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Tetanus Toxin and Botulinum Toxin A Utilize Unique Mechanisms
To Enter Neurons of the Central Nervous System

Faith C. Blum, Chen Chen,* Abby R. Kroken, and Joseph T. Barbieri

Medical College of Wisconsin, Microbiology and Molecular Genetics, Milwaukee, Wisconsin, USA

Botulinum neurotoxins (BoNTs) and tetanus neurotoxin (TeNT) are the most toxic proteins for humans. While BoNTs cause
flaccid paralysis, TeNT causes spastic paralysis. Characterized BoNT serotypes enter neurons upon binding dual receptors, a
ganglioside and a neuron-specific protein, either synaptic vesicle protein 2 (SV2) or synaptotagmin, while TeNT enters upon
binding gangliosides as dual receptors. Recently, TeNT was reported to enter central nervous system (CNS) neurons upon synap-
tic vesicle cycling that was mediated by the direct binding to SV2, implying that TeNT and BoNT utilize common mechanisms to
enter CNS neurons. This prompted an assessment of TeNT entry into CNS neurons, using the prototypic BoNT serotype A as a
reference for SV2-mediated entry into synaptic vesicles, analyzing the heavy-chain receptor binding domain (HCR) of each
toxin. Synaptic vesicle cycling stimulated the entry of HCR/A into neurons, while HCR/T entered neurons with similar levels of
efficiency in depolarized and nondepolarized neurons. Image] analysis identified two populations of cell-associated HCR/T in
synaptic vesicle cycling neurons, a major population which segregated from HCR/A and a minor population which colocalized
with HCR/A. HCR/T did not inhibit HCR/A entry into neurons in competition experiments and did not bind SV2, the protein
receptor for BONT/A. Intoxication experiments showed that TeNT efficiently cleaved VAMP?2 in depolarized neurons and neu-
rons blocked for synaptic vesicle cycling. These experiments demonstrate that TeNT enters neurons by two pathways, one inde-
pendent of stimulated synaptic vesicle cycling and one by synaptic vesicles independent of SV2, showing that TeNT and BoNT/A

enter neurons by unique mechanisms.

he clostridial neurotoxins (CNTs) are the most toxic proteins

for humans and include category A agents, the botulinum
neurotoxins (BoNTs) (19). CNT neuronal toxicity occurs by
specific binding to neuronal receptors and cleavage of neuron-
specific soluble N-ethylmaleimide-sensitive factor attachment
protein receptor (SNARE) proteins. CNTs are synthesized as sin-
gle-chain A-B toxins that are nicked to an N-terminal light-chain
protease domain (LC) which remains associated with the C-ter-
minal heavy chain (HC) by a disulfide bond (33). The HC com-
prises a translocation domain (HCT) and a receptor binding do-
main (HCR). The HCR is composed of an N-terminal subdomain
(HCRN) and a C-terminal subdomain (HCRC). HCRN has not
been assigned a function, while HCRC contains dual, host neu-
ron-specific receptor binding pockets (27, 28, 35).

CNTs also include tetanus neurotoxin (TeNT), which shares
~35% amino acid identity and a conserved tertiary structure with
BoNTs (24). Although BoNTs and TeNT cleave SNARE proteins,
BoNTs elicit flaccid paralysis and TeNT elicits spastic paralysis
due to differential trafficking within a-motor neurons. BoNTs are
classified into seven serotypes (A to G). BONT/A and BoNT/E
cleave synaptosomal-associated protein of 25 kDa (SNAP25) (3, 4,
27, 36, 38); BoNT/B, BoNT/D, BoNT/F, BoNT/G, and TeNT
cleave vesicle-associated membrane protein 2 (VAMP2, also re-
ferred to as synaptobrevin 2); and BoNT/C cleaves SNAP25 and
syntaxin 1A (5, 17, 27, 29, 30, 35). The observation that TeNT and
BoNT/B cleave VAMP2 at the same residue underscores the im-
portance of intracellular trafficking as being responsible for their
unique pathologies (12, 37).

Membrane depolarization stimulates the opening of Ca*"
channels and entry of extracellular Ca’" into neurons, which
drives synaptic vesicle (SV) exocytosis (42). Synaptotagmin binds
intracellular Ca®" and initiates migration of the SV to the plasma
membrane, where fusion releases neurotransmitters into the syn-
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apse (42). The mechanism for SV cycling from the plasma mem-
brane is complex: in addition to direct SV cycling, a rapid endo-
some pathway retrieves SV proteins from the plasma membrane
(22).

BoNT/A entry into neurons follows the initial binding to gan-
glioside on the surface of a-motor neurons (26, 27). Upon fusion
of SVs to the plasma membrane, BONT/A binds a luminal domain
of synaptic vesicle protein 2 (SV2) and is internalized upon SV
cycling off the membrane (13). Acidification of the lumen of the
SV stimulates HCT insertion into the SV membrane, which facil-
itates translocation of the LC into the cytosol (16). On a-motor
neurons, TeNT binds receptors concentrated in lipid microdo-
mains (21), which include polysialogangliosides. TeNT is endocy-
tosed via a clathrin- and Rab5-mediated pathway and retrograde
traffics within the lumen of neutral endosomes that are marked
with Rab7 (20). TeNT is transcytosed to an interneuronal synapse
by a mechanism that remains undefined, where TeNT binds and
intoxicates neurons of the central nervous system (CNS), blocking
the release of inhibitory neurotransmitters and eliciting spastic
paralysis (39, 40). Recent studies reported that TeNT entered neu-
rons of the CNS upon membrane depolarization (25, 43), through
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a direct interaction with SV2 similar to that seen with BoNT/A
(43). This prompted the current study to establish how TeNT
enters CNS neurons, which identified two entry pathways utilized
by TeNT. One pathway is independent of stimulated SV cycling,
and the second pathway is mediated by SVs but is independent of
a direct interaction with SV2, making it distinct from that of
BoNT/A.

MATERIALS AND METHODS

Production and purification of BoNT/A and TeNT. TeNT was pur-
chased from List Biological (CA). Production and purification of the re-
ceptor binding domain (FLAG-HCR/A) of BoNT/A (residues 870 to
1296) and FLAG-tagged or hemagglutinin (HA)-tagged HCR/T of TeNT
(residues 865 to 1315) were performed as previously described (1, 9).

Rat cortical neuron cultures. Glass-bottomed 24-well plates
(MatTek) or 12-well plates (Falcon) were incubated overnight at room
temperature (RT) with poly-p-lysine (P0899; Sigma) (50 ug/ml of water,
0.5 ml/well for 24-well plates and 1 ml/well for 12-well plates). Plates were
washed with cell-culture-grade water twice and incubated in complete
neurobasal medium for at least 1 h at 37°C (0.5 ml for 24-well plates and
1 ml for 12-well plates) before neurons were plated. Rat E18 cortical neu-
rons or rat E18 hippocampal neurons (BrainBits LLC) were cultured in
neurobasal medium (catalog no. 21103; Invitrogen) supplemented with
0.5 mM Glutamax-I (catalog no. 35050; Invitrogen), 2% B27 supplement
(catalog no. 17504; Invitrogen), and Primocin (InvivoGen). After 7 days,
half of the medium was replenished. Neurons were used at day 10 to 14
postplating.

HCR/A and HCR/T binding to rat cortical neurons. Cortical neurons
were incubated with 40 nM FLAG-HCR/T or FLAG-HCR/A for 1 hat 4°C
in low potassium buffer (low K buffer: 15 mM HEPES, 145 mM NaCl, 5.6
mM KCl, 2.2 mM CaCl, 0.5 mM MgCl,, pH 7.4) or under membrane
depolarizing conditions with calcium (high K buffer: 15 mM HEPES, 95
mM NaCl, 56 mM KCl, 2.2 mM CaCl, 0.5 mM MgCl,, pH 7.4) or without
calcium (high K/EGTA buffer: 15 mM HEPES, 95 mM NaCl, 56 mM KCl,
0.5 mM MgCl,, 0.2 mM EGTA, pH 7.4) and then washed with Dulbecco’s
phosphate-buffered saline (DPBS). Cells were collected in radioimmuno-
precipitation assay (RIPA) buffer with mammalian protease inhibitors
(Sigma), incubated for 5 min on ice, and centrifuged (16,000 X g, 3 min),
and soluble material was subjected to SDS-PAGE and Western blotting.
HCRs contained an N-terminal 3XFLAG epitope and were detected with
horseradish peroxidase (HRP)-conjugated mouse anti-FLAG M2 anti-
body (final dilution of 1:20,000; Sigma). Alternatively, cells were pro-
cessed for immunofluorescence (IF).

Immunofluorescence. Cells were fixed with 4% (wt/vol) paraformal-
dehyde in DPBS for 15 min at RT, washed twice with DPBS, and subjected
to IF. Cells were incubated with Alexa 594-wheat germ agglutinin (WGA)
(1:500 dilution, catalog no. 134406; Invitrogen) in PBS for 15 min at RT,
washed, and fixed again with 4% (wt/vol) paraformaldehyde in DPBS for
15 min at RT. Cells were then permeabilized with 0.1% Triton X-100 in
4% formaldehyde in DPBS for 15 min at RT, incubated with 150 mM
glycine in DPBS for 10 min at RT, washed with DPBS twice, and incubated
in blocking solution (10% [vol/vol] normal goat serum, 2.5% [wt/vol]
cold fish skin gelatin [Sigma], 0.1% Triton X-100, 0.05% Tween 20 in
DPBS) for 1 h at RT. Following this incubation, cells were treated with
primary antibody in antibody incubation solution (5% [vol/vol] normal
goat serum, 1% [wt/vol] cold fish skin gelatin, 0.1% Triton X-100, 0.05%
Tween 20 in DPBS) overnight at 4°C. Cells were washed 5 times with
DPBS and incubated with goat or rat IgG Alexa-labeled secondary anti-
bodies (Molecular Probes) in antibody incubation solution for 1 h at RT.
Cells were washed 3 times, fixed with 4% paraformaldehyde in DPBS for
15 min at RT, and washed with DPBS. Mounting reagent Citifluor AF-3
(Electron Microscopy Sciences) was added, and images were captured
with a Nikon TE2000 total internal reflection fluorescence (TIRF) micro-
scope equipped with a CFI Plan Apo VC 100X oil, numerical-aperture
(NA) 1.49 type objective using a Photometrics CoolSnap HQ2 camera.
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Image analyses were performed using MetaMorph version 7.0, and figures
were compiled using Photoshop CS (Adobe).

Entry and colocalization of HCR/A and HCR/T with intracellular
marker proteins. Cortical neurons were incubated with 40 nM FLAG-
HCR/A or FLAG-HCR/T or transferrin-Alexa 488 (5 ug/ml) for 5 min at
37°Cin low K buffer or high K buffer and fixed as described above. FLAG
or HA epitope-tagged HCRs were analyzed in this study. HCRs were
probed with mouse anti-FLAG M2 antibody (1:15,000 dilution; Sigma) or
rat anti-HA antibody (1:2,000 dilution; Roche), and marker proteins were
probed with rabbit anti-Rab5 antibody (1:1,000 dilution; Abcam) and
guinea pig or mouse anti-synaptophysin 1 antibody (1:2,000 dilution
[SYSY 101002] or 1:1,000 dilution [SYSY 101011]). Bound primary anti-
bodies were detected with goat anti-mouse IgG, donkey anti-rat IgG, goat
anti-rabbit IgG, or goat anti-guinea pig IgG conjugated to Alexa 488, 561,
or 633 (1:250 to 1:1,000 dilution; Invitrogen). Images were captured by
TIRF microscopy. Intracellular colocalization measurements, determined
as percentages, were performed using Metamorph version 7.0. Back-
ground (anti-FLAG and anti-HA antibody staining without added HCRs
or Rab5 and synaptophysin staining without primary antibodies) was
calculated using a median filter of 32 by 32 using Process: Median Filter.
Background was subtracted from test images using Process: Arithmetic.
For colocalization analysis, thresholds were set for test and background
images and measured using Process: Measure Colocalization. Percent co-
localization was defined as the area of colocalization between two markers
divided by the area of one marker, multiplied by 100. Correlation coeffi-
cients were measured using WCIF-Image] version 1.37c. Pearson’s (cor-
relation) coefficients were calculated using the Manders Coefficients
plugin. We have observed that segregated staining is demonstrated by a
correlation coefficient below 0.3; dependent staining is a correlation co-
efficient above 0.6. Values between 0.3 and 0.6 have complex staining. Rat
cortical neurons were also incubated with anti-synaptotagmin 1 Oyster
650 antibody, which recognizes a luminal epitope of synaptotagmin (1:
400 dilution; SYSY 105311C5), in low K buffer, high K buffer, or high
K/EGTA buffer for 5 min at 37°C. Cells were washed, fixed, and imaged
for internalized antibody by TIRF microscopy as described above.

CNT cleavage of VAMP2 in rat cortical neurons. Rat cortical neurons
were washed twice with DPBS and incubated with 40 nM TeNT in low K
buffer, high K buffer, or high K/EGTA buffer for 20 min at 37°C. Cells
were washed with DPBS and incubated in conditioned neurobasal me-
dium for an additional 18 h. Cells were washed with DPBS prior to fixa-
tion and processed for immunofluorescence as described above. VAMP
cleavage was assayed with mouse anti-VAMP2/synaptobrevin antibody
(1:500 dilution; SYSY clone 69.1), which recognizes only intact VAMP2/
synaptobrevin. Alternatively, rat cortical neurons were incubated with 1
nM BoNT/D in neurobasal medium for 18 h. Intoxicated and control
neurons were washed twice with DPBS and incubated with HCR/A,
HCR/T, or antisynaptotagmin, with time and buffer as indicated in the
figure legends. Cells were washed with DPBS, fixed, and processed for
immunofluorescence.

Immunoprecipitation. Synaptic vesicle lysate was prepared from rat
brains (Pel-Freez Corp.) as described previously (1) and solubilized in
0.5% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propane-
sulfonate} or 0.5% Triton X-100 in 10 mM HEPES, pH 7.4, with mam-
malian protease inhibitors (Sigma-Aldrich). Five ug of HCR was added to
1 ml of buffer containing 10 g synaptic vesicle lysate, and the mixture was
incubated for 30 min at 4°C. Forty ul of M2 FLAG-agarose beads (Sigma-
Aldrich) was blocked in 1% bovine serum albumin (BSA) and added to
the HCR and synaptic vesicle mixture, which was incubated for 2 h at 4°C
with gentle rotation. Beads were recovered by centrifugation and washed
three times with 900 ul of HEPES buffer with detergent and protease
inhibitors. Specific FLAG interactions were eluted with 150 ug FLAG
peptide (Sigma-Aldrich) for 30 min. Soluble material was removed and
analyzed by SDS-PAGE and Western blotting. Immunoprecipitations
were probed for SV2A (mouse, 1:5,000 dilution), SV2B (rabbit, 1:500
dilution; SYSY 119102), SV2C (rabbit, 1:500 dilution; SYSY 119202), and
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FIG 1 HCR/T and HCR/A entry into cortical neurons. FLAG-HCR/T or FLAG-HCR/A (40 nM) was incubated with rat cortical neurons in low K buffer or high
K buffer for 5 min at 37°C. (A) IF was performed to detect HCRs, Rab5, and synaptophysin 1 (Syp1). (B) Six random fields were selected for IF intensity analysis.
The IF ratio between anti-FLAG and antisynaptophysin was used as a marker for HCR/T and HCR/A internalization. (C) HCR colocalization with Syp1 or Rab5
was analyzed as described in Materials and Methods. Student’s ¢ test was performed. ns, not significant (P > 0.05); ¥, P < 0.05; ***, P < 0.001. Error bars indicate

standard deviations.

FLAG. The SV2A monoclonal antibody developed by K. M. Buckley was
obtained from the Developmental Studies Hybridoma Bank developed by
the National Institute of Child Health and Human Development and
maintained by the Department of Biological Sciences, University of lowa
(Iowa City, IA). Densitometry was performed with Alpha Imager soft-
ware.

RESULTS

Entry of HCR/T and HCR/A into primary cortical neurons.
Binding and entry into cortical neurons were monitored by total
internal reflection fluorescence (TIRF) microscopy. TIRF micros-
copy facilitates measurements near the plasma membrane that are
difficult to quantify by conventional microscopy due to the den-
sity of axons formed by cultured primary neurons. TIRF micros-
copy detects fluorescence within approximately 100 nm of the
coverslip, largely eliminating signal from the cell body and focus-
ing our study on axons and dendrites of the cultured neurons. SV
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cycling was stimulated by incubating primary cortical, hippocam-
pal, or spinal cord neurons in a high concentration of potassium
with extracellular calcium (56 mM KCl with 2.2 mM CaCl). Toxin
entry was measured by analyzing the epitope-tagged receptor
binding domains of BoNT/A (HCR/A) and TeNT (HCR/T),
which are nontoxic but retain the structure-function properties
and compete with CNTs for entry into cells (9, 10, 33). The HCRs
were tagged with FLAG or HA epitopes, which exhibit the same
binding properties for all assays performed. BONT/A enters neu-
rons specifically through SVs, due to interactions with SV2 (13);
we used the uptake of HCR/A as a control for SV cycling and as a
marker for SVs which have fused to the plasma membrane.

At 4°C, HCR/T binding to primary neurons was readily de-
tected, while HCR/A binding was near background levels (see Fig.
S1 in the supplemental material). This indicated a difference in
initial association of TeNT and BoNT/A with neurons. At 37°C,
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FIG 2 Calcium-dependent entry of HCR/A into cortical neurons. HA-
HCR/T, HA-HCR/A, or anti-Sytl antibody (40 nM) was incubated with rat
cortical neurons in low K buffer or high K buffer containing 2.2 mM Ca®", or
in high K buffer without Ca®* and containing 0.2 mM EGTA, for 5 min at
37°C. IF analysis was performed using Image], as described in Materials and
Methods. For each set of signals, the high K signal was set to 1. One-way
analysis of variance (ANOVA) was performed for the data set. ns, not signifi-
cant (P > 0.05); **, P < 0.01; ***, P < 0.001. Error bars indicate standard
deviations.

HCR/T bound depolarized and nondepolarized neurons (high or
low extracellular potassium) with similar levels of intensity. In
contrast, HCR/A binding to nondepolarized neurons was near
background levels and was detectable in depolarized neurons (Fig.
1). HCR/T colocalized with synaptophysin (SV protein marker) in
high K buffer and low K buffer, while the colocalization of HCR/A
with synaptophysin was greater in high K buffer than in low K
buffer. There was limited colocalization of HCR/T or HCR/A with
Rab5, an endosome marker protein. Thus, HCR/T and HCR/A
associate uniquely with neurons, but both do so through SV pro-
tein-specific entry pathways. Quantitation showed that in depo-
larized neurons there was ~20-fold more HCR/T cell bound than
HCR/A and that the amount of HCR/T bound was dose depen-
dent (see Fig. S2 in the supplemental material). Additional exper-
iments indicated that HCR/A and HCR/T entered hippocampal
and spinal cord neurons similarly to cortical neurons (data not
shown). As cortical neurons are more abundant than either hip-
pocampal or spinal cord neurons, experiments were continued
with cortical neurons.

Calcium-dependent entry of HCR/T and HCR/A in neurons.
Since SV cycling requires extracellular Ca*>", experiments assessed
Ca*" dependency of HCR/T entry into neurons. HCR/A associa-
tion with neurons was Ca®>" dependent and inhibited by EGTA
(Fig. 2), as would be expected given the necessity for SV cycling in
HCR/A entry (13). In contrast, HCR/T association with neurons
was Ca®" independent and not inhibited by EGTA (Fig. 2). Addi-
tional controls showed that the stimulation of SV cycling in-
creased the cell association of anti synaptotagminl IgG (anti-Syt1
IgG), an antibody that binds to a luminal domain of synaptotag-
min 1 that is surface exposed upon the fusion of SVs with the cell
membrane; cell association of anti-Sytl IgG was inhibited with
EGTA.

Inhibition of SV cycling differentiates entry of HCR/A and
HCR/T. Neurons were incubated with BoNT/D overnight to
cleave intracellular VAMP2 and inhibit SV cycling (29) and then
assayed for entry by HCR/A, HCR/T, or anti-Sytl IgG. BoNT/D
was used to inhibit SV cycling, since the amount of intracellular
SNARE protein VAMP2 cleaved can be assessed by immunofluo-
rescence. Overnight incubation with BoNT/D reduced intracellu-
lar VAMP?2 to background levels (Fig. 3, top right) and eliminated

May 2012 Volume 80 Number 5

Entry of TeNT into CNS Neurons

HCR/T VAMP2

) |
X ¥ =
ns

— —
*% Fokok
~

ﬂﬁ la

HCR/A anti-Syt

HCR/A

N

anti-Syt

BoNT/D mock

=1

ns ns

Low K

Low K +
BoNT/D

High K

High K +
BoNT/D

B0 00

| ———

ns

[ |
.04
0.8
0.6
0.4+
0.2
0.0-

HCR/T

HCR or anti-Syt intensity
normalized to Syp1; High K

FIG 3 BoNT/D intoxication has a differential effect on HCR/A and HCR/T
entry into neurons. BONT/D (1 nM) was incubated with rat cortical neurons
for 18 h. After being washed, neurons were incubated with 40 nM HA-HCR/T,
HA-HCR/A, or Oyster 650 antisynaptotagmin antibody (anti-Syt, 1:400 dilu-
tion) for 5 min in low K buffer or high K buffer and then processed for IF.
Representative images of indicated proteins after the 5-min incubation in high
K buffer are shown. Relative intensities were normalized to the level for Syt; the
high K signal was set to 1 within each data set. ns, not significant (P > 0.05); **,
P < 0.01; ***, P < 0.001. Error bars indicate standard deviations.

SV cycling assessed by uptake of HCR/A and anti-Sytl IgG (Fig.
3). HCR/T bound BoNT/D-intoxicated neurons with similar lev-
els of efficiency in high K buffer and in low K buffer.

SV cycling stimulates entry of HCRs into SVs. To increase the
resolution of the CNT entry into neurons, differentially epitope-
labeled HCRs (HA-HCR/T and FLAG-HCR/A) were colocalized
in neurons (Fig. 4). In SV cycling neurons, most HCR/T segre-
gated from HCR/A. The pool of colocalized HCR/T and HCR/A
constituted ~25% of the HCR/T signal and ~80% of the HCR/A
signal. The different percentages of the colocalized HCRs are due
to more HCR/T cell bound than HCR/A. Image] visualized three
populations of cell-associated HCRs: cell-associated HCR/T that
was segregated from HCR/A, the fraction of HCR/T that was co-
localized with HCR/A, and HCR/A segregated from HCR/T (Fig.
5). This analysis showed that the majority of HCR/T associated
with neurons independent of HCR/A, with a fraction of HCR/T
which colocalized with HCR/A, presumably within SVs, and that
little HCR/A was segregated from HCR/T. Controls show the res-
olution of ImageJ imaging, measuring the colocalization of two
different epitopes within synaptophysin 1 and the segregation of
transferrin and synaptophysin 1, which localize in different re-
gions of neurons.

HCR/T does not compete with HCR/A entry into SVs. The
observation that a fraction of HCR/T colocalized with HCR/A in
SV cycling neurons prompted an experiment to determine if
HCR/T competes with HCR/A for entry into SVs. In this experi-
ment, the cell association of FLAG-HCR/A with neurons was
competed with a 10-fold excess of HA-HCR/A or HA-HCR/T.
Excess HA-HCR/A reduced the amount of cell-associated FLAG-
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FIG 4 Partial colocalization of HCR/T and HCR/A in SVs of cortical neurons.
HA-HCR/T or FLAG-HCR/A (40 nM) was incubated with rat cortical neurons
in high K buffer for 5 min at 37°C. Neurons were fixed and stained with
anti-HA (red), anti-FLAG (green), and anti-Syp (blue). Bar, 20 wm. Colocal-

cell-associated FLAG-HCR/A (Fig. 6). The lack of competition by
HCR/T for HCR/A entry indicated that HCR/T and HCR/A utilize
different mechanisms to enter neurons. The reciprocal experi-

ization was determined as a percentage of FLAG-HCR/A (A) colocalized with
HA-HCR/T (T) or HA-HCR/T colocalized with FLAG-HCR/A, using Meta-
Morph 7.0. Data were averaged from 10 independent fields. Error bars indicate
standard deviations.

ment, a competition for HCR/T binding, was not performed,
since HCR/T binding was not saturated in this assay. The self-
competition of HCR/A is likely at the level of limited SV2 binding
sites.

FIG 5 Image] analysis of HCR/T and HCR/A localization in primary neurons. Frequency scatterplots from Image]J analysis were generated as the intensity of each
pixel in one image plotted against the intensity of the same pixel in the second image. Neurons were stained with two species of antibody to synaptophysin 1 (top
row, colocalized signals) (Gp, guinea pig), allowed to take up Alexa 488-labeled transferrin (Tfn-488) and stained for synaptophysin (middle row, segregated
signals), and incubated with HA-HCR/A and FLAG-HCR/T and stained for the respective epitope (bottom row). Images are representative and had Pearson’s
coefficients of 0.756 (top row), 0.206 (middle row), and 0.600 (bottom row). The areas boxed in the bottom-row scatterplot are a representation of the threshold
performed in a MetaMorph analysis for determining the percent colocalization between HCR/A and HCR/T in Fig. 4. (a) HCR/T positive and HCR/A negative;
(b) HCR/T and HCR/A positive; (¢) HCR/T negative and HCR/A positive. The column to the right of area a contains ~70% of the HCR/T signal, and area ¢
contains ~30% of the HCR/A signal. The double positive population (b) contains ~30% of the HCR/T signal and ~70% of the HCR/A signal. The bottom-left
box contains pixels that represent background signal.
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FIG 7 Differential binding of HCR/A and HCR/T to SV2. FLAG-HCR/A or
FLAG-HCR/T (5 png) was incubated with 10 ug of an SV cell lysate. Bound
HCR was extracted with anti-FLAG agarose beads. HCRs were eluted with
FLAG peptide, and eluted material was analyzed by Western blotting. Quan-
titation showed that in the CHAPS cell lysate SV2B bound to HCR/T was ~2%
of SV2B bound to HCR/A.

HCR/T does not bind SV2. Synaptic vesicle protein 2 (SV2) is
the protein receptor that targets BoNT/A to SVs (13). Experi-
ments measured the direct binding of SV2 to FLAG-HCR/A and
FLAG-HCR/T by immunoprecipitation. HCR-SV2 binding was
measured in detergent-extracted SV lysates. HCR/A bound all
three SV2 isotypes in CHAPS-solubilized lysates and bound SV2A
and SV2B in Triton X-100-solubilized lysates. HCR/T did not
bind detectable amounts of the SV2 isotypes in either detergent
(Fig. 7). These experiments show that, within the limits of detec-
tion, HCR/T does not directly bind SV2.

Intoxication of neurons by TeNT. TeNT intoxication of de-
polarized, nondepolarized, and EGTA-treated neurons was also
measured. TeNT efficiently cleaved VAMP2 under all conditions
(Fig. 8). There was a small, but statistically significant, increase in
VAMP2 cleavage in depolarized neurons relative to that in resting
neurons, supporting entry of a subpopulation of TeNT into SVs
upon membrane depolarization.

DISCUSSION

The current study shows that TeNT utilizes two entry pathways
into neurons of the CNS. HCR/T entered neurons independent of
stimulated synaptic vesicle cycling as well as via synaptic vesicle
cycling. Colocalization analysis showed that most cell-associated
HCR/T is segregated from HCR/A, with a subpopulation of
HCR/T colocalized with HCR/A. Since HCR/T did not compete
with HCR/A for entry into neurons and did not bind SV2, the
protein receptor for BONT/A, TeNT and BoNT/A enter SVs by
independent mechanisms.

Endocytosis is essential for delivery of cargo between the
plasma membrane and intracellular organelles (41). In neurons,
intracellular trafficking is segregated, where SVs are present in the
neuronal axon and transferrin receptor localizes in the soma and
dendrites (reviewed in reference 6). Neurons utilize specialized
endocytosis to rapidly cycle SV proteins on and off the plasma
membrane. This involves multiple pathways to replenish SVs for
neuronal signaling (8, 11, 32). In addition to direct cycling of SV
proteins from the plasma membrane (42), an endosome-medi-
ated pathway appears to recycle SV proteins from the plasma
membrane (22). HCR/T entered neurons that were blocked for SV
cycling, supporting the use of an endosome-mediated SV protein
recycling pathway. An endosomal TeNT entry pathway has been
described in motor neurons (12), and this pathway retrograde

May 2012 Volume 80 Number 5

Entry of TeNT into CNS Neurons

—
N R
\ ;

1.0+

VAMP2 intensity
normalized to Syp1

R v . =~
o N b O ©
| 1 1 1 1

Low K EGTA

FIG 8 TeNT cleavage of VAMP?2 in rat cortical neurons. Rat cortical neurons
were incubated alone (mock) or with 20 nM TeNT in high K buffer (High K),
low K buffer (Low K), or high K/EGTA buffer (EGTA) for 20 min at 37°C. Cells
were washed and incubated in conditioned neurobasal medium for an addi-
tional 18 h. Cells were fixed and processed for VAMP2 content by IF. VAMP2
cleavage was assayed with mouse anti-VAMP?2 antibody (1:500 dilution; SYSY
clone 69.1), which recognizes only intact VAMP2. Data are representative of 5
random fields from two independent experiments. *, P < 0.05; ***, P < 0.001.
Error bars indicate standard deviations.

mock

High K

traffics neurotrophin receptors TrkB and p75NTR, as well as po-
liovirus and canine adenovirus (reviewed in reference 34).

The organization of SV proteins into complexes was first de-
scribed by Bennett and colleagues (2); in that study, SV protein
complexes were detected following detergent solubilization.
CHAPS solubilization preserved a large SV-protein complex com-
posed of SV2, synaptophysin, synaptotagmin, VAMP2, and the
proton vATPase, while Triton X-100 solubilization preserved only
interactions between SV2-synaptotagmin and synaptophysin-
VAMP2. Although the physiological function of these SV protein
complexes remains unclear, interactions with SV complexes and
BoNT HCRs have been observed (1). In the current study, HCR/A
bound SV2 isoforms in detergent-solubilized SV lysates, while
HCR/T did not bind any isoform of SV2, indicating that HCR/T
does not bind SV2 directly or that the affinity was too low to detect
under the assay conditions. An earlier study that reported the
direct binding of TeNT to SV2 (43) did not normalize for immu-
noprecipitation efficiency, which may account for the differences
in result. The current study supports entry of TeNT into neurons
through the direct binding to dual gangliosides, rather than via
SV2 binding (10), where TeNT binding and entry into ganglio-
sides are necessary and sufficient in neurons and nonneuronal
cells. Chen et al. (10) demonstrated that treatment of ganglioside-
loaded PC12 cells, a pheochromocytoma cell line, with proteinase
K does not change the cell association of HCR/T and that loading
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HeLa cells with exogenous ganglioside is sufficient for HCR/T cell
entry. A role for gangliosides in TeNT entry is also supported by
earlier determinations that mice lacking complex gangliosides by
disruption of GM2/GD2 synthase are ~600-fold more resistant to
TeNT than wild-type mice (23).

Questions about TeNT entry into neurons remain. For exam-
ple, are TeNT-ganglioside interactions on the cell membrane suf-
ficient to initiate endocytosis? TeNT binding to dual gangliosides
in the host plasma membrane may initiate endocytosis via mem-
brane bending on the plasma membrane, as recently reported for
viruses and toxins that bind multiple gangliosides as receptors (14,
31). Alternatively, an additional interaction on the cell membrane
may be required to initiate endocytosis (18). Studies on TeNT
entry are complicated by the two classes of neurons encountered
during natural intoxication. By necessity, TeNT must traffic
through motor neurons to enter and intoxicate inhibitory neu-
rons in the CNS. This suggests that TeN'T employs neuron-specific
entry mechanisms. Earlier studies reported that high doses of
TeNT elicit flaccid paralysis (15), which may represent entry of
TeNT into peripheral motor neurons by an acidification-related
pathway, possibly during SV cycling. In reciprocal experiments,
high doses of BONT/A elicit effects on the central nervous system
(7). This suggests that BoNTs, like TeNT, can retrograde traffic
through motor neurons. The specificity of the paralysis associated
with botulism and tetanus may reflect the physiological amounts
of toxin that are associated with natural infections. Continued
studies on the mechanism(s) for the intracellular trafficking of the
CNTs should enhance our understanding of intoxication and may
identify new targets to extend the use of CNTs in human disease
therapy.
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