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Inhibition of Rho activity byClostridiumbotulinumC3 trans-
ferase (C3bot) versatily changes functional properties of neural
cells. Using cultivated mouse astrocytes, we show here that
C3bot increases both uptake and secretion of glutamate. The
enhanced glutamate uptake is initiated by an NF�B-dependent
up-regulation of the glial glutamate transporter 1 that is effica-
ciously sorted to the plasmamembrane. The increase in cytoso-
lic glutamate concentration promotes vesicular glutamate stor-
age in astrocytes treated with C3bot. Parallel to the increased
storage, C3-induced impairment of Rho-dependent pathways
strongly enhances Ca2�-dependent secretion of glutamate. This
is accompanied by higher levels of the SNARE protein synapto-
brevin. Synaptobrevin inactivation by botulinum neurotoxin D
almost completely inhibits Ca2�-dependent glutamate secre-
tion triggered by C3bot, indicating that the enhanced release of
glutamatemainly originates from exocytosis. In addition, C3bot
increases the exocytosis/endocytosis turnover, as analyzed by
the stimulated accumulation of the fluorescent dye AM1-43.
The release of glutamine, the main metabolite of glutamate, is
only moderately affected by C3bot. In conclusion, inhibition of
Rho-dependent pathways shifts astrocytes to a secretory active
stage in which they may modulate neuronal excitability.

Brain function is based on communication between neurons
as well as on the interaction of neurons and their collaborating
glial cells. Glutamatergic synapses, for example, are ensheathed
by glial processes isolating individual synapses from one
another (1, 2). The use of the ubiquitous amino acid glutamate
both as a metabolite and, even more importantly, as the princi-
pal excitatory transmitter of the central nervous system
requires efficient mechanisms to maintain a high signal-to-
noise ratio and to prevent neuronal damage caused by high
excitotoxic extracellular glutamate concentrations (3). Crucial
elements for limiting the action of glutamate as a neurotrans-
mitter and to maintain low concentrations in the extracellular
space of the brain are the high affinity glutamate transporters
GLAST and GLT-1 expressed at the plasma membrane of
astrocytes and Bergmann glia cells (4, 5). In recent years evi-

dence has accumulated that astrocytes, besides their capacity to
take up glutamate at the plasma membrane, also contain a
vesicular compartment equipped with glutamate transporter
subtypes for vesicular storage (VGLUTs)2 (6). Since then,many
groups have shown that glutamate can be transported into and
released from these vesicles by Ca2�-dependent exocytosis
(7–9). Other, nonvesicular mechanisms of glutamate release
from astrocytes like efflux through volume-sensitive channels
have also been described (10). Besides their role in responding
to and modulating synaptic transmission by glutamate uptake
and release (11, 12) glial cells like astrocytes may also become
involved in the formation andmaintenance of synapses (13, 14).
Uptake of glutamate is linked to conversion into glutamine by
astroglial glutamine synthetase, followed by the efflux into the
extracellular space. Glutamine can be then taken up by neurons
and can be reconverted into glutamate to replenish neuronal
glutamate and GABA pools (15).
Expression and function of high affinity glutamate transport-

ers have been reported to be highly variable. Various substances
and conditions result in altered gene expression, protein levels,
and activity of GLAST andGLT-1 (for a review, see Refs. 16 and
17). Largely unexplored, however, is the regulation of glutamate
transport and subsequent release by small GTPases, such as the
Rho family proteins. Well established, on the other hand, is the
important role of Rho proteins during fundamental morpho-
logical changes astrocytes can undergo.After inhibition of Rho-
dependent pathways, cultivated astrocytes acquire a stellate
morphology (18–20). It was tempting to investigate whether
these distinct morphological changes are accompanied by
alterations of major astrocytic functional tasks, such as gluta-
mate storage and glutamate/glutamine release. In order to gain
insights into the impact of Rho signaling on glutamate trans-
porter regulation, we used Clostridium botulinum C3 transfer-
ase (C3bot), which specifically ADP-ribosylates and thereby
inactivates small GTPases of the Rho subfamily (RhoA, -B, and
-C; see Refs. 21–23). Since inhibition of RhoA by C3 proteins
has proven to be beneficial for axon outgrowth during develop-
ment or regeneration (24, 25) wewere particularly interested to
investigate possible effects of C3bot on astrocyte functions that
are known to be associated with neurodegenerating diseases
when malfunctioning. This is in fact the case for astrocytic glu-
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tamate transport systems in, for example, Alzheimer disease or
amyotrophic lateral sclerosis (5).

EXPERIMENTAL PROCEDURES

Astrocyte Cultures

Primary astrocyte cultures were prepared from NMRI mice
brains between postnatal days 2 and 3. After removal of menin-
ges, brains were mechanically dissociated in Hanks’ buffered
salt solution by fire-polished Pasteur pipettes and centrifuged
at 300� g for 3min. Cells were redissociated inHanks’ buffered
salt solution, 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-ly-
sine (100 �g/ml in phosphate-buffered saline). Astrocytes were
incubated at 5% CO2 in Dulbecco’s modified Eagle’s medium,
supplemented with 10% fetal calf serum, 100 units/ml penicil-
lin/streptomycin, and 2 mM L-glutamine. Microglial cells were
repeatedly detached from the astrocyte monolayer by shaking
off. After 5 days in culture with a change of medium two times,
cellswere harvested and recultured in 24-well plates at a density
of 4 � 104 cells/well with or without glass coverslips pretreated
with poly-L-lysine. Cultures treated either with or without C.
botulinum C3 protein (80 nM final concentration) were kept
under serum-free conditions for the indicated time periods.

Expression of Recombinant C3bot Protein

C3bot was expressed as recombinant glutathione S-transferase
fusionproteins inEscherichiacoliTG1harboringtherespectiveDNA
fragment in theplasmidpGEX-2T (seeRef. 20).GlutathioneS-trans-
ferasewas removedby thrombin cleavage.

Chemicals and Antibodies

L-trans-Pyrrolidine-2,4-dicarboxylic acid (PDC), dihydro-
kainic acid (DHK), DL-threo-�-benzyloxyaspartic acid, and
ammonium pyrrolidine dithiocarbamate (PDTC) were pur-
chased from Tocris. Ionomycin and bafilomycin A1 were
obtained from Sigma. Tritiated [3,4-3H]L-glutamic acid (40
Ci/mmol) was obtained from Moravek Biochemicals. Botuli-
num neurotoxin D (BoNt/D) was a gift from H. Bigalke (Insti-
tute for Toxicology, Medizinische Hochschule Hannover).
AM1-43 was from Biotium.
Both monoclonal and polyclonal antibodies directed against

glial fibrillary acidic protein (GFAP) used to label astrocytes as
well as a polyclonal antibody against actin were purchased from
Sigma. Polyclonal antisera obtained from Chemicon
(Temecula) were used for detection of glutamate-aspartate
transporter GLAST and glial glutamate transporter GLT-1. A
monoclonal antibody against RhoA was purchased from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). �-Tubulin was
detected using a monoclonal antibody obtained from Sigma.
Monoclonal antibodies against the vesicular glutamate trans-
porters VGLUT1 and VGLUT2 as well as a polyclonal anti-
serum against VGLUT3 were obtained from Synaptic Systems
(Göttingen, Germany). Detection of NF�B was performed
using a mouse monoclonal antibody against the p65 subunit
available from Santa Cruz Biotechnology. A polyclonal anti-
serum against Synaptobrevin II (106.5) was a gift from R. Jahn

(Göttingen,Germany).Monoclonal antibodies against syntaxin
I as well as a polyclonal anti-SNAP23 antiserum were from
Synaptic Systems.

Immunocytochemistry

Cells were fixed with 4% formaline for 15 min and subse-
quently permeabilized for 30 min at room temperature using
0.3% Triton X-100 dissolved in phosphate-buffered saline.
Astrocytes were stained with primary antibodies overnight at
4 °C. After washing in phosphate-buffered saline, secondary
antibodies were applied for 1 h at room temperature. Immuno-
reactivity was visualized using goat anti-mouse, goat anti-rab-
bit, or goat anti-guinea pig Alexa Fluor 488 IgG for green fluo-
rescence. Goat anti-mouse or goat anti-rabbit Alexa Fluor 594
(Molecular Probes, Inc., Eugene, OR) was applied for red fluo-
rescence. Fluorescence was visualized either by using an
upright Leica DMLB epifluorescence equipment or by using
confocal laser-scanning microscopy (see below).

Confocal Laser-scanning Microscopy

For acquisition of images, a Leica TCS SL confocal laser-scan-
ning microscope using a �40 oil immersion objective was used.
Fluorescent dyes were excited at a wavelength of 488 nm (green
fluorescence) and 543 nm (red fluorescence), respectively. Fluo-
rescence from green and red channels was collected sequentially
using two filters at 498–535 and 587–666 nm, respectively.
Images were captured at a resolution of 1024 � 1024 pixels.

Western Blotting

Astrocyte homogenates were loaded onto 10 or 12% gels (40
�g/lane) for SDS-PAGE. Protein was immobilized on nitrocel-
lulosemembrane.Membraneswere blockedwithTris-buffered
saline, including 5% low fat milk and 0.1% Tween 20 for 1 h at
room temperature. Incubationwith the primary antibodies was
performed overnight at 4 °C. After washing with blocking solu-
tion, membranes were incubated with secondary antibodies for
1 h at room temperature (horseradish peroxidase-labeled anti-
rabbit, anti-guinea pig, or anti-mouse IgG;Vector Laboratories,
Burlingame, CA). Visualization was performed using the ECL
detection system (Amersham Biosciences).

Transfections

After 10 days in culture, astrocytes grown on coverslips were
transfected with RhoA wild type, RhoA V14, RhoA N19, Rac1
wild type, Rac1 V12, or Rac1 N17 DNA cloned into pEGFP-C1
expression vector using the Effectene transfection reagent
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Expression time was kept at 24 h. Cells were fixed
and counterstained for NF�B or GLT-1 expression. Transfec-
tion efficiency was between 10 and 15%. Effects onNF�B trans-
location as well as GLT-1 expression were quantified by count-
ing transfected cells within individual fields of view using a�20
objective. Typically, cells from 10 fields of view (representing a
total of 80–120 cells) per condition were analyzed for the
respective phenotype within single experiments.

[3H]Glutamate Uptake/Secretion Assays

Uptake—Usually, for glutamate uptake, astrocytes grown in
24-well plates were incubated with 50�M glutamate (applied as
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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. Graph Pad Prism
software (SanDiego, CA)was used for nonlinear regression and
transformation of data. After removal of the medium and
repeated washing (three times) 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. Astrocyte
lysates were subjected to liquid scintillation counting for deter-
mination of radioactivity. Values were adjusted to protein
content.
Secretion—Astrocytes were loaded as described for 1 h with

50 �M glutamate. After removal of the medium and repeated
washing, cultures were incubated with Krebs-Hepes buffer
containing either no additives, the calcium-ionophore ionomy-
cin (1.3 �M), or ATP (2 mM) for 10 min at 37 °C. Supernatants
were collected, subjected to liquid scintillation counting, and
adjusted to protein content of the lysed cells.

Ion Exchange Chromatography

Radioactive glutamine and glutamate released in culture
supernatants were separated by ion exchange chromatography,

using small (5 � 50-mm) columns with a strong anion
exchanger (Q Sepharose� Fast Flow; Amersham Biosciences),
equilibrated with 20 mM acetate buffer, pH 6.0 (sample buffer).
Columnswere loadedwith 500�l (2� 250�l) of culture super-
natant samples, diluted in sample buffer containing 10 mM
unlabeled glutamine and glutamate as carrier substances. After
six washes with sample buffer (500 �l each), the columns were
elutedwith six 500-�l volumes of 200mM acetate buffer, pH 3.7
(elution buffer). 500-�l fractions were collected, and radioac-
tivity was determined by liquid scintillation counting. Com-
plete separation of glutamine from glutamate was verified in
control experiments, using two columns loaded with either 20
mM glutamine or glutamate, respectively. Fractions were col-
lected, and amine groups were determined photometrically at
420 nm using the TNBS (2,4,6-trinitrobenzenesulfonic acid)
method (26).

Vesicular AM1-43 Staining

AM1-43 represents a fixable version of the cationic styryl dye
FM1-43 (27). Cultivated astrocyteswere loaded for 1minwith 4
�M of AM1-43 dissolved in Krebs-Hepes buffer containing no
additives or 1.3 �M ionomycin to stimulate Ca2�-dependent
release at room temperature. After a single washing step, astro-
cytes were incubated for 4 min with a 0.5 �M concentration of

FIGURE 1. Astrocytes treated with C3bot exhibit an enhanced glutamate uptake activity. A, control astrocyte cultures or cultures treated with 80 nM C3bot
for increasing durations were incubated with 50 �M [3H]glutamate for 1 h. The amount of [3H]glutamate taken up by astrocytes was determined from lysed
cells. PDC (1 mM) or DL-threo-�-benzyloxyaspartic acid (TBOA; 1 mM) was used to inhibit plasma membrane transport activity. Prolonged incubation times with
C3bot resulted in an enhanced glutamate uptake. B, kinetic analysis by nonlinear regression reveals that the C3bot-mediated increased uptake of [3H]gluta-
mate is based on an increased transport velocity as indicated by a higher Vmax value as well as a higher substrate affinity indicated by a lower Km value.
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the quencher agent SCAS to remove background staining. Fol-
lowing quenching, cells were fixed as described above, followed
by an additional 4�,6-diamidino-2-phenylindole staining proce-
dure. For quantification of fluorescent spots, AM1-43 puncta of
50–250 pixels (0.57–2.86�m2) detected within individual view
fields of 136 � 108 �m were counted by using Scion Image
software. Counts were adjusted to cell numbers as revealed by
4�,6-diamidino-2-phenylindole staining. In a single experi-
ment, between 400 and 500 cells were analyzed per condition.

Experimental Design and Statistics

Experiments were run at least three times. Uptake and secre-
tion assays were determined in triplicates for a single condition.
In general, values are expressed as means � S.D. from one rep-
resentative experiment if not stated otherwise. Statistical sig-

FIGURE 2. Enhanced C3bot-induced glutamate uptake is mediated by
GLT-1. A, astrocytes cultivated under control conditions were fixed and dou-
ble-stained for GFAP and GLAST or GLT-1. Photomicrographs were taken by
confocal imaging. Strong GLAST immunoreactivity was detected mainly at
the plasma membrane in virtually all GFAP-positive cells. In contrast, GLT-1
immunoreactivity was hardly detectable in astrocytes. B, astrocytes incu-
bated for 3 days with 80 nM of C3bot were fixed and stained for the same
antigens. Astrocyte morphology had changed to a stellate appearance.
Under these conditions, both GLAST and GLT-1 were detectable in GFAP-
positive cells and also localized to very thin processes. C, incubation with DHK
prevents C3bot-mediated enhanced [3H]glutamate uptake. Prior to the
uptake procedure, astrocytes were preincubated for 30 min with two concen-
trations of DHK. In control cultures, DHK had no effect on glutamate uptake.
Conversely, higher glutamate uptake in C3bot-treated cultures was reduced
to control levels by DHK.

FIGURE 3. Inhibition of Rho activity induces nuclear translocation of tran-
scription factor NF�B. A, C3bot induces NF�B translocation to the nucleus.
Confocal images of astrocytes stained for the p65 subunit of NF�B. In control
cultures, NF�B mainly localized to the cytoplasm. After incubation with C3bot
(80 nM, 72 h), astrocytes adopted a stellate morphology and exhibited a shift
of NF�B to the nuclear region. This effect was prevented by the addition of
PDTC (10 �M) during incubation with C3bot. B, astrocyte cultures were trans-
fected with RhoA constructs cloned into pEGFP vector and stained for NF�B
immunoreactivity. Transfection with dominant negative RhoA N19 (depicted
are two transfected cells from two different cultures) resulted in NF�B trans-
location to the nucleus (arrows). Transfection with constitutively active RhoA
V14 as well as mock transfection had no effect on cytoplasmatic NF�B local-
ization. C, quantitative analysis of the observed phenotype (nuclear shift of
NF�B) in transfected astrocytes.
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nificance was calculated using Student’s t test, and p values
below 0.05% were considered significant.

RESULTS

The effect of C3bot on the glutamate uptake was studied by
incubation of astrocytes pretreated with 80 nM C3bot for 6, 12,
24, or 72 h with 50 �M [3H]glutamate. The specificity of gluta-
mate uptake was confirmed by inhibition of the plasma mem-
brane glutamate transporter activity by PDC or threo-�-ben-
zyloxyaspartic acid. C3bot enhanced glutamate uptake by a
factor of 1.7 after 24 h compared with control conditions (Fig.
1A). After 72 h of C3bot treatment, glutamate uptake was
increased by more than 2-fold compared with control condi-
tions. Kinetic analysis of glutamate uptake revealed a higher

maximal transport velocity Vmax
and an increased substrate affinity
indicated by a lower Km value in
C3bot-treated cultures (Fig. 1B).
Nextwe looked for the expression of
GLAST and GLT-1, the two high
affinity transporter subtypes medi-
ating astrocytic glutamate transport
at the plasma membrane. By using
confocal laser-scanning micros-
copy, it became evident thatGLAST
was expressed at high levels at the
plasma membrane of virtually all
GFAP-positive control cells (Fig.
2A). Conversely, GLT-1 expression
was hardly detectable. Upon incu-
bation with 80 nM C3bot, astrocytes
changed their morphology toward a
stellate shape, as described before
(20). After C3bot treatment for 72 h,
GLAST expression was still observ-
able, but GLT-1 expression was
strongly up-regulated (Fig. 2B).
Both transporters were detectable
also at the fine elongated processes
extending from the cell body. To
verify whether the C3bot-induced
increased glutamate uptake was
mainly mediated by GLT-1, astro-
cytes were preincubated with DHK,
a selective GLT-1 inhibitor. Prein-
cubation with 250 or 500 �M DHK
for 30 min had no effect on the
subsequent glutamate uptake,
whereas the enhanced C3bot-in-
duced uptake was exactly reduced
to control levels (Fig. 2C).
Transcription of the glt-1 gene is

under the control of the NF�B tran-
scription factor (28). To check for a
possible effect of C3bot on NF�B
activity, we studied the cellular dis-
tribution of NF�B in astrocytes. In
control cultures, NF�B was mainly

in the cytoplasm, detected by immunolabeling using an anti-
body against the p65 subunit and confocal microscopy (Fig.
3A). In astrocytes treatedwithC3bot for 72 h, a clear shift of p65
from the cytoplasm to the nucleus took place. The C3bot-in-
duced shift was prevented by PDTC (10 �M), an inhibitor of
NF�B signaling. Noteworthy, PDTC did not affect C3bot-in-
duced shape changes. To further check whether impairment of
Rho activity results in NF�B translocation into the nucleus, we
transfected astrocyte cultures with plasmids encoding RhoA
proteins. No alterations of the cytoplasmatic localization of
NF�B were detected when astrocytes were transfected with
either wild type RhoA (not shown) or constitutively active
RhoA V14 (Fig. 3, B and C). Conversely, 80% of astrocytes that
expressed dominant negative RhoA N19 exhibited the nuclear

FIGURE 4. Enhanced glutamate uptake and GLT-1 up-regulation represents a Rho-specific effect medi-
ated by NF�B. A, astrocyte cultures were incubated without (control) or with C3bot (80 nM), C3bot and PDTC
(10 �M), the Rho-kinase inhibitor Y27632 (10 �M), or latrunculin B (1 �M) for 72 h. All treatments resulted in
strong morphological shape changes toward a ramified morphology. In parallel, uptake experiments using
[3H]glutamate (50 �M) were performed. The combined treatment of C3bot and PDTC resulted in a strongly
reduced uptake compared with cultures treated with C3bot alone. Treatment with Y27632 enhanced gluta-
mate uptake to a moderate, yet significant, extent. Latrunculin B had no significant effect on the uptake.
B, Western blot analysis of GLAST and GLT-1 expression from cultures treated as above. �-Tubulin and actin
were used as internal standards. Quantification of signals (normalized to �-tubulin) revealed a strong up-reg-
ulation of GLT-1 after application of C3bot. This effect was significantly reduced by PDTC. GLAST levels
remained largely unaffected. C, astrocyte cultures were transfected with RhoA constructs cloned into pEGFP
vector and stained for GLT-1 immunoreactivity. Transfection with dominant negative RhoA N19 resulted in
GLT-1 up-regulation in a large proportion of transfectants as shown in the diagram. Transfection with either
constitutively active RhoA V14, Rac1 V12, or dominant negative Rac1 17N had no significant effect.
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shift of NF�B. As expected, RhoA N19-expressing cells tended
toward development of cellular processes. In sum, the inactiva-
tion of Rho by C3bot treatment and the transfection studies
clearly indicated a negative regulation of NF�B activity by
RhoA in astrocytes.
To address the question of whether enhancedGLT-1 expres-

sion and glutamate uptake is based on the Rho-NF�B signaling

or is a mere cytoskeletal response, glutamate uptake was per-
formed in C3bot-treated cells in the presence of the NF�B
inhibitor PDTC. Cultures that were treated with this combina-
tion still exhibited a clear stellate morphology but showed only
a moderately increased glutamate uptake that did not reach
C3bot levels (Fig. 4A). In parallel, we applied the ROCK inhib-
itor Y27632 (10 �M) to our cultures to study whether this RhoA

FIGURE 5. Vesicular glutamate storage contributes to the C3bot-mediated
enhanced uptake. A, astrocytes were double-stained for GFAP, and the three
vesicular glutamate transporters VGLUT1, -2, and -3. Under either control condi-
tions or after C3bot treatment (80 nM, 72 h), all three vesicular transporters were
expressed in a punctate fashion in GFAP-positive cells, including the fine pro-
cesses of stellate astrocytes. B, Western blot analysis of vesicular glutamate trans-
porter expression. Cultures were treated as given above. No changes of overall
protein levels of VGLUT1, -2, and -3 were detectable after treatment with C3bot.
�-Tubulin was used for loading control. C, [3H]glutamate uptake after pretreat-
ment for 1 h with 1 �M bafilomycin A1. Bafilomycin A1 reduced the glutamate
uptake in both control and C3bot (80 nM, 72 h) treated astrocyte cultures. The
reduction in C3bot-treated cells was more pronounced than under control con-
ditions regarding both absolute and relative values.

FIGURE 6. C3bot stimulates glutamate/glutamine release from astro-
cytes. A, control cultures or astrocytes treated with C3bot (80 nM, 72 h, with or
without 10 �M PDTC) were preloaded for 1 h with 50 �M [3H]glutamate. Glu-
tamate secretion was stimulated by the addition of ionomycin (1.3 �M).
Supernatants were collected, measured by liquid scintillation counting, and
normalized to protein amounts. After incubation with C3bot, ionomycin-in-
duced secretion was significantly increased. This effect was nearly completely
prevented by PDTC. B, control cultures and cells treated with C3bot were
treated with ATP to stimulate release. Compared with control conditions and
very similar to ionomycin, ATP (2 mM) stimulated the release of higher
amounts of glutamate/glutamine from astrocytes treated with C3bot. C, fol-
lowing the uptake procedure, cultures were incubated with PDC (30 min, 1
mM) prior to the stimulation by ionomycin in order to block a putative GLAST/
GLT-1-mediated reverse transport. No significant effects on the release were
obtainable. D, Western blot analysis of SNARE protein expression and gluta-
mine synthetase levels. �-Tubulin was used for loading control. Syntaxin and
SNAP23 levels remained largely unaffected after a 72-h incubation period
with C3bot or C3bot/PDTC. Synaptobrevin, on the other hand, was detecta-
ble at higher levels under either C3bot condition. No alterations in glutamine
synthetase signals were detectable.
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downstream effector that mainly regulates actin dynamics is
involved. Besides changes toward a stellate morphology, gluta-
mate uptake itself, however, only reached slightly enhanced lev-
els. Additionally, we used the sponge toxin latrunculin B, an
F-actin depolymerizing agent that acts independently fromRho
pathways (29). Astrocytes incubated with 1 �M latrunculin B
developed the expected stellate morphology but failed to show
any significantly enhanced glutamate uptake (Fig. 4A).
To check whether the effects of PDTC on C3bot-enhanced

glutamate uptake levels were due to an inhibition of glutamate
transporters, GLAST and GLT-1 expression were compared in
control cells, cells treated with C3bot alone or in combination
with PDTC (Fig. 4B). Under control conditions, GLT-1 was
detectable at very low amounts but was found to be strongly
up-regulated (2.7-fold) by C3bot. The addition of PDTC pre-
vented the C3bot-triggered up-regulation to a large extent.
GLAST levels were only moderately lowered by C3bot. To fur-
ther support the up-regulation of GLT-1 by a Rho-dependent
mechanism, we transfected astrocytes with RhoA constructs
(Fig. 4C). In line with the results shown for NF�B (Fig. 3, B and
C), only expression of dominant negative RhoAN19was able to
induce GLT-1 up-regulation in the majority (74%) of trans-
fected cells. Again,many astrocytes transfectedwith RhoAN19
showed a branched morphology. In addition, we performed

transfection studies with wild type,
constitutively active and dominant
negative Rac1 (not shown). No pro-
nounced effects on GLT-1 expres-
sion were detected, confirming the
specificity of RhoA effects (Fig. 4C).
Besides their high affinity plasma

membrane glutamate transporters,
astrocytes harbor vesicular com-
partments capable of glutamate
storage mediated by the vesicular
glutamate transporters VGLUT1 to
-3. To check the C3bot effect on the
vesicular transport systems we
examined VGLUT expression.
VGLUT1, -2, and -3were detectable
in a punctate distribution in a large
proportion of GFAP-positive astro-
cytes, as shown by immunocyto-
chemistry (Fig. 5A). VGLUT-im-
munoreactive puncta were found all
over the cells, including the pro-
cesses in cells treated with C3bot. In
parallel, VGLUT expression was
analyzed by Western blotting. No
alterations in total protein levels of
VGLUT1, -2, and -3 by C3bot were
detectable (Fig. 5B). These findings,
however, do not exclude possible
changes in VGLUT activity by regu-
latory mechanisms apart from an
altered protein synthesis. To inves-
tigate the contribution of vesicular
uptake to the overall glutamate

uptake, astrocytes were incubated with bafilomycin A1 prior to
the uptake procedure. Bafilomycin A1 inhibits the vacuolar
ATPase activity and therefore prevents acidification of storage
vesicles. In control cultures, a treatment with 1 �M bafilomycin
A1 for 1 h inhibited glutamate uptake by 25% (Fig. 5C). Remark-
ably, the C3bot-induced enhanced glutamate uptake was
reduced by 40%, indicating a higher vesicular transport.
Glutamate taken up by astrocytes can be converted to gluta-

mine by the astroglial glutamine synthetase or may also be
secreted again into the extracellular space. To test whether
inhibition of Rho pathways by C3bot affects glutamate release
and the putative co-release of glutamine, we applied the follow-
ing stimulation paradigm. The Ca2� ionophore ionomycin
raises intracellular Ca2� levels, thereby stimulating release
mechanisms. In a first attempt, release of radioactivity from
control cells as well as from C3bot-treated cells (with or with-
out the addition of PDTC) was analyzed irrespective of the
nature of the released substances. In control cultures incubated
with [3H]glutamate for 1 h, ionomycin (1.3 �M) raised basal
release from 4 to 4.9 nmol/mg protein (Fig. 6A). After C3bot
treatment (72 h, 80 nM), release following stimulation was
enhanced by a factor of 1.8 from 7.9 nmol/mg protein (control)
to 14.3 nmol/mg protein (ionomycin). The addition of PDTC
during incubation with C3bot reduced the enhanced ionomy-

FIGURE 7. C3bot enhances vesicular exo-endocytotic fusion events with the plasma membrane. A, sample
images of ionomycin-stimulated astrocytes cultivated under control conditions or after treatment with 80 nM

C3bot for 72 h. Living cells were incubated with a 4 �M concentration of the fixable styryl dye AM1-43. AM1-43
allows for an activity-dependent staining of vesicular trafficking to the plasma membrane. After fixation, astro-
cytes were additionally stained for 4�,6-diamidino-2-phenylindole to achieve cell counting. Phase-contrast
images show the cell morphology. B, quantification of AM1-43-stained vesicles (given in puncta per cell).
Ionomycin increases the number of AM1-43 stained puncta, especially in C3bot-treated cultures. C, control
cultures or cultures treated with C3bot were incubated with 1 nM BoNt/D for 24 h prior to release experiments.
Values obtained from cells pretreated with BoNt/D were subtracted from the ones without BoNt/D treatment
to calculate BoNt/D-sensitive and therefore exocytotic release. Ionomycin-stimulated exocytosis was signifi-
cantly enhanced in C3bot-treated astrocytes.
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cin-stimulated release almost completely to control levels. Fur-
thermore, we investigated the effect of C3bot on ATP-stimu-
lated release, a physiological compound that is well known to
stimulate glutamate release from astrocytes. Comparable with
the data for ionomycin, incubation with C3bot also enhanced
both basal and especially ATP-stimulated release (Fig. 6B). To
address the question of whether a reverse transport by plasma
membrane transporters might con-
tribute to the enhanced release, we
incubated our cultures with PDC (1
mM) for 30 min subsequent to the
uptake and prior to the stimulation
procedure. No significant reduction
of the ionomycin-stimulated release
was observed under either condition
(Fig. 6C).
A large body of evidence has accu-

mulated demonstrating that astro-
cytes contain the constituents of the
SNARE complex, and glutamate is
also being released from astrocytes
by secretory vesicles undergoing
exocytosis (7, 30). To detect possible
changes in the exocytotic core
machinery, we checked for the level
of syntaxin, SNAP23, synaptobre-
vin, and glutamine synthetase,
the enzyme responsible for the
glutamate-glutamine conversion.
Although syntaxin and SNAP23 lev-
els showed onlyminor alterations by
C3bot after 72 h (with or without
PDTC), synaptobrevin was signifi-
cantly up-regulated by C3bot (Fig.
6D). No changes in glutamine syn-
thetase levels were detectable.
Both the data from the bafilomy-

cinA1 uptake experiments as well as
the release experiments point to an
enhanced contribution of vesicu-
lar glutamate storage and Ca2�-
dependent secretion following
C3bot treatment. To study the
occurrence of vesicular exo-endocy-
totic events in astrocytes, we incu-
bated the cultures with the fixable
fluorescent styryl dye AM1-43 that
becomes trapped in vesicular mem-
branes in an activity-dependent
fashion. In our experimental design,
we incubated astrocytes with 4 �M
of AM1-43 with or without ionomy-
cin. The increase in fluorescent
puncta reflects increased vesicular
fusion events with the plasmamem-
brane. In the absence of ionomycin,
the number of fluorescent vesicles
(or vesicle clusters) of control cells

did not significantly differ from the C3bot-treated ones (Fig. 7,
A and B). The addition of ionomycin extensively increased the
number of AM1-43-stained puncta in C3bot-treated cells,
whereas those fromcontrol cultures onlymoderately increased.
To differentiate between vesicular and nonvesicular release, we
blocked exocytotic membrane fusion events by preincubating
astrocytes for 24 h prior to glutamate/glutamine release exper-
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iments with BoNt/D (1 nM), thereby cleaving synaptobrevin/
cellubrevin. By subtracting the remaining BoNt/D-insensitive
from total values, the BoNt/D-sensitive, namely exocytotic, val-
ues were obtained (Fig. 7C). Treatment with C3bot had no
effect on basal vesicular release but significantly enhanced
ionomycin-stimulated exocytotic release, further supporting
the AM1-43 experiments.
To distinguish between Rho-dependent effects on both glu-

tamate and glutamine release, we analyzed culture superna-
tants by ion exchange chromatography. We took advantage
of the different charges of glutamate and glutamine at defined pH
values. In control experiments, we first figured out the adequate
condition allowing the complete separation of glutamate from
glutamine. Using a Sepharose matrix as a strong anion
exchanger, we loaded either unlabeled glutamine or glutamate
(20 mM each) onto separate columns at a pH of 6.0, followed by
washing steps at the same pH value and subsequent elution at a
pH of 3.7. Amine groups of glutamine and glutamate were
determined photometrically from the collected fractions. Due
to its positive charge at pH 6.0, glutamine was completely
washed out during the washing steps (Fig. 8A). The negatively
charged glutamate bound at this pH value was quantitatively
eluted when lowering the pH to 3.7. These results were further
confirmed for glutamate by using radiolabeled 50 �M gluta-
mate, the concentration used in our experiments (Fig. 8B). We
now loaded supernatant samples from release experiments
(performed with ionomycin as described before) onto the col-
umns and determined the radioactivity of collected fractions.
Under control conditions, both buffer-treated and ionomycin-
stimulated astrocytes secreted mainly glutamine (around 80%)
and only small amounts of glutamate (Fig. 8C, left; see also Fig.
8E). Ionomycin slightly stimulated total release, as observed
before, leaving the ratio between glutamine and glutamate
unaffected. As expected, astrocytes incubated with C3bot (Fig.
8C, right; see also Fig. 8E) exhibited a higher overall release,
compared with control cells, leaving the relative proportions of
glutamine and glutamate mainly unaffected. Stimulation with
ionomycin increased mainly glutamate release, which now
reached 56% of total release. Glutamate therefore exclusively
accounted for the enhanced release following stimulation in
C3bot-treated cells.
To differentiate between vesicular and nonvesicular release,

we again used BoNt/D (24 h, 1 nM) to inhibit exocytotic release.
In control cells, both buffer-treated and ionomycin-stimulated
cells secreted less glutamate and glutamine (Fig. 8D; see also
Fig. 8E), the latter being atmost reduced by 4 nmol/mg protein.

The high glutamate levels detected in ionomycin-stimulated
cells without BoNt/D preincubation were strongly reduced by
75% and comparable with buffer-treated values after blocking
exocytosis. Also, glutamine levels were reduced by 25–30%.

DISCUSSION

Inhibition of Rho signaling resulted in a robust up-regulation
of GLT-1 expression and increased glutamate uptake, whereas
GLAST expression remained largely unaffected. Transfection
experiments with dominant negative RhoA N19 as well as
uptake experiments with different stellation-inducing com-
pounds, including latrunculin B, strongly support a Rho-spe-
cific effect on GLT-1 up-regulation. Expression and activity of
both transporter subtypes have been shown to be highly vari-
able. Factors, among them glutamate itself, that change protein
levels and performance of glutamate uptake can be neuron-
derived (31, 32). Also, endogenous Akt (protein kinase B)
induces GLT-1 expression through increased transcription but
leaves GLAST expression unaffected (33). Another regulatory
mechanism that primarily affects GLT-1, representing the
major transporter form in the adult rodent brain (34), is the
region-specific up-regulation of astrocyte glutamate transport
by glucocorticoids (35). Given the fact that increased GLT-1
expression often accompanies a general change to a more dif-
ferentiated phenotype, it seems that Rho-dependent signaling
cascades are indeed the key players in orchestrating both mor-
phological rearrangements and functional alterations. NF�B
was identified as one of the signaling factors downstream of
Rho. It has been recently demonstrated that expression of the
eaat2/glt-1 gene is under differential control of NF�B (36). In
this study, the authors have shown that NF�B can act both as a
positive and as a negative regulator of gene expression, depend-
ing on the nature of the triggering extracellular signal. Also, a
negative regulation of NF�B signaling was demonstrated both
for RhoA (37) and RhoB (38) by inhibiting phosphorylation
(and degradation) of I�B. In accordance with these data, Rho
inactivation by C3bot resulted in the shift of NF�B p65 subunit
to the nucleus and the subsequent increased GLT-1 expression
(this paper). Nevertheless, it has been shown that Rho pro-
teins might also have activating effects on NF�B depending
probably on the cell type (39). The fact that inhibition of
ROCK activity by Y27632 had only moderate effects on glu-
tamate uptake indicates that this pathway is not crucially
involved in NF�B activation.

The results from the bafilomycin A1 experiments indicate
that vesicular transport mechanisms significantly contribute to

FIGURE 8. C3bot mainly enhances Ca2�-dependent, botulinum neurotoxin D-sensitive glutamate release from astrocytes. A, separation of glutamine
and glutamate by ion exchange chromatography. Glutamine and glutamate (20 mM each) were loaded on separate anion-exchanging Sepharose Q columns
equilibrated with sample buffer at a pH value of 6.0. After collection of loading fractions (L) followed by six washing steps (W) with sample buffer, columns were
eluted with 6 volumes of elution buffer (E) at a pH of 3.7. Amine groups were detected photometrically. As shown, a complete separation of glutamine from
glutamate was achieved. B, determination of [3H]glutamate by liquid scintillation counting. [3H]glutamate at 50 �M was loaded onto a column, and radioac-
tivity was determined from collected fractions. The graph indicates the complete elution within fractions E1–E4. C, determination of [3H]glutamine and
[3H]glutamate from astrocyte supernatants. Astrocytes were incubated with or without the addition of 80 nM C3bot for 72 h and incubated with 50 �M

[3H]glutamate for 1 h. Release was stimulated using either buffer alone or ionomycin (1.3 �M). Supernatants were taken and subjected to ion exchange
chromatography. Control cells (left) released predominantly glutamine and smaller amounts of glutamate. Incubation with C3bot (right) led to an increased
release of both substances. Most noteworthy, ionomycin-stimulated glutamate release was strongly up-regulated. D, preincubation of astrocytes with BoNt/D.
Prior to stimulation, astrocytes were peincubated with BoNt/D (1 nM, 24 h) to prevent exocytotic release events. In control cells, BoNt/D reduced both the
release of glutamine and glutamate. In C3bot-treated astrocytes, ionomycin-stimulated release of glutamate was inhibited to the highest degree. E, quantifi-
cation of [3H]glutamine and [3H]glutamate release from collected fractions. A–E, data represent values from one representative experiment. In a second
independent experiment, data were confirmed.
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the overall uptake, especially in astrocytes incubated with
C3bot. Since protein levels of all three VGLUTs detected in our
culture were not increased after C3bot application, other regu-
latory mechanisms might account for an enhanced C3bot-me-
diated vesicular uptake. VGLUT activity is regulated by the
�-subunit of the heterotrimeric G protein Go2, which changes
its chloride dependence (40). Also, posttranslational modifica-
tions of transporter proteins might occur.
C3bot-mediated Rho inhibition also promoted Ca2�-

dependent glutamate release. As demonstrated by BoNt/D, this
release mainly occurs by exocytosis. Glutamate release by
astrocytes has drawn strong attention, since astrocytes are able
to modulate synaptic transmission by glutamate release (30). It
became evident that astrocytes express functional core compo-
nents of the exocytotic machinery (7, 41, 42). Functionally, it
was shown that glutamate released by exocytosis from astro-
cytes enhances synaptic strength of excitatory synapses of the
dentate gyrus (12). The precise mechanism by which C3bot-
mediated impairment of Rho signaling leads to enhanced exo-
cytotic glutamate release is not known so far. Nevertheless, up-
regulation of at least the SNARE protein synaptobrevin is likely
to contribute to the enhanced exocytosis. NF�B appears not to
be essentially involved in this up-regulation. Changes in the
availability of Ca2� as a trigger stimulus as well as cytoskeletal
rearrangements are possible, since Rho is the master regulator
of the actin cytoskeleton. A contribution of actin depolymer-
ization to the facilitation of docking and fusion of secretory
vesicles with the plasma membrane has been demonstrated for
chromaffin cells (43). In neurons, stabilization of actin fila-
ments (which is prevented by C3bot) reduces the amount of
neurotransmitter released from the reserve pool (44). Another
finding that supports a negative regulation of exocytosis by Rho
proteins comes from the fact that expression of nadrin, a neu-
ronal GTPase-activating protein, enhances exocytosis in PC12
cells (45).
Secreted glutamine was also moderately elevated in C3bot-

treated cells. This corresponds well with a recent observation
that the efflux of glutamine from astrocytes by the main trans-
porter SNAT3 (system N) is positively regulated by increased
intracellular glutamate concentrations. Themechanism for this
is thought to be a higher affinity of SNAT3 for its substrate (46).
Therefore, the observed effect might represent an indirect con-
sequence of Rho inhibition by C3bot, leading to higher gluta-
mate concentrations and subsequently also to an enhanced
glutamine release. Another observation we made was the
down-regulation of glutamine release after blocking exocytosis
by BoNt/D. Hitherto, there is no evidence for vesicular storage
(and release) of glutamine in any cell type. One reason for this
discrepancy might be an impaired trafficking of efflux systems
(e.g. SNAT3) to the plasma membrane after blocking mem-
brane fusion events with BoNt/D.
Finally, the application of C3bot to foster neuronal regener-

ation, as it is currently considered, concomitantly results in
up-regulation of glutamate uptake. This factmight be beneficial
under those central nervous system pathologies that are asso-
ciated with impaired glutamate uptake by astrocytes like amyo-
trophic lateral sclerosis or Alzheimer disease (47, 48). Because
C3bot also promotes exocytotic glutamate release, this effect

might therefore antagonize an increased uptake under circum-
stances when astrocytes are stimulated to secrete glutamate.
In summary, the present study demonstrates that inhibition

of Rho-dependent signaling pathways by C. botulinum C3 pro-
tein leads to an increased glutamate uptakemediated byNF�B-
dependent up-regulation of GLT-1 and a vesicular transport
mechanism. At the same time, the potency for the secretion of
glutamine and, more pronounced, glutamate in a mainly exo-
cytotic fashion is enhanced.
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