigate whether Slc35f1 protein is also expressed by
glial cells, immunohistochemistry for Slc35f1 was combined
with immunohistochemistry for GFAP. These double-labeling
experiments showed that GFAP-positive cells were not posi-
tive for Sle35f1 (Fig. 2h—j). Along this line, Slc35f1 expres-
sion was not seen in fiber tracts, e.g., optical tract or internal
capsule (Fig. 2b).

Moreover, by using fluorescence microscopy, Slc35f1 is
not only identified in neuronal somata, but also in dendrites
(Fig. 3a, b). Likewise, by using SIM (structured illumination
microscopy, a super-resolution microscopic technique), a
spot-like expression pattern of Slc35f1 was seen in neurons.
The expression of Slc35f1 protein was seen in the soma as
well as in dendrites (Fig. 3c).

Cellular localization of slc35f1

SLC35 family members are thought to transport nucleotide
sugars pooled in the cytosol into the lumen of the Golgi and/
or the (ER). To analyze whether Slc35f1 plays such a role, we
used the glioblastoma cell line U251MG. The cells were
transfected with a plasmid expressing tGFP-labeled Sle35f1.
Since we expected a localization of slc35f1 in the membrane
of ER and or in the membrane of the Golgi apparatus, we
searched for a co-labeling of Slc35f1 with markers associated
with the ER and Golgi apparatus. However, as shown in
Fig. 4, no co-localization of slc35f1 was found with
Golgin97, a trans-Golgi network resident protein or with
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PDIA3 (also known as ERp57), a marker of the ER (Coe
and Michalak 2010) was observed. In the central nervous
system, Rab proteins, e.g., Rab5, Rab6, and Rab7, play crucial
roles in endocytosis and in axonal retrograde transport pro-
cesses (Ng and Tang 2008). In detail, Rab5 is associated with
early endosome fusion, axonal retrograde transport, and
endosomal sorting, and Rab7 with processes involving the
steps from late endosomes to lysosomes as well as with pro-
cesses related to axonal retrograde transport (for details, see
D'Adamo et al. 2014). Here, we demonstrated that slc35f1
neither co-localizes with Rab5 (Fig. 5a) nor with Rab7
(Fig. 5b), indicating that Slc35f1 is not associated with early
or late endosomes. However, we observed that Slc35f1 co-
localized with Rab11 (Fig. 5¢), a protein that regulates the
exocytosis of recycling vesicles (Takahashi et al. 2012).
Since Sle35f1 might be involved in Rabl1-dependent pro-
cesses, Slc35f1 might show a dynamic pattern within cells.
In Slc35f1-transfected cells, small Slc35f1-positive spots were
obvious all over the cell. Time-lapse microscopy of living
Sle35f1-transfected cells revealed that these spots are highly
dynamic and resemble vesicles as shown in Fig. 6. These
dynamic spots move, e.g., in the direction to the cell center
(see movie in the supplement). Since the dynamic of the ves-
icle is dependent on microtubules, we stained with an anti-
body against a-tubulin to visualize the microtubules system.
We found that most of the Slc35f1 spots were associated with
the microtubules as shown in Fig. 7.

Fig.3 Slc35f1-positive neurons in the brain. a Sle35f1 protein expression
(red) is not only seen in the soma (one marked with an asterisk) of CA1
pyramidal neurons but also in the dendrites of neurons (one is marked
with an arrow). Rectangle highlights the region of interest shown in (b).
DAPI (blue) was used to visualize cell nuclei. b Magnification of (a). The
apical dendrites of the CA1 pyramidal neurons display slc35f1 immuno-
reactivity. ¢ By using super-resolution microscopy, the slc35f1 protein
expression (red) is now clearly seen in the soma (one marked with an
asterisk) as well as in the dendrites of cortical neurons (one is marked with
an arrow). DAPI (blue) was used to visualize cell nuclei
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Fig. 4 Slc35f1 does not co-localize with the Golgi apparatus in transfected
glioblastoma cells (line U251MG). a—d tGFP-labeled Slc35f1 and Golgi

apparatus co-staining. DAPI staining of cells (a) transfected with tGFP-
labeled Slc35f1 expression vector (b) that were stained with an anti-

Discussion

In the postnatal murine brain, Slc35flprotein is widely
expressed. Slc35f1 protein was mainly seen to be expressed
by neurons, but not by astrocytes. Slc35f1 protein expression
is not restricted to a specific brain area but can be found in the
midbrain, diencephalon, and even in cortical structures, like
the basolateral complex of the amygdala, the hippocampal
formation, and the cortex. The physiological function of
Slc35f1 in the brain, however, is still enigmatic. Based on
the localization of Slc35f1 in cortical and hippocampal neu-
rons, it can be speculated that Slc35f1 may be involved in
neuronal plasticity or plays a critical role in the maintenance

Rab5

Fig.5 Slc35f1 and Rab proteins (analysis using transfected glioblastoma
cells (line U251MQG)). a Slc35f1 (labeled in green) and Rab5 (labeled in
red) mainly did not co-localize. b Slc35f1 (labeled in green) and Rab7

Rab7

Golgin97 antibody (red) (c), overlay of (a), (b) and (¢) (d). e-h tGFP-
labeled Slc35f1 and ER co-staining. DAPI staining (e) of tGFP-Slc35f1-
expressing cells (f) that were co-stained with an antibody against PDIA3
(red) (g), overlay of (e), (f) and (g) (h)

of the neuronal circuitries. Recently, it has been shown that
chromosomal 6g22.1 microdeletion is implicated in pediatric
epilepsy (Szafranski et al. 2015). The critical region was
narrowed to a ~250 kb segment at 6q22.1 that includes,
among others, putative regulatory sequences of SLC35F1,
indicating that dosage alteration in SLC35F1 may represent
important contributors to neurodevelopmental phenotypes as-
sociated with 6q22 deletions (Szafranski et al. 2015). As a
member of the SLC35 family, SLC35F1 is thought to trans-
port nucleotide sugars pooled in the cytosol into the lumen of
the Golgi and/or the ER. In addition, no co-localization of
Slc35f1 with markers of the Golgi or ER was seen.
Likewise, Slc35f1 was not found to co-localize with the

Rab11

(labeled in red) did not co-localize. ¢ Slc35f1 (labeled in green) and
Rab11 (labeled in red) were found to co-localize at several positions (seen
in yellow)
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Fig. 6 Dynamics of slc35f1.
Glioblastoma cells U251MG
transfected with tGFP-SLC35F1
expression vector studied by
time-lapse microscopy. a
Overview and marked starting
point. b—e Magnification of the
moving spot that changes the
position over the time is marked
with a red arrow. f Overview and
marked end point

-

endosomal marker Rab5 or Rab7, but, in contrast, Slc35f1 co- required for trans-Golgi network-to-plasma membrane trans-
localizes with Rab11. Rabl1, for example, seems to be  port (Chen et al. 1998). Rabl1-dependent endosomes

Fig. 7 Slc35f1 spots are
associated with microtubules.
Overlay of tGFP-labeled slc35f1
spots (red) with «-tubulin staining
(green) showed an

association with the spots along
microtubules in transfected
glioblastoma cells
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translocate AMPA receptor subunits from the dendritic shaft
into spines, e.g., after induction of long-term potentiation
(LTP) in the hippocampus (Brown et al. 2007; D'Adamo
et al. 2014). Along this line, dominant-negative Rab 11
completely blocks LTP (Brown et al. 2007) and it is known
that AMPA receptors play a crucial role in LTP (Payne 2008).
Aside from this, altered trafficking and functioning of AMPA
receptors are involved in epilepsy (Di Bonaventura et al.
2017). Since Rabl1 is involved in the translocation of
AMPA receptor subunits from the dendritic shaft into the den-
dritic spine, Slc35f1, via Rab11, might be involved in dendrit-
ic spine formation or in structural changes that depend on
synaptic plasticity. Changes in size of dendritic spines are
thought to reflect changes in the strength of synaptic transmis-
sion under pathophysiological as well as physiological condi-
tions (von Bohlen und Halbach 2009). Thus, it might be pos-
sible that Slc35f1 is involved in the highly dynamic processes
that may contribute to changes in the size and function of
dendritic spines; Slc35f1 should display a dynamic pattern
within the cells. Such a dynamic behavior was monitored by
time-lapse microscopy of living sle35f1-transfected cells.
Sle35f1 seems not to be associated with the ER or the Golgi,
but with Rabl1-positive endosomes. Importantly, Rabl11 is
involved in clathrin-mediated endocytosis and has recently
been identified as a regulator of presynaptic function especial-
ly in activity-dependent bulk endocytosis (ADBE) during
high-frequency stimulation (Kokotos et al. 2018). In 2017, a
causal link between developmental and epileptic encephalop-
athy (DEE; a group of conditions characterized by the co-
occurrence of epilepsy and intellectual disability), and de-
novo missense mutations in several genes, including Rabl11
has been discovered (Hamdan et al. 2017). Thus, it can be
hypothesized that the possible association of Slc35f1 with
epilepsy (Szafranski et al. 2015) may be based on a disturbed
Rab11 functioning.

The immunohistochemical analysis of the distribution of
Slc35f1 revealed that this protein is expressed by neurons,
not only in the soma but also in the dendrites of neurons.
Within fiber tracts, e.g., the optical tract, no expression of
Slc35f1 was detected. This indicates that Slc35f1 is not
expressed in axons as well as it is not expressed by glia cells,
e.g., oligodendrocytes. Moreover, we have shown that
Slec35f1 does not co-localize with GFAP and, therefore,
Slc35f1 is not expressed by astrocytes.

Since the dynamic of the vesicle is dependent on microtu-
bules, we stained with an antibody against «-tubulin to visu-
alize the microtubules system. We found that most of the
Sle35f1 spots were associated with the microtubules as shown
in Fig. 7. In that context, it should be mentioned that electron
microscopic studies have suggested that a highly labile popu-
lation of microtubules exists within dendritic spines in close
proximity to the postsynaptic density (Gu et al. 2008). This
presence of microtubules in dendritic spines is correlated with

synaptic activity, and brain-derived neurotrophic factor
(BDNF) increases the entry of microtubules into dendritic
spines (Shirao and Gonzalez-Billault 2013). BDNF also reg-
ulates Rab 11-mediated recycling endosome dynamics that
leads to structural changes in dendrites (Lazo et al. 2013). It
may be possible that Slc35f1 is involved in these processes
and it would be interesting to elucidate whether BDNF will
have a role in regulating Slc35f1 expression. Moreover, it
would be of interest to obtain insight into a possible role of
Slc35f1 in synaptic plasticity. The generation of animal
models that either over-express or down-regulate Slc35f1 will
be very helpful for gaining insight into the roles of Slc35f1 not
only in the brain but also in other organs that show high levels
of Slc35f1, e.g., the heart or the kidney.
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