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Abstract

Tetanus toxin elicits spastic paralysis by cleaving VAMP-2 to inhibit neurotransmitter release in

inhibitory neurons of the central nervous system. While the retrograde transport of TeNT from

endosomes has been described, the initial steps that define how TeNT initiates trafficking to the

retrograde system are undefined. The current study examines TeNT entry into primary cultured

cortical neurons by TIRF microscopy. The initial association of TeNT with the plasma membrane

was dependent upon ganglioside binding, but segregated from synaptophysin1 (Syp1), a synaptic

vesicle (SV) protein. TeNT entry was unaffected by membrane depolarization and independent of

SV cycling, while entry of the receptor-binding domain of TeNT (HCR/T) was stimulated by

membrane depolarization and inhibited by blocking SV cycling. Measurement of the incidence of

colocalization showed that TeNT segregated from Syp1, while HCR/T colocalized with Syp1.

These studies show that while the HCR defines the initial association of TeNT with the cell

membrane, regions outside the HCR define how TeNT enters neurons independent of SV cycling.

This provides a basis for the unique entry of botulinum toxin and tetanus toxin into neurons.
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Introduction

The clostridial neurotoxins, botulinum neurotoxin (BoNT) and tetanus neurotoxin (TeNT)

are the most toxic proteins for humans (1). TeNT is responsible for the paralytic disease

tetanus, and BoNT is responsible for botulism. TeNT and BoNT share ~35% identity and

~65% similarity and overall structure-function properties (2). There are differences between

TeNT and BoNT, notably clinical pathology and sequence diversity among isolated toxins.

Intoxication with BoNT results in flaccid paralysis due to the inhibition of acetylcholine

release of motor neurons, while TeNT intoxication yields a spastic paralysis due to

inhibition of glycine release of inhibitory neurons (3). There is considerable genetic

diversity amongst BoNT sequences, resulting the several serotypes (named A-H in order of

discovery), while the genetic diversity of TeNT appears more limited (4).
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Clostridial neurotoxins (CNT) are 150-kDa proteins expressed as a single chain and

subsequently cleaved by bacterial or host proteases to form a di-chain protein linked by a

disulfide bond (2). The 50-kDa light chain (LC) is a zinc-dependent protease, which cleaves

neuron-specific SNARE proteins (5). SNARE proteins facilitate fusion of synaptic vesicles

(SVs) to the plasma membrane. SNARE cleavage inhibits the fusion event is inhibited,

resulting in a loss of neuronal signaling. The 100-kDa heavy chain (HC) contains two

structurally distinct domains with separate functions. The translocation domain (HCT)

undergoes a pH-induced insertion into the vesicle membrane that facilitates LC translocation

from the lumen of the SV into the cell cytosol (6). The receptor-binding domain (HCR)

contains binding sites for ganglioside and SV protein in BoNT: SV2 for BoNT serotypes A,

D, E and F (7–11), or synaptotagmin for serotypes B and G (12, 13). The HCR of TeNT

(HCR/T) contains binding sites for two gangliosides (14). Proposed protein receptors for

TeNT include a GDI-anchored protein (15) and SV2 (16).

Differences in BoNT and TeNT pathology are not due to the specific substrate protein

cleaved by the LC, but due to the unique trafficking of the toxins within neurons. BoNTs are

endocytosed by motor neurons during recycling of SVs (17). Acidification of the SV lumen

facilitates neurotransmitter uptake and the pH change results in translocation of the LC

across the membrane and into the cytosol. Intoxication of the motor neuron results in loss of

stimulatory signaling between neuron and muscle, yielding flaccid paralysis. In contrast,

TeNT is endocytosed by motor neurons via a clathrin- and Rab5- dependent mechanism, and

subsequently retrograde traffics to the soma in Rab7 enriched vesicles that have a neutral pH

(18, 19). Neurotrophin receptors, cholera toxin and canine adenovirus-2 also use this

retrograde pathway (19–21). Upon transcytosis from motor neuron into an inhibitory

interneuron, the LC is delivered into the cytosol and cleaves VAMP2, which inhibits SV

cycling. The resulting loss of this inhibitory signaling to the motor neuron leads to the

spastic paralysis characteristic of tetanus.

Intoxication of an animal with higher concentrations of CNT results in aberrant paralysis,

with TeNT causing a flaccid paralysis (22), and BoNT serotype A (BoNT/A) acting on the

central nervous system (23, 24). Therefore, the trafficking events of BoNTs and TeNT that

lead to flaccid and spastic paralysis are not exclusive. The pathologies associated with

tetanus and botulism have been attributed to receptor binding and intracellular trafficking of

the HCR domains to the respective toxins (17). As a single molecule, HCR/T is capable of

retrograde trafficking within the motor neuron (19, 25). However, recent work indicates that

in mice the HCR domain of TeNT (HCR/T) is not sufficient to cause retrograde trafficking

of a BoNT-TeNT fusion protein (26). While there are several caveats to assigning the

cellular basis for the observed trafficking patterns of the fusion proteins, these observations

bring into question if the HCR domain of TeNT is sufficient to traffic the toxin to

physiological targets beyond the motor neuron.

Endocytosis of SV proteins from the plasma membrane involves multiple pathways (27),

including clathrin-mediated endocytosis from the plasma membrane, kiss-and-run from the

incomplete collapse of a SV, and bulk endocytosis. These pathways regenerate SVs within

seconds of exocytosis. Whether BoNTs utilize all or some of these pathways is unclear. We

recently described an atoxic TeNT, TeNT(RY), in the Neuro-2a cell model (28) and reported
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that TeNT(RY) and HCR/T shared similar ganglioside-binding profiles, but only partially

colocalized within intracellular vesicles. The current study examines the entry of TeNT(RY)

into cultured cortical neurons in response to membrane depolarization and synaptic vesicle

cycling. We report that TeNT(RY) trafficking was primarily via a membrane depolarization-

independent and SV-cycling independent mechanism, which differed from HCR/T, which

responded to membrane depolarization and SV cycling. This provides direct evidence for the

contribution of region(s) outside the HCR in defining how TeNT enters polarized neurons.

Results

Unique entry of HCR/T and TeNT(RY) into cortical neurons

In this study, the intensities of cell-associated proteins were normalized to synaptophysin1, a

SV marker protein. Pearson’s coefficients (29) established the incidence of colocalization

(IOC) between two proteins and have an experimental range of ~0.1 (segregated) to 0.8

(colocalized), as previously determined (30). In the current study, Pearson’s coefficients

describe colocalization between two proteins: 0.1 to 0.3 (segregated); 0.3 to 0.6 (partial);

and > 0.6 (colocalized). The binding and entry of TeNT(RY) and HCR/T were measured in

primary cortical neurons, which are enriched for complex gangliosides, exhibit Ca2+-

dependent SV cycling, and can be imaged by total internal reflection fluorescence (TIRF)

microscopy.

At 4°C, TeNT(RY) and HCR/T binding to cortical neurons was proportional to dose (data

not shown). Assessment of binding (Figure 1) showed that ~15% more TeNT(RY) was cell

associated than HCR/T. At 4°C, there were similar amounts of partial colocalization of

HCR/T or TeNT(RY) with Syp1. Thus, in the absence of membrane fluidity, HCR/T and

TeNT(RY) have similar associations with the plasma membrane. At 37°C, TeNT(RY) and

HCR/T entry into cortical neurons was measured after 5 min in depolarizing (High K buffer)

or non-depolarizing (Low K buffer) conditions. Cell association of TeNT(RY) and HCR/T

increased with concentration (Figure 2A), and the relative binding of TeNT(RY) and HCR/T

were similar, within 10%. The absolute amount of cell associated TeNT(RY) and HCR/T

changed only fractionally with membrane depolarization.

Association with SVs was established by measuring the IOC of TeNT(RY) or HCR/T with

Syp1, a resident synaptic vesicle protein (Figure 2B). The receptor binding domain of

BoNT/A (HCR/A), which utilizes SVs to enter neurons, served as a SV-dependent control.

The B subunit of cholera toxin (CTxB), which utilizes GM1 as a receptor, served as a SV-

independent control. As expected, upon incubation the IOC of HCR/A with Syp1 increased

upon membrane depolarization, while CTxB did not show a significant increase in IOC with

Syp1 upon membrane depolarization (Figure 2C). The overall association of HCR/T with

SVs was greater than TeNT(RY) upon incubation in Low K buffer and upon membrane

depolarization with High K buffer. At lower concentrations, TeNT(RY) segregated from

SVs even upon membrane depolarization, though at all concentrations there was an increase

in IOC in High K buffer. In contrast, HCR/T partially colocalized with SVs in low K buffer,

and colocalized with SVs upon membrane depolarization. These findings showed that

TeNT(RY) entry was primarily segregated from SVs, while HCR/T entry was associated

with SVs.
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Limited colocalization of HCR/T and TeNT(RY) in cortical neurons

The difference in colocalization with Syp1 suggested that HCR/T and TeNT(RY) utilize

different entry pathways, which was tested. Cortical neurons were incubated with FLAG-

HCR/T and HA-HCR/T or FLAG-HCR/T and HA-TeNT(RY) (Figure 3). HCR/T molecules

with different epitopes serve as controls for maximum colocalization expected from separate

molecules with the same binding properties. Overall, the IOCs were greater for the different

epitope-tagged forms of HCR/T than for TeNT(RY) and HCR/T. At the lowest

concentration, the molecules segregated from each other, due to binding randomly to an

excess of ganglioside receptor. At the highest concentration, the different epitope-tagged

forms of HCR/T were colocalized upon incubation in both Low K buffer and High K buffer,

while TeNT(RY) and HCR/T showed only partial colocalization. This is consistent with

differential trafficking of TeNT(RY) and HCR/T in neurons.

Unique internalization of TeNT(RY) and HCR/T in cortical neurons

To assess movement on the cell membrane, the IOC of TeNT(RY) and HCR/T with Syp1

was examined in a pulse-chase experiment. Prior to and after the chase, the overall IOC of

TeNT(RY) with Syp1 was lower than the IOC of HCR/T with Syp1 (Figure 4). Following

the chase, the IOC of TeNT(RY) with Syp1 decreased at the lower concentrations, while the

IOC of HCR/T with Syp1 increased. The decrease in the IOC with Syp1 during the chase

showed that TeNT(RY) entry segregated from SVs and was more restricted than HCR/T,

which showed an increased association with SVs over the chase.

TeNT(RY) enters neurons independent of synaptic vesicle cycling

A direct assessment of SV-dependent entry was made by measuring the entry of TeNT(RY)

into neurons that were inhibited for SV cycling. Cortical neurons were incubated overnight

with BoNT/D, which reduced the steady state level of VAMP2 by ~ 90% (Figure 5).

Controls showed that HCR/A had a reduced capacity to enter BoNT/D-treated neurons,

while CTxB entry was independent of BoNT/D treatment. TeNT(RY) entered cortical

neurons independent of BoNT/D treatment, while HCR/T entry was partially inhibited in

BoNT/D-treated neurons. In addition, the change of IOC of TeNT(RY) with Syp1, with and

without BoNT/D treatment, appeared more similar to the IOC of CTxB with Syp1 than of

either HCR/A or HCR/T with Syp1. The data indicate that TeNT(RY) entry is largely

independent of SV cycling.

Discussion

From the data presented, a model for the entry of TeNT into neurons is proposed (Figure 6).

Initial affinities of TeNT and HCR/T for primary cortical neurons are similar and are

independent of Syp1, a SV marker, consistent with the association to dual gangliosides (14).

At 37°C, TeNT associates with neurons independent of SVs, while HCR/T binding is

heterologous, either entering with SVs or entering independent of SVs. The data are

consistent with TeNT entering neurons primarily via clathrin-mediated endocytosis (CME).

Since the IOC between TeNT(RY) and Syp1 increased fractionally upon membrane

depolarization, TeNT may also enter neurons via bulk phase endocytosis during non-specific

uptake. This is consistent with higher concentrations of TeNT having flaccid-like paralytic
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symptoms (22). The differential entry of TeNT and HCR/T implicate a domain outside the

HCR, either the HCT or LC, as contributing to the restricted trafficking of TeNT to CME

via protein or lipid interactions. HCR/A and CTxB were functional controls establishing the

parameters for entry via SV-cycling and SV-independent endocytosis, respectively.

Endocytosis of SV proteins from the plasma membrane involves multiple pathways, and is

not completely defined (27). SV cycling is a specialized series of events capable of

regenerating SVs within seconds of exocytosis. Clathrin-mediated endocytosis from the

plasma membrane is a major contributor to the recycling of SV proteins, and retrieves

complete SVs ready to undergo acidification and neurotransmitter uptake. The most

controversial mechanism of recycling, kiss-and-run, involves incomplete collapse of the SV

into the plasma membrane, and therefore permits rapid recycling of an intact SV. The kiss-

and-run fusion pore is small enough to keep a 15 nm quantum dot trapped (31), and has been

measured as 2.3 nm (32). The combined size limitation and selective nature of the fusion

pore (33) make kiss-and-run an unlikely mechanism to allow CNT entry. The least specific

mechanism of recycling occurs under conditions of high activity, such as under membrane

depolarization, in which bulk endocytosis retrieves large amounts of SV protein-enriched

plasma membrane into cisternae, which then from SVs. TeNT may utilize bulk endocytosis

to enter the SV cycling pathway.

Entry of TeNT via SV cycling has been observed in several neuronal cell types under

different conditions. Matteoli et al. observed uptake of 20 nM labeled TeNT into

hippocampal neurons only upon depolarization using a 5 minute assay (34). Under these

conditions, gold-labeled TeNT were observed within vesicles consistent with the size of

SVs. Yeh et al. similarly observed uptake of 50 nM HCR/T by hippocampal and spinal cord

neurons under depolarizing conditions, with a ~4-fold decrease in signal under non-

depolarizing conditions (16). In cultured cortical neurons, 40 nM HCR/T entered by a SV-

dependent pathway, which colocalized with HCR/A, and by a SV-independent pathway

(30). The data presented here support HCR/T entry via SVs, but found that TeNT(RY)

associated only minimally with SVs, and only with membrane depolarization. Unexpectedly,

HCR/T colocalized with SV markers in non-depolarized conditions, indicating that HCR/T

entered SVs via an endocytic route independent of active SV cycling.

The molecular basis of dual ganglioside binding by TeNT has been described (35). Similar

to other clostridial neurotoxins, TeNT contains a conserved SxWY motif for binding to the

Gal-GalNAc within the ganglioside backbone. On the same face that BoNT/B binds

synaptotagmin (36), an arginine in TeNT mediates binding to the disialic acid in b-series

gangliosides. Since the ganglioside binding profiles of TeNT(RY) and HCR/T are similar

(28), an interaction with the neuron mediated solely by gangliosides would have resulted in

similar entry properties, which was not observed. Yeh et al. (16) proposed SV2 as the

protein receptor for TeNT, which remains debated within the field (28). The existence and

identity of a protein receptor for TeNT remains hypothetical. However, the data presented

here implicates differential entry of TeNT and HCR/T. This supports the existence of either

an additional interaction mediated by the HCT or LC domains, or an interaction within the

HCR stabilized by the HCT or LC domains. Whether this interaction is with a protein, sugar

or lipid remains to be determined.
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TeNT must enter into neurons via more than one pathway, which allows passage through

peripheral motor neurons into the CNS and subsequently into inhibitory interneurons to

deliver LC into the cytosol (37). TeNT entry and retrograde trafficking into motor neurons

has been characterized using HCR/T, and is dependent on clathrin, Rab5 and Rab7 (19).

vATPase is excluded from the retrograde vesicles (18), which provides a pathway through

the motor neuron without experiencing an acidified environment and translocation of the

LC. Subsequent TeNT intoxication of inhibitory interneurons requires entry into a vesicle,

which will undergo acidification. A further complication to the trafficking of TeNT is the

existence of two of more cellular fates for TeNT in a single neuron supported by toxicity

experiments. In mice, a high amount of TeNT caused a flaccid paralysis similar to botulism

(22). The high concentration of TeNT required to cause flaccid paralysis suggests the

pathway leading to a BoNT-like paralysis is a low-affinity pathway. Conversely, recent

studies have demonstrated the retrograde trafficking of BoNT/A via the optic nerve in rats

(24, 38), and the retrograde trafficking of BoNT serotypes A and E in cultured rat motor

neurons (38). HCR/T, HCR/A and CTxB retrograde traffic in cultured motor neurons (19,

20, 38). Rather than utilizing exclusive pathways, the trafficking of BoNT and TeNT

appears based upon high- and low- affinity interactions, also observed in the current study.

CTxB, Trk receptors, and p75NTR can retrograde traffic with HCR/T in the neurotrophin

signaling endosome, having merged from clathrin-dependent and -independent pathways

that merge in early endosomes, and subsequently formed fast transport carriers (20). In the

current study, the multiple entry capabilities of HCR/T provides support for HCR/T, like

TeNT, to enter independent from SVs, and sort into endosomes which form then retrograde

carriers, though less efficiently.

A recent study found that efficient retrograde transport of BoNT-TeNT chimeras occurred

only in toxins containing the entire TeNT molecule (26). Early experiments in the retrograde

trafficking of TeNT established that Fragments BIIb and C (the HCR domain) are 50–100

times less efficient in ascending from the motor neuron (39). These observations support the

existence of trafficking information contained outside the HCR domain of TeNT. This is

consistent with previous studies in Neuro-2a cells and the present study in cortical neurons,

showing the differential trafficking of TeNT(RY) and HCR/T (28).

Thus, TeNT and BoNT are both capable of retrograde trafficking and intoxicating motor

neurons, though each via different mechanisms and with different affinities (38, 40, 41).

This implicates a scaling model for the preferred entry of CNTs based upon binding

preference and receptor affinity: BoNTs show more restricted trafficking into SVs, whereas

TeNT shows preferred trafficking via SV-independent pathways. The restriction of TeNT

from SVs appears based on regions outside the HCR domain, as HCR/T readily enters SVs.

Understanding how TeNT identifies unique entry pathways into the central nervous system

may provide a basis to develop new therapeutics against neurological diseases.

Methods

Production and purification of recombinant proteins

Hemagglutinin (HA)-tagged and FLAG-tagged proteins were produced and purified as

previously described (28). Proteins produced include heavy chain receptor (HCR) binding
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domains of tetanus (HCR/T, residues 865–1315) and botulinum neurotoxin serotype A2 (C.

botulinum str. A2 Kyoto F, HCR/A, residues 870–1296), His-FLAG-HA-Strep tagged

nontoxic TeNT(RY) and His-HA-Strep tagged nontoxic TeNT(RY).

Primary rat neurons

Glass-bottomed 24-well cell culture plates (MatTek) were coated overnight at RT with 0.5

mL of 50 μg/mL poly-D-lysine (Sigma) and 3 μg/mL of mouse laminin (Sigma). Wells were

washed twice with cell-culture grade water and incubated with Neurobasal media (Life

Technologies) for 1 h at 37°C before neurons were plated. Rat E18 cortical neurons

(BrainBits, LLC) were dissociated and plated as instructed by the company. Neurons were

cultured in Neurobasal media supplemented with B27 (Life Technologies), 0.56 mM

Glutamax (Life Technologies) and 0.1 mg/mL Primocin (Invivogen). Neurons were fed on

day 7 in culture by replacing half the media with fresh media. Experiments with neurons

were performed between days 10 and 14 in culture.

Neuron experiments

For binding studies, cortical neurons were washed (2X) with ice-cold Dulbecco’s phosphate-

buffered saline (DPBS) and cooled for 5 min on ice. Neurons were incubated with 40 nM

HCR/T or TeNT(RY) in ice-cold Low K buffer for 30 min. Neurons were washed twice in

ice-cold DPBS and processed for immunofluorescence. For entry studies, neurons were

washed twice in warm DPBS and incubated with 0.16–40 nM HCR/T, TeNT(RY), HCR/A,

or Alexa647-labeled CTxB in Low K buffer (15 mM HEPES, 145 mM NaCl, 5.6 mM KCl,

2.2 mM CaCl2, 0.5 mM MgCl2, pH 7.4) or High K buffer (15 mM HEPES, 95 mM NaCl, 56

mM KCl, 2.2 mM CaCl2, 0.5 mM MgCl2, pH 7.4) at 37°C for 2 or 5 min. Neurons were

washed twice in warm DPBS and processed for immunofluorescence. Where indicated, 1

nM BoNT/D was added to the neurons overnight prior to the entry experiment. BoNT/D was

provided by Eric A. Johnson from University of Wisconsin-Madison (Madison, WI).

Immunofluorescence

Cells were fixed in 4% (w/v) paraformaldehyde in DPBS for 15 min at RT, washed in

DPBS, permeabilized with 0.1% (v/v) TritonX-100 in 4% (v/v) formaldehyde in DPBS for

15 min at RT, washed in DPBS, incubated with 150 mM glycine in DPBS for 15 min at RT,

and washed in DPBS. Cells were blocked in a blocking solution (10% FBS, 25 mg/mL

gelatin from cold water fish skin, 0.1% TritonX-100 and 0.05% Tween-20) for 1 h at RT and

incubated with primary antibodies in an antibody solution (5% FBS, 10 mg/mL gelatin from

cold water fish skin, 0.1% TritonX-100 and 0.05% Tween-20) overnight at 4°C.

Recombinant proteins were probed with rat anti-HA antibody (1:2000, Roche) or mouse

anti-FLAG antibody (1:10,000, Sigma). Cellular proteins were probed with guinea pig anti-

synaptophysin antibody (1:2000, SySy) and mouse anti-VAMP2 (1:2000, SySy). Cells were

washed three times for 5 min in DPBS and incubated with Alexa-labeled secondary

antibodies (1:1000 dilution, Molecular Probes) in antibody solution for 1 h at RT. Cells were

washed four times for 5 min in DPBS. Cells were fixed with 4% paraformaldehyde in DPBS

for 10 min at RT and washed in DPBS. Mounting solution Citifluor AF3 (Citifluor, Ltd) was

added to neuron samples in glass-bottomed plates for storage and TIRF imaging. Images
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were captured using a Nikon TE2000 total internal reflection fluorescence (TIRF)

microscope equipped with a Nikon Apo TIRF 100X/1.49 NA oil objective, using a

Photometrics CoolSnap HQ2 camera and Nikon NIS Elements AR software.

Botulinum neurotoxin production

Botulinum neurotoxin type D was isolated from C. botulinum type D strain 1873. The 150

kDa protein was purified using biochemical methods similar to those previously described

for isolation of other BoNT serotypes with minor modifications (42, 43). The specific

activity was determined in mice as previously described in Malizio et al (40). Specific

activity in mice was 1.1 x 108 LD50 Units/mg.

Data analysis

Image analyses of intensity and Pearson’s coefficients were performed using ImageJ 1.46r.

Graphs were created using GraphPad Prism 5 and figures were compiled using Adobe

Photoshop CS3.
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Synopsis

Total internal reflection fluorescence microscopy examined tetanus neurotoxin (TeNT)

and receptor binding domain of TeNT (HCR/T) entry into rat primary cortical neurons.

TeNT association was independent of membrane depolarization, unaffected by blocking

synaptic vesicle (SV) cycling, and segregated from SVs. In contrast, HCR/T association

was increased with membrane depolarization, inhibited by blocking SV cycling, and

colocalized with SVs. Thus, TeNT enters neurons independent of synaptic vesicles and

TeNT trafficking is directed by regions outside the HCR domain.
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Figure 1. HCR/T and TeNT(RY) bind cortical neurons with similar efficiency
Cortical neurons were cooled with ice-cold DPBS and then incubated with 40 nM HA-

HCR/T or TeNT(RY) for 30 min in Low K buffer on ice. Neurons were washed, fixed and

processed for immunofluorescence. Neurons were stained for synaptophysin1 (Syp1) and for

the HA epitope to detect HCR/T and TeNT(RY). (A) Representative images are shown. (B)

Intensity of HA staining was quantified and normalized to the Syp1 intensity for each field.

HCR/T signal was set to 1. (C) The colocalization of each protein (HA) to Syp1 was

quantified using Pearson’s coefficients. Statistics were performed using Student’s t-Test.

Scale bar is 40 μm.
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Figure 2. Differential entry of HCR/T and TeNT(RY) into primary cortical neurons
Cortical neurons were incubated with 0.6, 2.5 or 10 nM HA-HCR/T and TeNT(RY) (A and

B), or HA-HCR/A and Alexa647-CTxB (C), for 5 min at 37°C in either High K (filled bars)

or Low K (open bars). Neurons were processed for immunofluorescence and probed for

synaptophysin (Syp1) and the HA epitope to detect HCR/T and TeNT(RY) (A and B), and

HCR/A (C). CTxB was detected by Alexa fluorescence (C). Intensity (A) and colocalization

of HA to Syp1 (B and C) were quantified. HA intensity was normalized to Syp1, with

HCR/T signal at 10 nM in Low K was set to 1. Data are from 12 random fields from at least

three independent replicates. Statistics were performed using Student’s t-Test.
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Figure 3. Limited colocalization of HCR/T and TeNT(RY) in cortical neurons
Cortical neurons were incubated with HA-HCR/T and FLAG-HCR/T or HA-TeNT(RY) and

FLAG-HCR/T, for 2 min in High or Low K buffer. Neurons were probed for HA (red) and

FLAG (green). Representative images are shown for High K conditions at 4 nM (above).

Colocalization of HA to FLAG was quantified (below). Statistics were performed using

Student’s t-Test. Scale bar is 10 μm.
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Figure 4. Unique entry of TeNT(RY) and HCR/T in cortical neurons
Cortical neurons were incubated with 0.8, 4 or 20 nM HA-HCR/T or TeNT(RY) for 2 min at

37°C in Low K. Neurons were washed in DPBS and either immediately fixed (no chase,

open bars) or incubated for 5 min in Low K and then fixed (5 min chase, filled bars).

Neurons were probed for synaptophysin1 (Syp1, green) and for HA epitope (red).

Representative images of the 4 nM HCR/T or TeNT(RY) are shown (above). Colocalization

of HA to Syp1 was quantified (below). Scale bar is 40 μm.
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Figure 5. TeNT(RY) enters neurons independent of SV cycling
Cortical neurons were mock treated or intoxicated with BoNT/D for 20 hr. Neurons were

incubated with 4 nM TeNT(RY), HCR/T, HCR/A or Alexa-labeled Cholera toxin B (CTxB)

for 5 min at 37°C in High K. Cells were washed, fixed and processed for

immunofluorescence. Representative images of VAMP2 staining in mock and BoNT/D

intoxicated neurons are shown (A) and the intensity was quantified (B), with mock-treated

neurons set to 1. Intensity (C) and colocalization to Syp1 (D) of TeNT(RY), HCR/T, HCR/A

or CTxB were quantified. The intensity of each protein in mock-treated neurons was set to 1.

Data was compiled from 12 fields from three independent replicates. Statistical comparisons

were performed using a one-way ANOVA with Bonferroni post-test in (C) and Student’s t-

test in (D). Scale bar is 40 μm.
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Figure 6. Model for the entry of BoNT and TeNT into cortical neurons
Synaptic vesicles are recycled by multiple mechanisms, including kiss-and-run, clathrin-

mediated endocytosis (CME), and bulk endocytosis. Bulk endocytosis of SV protein-

enriched membrane forms endocytic intermediates (EI) which subsequently leads to

formation of SVs. Cholera toxin (CT) enters via clathrin-independent carriers (CLIC) into

endosomes which will later retrograde traffic to the endoplasmic reticulum. HCR/A enters

SVs during retrieval of SV proteins from the membrane. HCR/T enters SV-positive vesicles

with and without depolarization via SV retrieval mechanisms, and enters by endocytosis.

TeNT enters primarily via CME, and by bulk endocytosis during depolarization, largely

segregated away from SVs. Vesicles and membranes positive for SV proteins are denoted in

blue, endocytic vesicles are denoted in red, and vesicles containing both SV and endocytic

proteins are denoted in purple.
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