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In primary murine hippocampal neurons we investigated the regulation of EAAT3-
mediated glutamate transport by the Clostridium botulinum C3 transferase C3bot and a
26mer peptide derived from full length protein. Incubation with either enzyme-competent
C3bot or enzyme-deficient C3bot156−181 peptide resulted in the upregulation of
glutamate uptake by up to 22% compared to untreated cells. A similar enhancement
of glutamate transport was also achieved by the classical phorbol-ester-mediated
activation of protein kinase C subtypes. Yet comparable, effects elicited by C3
preparations seemed not to rely on PKCα, γ, ε, or ζ activation. Blocking of tyrosine
phosphorylation by tyrosine kinase inhibitors prevented the observed effect mediated
by C3bot and C3bot 26mer. By using biochemical and molecular biological assays
we could rule out that the observed C3bot and C3bot 26mer-mediated effects solely
resulted from enhanced transporter expression or translocation to the neuronal surface
but was rather mediated by transporter phosphorylation at tyrosine residues that was
found to be significantly enhanced following incubation with either full length protein or
the 26mer C3 peptide.

Keywords: C3 transferase, glutamate transporter, EAAT3, phosphorylation, uptake

INTRODUCTION

The prototypical Clostridium botulinum C3 transferase (C3bot) is an exoenzyme that represents a
family of bacterial ADP-ribosyltransferases that, when taken up into target cells, effectively block
Rho-signaling in an enzymatic manner (Aktories and Frevert, 1987; Aktories and Just, 2005).
Small GTPases of the Rho family, especially RhoA, serve key functions as molecular switches in
the regulation of the cytoskeleton in general and also in neuronal cells, and C3 protein has been
extensively used as tool to investigate growth- and regeneration-associated morphological processes
in different types of neurons. Activated RhoA signaling executed by downstream effector kinases
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like ROCK leads to phosphorylation of myosin light chain
thereby inducing growth cone collapse and axon retraction as
observed after ischemic or traumatic brain injuries (Mulherkar
et al., 2017; Sladojevic et al., 2017; Takase and Regenhardt, 2021).
In this context, by using full length C3bot or C3-derived peptides
(that lack the specific enzymatic activity of full length protein),
our group and others have demonstrated the beneficial outcome
of a treatment with C3bot for neuronal re-growth following
damage of the CNS. This includes experimental lesion models
both in vitro and in vivo (Dubreuil et al., 2003; Höltje et al.,
2009; Boato et al., 2010; Loske et al., 2012) as well as clinical
trials in patients with spinal cord injuries (McKerracher and
Anderson, 2013; Watzlawick et al., 2014; Fehlings et al., 2018).
For a long time unknown, recent work from our group has
identified the intermediate filament protein vimentin as well as
β1-integrin as cellular receptors for C3bot (Rohrbeck et al., 2014,
2017; Adolf et al., 2019). As mentioned, growth-promoting effects
are also caused by enzyme-deficient C3bot-derived peptides like
the 29mer C3bot154−182 or 26mer C3bot156−181, both including
the catalytic amino acid glutamate at position 174 of full length
C3bot, but in this case, the exact cellular enzyme-independent
mechanisms remain to be unraveled.

However, besides exhibiting morphological effects C3bot also
affects cellular transmitter transport mechanisms. Incubation of
astrocytes with C3bot results in a NFκB-dependent upregulation
of glial high-affinity glutamate transporter EAAT2 (GLT-1)
accompanied by increased glutamate uptake. At the same
time astrocytes treated with C3bot released higher amounts of
glutamate by vesicular release (Höltje et al., 2008). Prompted
by these findings we investigated putative effects of C3bot and
enzyme-deficient C3bot156−181 (C3bot 26mer) on glutamate
uptake of hippocampal neurons.

As long known, glutamate not only represents the major
excitatory neurotransmitter of the CNS but can also cause
neuronal excitotoxicity at higher extracellular levels (Choi
and Rothman, 1990; Lipton and Rosenberg, 1994). Therefore,
maintenance of physiological extracellular glutamate levels is
pivotal for fidelity of synaptic transmission and even to prevent
neuronal cell death. Clearance from the synaptic cleft is
mediated by high affinity glutamate transporters. Though not
exclusively expressed at the cell surface, the neuronal excitatory
amino acid transporter 3 (EAAT3) belongs to a family of
five potassium-dependent glutamate transporters located at the
plasma membrane (Arriza et al., 1997). Generally, glutamate
transport is coupled with sodium-dependent H+ inward-
transport and counter-transport of K+ (Owe et al., 2006). Besides
their role in transporting amino acids, EAATs also function as
chloride channels (Wadiche et al., 1995).

While the majority of glutamate clearance in the CNS
is mediated by the mainly astroglial EAAT2, postsynaptic
EAAT3 activity rather affects local glutamate concentrations
and neighboring receptors (Lehre and Danbolt, 1998; Holmseth
et al., 2012; Bjørn-Yoshimoto and Underhill, 2016). Moreover,
EAAT3 provides the source of glutamate as precursor for GABA
synthesis in inhibitory neurons (Mathews and Diamond, 2003)
and therefore is involved in controlling inhibitory signaling
in the brain. Neuronal EAAT3 plays another crucial role in

preventing vulnerability to oxidative stress and to maintain redox
homeostasis. Cysteine is an alternative transport substrate for
EAAT3 and represents the rate-limiting factor for glutathione
synthesis needed to reduce reactive oxygen species such as H2O2
(Griffith, 1999). In line with this, perturbation of EAAT3 surface
transport activity is associated with various neuronal pathologies,
including Parkinson’s disease, epilepsy, or Huntington’s disease
(for review, see Malik and Willnow, 2019).

C3 proteins have proven to foster axon re-growth and to
provide neuroprotection under pathological conditions that
typically involve a disturbed glutamate balance in the CNS.
Therefore, the current study was undertaken with the following
aims: By using primary hippocampal neuronal cultures we
investigated the effects of C3bot on neuronal glutamate uptake.
Furthermore, we determine whether the effects strictly rely on
enzyme-activity of C3 (as already shown for morphological and
functional effects on astrocytes) or can also be elicited by enzyme-
deficient C3bot 26mer.

Last but not least we analyzed the regulatory mechanisms
underlying functional regulations of EAAT3 mediated by C3bot
and C3bot 26mer.

MATERIALS AND METHODS

C3 Proteins
Development of C3bot-derived peptide and full length protein:

C3bot156−181 (C3bot 26mer), was synthesized at Pharis
Biotec GmbH (Hannover, Germany). C3bot was expressed as
recombinant GST-fusion protein in E. coli TG1 harboring
the respective DNA fragment in the plasmid pGEX-2T
(Höltje et al., 2009).

Antibodies
Immunofluorescence
A polyclonal antibody against the excitatory amino acid
transporter 3 (EAAT3) was purchased from Santa Cruz
Biotechnology (#sc-25658, Santa Cruz, TX, United States).
Polyclonal antisera obtained from Chemicon (Temecula, CA,
United States) were used for detection of glutamate-aspartate
transporter EAAT1 (GLAST, #AB1782) and glial glutamate
transporter EAAT2 (GLT-1, #AB1783). Protein kinase C-alpha
(PKCα) was detected by a monoclonal antibody obtained from
BD Biosciences (#610107, Heidelberg, Germany). A polyclonal
antibody against actin was purchased from SIGMA (#A5060 St.
Louis, MO, United States). Morphology of hippocampal neurons
was visualized by a polyclonal antiserum against microtubule
associated protein 2 (MAP2, #AB5622) and neurofilament
protein of 200 kDa (#AB5256) from Chemicon International
(Hofheim, Germany). An affinity purified polyclonal rabbit IgG
against full length C3bot developed by our group was applied
(Rohrbeck et al., 2014). To detect the phosphorylation levels of
EAAT3 a polyclonal antibody directed against phosphotyrosine
was purchased from Santa Cruz Biotechnology (#sc-7020).
Antibodies against protein kinase C isoforms γ (monoclonal
#ab71558), ε (polyclonal #ab63638), and ζ (polyclonal #ab108970)
were obtained from Abcam (Cambridge, United Kingdom).
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Immunoblotting
Excitatory amino acid transporter 3 as well as actin antibodies
were the same as used for immunofluorescence. Polyclonal
anti EAAT1/GLAST (agc-021) was purchased from Alomone
Labs (Jerusalem, Israel) and polyclonal anti EAAT2/GLT-1
was purchased from Abcam (Waltham, MA, United States).
Monoclonal anti RhoA was purchased from Santa Cruz
Biotechnology (#26C4). For detection of phosphorylated serine a
polyclonal antibody from Abcam was used (#ab9332, Cambridge,
United Kingdom). Detection of phosphotyrosine was achieved by
using the same antibody as used for immunofluorescence.

Cell Culture
Hippocampal Cell Culture
Neuronal cultures from hippocampi of NMRI or SWISS
mice were prepared from fetal animals at embryonic day 16
(E16). Dissected tissue pieces were rinsed with PBS, then
with dissociation medium (MEM supplemented with 10% fetal
calf serum, 100 IE insuline/l, 0.5 mM glutamine, 100 U/ml
penicillin/streptomycin, 44 mM glucose and 10 mM HEPES
buffer) and dissociated mechanically. Spun-down cells were
resuspended in starter medium (serum-free neurobasal medium
supplemented with B27, 0.5 mM glutamine, and 25 µM
glutamate) and plated at a density of 8 × 104 cells/well on
glass cover slips pre-coated with poly-L-lysine/collagen. All
ingredients were obtained from Gibco/BRL. After 12–14 days in
culture C3 preparations were added to the culture medium for
another 72 h.

Astrocyte Culture
Primary astrocyte cultures were prepared from NMRI mice
brains between postnatal days 2 and 3. Meninges were removed
from whole brains and mechanically dissociated in Hank’s
buffered salt solution (HBSS) by fire polished Pasteur pipettes and
centrifuged at 300× g for 3 min. Astrocytes were redissociated in
HBSS and the procedure was repeated two times using smaller
pipette tip diameters. Cells were first seeded onto 6-well plates
(3.5 cm diameter/well) pretreated with poly-L-lysine (100 µg/ml
in PBS). Astrocytes were incubated at 5% CO2 in Dulbecco’s
Modified Eagle Medium (DMEM), supplemented with 10%
fetal calf serum, 100 U/ml penicillin/streptomycin and 2 mM
L-glutamine. Microglial cells were repeatedly detached from the
astrocyte monolayer by shaking off. After 7 days in culture with
a change of medium for two times cells were harvested and
recultured in 24-well plates at a density of 4 × 104 cells/well
with glass coverslips pretreated with poly-L-lysine if used for
immunofluorescence methods.

Brain Homogenates
Brains of adult mice were homogenized using a glass/Teflon
homogenizer (Wheaton, Potter-Elvehjem, clearance 0.1–
0.15 µm) in ice-cold buffer containing 320 mM sucrose, 4 mM
HEPES/KOH, pH 7.4, 1 mM PMSF, and 1 µl/ml protease
inhibitor cocktail (Pi, Sigma-Aldrich) and centrifuged for
10 min at 4◦C and 1300 × g (Beckman rotor TLA-100.4). The
resulting supernatant was used for detection of EAAT3 by
Western blotting.

Immunohistochemistry and
-Cytochemistry
Perfusion-fixed brains from adult NMRI-mice were dissected,
cryoprotected and frozen at −80◦C prior to cutting into 20 µm
coronar sections. The sections were washed with PBS and
incubated in blocking solution (10% NGS in PBS; 0.3% Triton-
X-100) for 30 min at room temperature. Primary antibodies were
applied overnight at 4◦C. After incubating the sections, they
were washed with PBS and incubated with secondary antibodies
for 1 h at room temperature in the dark. Immunoreactivity
was visualized using Alexa Fluor 488 or Alexa Fluor 594 goat
anti-mouse and goat anti-rabbit secondary antibodies (Molecular
Probes, Eugene, OR, United States). Again, sections were washed
with PBS, stained with DAPI (4′,6-diamidino-2-phenylindole)
for 10 min and mounted with Immu-Mount (Thermo Fisher
Scientific, Waltham, MA, United States).

Cultured cells were fixed with 4% formaline for 15 min and
subsequently permeabilized for 30 min at room temperature (RT)
using 0.3% Triton X-100 dissolved in PBS. Staining with primary
antibodies was performed overnight at 4◦C. After washing in PBS
secondary antibodies were applied for 1 h at room temperature
(RT). Immunoreactivity was visualized using secondary
antibodies as given above. Fluorescence was either visualized
using an upright Leica DMLB epifluorescence equipment or by
using confocal laser scanning microscopy (see below).

Confocal Laser Scanning Microscopy
Images were acquired using a Leica TCS SL confocal laser
scanning microscope using a x40 oil immersion objective.
Fluorescent dyes were excited at a wavelength of 488 nm (green
fluorescence) and 543 nm (red fluorescence), respectively.
Fluorescence from green and red channels was sequentially
collected using two filters at 498–535 nm and 587–666 nm,
respectively. Images were captured at a resolution of
1024× 1024 pixels.

Glutamate Uptake Assay
Radiolabeled Glutamate
[3H]radiolabeled L-glutamate (specific activity: 20 Ci/mmol)
was obtained from Hartmann Analytic GmbH (Braunschweig,
Germany). Usually, for glutamate uptake hippocampal neurons
grown in 24-well plates were incubated with 50 µM of
glutamate (applied as a combination of both tritiated and
unlabeled glutamic acid) for 1 h with or without additives
as indicated at 37◦C in serum-free culture medium. For
kinetic analysis of transport activity the uptake time was
shortened to 10 min. GraphPad Prism software (San Diego,
CA, United States) was used for non-linear regression and
transformation of data. After removal of the medium and
repeated washing (3x) with ice-cold Krebs-Hepes buffer
containing 140 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2,
15 mM Hepes, and 1.2 mM MgSO4 adjusted to pH 7.4 cells
were lysed with 0.4% Triton X-100 for 10 min at 42◦C.
Neuron lysates were subjected to liquid scintillation counting
for determination of radioactivity. Values were adjusted to
protein content.
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Fluorometric Glutamate Measurements
For fluorometric glutamate detection the glutamate assay kit
#ab138883 from Abcam was used according to the manufacturer.
In brief, cells were incubated for 1 h with 50 µM of glutamate in
serum-free culture medium. Following two washing steps, cells
were lysed in 0.4% Trion-X100 as above. Neuron lysates were
subjected to fluorometric reading using Ex/Em = 540/590 nm
for determination of intracellular glutamate concentrations
calculated from standards. Values were adjusted to protein
content. The tyrosine kinase inhibitors Dasatinib (ab142050) and
Genistein (ab120112) were purchased from Abcam (Waltham,
MA, United States).

Biotinylation Assay
All work steps except for centrifugation in the cell culture
centrifuge were carried out in the cold at 4◦C or on
ice according to manufacturers instructions (Thermo Fisher
Scientific, Waltham, MA, United States). Hippocampal neurons
cultured in 6-well plates were washed three times with PBS and
then incubated with Sulfo-NHS-Biotin solution (1 mg/ml) for
30 min. Thereafter, the cells were washed twice with quenching
buffer and then incubated with quenching buffer for 30 min
with agitation. Following washing, cells were spun down and
pellets obtained were lysed. Avidin agarose beads were added
to the lysate and incubated overnight with agitation. The next
day, part of the supernatant was saved and spun down avidin
beads were washed three times with PBS. The supernatant and
avidin beads were taken up in Laemmli buffer and processed for
Western blot analysis.

Immunoisolation and Phosphorylation of
Excitatory Amino Acid Transporter 3
Dynabeads R© Protein G (Invitrogen) were incubated in antibody
binding and washing buffer (PBS with 0.1% Tween-20)
containing the antibody of interest. A polyclonal anti-EAAT3
antibody (Santa Cruz Biotechnology) and normal rabbit IgG
for control were used in a concentration of 80 ng/ml antibody
for binding to the beads (1–2 µg antibody per 200–500 µg
of protein in cell lysate, see below). Binding was performed
for 1 h at room temperature. Afterward, the antibody-beads
complex was washed once in antibody binding and washing
buffer and kept on ice. Cells were washed twice in ice cold
PBS, scraped off the culture dish and collected in a vessel on
ice. After centrifugation at 3000 rpm for 4 min the cell pellet
was resuspended in ice cold PBS. After a final centrifugation at
20000 × g for 3 min the cell pellet was kept on ice for lysis
and protein determination. Cells were lysed in an extraction
buffer (KCl 140 mM, Hepes 2 mM and EDTA 20 mM at pH
7.4 together with 1% Triton X-100, 1 mM PMSF, 1 µl/ml
protease and phosphatase inhibitors) for 1 h at 4◦C. After, the
insoluble fraction was separated by centrifugation at 2700 × g
for 5 min. The supernatant was incubated with the Dynabeads R©-
antibody-complexes over night at 4◦C. A part of the supernatant
was boiled in Laemmli buffer. The Dynabeads-antibody-antigen-
complex was washed three times in extraction buffer without
Triton and resuspended in washing buffer before boiling in

Laemmli buffer. Phosphorylation status was probed by using
anti-phosphotyrosine and anti-phosphoserine antibody after
protein separation by gel electrophoresis.

Imaging Analysis
To quantify the phosphorylation status of EAAT3 by
immunofluorescence methods double stainings against EAAT3
and phosphotyrosine (pTyr) were applied to hippocampus
cultures grown for 12–14 days in vitro and incubated for
further 72 h with C3 preparations. Randomly chosen images
of individual neurons were acquired at 100x magnification
and mean brightness values within a circular region of interest
(50 µm in diameter) centered on the soma of the respective
neurons were calculated for red and green fluorescence by
the histogram tool of Adobe Photoshop CS6. Both channels
were superimposed and remaining brightness and saturation
values for red and green fluorescence were set to zero (black).
Then again, mean brightness values for the remaining yellow
fluorescence representing the co-localized signal between EAAT3
and pTyr were calculated.

Experimental Design and Statistics
Typically, experiments were run at least three times if not
stated otherwise. Uptake assays were determined in triplicates
or quadruplicates for a single condition. In general, values are
expressed as means ± SEM from one representative experiment
or pooled experiments. Statistical significance or absence from
that was calculated in Figures 3–6 using Student’s t-test and p
values below 0.05 were considered significant.

RESULTS

To investigate C3 protein-mediated effects on neuronal
plasma membrane glutamate transporter activity we used
primary neuronal cultures from the hippocampus of embryonic
mice representing a mixed culture of different neuronal
subpopulations. Albeit not exclusively expressed at the plasma
membrane, EAAT3 is the main neuronal surface glutamate
transporter in the brain (Bjørn-Yoshimoto and Underhill,
2016). It is abundantly expressed in vivo in neuronal somata
and neuropilar regions of various brain areas including cortex,
basal ganglia and the hippocampus formation as shown for the
adult mouse brain (Figures 1A–C). The observed distribution
corresponded very well with early pioneering studies on its
location (Rothstein et al., 1994). To test for suitability of our
model system we aimed to evaluate the expression of EAAT3
in the neuronal cell culture used. Following cultivation for
14 days cells were stained for EAAT3 and glial fibrillary acidic
protein (GFAP) to confirm neuronal expression of EAAT3.
Indeed, transporter expression was clearly attributable to
cells morphologically identifiable as neurons (Figure 1D).
Further immunofluorescence analysis revealed a strong
punctuate distribution of the transporter at the somatodendritic
compartment (Figure 1E, microtubule-associated protein 2
was used as marker protein) and axonal processes (Figure 1F,
neurofilament protein of 200 kDa was used as marker protein).
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FIGURE 1 | Expression of the excitatory amino acid transporter 3 (EAAT3) in mouse brain and primary hippocampal neurons. (A–C) Expression pattern of EAAT3 in
the adult mouse brain. Coronar cryosections of adult mouse brains were incubated with a polyclonal antibody directed against EAAT3. Protein expression was
detected in neuronal perikarya and the neuropil of various brain areas, including caudate putamen, cortex and the hippocampus formation. Insets show
enlargements of depicted areas. CP, Caudate putamen; Ctx, Cortex; Hpf, Hippocampus formation; Hy, Hypothalamus; Sp, Stratum pyramidale; Th, Thalamus.
(D) Mouse hippocampal neurons were prepared at embryonic day 16, cells were grown on glass cover slips for 14 days, fixed and stained for EAAT3 and GFAP as
marker for astrocytes present to some extent in culture. EAAT3 expression was restricted to neurons. (E,F) Mouse hippocampal neurons were prepared and cultured
as described, fixed and stained for EAAT3, Map2 as dendritic (E) and NFP as axonal marker (F) by immunofluorescence methods and confocal imaging. EAAT3
staining was observed in a punctuate fashion throughout the cell body as well as dendritic and axonal processes [lower panels, see also insets (Ea,Fb)].
(G) Homogenates of whole mouse brains and cultured hippocampal neurons were subjected to Western blot procedure and probed for the expression of neuronal
EAAT3. Actin was used as loading control. The antiserum detected a major band between the 55 and 70 kDa markers in both samples. Overall, the signals
corresponded well with the expected molecular weight. (H) Murine astrocytes were cultured close to confluency, fixed and stained for the main glial glutamate
transporter EAAT1 (GLAST) and EAAT2 (GLT-1) by immunofluorescence and confocal imaging. Astrocytes predominantly expressed EAAT1 at the plasma
membrane. EAAT2 expression was observed at comparably low levels.

Transporter signals localized both at surface and cytoplasm
which corresponds well with the different functions of EAAT3
served depending on its cellular localization (Bjørn-Yoshimoto
and Underhill, 2016). Western blot studies detected a strong
major and few weaker bands between 55 and 70 kDa in
mouse brain homogenate and hippocampus culture yielding
biochemical evidence for the presence of EAAT3 in both
preparations (Figure 1G). Presence of astrocytes in neuronal
cultures is unavoidable and therefore a glial contribution to

observed glutamate uptake must taken into account and should
be blocked pharmacologically to analyze pure neuronal transport
activity. The basic possibility of glial glutamate transporter
expression in vitro was confirmed by immunofluorescence
microscopic analysis detecting mainly EAAT1 and low EAAT2
expression in purified astrocyte culture (Figure 1H).

Prior to the investigation of putative effects of C3bot
preparations on glutamate uptake we tested the capacity of
hippocampal neurons to take up glutamate in a specific manner.
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To this end, cultivated cells were incubated with radiolabeled
glutamate. Following incubation with [3H]glutamate (total
glutamate concentration 50 µM) for 60 min, cells were lysed
and taken up glutamate was determined by liquid scintillation
counting. Uptake of glutamate by hippocampal neurons was
calculated to 2.6 nmol/mg protein (Figure 2A). Incubation with
the potent glutamate uptake inhibitor L-trans-pyrrolidine-2,4-
dicarboxylate (PDC, 1 mM) reduced the uptake by around 75%,
confirming specificity of a large proportion of the transport. In a
kinetic analysis of uptake we applied glutamate concentrations
between 40 and 400 µM (Figure 2B). The maximal transport

velocity Vmax was calculated to 1.05 nmol/mg/min and Km
was at 78.36 µM. To visualize the extent of astrocytes present
in culture and to estimate the proportion of glial EAAT1 and
EAAT2 to the observed uptake we identified astrocytes by
GFAP labeling and immunofluorescence imaging. At 14 days
in vitro, only a minor proportion of GFAP-positive astrocytes
was detected compared to the vast majority of EAAT3-positive
neurons (Figure 2C). In addition, transporter expression was
quantified biochemically. As expected, Western blot analysis
revealed a predominant expression of EAAT3, whereas EAAT2
and especially EAAT1 were detected at noticeably lower levels

FIGURE 2 | Hippocampal neurons take up [3H]glutamate in a specific manner. (A) Cultured hippocampal neurons were grown in 24-multiwell dishes for 14 days and
incubated for 1 h with radiolabeled glutamate (50 µM). After removal of medium, cells were washed intensively, lysed and radioactivity taken up was calculated by
liquid scintillation counting. Values were adjusted to protein content. Specific uptake was evaluated by the addition of 1 mM of the glutamate uptake inhibitor
L-trans-pyrrolidine-2,4-dicarboxylate (PDC). Uptake of [3H]glutamate was strongly inhibited by PDC and therefore regarded as specific. (B) Kinetic analysis of
glutamate uptake (uptake time 10 min) revealed saturable concentration-dependent transport kinetics (Vmax and Km values are indicated). Values in (A,B) are
expressed as means ± SEM from triplicate samples within a single representative experiment repeated two times. (C) Neurons were grown on glass cover slips for
14 days, fixed and stained for EAAT3 and GFAP as marker for astrocytes. Staining against EAAT3 and GFAP revealed that the vast majority of cells represented
neurons at that culture time. (D) Homogenates of cultured hippocampal neurons were subjected to Western blot procedure and probed for the expression of
neuronal EAAT3, as well as glial EAAT2 and EAAT1. Actin was used as loading control, Synaptobrevin was used as synaptic neuronal marker. Quantification from
three individual cultures revealed that EAAT3 represented the predominant glutamate transporter. Values in (D) are expressed as means ± SEM adjusted to Actin
from three individual cultures.
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(Figure 2D). Taken together, hippocampal neurons seemed an
adequate model to investigate effects of C3 preparations on
specific glutamate transport activity in hippocampal cultures
predominantly driven by EAAT3.

Full-length C3bot has already been shown to increase
glutamate uptake in astrocytes (Höltje et al., 2008). These
effects turned out to be a specific gene regulatory mechanism
and did not result from the strong morphological alterations
(stellation) astrocytes undergo in response to inhibition of RhoA
by C3bot. C3bot 26mer covers the amino acids 156-181 of
the full length sequence (Figure 3A) and has proven to be

effective in increasing neuronal process outgrowth in vitro as
well as to foster functional recovery and regenerative axon re-
growth following experimental spinal cord injury in mice (Loske
et al., 2012). These previous findings were qualitatively confirmed
(Supplementary Figure 1). Hitherto, its effects on neuronal
glutamate handling have not been studied. Although full length
C3bot neuronal membrane binding and internalization have not
completely understood so far intracellularly enriched C3bot can
be easily visualized by a specific antibody not available for the
peptide (Figure 3B). Transport activity of EAAT3 is known to
be highly regulated. Amongst these regulatory factors a main

FIGURE 3 | Influence of C3bot, C3bot 26mer, or PKC activation on enhancement of glutamate uptake in hippocampal neurons. (A) C3bot 26mer covers the amino
acids 156-181 of C3bot full length. Glutamate at position 174 is the catalytic amino acid that renders full length C3bot enzymatically active. (B) In cultures treated
with C3bot full length protein presence of the C3 transferase was visualized after 72 h by a specific antibody directed against C3 protein. The C3bot signal was
mainly detected at the somata and Map2-negative processes probably representing axons in a mixture of internalized and surface bound protein. Confocal imaging.
(C) Hippocampal neurons were incubated with 50 µM [3H]glutamate and uptake was measured as described before. Incubation with 300 nM of C3bot or C3bot
26mer for 3 days showed similar effects on uptake regulation. Following incubation with C3bot full length or C3bot 26mer transport activity was increased by C3bot
(22%) and, slightly less, by the 26mer (19%). Prior to the uptake procedure, part of the cells were incubated for 30 min with 200 nM of the activator of PKC isoforms
PMA. Preincubation with PMA increased the uptake by 19%. In addition, cells were preincubated with dihydrokainate (DHK, 1 mM for 30 min) prior to the uptake
procedure to selectively block EAAT2 transport activity. Values therefore represent PDC- and DHK-sensitive counts (analyzed in triplicates) expressed as
means ± SEM from 4 to 5 independent experiments. *p ≤ 0.05; ***p ≤ 0.005. (D) Confocal imaging of PKCα and EAAT3 distribution in hippocampal neurons after
treatment with C3bot, C3bot 26mer, or PMA. In control cells, PKCα showed a marked cytoplasmatic localization, indicative of inactive PKCα. Expression of EAAT3
was also detected throughout the whole cell. Addition of PMA resulted in a shift of PKCα to the plasma membrane characteristic for activation. Conversely,
incubation with C3bot or C3bot 26mer did not result in activation of PKCα. Distribution of EAAT3 remained unchanged after either treatment.
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signaling molecule is protein kinase C-alpha (PKCα) which is
capable to change transport velocity and plasma membrane
localization of EAAT3 (Huang et al., 2006). In this context, it
has been demonstrated a convergence between Rho-regulated
(and therefore C3bot-sensitive) and PKC signaling pathways
(Peng et al., 2011). Moreover, a close association between PKCα

and Rho GTPases has been shown (Pang and Bitar, 2005).
To investigate C3-mediated alterations in glutamate uptake
by hippocampal neurons we incubated cells with 300 nM of
C3bot or C3bot 26mer for 72 h and analyzed the amount of
glutamate uptake. C3bot increased the specific uptake by around
22% whereas transport activity was enhanced by 19% following
incubation with the peptide (Figure 3C, left panel). To take into
account that mainly EAAT2 might contribute to some extent
to the uptake and therefore to minimize glial transport activity
dihydrokainate (DHK) was used in all experimental conditions
to specifically block glial EAAT2 activity. In addition, part of the
cells under any given condition were also incubated with PDC as
shown before to subtract non-specific uptake.

To test for the influence of PKCα on EAAT3-mediated
transport activity in our neuronal systems, PKCα was activated by
the phorbol ester phorbol 12-myristate 13-acetate (PMA, 200 nM,
20 min). Similar to the effects detected after treatment with C3bot
preparations, preincubation of neurons with PMA enhanced
glutamate uptake by 19% (Figure 3C, right panel). Confocal
imaging confirmed PMA-mediated activation of PKCα by the
shift from a cytoplasmatic distribution to a plasma membrane
associated form (Figure 3D, right upper panel). Translocation
of PKCα to the plasma membrane, on the other hand, could
not be evoked by either C3bot or the 26mer, indicating a
PKCα-insensitive mode of action (Figure 3D). Under either
condition, no obvious redistribution of EAAT3 was detected.
So, despite similar effects on glutamate uptake in neurons,
effects mediated by C3bot preparations did not seem to base
on PKCα activation. In addition to PKCα, activation of other
classical PKC isoforms such as PKCγ or novel PKCε as well as
unconventional PKCζ was analyzed by immunocytochemistry.
However, neither treatment with C3bot nor C3bot 26mer showed
an effect on these PKC isoforms as judged by lack of translocation
to the plasma membrane (Supplementary Figure 2). Treatment
with PMA, on the other hand, had a strong effect on the
redistribution of PKCγ and, to a lesser extent, on PKCε,
but as expected was ineffective in changing the expression of
unconventional PKCζ. Taken together, uptake effects elicited by
C3bot and C3bot 26mer do not seem to rely on activation of
PKC. To address the cellular mechanisms involved in enhanced
glutamate transport, we investigated the expression of EAAT3
after treatment with C3bot full length and peptide. Western
blot analysis of whole cell lysates from hippocampal neurons,
however, failed to detect changes in overall protein levels of
EAAT3 (Figure 4A). To investigate effects of treatment on RhoA
expression and ADP-ribosylation, cell lysates were probed for
RhoA by Western blotting. Following incubation with C3bot,
a complete shift of the RhoA signal to a higher molecular
weight form became observable after 72 h of incubation,
clearly indicative of C3bot-mediated ADP-ribosylation of RhoA
(Figure 4B). Along with this, the RhoA signal was strongly

reduced, indicative of the expected proteasomal degradation of
RhoA following ADP-ribosylation and inactivation. Due to the
lack of enzymatic activity of the 26mer, the RhoA signal remained
at the same molecular weight and was largely unchanged.
To address putative changes in transporter surface localization
that might underlie the enhanced uptake activity, biotinylation
experiments were performed. Again, following biotinylation of
surface proteins and subsequent subcellular fractionation of
hippocampal neurons, no significant alterations in the amount
of biotinylated, therefore surface located, EAAT3 were detectable
after either treatment regime (Figure 4C).

Since we were unable to detect major changes in total protein
expression or transporter localization following incubation with
either C3bot or C3 26mer, we aimed to investigate whether
direct alterations such as the phosphorylation status of EAAT3
might account for the observed effects on transport activity.
Therefore, we performed immunoprecipitation studies to isolate
EAAT3 from cell lysates obtained from primary neurons, and
incubated the isolated fraction with phospho-specific antibodies.
To test for proper assay function, hippocampal cell lysates were
incubated with magnetic beads coupled to the polyclonal EAAT3
antibody as well as rabbit IgG for negative control. In the EAAT3-
immunoisolates a strong transporter signal could be detected
that was absent in the IgG fraction (Figure 5A). Quantitative
precipitation of EAAT3 from lysates was confirmed by lack
of EAAT3 staining of the remaining supernatant (Figure 5A).
We probed EAAT3 immunoprecipitates with phosphotyrosine
(pTyr) and phospho-serine (pSer) antibodies to visualize putative
changes in transporter phosphorylation. Phosphorylation of
tyrosine was upregulated by about 40% in hippocampal
neurons, whereas the phospho-serine signal remained largely
unchanged (Figure 5B). To quantify the phosphorylation status
of EAAT3 on the level of individual neurons we performed
co-stainings for EAAT3 and phosphorylated amino acids by
immunofluorescence. Due to the fact that both antibodies against
EAAT3 and pSer were generated in the same species (rabbit)
and the initial IP experiments yielded no effects of treatment on
the pSer status of EAAT3 we performed the experiments with
respect to phosphorylation at tyrosine residues only. At first,
immunohistochemistry on mouse brain sections was performed
to show that phosphorylation of EAAT3 at tyrosine residues
occurs in vivo. Indeed, pTyr signals were found to co-localize with
EAAT3 signals in neurons of various brain areas, including the
cortex (Figure 5C). To quantify the amount of pTyr co-localizing
with the EAAT3 signal following treatment of hippocampal
neurons with C3bot and C3bot 26mer, cultures were treated
as above and the amount of co-localization was quantified. We
chose to perform this analysis at the level of individual neurons
to ensure attribution of both signals to cells morphologically
identifiable as neurons (Figure 5D). Analysis was restricted
to a soma-centered circular region of interest (ROI) with a
diameter of 50 µm to exclude putative unspecific effects on
protein abundance by the enhanced branching pattern of the
more distal neuronal processes mediated by C3bot or C3bot
26mer. Quantification revealed that incubation with C3bot had
no effect on EAAT3 transporter expression, whereas C3bot 26mer
slightly increased EAAT3 expression by 16% (Figure 5E). Both
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FIGURE 4 | Treatment with C3bot or C3bot 26mer does not alter protein expression and surface location of EAAT3. (A) Western blot analysis of EAAT3 expression
following treatment of hippocampal neurons for 3 days with 300 nM of C3bot or C3bot 26mer. Quantification revealed that following either treatment, protein levels
of EAAT3 remained unchanged after incubation with the C3 preparations. Values are expressed as means ± SEM from three independent experiments.
(B) ADP-ribosylation of RhoA by C3bot. Homogenates of hippocampal neurons treated as above were subjected to Western blotting analysis and stained for RhoA.
Actin served as loading control. Cells treated with C3bot exhibited a complete shift of RhoA to higher molecular weight form indicative of quantitative
ADP-ribosylation by enzyme competent C3bot. Also, degradation of inactivate RhoA was observed. (C) Surface expression of EAAT3 was analyzed by biotinylation
assays. Hippocampal neurons treated with C3bot or C3bot 26mer as above were subjected to biotinylation and subsequent subcellular fractionation into intracellular
and extracellular (biotinylated) compartments. Quantification of EAAT3 in the pelleted extracellular fraction revealed no significant changes in surface expression of
the transporter. Values are expressed as means ± SEM from three independent experiments.

full length protein and peptide enhanced overall pTyr signals by
40 and 48%, respectively. Co-localization of EAAT3 and pTyr
were increased by 50.1% (full length C3bot) and 63% (peptide).
More importantly, when normalized to EAAT3 expression the
amount of co-localized signals between transporter and pTyr
was increased by 39% following C3bot incubation and by 45%
following treatment with 26mer.

In order to address directly whether the observed enhanced
glutamate uptake following incubation with C3bot full length and
peptide resulted from tyrosine phosphorylation we investigated
the effect of blocking this process. During incubation with C3bot
or C3bot 26mer, neurons were treated with a combination of the
established tyrosine kinase inhibitors Dasatinib (200 nM) and
Genistein (20 µM). We used a fluorometric assay to determine
total intracellular glutamate levels from lysed cells after the
uptake assay (glutamate was presented for 1 h at 50 µM in
the medium). Incubation with C3bot or C3bot 26mer alone
significantly increased intracellular glutamate concentrations by
53 and 46%, respectively (Figure 6). Addition of tyrosine kinase
inhibitors completely blocked this effect. These findings add to
the previous observation of an increased uptake of (labeled)
glutamate into hippocampal neurons following incubation with

C3 proteins by also demonstrating higher total intracellular
glutamate levels. The sensitivity of this effect to tyrosine
phosphorylation further underlines the contribution of this
mechanism to an increased neuronal glutamate uptake mediated
by C3bot and C3bot 26mer.

In summary, incubation of hippocampal neurons with full
length C3bot and C3bot 26mer increased glutamate uptake
activity mediated by EAAT3. The effect is very likely duo to an
enhanced phosphorylation of EAAT3 at tyrosine residues.

DISCUSSION

Phosphorylation of Excitatory Amino
Acid Transporter 3 Mediated by C3bot
and C3bot 26mer
The current study addresses a novel regulatory mechanism of
the neuronal glutamate transporter EAAT3 mediated by C3
proteins. Both full length C3bot and peptidic C3bot156−181

(C3bot 26mer) exhibited moderate yet significant effects on
glutamate transport in hippocampal neurons by increasing
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FIGURE 5 | Phosphorylation at tyrosine residues of EAAT3 is mediated by C3bot and 26mer. (A) Immunoprecipitation of EAAT3 from hippocampal cell lysates.
Hippocampal neurons were lysed and subjected to immunoisolation of EAAT3. Lysates, precipitated fractions and remaining supernatants were probed for EAAT3
expression. Beads coated with rabbit IgG were used for negative control. Actin staining was used for loading control. For detection, light chain-specific secondary
antibodies were applied to prevent unwanted detection of heavy chains of the precipitating polyclonal EAAT3 antibody. In the EAAT3 immunoprecipitates (IP) a strong
transporter signal was detectable confirming precipitation of transporter by the antibody. In the rabbit IgG fraction no transporter signal was detectable. Clearance of
the lysate from the EAAT3 signal following immunoisolation of EAAT3 (supernatant S IP EAAT3) confirmed proper assay function. (B) Hippocampal neurons were
treated with 300 nM of C3bot or C3bot 26mer for 3 days. Immunoisolates were probed for EAAT3 and phosphorylation of the transporter at tyrosine and serine
residues (pTyr, pSer) by phosphor-specific antibodies. Signals were quantified by calculating the ratio of phosphorylation signals to transporter expression and

(Continued)
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FIGURE 5 | normalized to control conditions. Incubation with C3bot and C3bot 26mer resulted in an increased phosphorylation of tyrosine residues by 40%,
phospho-serine signals were largely unchanged. (C) Phosphorylation of EAAT3 at tyrosine residues occurs in vivo. Cryosections from adult mouse brains were
incubated with antibodies against EAAT3 and pTyr. Images depict co-localization of both signals in cortical neurons. (D) Phosphorylation of EAAT3 at tyrosine
residues. Hippocampal neurons were incubated for 72 h with 300 nM of C3bot or C3bot 26mer. Fixed neurons were stained for EAAT3 and phosphorylated tyrosine.
Co-localized signals were quantified by brightness analysis. Red and green fluorescence signals were subtracted and the remaining yellow fluorescence was
analyzed within a circular region of interest (ROI) with a diameter of 50 µm centered on the soma of individual neurons. (E) Quantification of confocal imaging data.
Incubation with both C3bot or C3bot 26mer increased the pTyr signal, peptidic C3bot also had a moderate positive effect on EAAT3 expression. Both treatment
regimes resulted in an increased phosphorylation of EAAT3, shown both as total transporter phosphorylation and as values normalized to transporter expression.
Values are expressed as means ± SEM from three (CTL and C3bot) or two (C3bot 26mer) independent experiments. CTL: n = 110 neurons; C3bot n = 102 neurons,
C3bot 26mer, n = 69 neurons. **p ≤ 0.01; ***p ≤ 0.005.

the uptake. In this context, total intracellular glutamate levels
were increased. Biochemical and immunocytochemical evidence
showed that alterations in the phosphorylation state of EAAT3
might be the underlying mechanism for the increased uptake.
Pharmacological interference with tyrosine phosphorylation was
able to block the effects of increased uptake. Furthermore,
immunofluorescence methods revealed a slight increase in
transporter expression following incubation with the C3 peptide.
The exact mechanisms of action, however, remain elusive
since the classical downstream-pathway of enzymatic inhibition
of Rho-dependent signaling cascades can be excluded due
to the lack of enzymatic activity. In this context, enzymatic
full length protein and enzyme-deficient C3bot peptide must
either serve different neuronal pathways that trigger tyrosine

FIGURE 6 | Hippocampal neurons grown for 14 days in culture were
incubated with 300 nM of C3bot or C3bot 26mer for additional 3 days with or
without the addition of the tyrosine kinase inhibitors Dasatinib (200 nM) and
Genistein (20 µM). Cells were then incubated with 50 µM of unlabeled
glutamate for 1 h. Prior to the uptake, cells were preincubated with
dihydrokainate (DHK, 1 mM for 30 min) to selectively block EAAT2 transport
activity. After washing, cells were lysed and intracellular glutamate
concentrations were analyzed fluorometrically and adjusted to protein content
of each individual well. Neurons incubated with C3bot or C3bot 26mer
showed intracellular glutamate concentrations enhanced by 53 and 46%,
respectively. These effects were blocked in the presence of tyrosine kinase
inhibitors. Values (analyzed in quadruplicates) are PDC- and DHK-sensitive
and were calculated from fluorescence units and glutamate standards
expressed as means ± SEM from 2 independent experiments. **p ≤ 0.01.

phosphorylation at EAAT3 or full length C3bot exhibits a so
far unknown enzyme-independent mode of action shared by
the peptide. However, a comparable neuronal response in the
context of axon outgrowth, synapse formation, regeneration and
neuronal plasticity following CNS lesion, as well as functional
recovery in vivo was already observed after treatment with full
length C3bot and C3bot peptides despite the lack enzymatic
activity of C3bot peptides (Höltje et al., 2009; Boato et al., 2010;
Loske et al., 2012). On the other hand, trophic effects on glial
morphology and also glutamate handling by astrocytes seem
to strictly rely on the enzymatic inhibition of Rho proteins
and cannot be elicited by enzyme deficient C3 preparations
(Höltje et al., 2005, 2008). The observed alterations in total
intracellular glutamate levels mediated by C3bot and the peptide
appeared to be larger than the pure uptake effects. Therefore,
it can not be excluded that C3 proteins exert additional
effects on neuronal glutamate turnover like reverse transport
or degradation mechanisms. Part of the differences, however,
between the effects on the uptake of labeled glutamate and
the more pronounced increase in total glutamate might also
arise from the different experimental paradigms using either
radiolabeled glutamate or fluorometric (enzymatic) detection of
unlabeled glutamate.

What regulatory mechanisms mediated by C3 proteins might
be involved in the increased phosphorylation of EAAT3?
A recent study showed that activation of the C3bot target
RhoA by amphetamine in cultured noradrenergic neurons
that also carry EAAT3 resulted in a decreased glutamate
uptake that was, however, due to an enhanced endocytosis
of EAAT3 (Underhill et al., 2020). Since C3bot and C3bot
26mer obviously do not interact with regulatory modulations
controlling trafficking of EAAT3 to the neuronal surface
as described for constitutive Rab11- or adapter protein-2-
dependent endocytosis and recycling (González et al., 2007;
Saha et al., 2021) or stimulated trafficking by PKCα (this paper,
González et al., 2003), a direct functional regulation seems to
occur. In earlier studies it was shown that PKCα-dependent
phosphorylation of serine 465 enhanced isoflurane-induced
activity of EAAT3, but again required EAAT3 redistribution
to the plasma membrane (Huang et al., 2006, 2011). In our
experiments incubation with C3bot preparations did neither
result in PKCα activation and subsequent EAAT3 redistribution
nor seemed serine phosphorylation to be involved. As observed,
incubation with C3 proteins (followed by inactivation of Rho
proteins at least in the case of enzyme-competent full length
protein) results in an increased phosphorylation of EAAT3,
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therefore inactivation of phosphatases or activation of kinases
represent putative signaling pathways. Blockage of Rho-signaling
by C3 proteins or downstream effectors like ROCK or mDia
would result in decreased kinase activity and therefore represent
an unlikely mechanism. Besides the well-characterized Rho
protein downstream effector kinases that are mainly involved
in phosphorylation of cytoskeletal proteins knowledge about
interaction of Rho proteins with phosphatases is sparse. An
interaction of activated RhoA with the inositol 5-phosphatase
SHIP2 has been described that is involved in cell polarity
and migration (Kato et al., 2012). To our knowledge, no
phosphorylation pathway has been described so far that regulates
EAAT3 activity without affecting its localization. Future work
has to elucidate these pathways mediated by full length as
well as peptidic C3bot. In case of C3bot 26mer, neuronal
EAAT3 expression was slightly enhanced as observed by
immunofluorescence. This was not reflected by the biochemical
experiments carried out on whole cells and biotinylation
experiments. We can only speculate that this discrepancy
resulted from the different methods used (immunofluorescence
on individual neurons versus Western blot of whole cultures). In
line with this, undetectable changes in total protein by Western
blotting might reflect the fact that EAAT3 expression in all cell
types, including glial cells that might express smaller transporter
amounts, was looked at.

Functional Implications
Generally, an increased glutamate clearance (stimulated by C3
preparations) from the extracellular space might be favorable
under certain pathophysiological circumstances, e.g., spinal
cord injury (SCI) in order to prevent further neuronal
damage by excessive extracellular glutamate concentrations
(Park et al., 2004). Given the fact that glutamate clearance
mediated by EAAT3 serves various functions under both
physiological and pathophysiological circumstances (Bianchi
et al., 2014) interference with its function might, however, result
in different outcomes. Generally, surface EAAT3 localizes rather
perisynaptically than in the synaptic cleft of excitatory synapses
and one of its function is considered to limit NMDAR activation
by glutamate spillover between synapses (Diamond, 2002).
Further evidence for the physiological function of EAAT3 in
controlling synaptic strength and plasticity by modulating long-
term potentiation (LTP) in the hippocampus stems from CA1
pyramidal cells lacking EAAT3 transport activity. Experiments
showed that EAAT3 buffers glutamate release during synaptic
events and reduces the recruitment of NMDAR subunits
thereby facilitating LTP (Scimemi et al., 2009). Also, GABAergic
neurotransmission and neuronal glutathione synthesis depend
on EAAT3 activity (Sepkuty et al., 2002; Aoyama et al., 2006).

More recently, accumulating evidence has shown that
altered EAAT3 function is associated with several neurological
or psychiatry spectrum disorders. Many of these studies
focus on genetic findings that document interference with
transporter expression or localization. Amongst them are the
obsessive-compulsive disorder state (Zike et al., 2017; Delgado-
Acevedo et al., 2019; Underhill et al., 2019) and schizophrenia
(Afshari et al., 2015). Hitherto, despite the accumulating

evidence for the contribution of EAAT3 to the described
physiological mechanisms and pathophysiological conditions
the lack of a specific pharmacological inhibitor of EAAT3 has
prevented a deeper understanding of its exact role in these
processes. However, the advent of newly discovered imidazo[1,2-
a]pyridine-3-amine compounds to selectively inhibit EAAT3
activity might improve future research (Wu et al., 2019). It is
tempting to speculate that the observed neuroprotective effect
(early onset of functional recovery and reduced lesion size) of
treatment with C3bot 29mer and 26mer peptides following spinal
cord injury in mice (Boato et al., 2010; Loske et al., 2012) might
at least partially result from an increased glutamate uptake by
neuronal EAAT3 to prevent excessive glutamate excitotoxicity
often observed after injury. This might, however, include the glial
transport systems following treatment with enzyme-competent
full length C3bot (mainly GLT-1/EAAT2) that have been shown
to be upregulated in vitro by C3bot (Höltje et al., 2008).

Taken together, we demonstrate a novel C3bot/C3bot 26mer-
dependent tyrosine phosphorylation of the neuronal glutamate
transporter EAAT3 by a so far unknown pathway that is very
likely to result in an enhanced uptake activity.
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Supplementary Figure 1 | Increased neuronal outgrowth of hippocampal
neurons following incubation with C3bot or C3 26mer. Hippocampal neurons were
treated for 3 days with 300 nM of full length C3bot or peptidic C3bot 26mer, fixed
and stained for Map2 as dendritic marker protein. Both C3bot and C3bot 26mer
enhanced neuronal process outgrowth as visualized by immunofluorescence.

Supplementary Figure 2 | Hippocampal neurons grown for 14 days in culture
were incubated with either 300 nM of C3bot or C3bot 26mer (3 days) or 200 nM

of PMA for 20 min. Cells were fixed and stained against classic protein kinase C

gamma (PKCγ), novel protein kinase C epsilon (PKCε), and unconventional protein

kinase C zeta (PKCζ). Readout of activation of PKCs was a shift to the plasma

membrane. Under control conditions, neurons showed a mainly cytoplasmatic

PKC expression, being most prominent for PKCγ, followed by PKCζ and only very

weak for PKCε. Incubation with C3bot full length or peptide had no effects on

PKC localization, irrespective of the isoform. PMA, on the other hand, strongly

activated PKCγ and, to some extent, PKCε in some cell somata. As expected for

unconventional PKC isoforms, PKCζ was unaffected by PMA.

REFERENCES
Adolf, A., Rohrbeck, A., Münster-Wandowski, A., Johansson, M., Kuhn, H. G.,

Kopp, M. A., et al. (2019). Release of astroglial vimentin by extracellular vesicles:
modulation of binding and internalization of C3 transferase in astrocytes and
neurons. Glia 67, 703–717. doi: 10.1002/glia.23566

Afshari, P., Myles-Worsley, M., Cohen, O. S., Tiobech, J., Faraone, S. V., Byerley,
W., et al. (2015). Characterization of a novel mutation in SLC1A1 associated
with schizophrenia. Mol. Neuropsychiat. 1, 125–144. doi: 10.1159/000433599

Aktories, K., and Frevert, J. (1987). ADP-ribosylation of a 21-24 kDa eukaryotic
protein(s) by C3, a novel botulinum ADP-ribosyltransferase, is regulated by
guanine nucleotide. Biochem. J. 247, 363–368. doi: 10.1042/bj2470363

Aktories, K., and Just, I. (2005). Clostridial Rho-inhibiting protein toxins. Curr.
Top. Microbiol. Immunol. 291, 113–145. doi: 10.1007/3-540-27511-8_7

Aoyama, K., Suh, S. W., Hamby, A. M., Liu, J., Chan, W. Y., Chen, Y., et al. (2006).
Neuronal glutathione deficiency and age-dependent neurodegeneration in the
EAAC1 deficient mouse. Nat. Neurosci. 9, 119–126. doi: 10.1038/nn1609

Arriza, J. L., Eliasof, S., Kavanaugh, M. P., and Amara, S. G. (1997). Excitatory
amino acid transporter 5, a retinal glutamate transporter coupled to a chloride
conductance. Proc. Natl. Acad. Sci. U S A. 94, 4155–4160. doi: 10.1073/pnas.94.
8.4155

Bianchi, M. G., Bardelli, D., Chiu, M., and Bussolati, O. (2014). Changes in the
expression of the glutamate transporter EAAT3/EAAC1 in health and disease.
Cell Mol. Life Sci. 71, 2001–2015. doi: 10.1007/s00018-013-1484-0

Bjørn-Yoshimoto, W. E., and Underhill, S. M. (2016). The importance of the
excitatory amino acid transporter 3 (EAAT3). Neurochem. Int. 98, 4–18. doi:
10.1016/j.neuint.2016.05.007

Boato, F., Hendrix, S., Huelsenbeck, S. C., Hofmann, F., Grosse, G., Djalali, S., et al.
(2010). C3 peptide enhances recovery from spinal cord injury by improved
regenerative growth of descending fiber tracts. J. Cell Sci. 123, 1652–1662.
doi: 10.1242/jcs.066050

Choi, D. W., and Rothman, S. M. (1990). The role of glutamate neurotoxicity
in hypoxic-ischemic neuronal death. Annu. Rev. Neurosci. 13, 171–182. doi:
10.1146/annurev.ne.13.030190.001131

Delgado-Acevedo, C., Estay, S. F., Radke, A. K., Sengupta, A., Escobar, A. P.,
Henriquez-Belmar, F., et al. (2019). Behavioral and synaptic alterations relevant
to obsessive-compulsive disorder in mice with increased EAAT3 expression.
Neuropsychopharmacology 44:1163. doi: 10.1038/s41386-018-0302-7

Diamond, J. S. (2002). A broad view of glutamate spillover. Nat. Neurosci. 5,
291–292. doi: 10.1038/nn0402-291

Dubreuil, C. I., Winton, M. J., and McKerracher, L. (2003). Rho activation patterns
after spinal cord injury and the role of activated Rho in apoptosis in the central
nervous system. J. Cell Biol. 162, 233–243. doi: 10.1083/jcb.200301080

Fehlings, M. G., Kim, K. D., Aarabi, B., Rizzo, M., Bond, L. M., McKerracher,
L., et al. (2018). Rho inhibitor VX-210 in acute traumatic subaxial cervical
spinal cord injury: design of the spinal cord injury Rho inhibition investigation
(SPRING) clinical trial. J. Neurotrauma 35, 1049–1056. doi: 10.1089/neu.2017.
5434

González, M. I., Bannerman, P. G., and Robinson, M. B. (2003). Phorbol
myristate acetate-dependent interaction of protein kinase Calpha and the
neuronal glutamate transporter EAAC1. J. Neurosci. 23, 5589–5593. doi: 10.
1523/JNEUROSCI.23-13-05589.2003

González, M. I., Susarla, B. T. S., Fournier, K. M., Sheldon, A. L., and Robinson,
M. B. (2007). Constitutive endocytosis and recycling of the neuronal glutamate

transporter, excitatory amino acid carrier 1. J. Neurochem. 103, 1917–1931.
doi: 10.1111/j.1471-4159.2007.04881.x

Griffith, O. W. (1999). Biologic and pharmacologic regulation of mammalian
glutathione synthesis. Free Radic. Biol. Med. 27, 922–935. doi: 10.1016/s0891-
5849(99)00176-8

Holmseth, S., Dehnes, Y., Huang, Y. H., Follin-Arbelet, V. V., Grutle,
N. J., Mylonakou, M. N., et al. (2012). The density of EAAC1 (EAAT3)
glutamate transporters expressed by neurons in the mammalian
CNS. J. Neurosci. 32, 6000–6013. doi: 10.1523/JNEUROSCI.5347-11.
2012

Höltje, M., Djalali, S., Hofmann, F., Münster-Wandowski, A., Hendrix, S., Boato,
F., et al. (2009). A 29-amino acid fragment of Clostridium botulinum C3 protein
enhances neuronal outgrowth, connectivity, and reinnervation. FASEB J. 23,
1115–1126. doi: 10.1096/fj.08-116855

Höltje, M., Hoffmann, A., Hofmann, F., Mucke, C., Grosse, G., Van Rooijen, N.,
et al. (2005). Role of Rho GTPase in astrocyte morphology and migratory
response during in vitro wound healing. J. Neurochem. 95, 1237–1248. doi:
10.1111/j.1471-4159.2005.03443.x

Höltje, M., Hofmann, F., Lux, R., Veh, R. W., Just, I., and Ahnert-Hilger,
G. (2008). Glutamate uptake and release by astrocytes are enhanced by
Clostridium botulinum C3 protein. J. Biol. Chem. 283, 9289–9299. doi: 10.1074/
jbc.M706499200

Huang, Y., Feng, X., Sando, J. J., and Zuo, Z. (2006). Critical role of serine 465
in isoflurane-induced increase of cell-surface redistribution and activity of
glutamate transporter type 3. J. Biol. Chem. 281, 38133–38138. doi: 10.1074/
jbc.M603885200

Huang, Y., Li, L., Washington, J. M., Xu, X., Sando, J. J., Lin, D., et al.
(2011). Inhibition of isoflurane-induced increase of cell-surface redistribution
and activity of glutamate transporter type 3 by serine 465 sequence-
specific peptides. Eur. J. Pharmacol. 655, 16–22. doi: 10.1016/j.ejphar.2011.
01.014

Kato, K., Yazawa, T., Taki, K., Mori, K., Wang, S., Nishioka, T., et al. (2012). The
inositol 5 phosphatase SHIP2 is an effector of RhoA and is involved in cell
polarity and migration. Mol. Biol. Cell. 23, 2593–2604. doi: 10.1091/mbc.E11-
11-0958

Lehre, K. P., and Danbolt, N. C. (1998). The number of glutamate transporter
subtype molecules at glutamatergic synapses: chemical and stereological
quantification in young adult rat brain. J. Neurosci. 18, 8751–8757. doi: 10.1523/
JNEUROSCI.18-21-08751.1998

Lipton, S. A., and Rosenberg, P. A. (1994). Excitatory amino acids as a final
common pathway for neurologic disorders. N. Engl. J. Med. 330, 613–622.
doi: 10.1056/NEJM199403033300907

Loske, P., Boato, F., Hendrix, S., Piepgras, J., Just, I., Ahnert-Hilger, G., et al.
(2012). Minimal essential length of clostridium botulinum C3 peptides to
enhance neuronal regenerative growth and connectivity in a non-enzymatic
mode. J. Neurochem. 120, 1084–1096. doi: 10.1111/j.1471-4159.2012.07657.x

Malik, A. R., and Willnow, T. E. (2019). Excitatory amino acid transporters in
physiology and disorders of the central nervous system. Int. J. Mol. Sci. 20:5671.
doi: 10.3390/ijms20225671

Mathews, G. C., and Diamond, J. S. (2003). Neuronal glutamate uptake Contributes
to GABA synthesis and inhibitory synaptic strength. J. Neurosci. 23, 2040–2048.
doi: 10.1523/JNEUROSCI.23-06-02040.2003

McKerracher, L., and Anderson, K. D. (2013). Analysis of recruitment
and outcomes in the phase I/IIa Cethrin clinical trial for acute spinal

Frontiers in Cellular Neuroscience | www.frontiersin.org 13 June 2022 | Volume 16 | Article 860823

https://www.frontiersin.org/articles/10.3389/fncel.2022.860823/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fncel.2022.860823/full#supplementary-material
https://doi.org/10.1002/glia.23566
https://doi.org/10.1159/000433599
https://doi.org/10.1042/bj2470363
https://doi.org/10.1007/3-540-27511-8_7
https://doi.org/10.1038/nn1609
https://doi.org/10.1073/pnas.94.8.4155
https://doi.org/10.1073/pnas.94.8.4155
https://doi.org/10.1007/s00018-013-1484-0
https://doi.org/10.1016/j.neuint.2016.05.007
https://doi.org/10.1016/j.neuint.2016.05.007
https://doi.org/10.1242/jcs.066050
https://doi.org/10.1146/annurev.ne.13.030190.001131
https://doi.org/10.1146/annurev.ne.13.030190.001131
https://doi.org/10.1038/s41386-018-0302-7
https://doi.org/10.1038/nn0402-291
https://doi.org/10.1083/jcb.200301080
https://doi.org/10.1089/neu.2017.5434
https://doi.org/10.1089/neu.2017.5434
https://doi.org/10.1523/JNEUROSCI.23-13-05589.2003
https://doi.org/10.1523/JNEUROSCI.23-13-05589.2003
https://doi.org/10.1111/j.1471-4159.2007.04881.x
https://doi.org/10.1016/s0891-5849(99)00176-8
https://doi.org/10.1016/s0891-5849(99)00176-8
https://doi.org/10.1523/JNEUROSCI.5347-11.2012
https://doi.org/10.1523/JNEUROSCI.5347-11.2012
https://doi.org/10.1096/fj.08-116855
https://doi.org/10.1111/j.1471-4159.2005.03443.x
https://doi.org/10.1111/j.1471-4159.2005.03443.x
https://doi.org/10.1074/jbc.M706499200
https://doi.org/10.1074/jbc.M706499200
https://doi.org/10.1074/jbc.M603885200
https://doi.org/10.1074/jbc.M603885200
https://doi.org/10.1016/j.ejphar.2011.01.014
https://doi.org/10.1016/j.ejphar.2011.01.014
https://doi.org/10.1091/mbc.E11-11-0958
https://doi.org/10.1091/mbc.E11-11-0958
https://doi.org/10.1523/JNEUROSCI.18-21-08751.1998
https://doi.org/10.1523/JNEUROSCI.18-21-08751.1998
https://doi.org/10.1056/NEJM199403033300907
https://doi.org/10.1111/j.1471-4159.2012.07657.x
https://doi.org/10.3390/ijms20225671
https://doi.org/10.1523/JNEUROSCI.23-06-02040.2003
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-16-860823 June 9, 2022 Time: 16:14 # 14

Piepgras et al. Regulation of EAAT3 by C3 Proteins

cordinjury. J. Neurotrauma 30, 1795–1804. doi: 10.1089/neu.2013.
2909

Mulherkar, S., Firozi, K., Huang, W., Uddin, M. D., Grill, R. J., Costa-Mattioli,
M., et al. (2017). RhoA-ROCK inhibition reverses synaptic remodeling and
motor and cognitive deficits caused by traumatic brain injury. Sci. Rep. 7:10689.
doi: 10.1038/s41598-017-11113-3

Owe, S. G., Marcaggi, P., and Attwell, D. (2006). The ionic stoichiometry of
the GLAST glutamate transporter in salamander retinal glia. J. Physiol. 577,
591–599. doi: 10.1113/jphysiol.2006.116830

Pang, H., and Bitar, K. N. (2005). Direct association of RhoA with specific domains
of PKC-alpha. Am. J. Physiol. Cell Physiol. 289, C982–C993. doi: 10.1152/ajpcell.
00364.2004

Park, E., Velumian, A. A., and Fehlings, M. G. (2004). The role of excitotoxicity
in secondary mechanisms of spinal cord injury: a review with an emphasis on
the implications for white matter degeneration. J. Neurotrauma 21, 754–774.
doi: 10.1089/0897715041269641

Peng, J., He, F., Zhang, C., Deng, X., and Yin, F. (2011). Protein kinase C-α signals
P115RhoGEF phosphorylation and RhoA activation in TNF-α-induced mouse
brain microvascular endothelial cell barrier dysfunction. J. Neuroinflamm. 8:28.
doi: 10.1186/1742-2094-8-28

Rohrbeck, A., Höltje, M., Adolf, A., Oms, E., Hagemann, S., Ahnert-Hilger, G.,
et al. (2017). The Rho ADP ribosylating C3 exoenzyme binds cells via an
Arg-Gly-Asp motif. J. Biol. Chem. 292, 17668–17680. doi: 10.1074/jbc.M117.
798231

Rohrbeck, A., Schröder, A., Hagemann, S., Pich, A., Höltje, M., Ahnert-Hilger, G.,
et al. (2014). vimentin mediates uptake of C3 exoenzyme. PLoS One 9:e101071.
doi: 10.1371/journal.pone.0101071

Rothstein, J. D., Martin, L., Levey, A. I., Dykes-Hoberg, M., Jin, L., Wu, D., et al.
(1994). Localization of neuronal and glial glutamate transporters. Neuron 13,
713–25. doi: 10.1016/0896-6273(94)90038-8

Saha, K., Yang, J. W., Hofmaier, T., Venkatesan, S., Steinkellner, T., Kudlacek, O.,
et al. (2021). Constitutive endocytosis of the neuronal glutamate transporter
excitatory amino acid transporter-3 requires ARFGAP1. Front. Physiol.
12:671034. doi: 10.3389/fphys.2021.671034

Scimemi, A., Tian, H., and Diamond, J. S. (2009). Neuronal transporters regulate
glutamate clearance, NMDA receptor activation, and synaptic plasticity in the
hippocampus. J. Neurosci. 29, 14581–14595. doi: 10.1523/JNEUROSCI.4845-
09.2009

Sepkuty, J. P., Cohen, A. S., Eccles, C., Rafiq, A., Behar, K., Ganel, R., et al. (2002).
A neuronal glutamate transporter contributes to neurotransmitter GABA
synthesis and epilepsy. J. Neurosci. 22, 6372–6379. doi: 10.1523/JNEUROSCI.
22-15-06372.2002

Sladojevic, N., Yu, B., and Liao, J. K. (2017). ROCK as a therapeutic target for
ischemic stroke. Expert Rev. Neurother. 17, 1167–1177. doi: 10.1080/14737175.
2017.1395700

Takase, H., and Regenhardt, R. W. (2021). Motor tract reorganization after acute
central nervous system injury: a translational perspective. Neural Regen. Res.
16, 1144–1149. doi: 10.4103/1673-5374.300330

Underhill, S. M., Colt, M. S., and Amara, S. G. (2020). Amphetamine stimulates
endocytosis of the norepinephrine and neuronal glutamate transporters in
cultured locus coeruleus neurons. Neurochem. Res. 45, 1410–1419. doi: 10.1007/
s11064-019-02939-6

Underhill, S. M., Ingram, S. L., Ahmari, S. E., VeenstraVanderWeele, J., and Amara,
S. G. (2019). Neuronal excitatory amino acid transporter EAAT3: emerging
functions in health and disease. Neurochem. Int. 123, 69–76. doi: 10.1016/j.
neuint.2018.05.012

Wadiche, J. I., Amara, S. G., and Kavanaugh, M. P. (1995). Ion fluxes associated
with excitatory amino acid transport. Neuron 15, 721–728. doi: 10.1016/0896-
6273(95)90159-0

Watzlawick, R., Sena, E. S., Dirnagl, U., Brommer, B., Kopp, M. A., Macleod, M. R.,
et al. (2014). Effect and reporting bias of RhoA/ROCK-blockade intervention
on locomotor recovery after spinal cord injury: a systematic review and meta-
analysis. JAMA Neurol. 71, 91–99. doi: 10.1001/jamaneurol.2013.4684

Wu, P., Bjørn-Yoshimoto, W. E., Staudt, M., Jensen, A. A., and Bunch, L. (2019).
Identification and Structure-Activity Relationship Study of Imidazo[1,2-
a]pyridine-3-amines as First Selective Inhibitors of Excitatory Amino Acid
Transporter Subtype 3 (EAAT3). ACS Chem. Neurosci. 10, 4414–4429. doi:
10.1021/acschemneuro.9b00447

Zike, I., Xu, T., Hong, N., and Veenstra-VanderWeele, J. (2017). Rodent models
of obsessive compulsive disorder: evaluating validity to interpret emerging
neurobiology. Neuroscience 2017, 256–273. doi: 10.1016/j.neuroscience.2016.
09.012

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.

Copyright © 2022 Piepgras, Rohrbeck, Just, Bittner, Ahnert-Hilger and Höltje. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org 14 June 2022 | Volume 16 | Article 860823

https://doi.org/10.1089/neu.2013.2909
https://doi.org/10.1089/neu.2013.2909
https://doi.org/10.1038/s41598-017-11113-3
https://doi.org/10.1113/jphysiol.2006.116830
https://doi.org/10.1152/ajpcell.00364.2004
https://doi.org/10.1152/ajpcell.00364.2004
https://doi.org/10.1089/0897715041269641
https://doi.org/10.1186/1742-2094-8-28
https://doi.org/10.1074/jbc.M117.798231
https://doi.org/10.1074/jbc.M117.798231
https://doi.org/10.1371/journal.pone.0101071
https://doi.org/10.1016/0896-6273(94)90038-8
https://doi.org/10.3389/fphys.2021.671034
https://doi.org/10.1523/JNEUROSCI.4845-09.2009
https://doi.org/10.1523/JNEUROSCI.4845-09.2009
https://doi.org/10.1523/JNEUROSCI.22-15-06372.2002
https://doi.org/10.1523/JNEUROSCI.22-15-06372.2002
https://doi.org/10.1080/14737175.2017.1395700
https://doi.org/10.1080/14737175.2017.1395700
https://doi.org/10.4103/1673-5374.300330
https://doi.org/10.1007/s11064-019-02939-6
https://doi.org/10.1007/s11064-019-02939-6
https://doi.org/10.1016/j.neuint.2018.05.012
https://doi.org/10.1016/j.neuint.2018.05.012
https://doi.org/10.1016/0896-6273(95)90159-0
https://doi.org/10.1016/0896-6273(95)90159-0
https://doi.org/10.1001/jamaneurol.2013.4684
https://doi.org/10.1021/acschemneuro.9b00447
https://doi.org/10.1021/acschemneuro.9b00447
https://doi.org/10.1016/j.neuroscience.2016.09.012
https://doi.org/10.1016/j.neuroscience.2016.09.012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

	Enhancement of Phosphorylation and Transport Activity of the Neuronal Glutamate Transporter Excitatory Amino Acid Transporter 3 by C3bot and a 26mer C3bot Peptide
	Introduction
	Materials and Methods
	C3 Proteins
	Antibodies
	Immunofluorescence
	Immunoblotting

	Cell Culture
	Hippocampal Cell Culture
	Astrocyte Culture

	Brain Homogenates
	Immunohistochemistry and -Cytochemistry
	Confocal Laser Scanning Microscopy
	Glutamate Uptake Assay
	Radiolabeled Glutamate
	Fluorometric Glutamate Measurements

	Biotinylation Assay
	Immunoisolation and Phosphorylation of Excitatory Amino Acid Transporter 3
	Imaging Analysis
	Experimental Design and Statistics

	Results
	Discussion
	Phosphorylation of Excitatory Amino Acid Transporter 3 Mediated by C3bot and C3bot 26mer
	Functional Implications

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


