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FOREWORD

Citations of commercial organizations and trade rames in this report
do not constitute an official Departmeut of the Army endorsement or
approval of the products or services of these organizations.

- In conducting the research described in this report, the investigator(s)
adhered to the "Guide for the Care and Use of Laboratory Animals,"”
prepared by the Committee on Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Resources, Natiocnal Research Council
(DHEW Publication No. (NIH) 78~23, Revised 1978).
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Tetanys Toxin- Background and Significance

A. Why is [t Important to Study Tetanus Toxin?

Tetanus neurotoxin is s protein (Hrz 150,000) produced by khe anaerobic
bacterium Cloﬁtridlum tetanf and is wholly responsible for the symptomg; of
clinical teténus. Several }ecent reviews summarize earlier studies on this
interesting toxin. ( Wellhcner, 19823 Hell&nby and Green, 1981). The most
striking property of the toxin is its enormous potency, aéting|1n rodents In
doses as low'és 1 ng/kg. This suggests fhat the toxinvis acting selectively
at specific recognition sites in fhe central nervous system that are critical

‘for neuronal function. A second unique characteéfstic of tﬁls toxin IQ that
its mode of action I; clearfy a presynaptic one. Exposure of synapses in the
CNS to very.low doses of tetanus toxin results in the complete fnhibition of
the release of neufofransmftter from the presynaptic terminal. fFrom these
earller studies a general scheme has emerged that describes the intoxfcation
process: (1) specific; 'hlgh affinity binding of toxin to. nervous tissue; (2)

" uptake of toxin by neurons; (3) transiocation of tetanus toxin in the CN5; and

finally (4) expression of toxic effect, Inhibition of neﬁrotransmktter

release,

(1) Binding 'g{ tetanus toxin to nervous tissue and cells. [t has been
recognized for some tlmélthat teténus toxin binds selectively to ﬁervous'
tissug { Mellanby and Whittaker, 1968; Habermann, 1973; Price et él.. 1977;
Dimpfel et al., 1977)., These results have Ié& to the conclusion that tetanus
toxin Is a valid marker for neurons In the CNS and neuronal cells when grown
in culture ( Mirsky et al., 1978). Recentl}. the binding interactions have
been characterized and quantitated wusing 125]-tetanus . toxin and brain

membranes (Lee et 8l., 1979: Rogers and Snyder, !981; Goldberg et al., 1981).




125]-Tetanus toxi{n binds to & homogeneous class of sites on synaptic membranes

with dissociation constants In the nanomolar range. The specificity and
distribution of the blﬁding sites, as well as the affinity of these receptors
for toxin, provide strong cl}cumspantlal evlqence that biologically relevant
binding determinants have been measured.

One approach to study the interactions of tetanus toxin with the mehbrane
receptor s to characterize the interactions of tetanus toxin with fntact
cultured cells. It Is well documented that tetanus toxin binds to primary
cultured neuronal cells ( Mirsky et al., 1978; Yavin et al., !981; Dimpfel and
Habermann, 1977; Cfitchley et al., 1985). Howeve; these cultures are not anl
ideal system for biochemical experimenfs due to fhe low yields of cells and
cell heterogeneity in the cultures.’ éor these reasons cellAiines of neurogal
" origfn wou}d be very valuable. Unfortunately, most cell lines do not contain
complex polysislogangliosides ( Rebel et al,, 1980) and do notl have the
capacity.to'blnd tetanus toxin ( Dimpfel et al., 1977; Yavin and Habig, 1984).
Recently, the principal investigator has charecterlzed a ce[l 1ine which has a
high capacity to bind tetands toxin with high affinity ( Stauﬁ et al., 1986).

These cells have proven to be a very useful system to characterize toxin~

neuron 3nteractlons ( see next section).

{2) Possible mechanisms of actionh of tetanus toxin. Studies on the

molecular mechanism of acgion of this potent neurotoxln are important since
this fnformatlon will provide valuable insight Into the mechanism of
neurotransmission. The mode of actinn ot tetanus toxin 1{s the result of the
blockade of central inhibitory mechanisms in the splnél cord, thereby'feeving
excitatory activity of motorneyrons unopposed ( Curtis and ODegroat, ' 1968).

Electrophysiologiral studies have confirmed that the éffects of the toxin are

presynaptic. Tetanus decreases the spontareous and evoked release of
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neurotransmitter while leaving postsynaptic membranes stfill responsive to

agoniSts ( Curtis and DeGroat, l968:‘ Davies and Tongroach, 1979; Bergey et

al., 1983). A number of neurochemical studies with primary cultured neurons,

brain slices, Iso)eted»neuromuscular'prepgratfons. and synaptosomes indicate
that tétanug toxin finhibits the release of neurotransmitferl‘( Oreyer . and
Schmift. 1981; Collingridge et al., 1980; Bigalke et al., 1978; Pearce et al.,
1983; Osborne and Bradford, 1973; Schmitt et al., 1981).

In this regard, tetanus toxin and botulinum toxin are analogous '
néur&toxins. They are both proteins of the same molecular weight anp subunit

structure produced by closely related bacteria. They both bind to nervous

" tissue, and to ganglfosides, and inhibit the release of neurotransmitter froh

thé same systems fn vitro, such as the neuromugcular Junctfon ( Simpson, 1981;
Mellanby, 1984).' Although the synaptic mechanisms have not been identified,
it !; most lfkely that the Fundamenta! toxic mechanisms involved with all ‘of
these Clostridial néurotoxins are the same at the molecular level (Melianby,
1984).

There are many possible mechanfsms that could account for the

presynaptic effects of tetanus toxin and a number of these possibilltes have

" been excluded. (1) Tetanus toxin does not cause cell death or disrupt the

" ultrastructure of the presynapt!c terminal ( Schwab and Thoenen, 1976;

Meilanby and Green, 1981}. (2) There are no consistent effe~ts of the toxin on

neurotransmitter synthesis, storege{ degradation, or uptake (Collingridge et

ai.. 1980; Osborne and Bradford, 1973).  (3) The toxin does not inhibit the

transmission of the action potential into the fine nerve termnials ( Gundersen .
et al., 1982), Finally, (4) the voltage-dependent entry of Caz+ Into the
presynaptic terminal-fs not inhibited ( Gundersen et al., 1982). There are

now [ndications that the toxin alters the neurotransmitter process triggered
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by calclum. Agents which enhance Intracellular Ca in the presynaptic
terminal, such as A23187, 4-aminopyridine, and ouabain, normally stimulate the
release of transﬁitter. However, these agents have'no effect on toxin-
infected synapses (Habermann et al., 1980; Thesleff and Lundh, 1979).

Since the approaches and systems that have been uséd to study the
mechanism of tetanus toxin at the blochemical level have been distinctly
different from those used to study some of its functional effects, {1t s
difficult to identify the specific molecular mechanisms lnvdlvéd. Another
difficulty in Interoreting the results s @het there {s very little
information on the molecular events involved In the-neurotransmitter' release
processs {tself. However, taken together, these results do sugéest * that
tetanus toxin inhibits some Ca-dependent events that occﬁrtafter Caz* eqtqrs
the presynaptic terminal. In order to s;udy the effects of tetanus toxin at
the biochemicsl level, an In vitro system needs to be &eve)oped where toxin
'blndipg. !nternall;étion. and felease inhibition can be studied In & single
system. One of the Important goals of this research program has been 4to

deveiop such a system.

B, Significance of the Contracthésearch ig; gﬁg U.s. Aray »

The research goals contained in the recently completed contract have
cOnslderéble significance for the U.S5. Army in the ares of Military Dléease
Hazards (RA 1) with particular relevance with the mission related to the
medical bfological warfare defense program. The specific areas of

sfgnificance are described below.

l. Through studies on the mechanism of actfon of tetanus toxin, it
will be possible to identify and develop specific therapeutic agents
that prevent or minimize the toxic sequelae of exposure to
Clostr{dial neurotoxins. These agents would act on the fundamental
processes of toxic action, f.e. on {ts internalization or
biochemical activity. A significant advantage {s that these agents
should be effective against all types of related Clostridial
neurotoxins, Including botulfinum toxin, for which there may be ro
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immunization protection avallable.

2. A major goal! of this program is to develop in vitro bioassays
for tetanus toxin. This technology will have great potential for it
can be wused to develop simple, standardized laboratory assays to
identify Clostridfal neurotoxins in collected samples.

3. Information obtained on the unfque mechanism of {nternalization
and sequastration of tetanus toxin into neuronal cells will help in
the development of pharmacological tools for the delivery of
therapeutic agents to nerve endings.

4, Successful completion of this project will provide .valuable
fundamenta! information on the mechanism of neurotransmitter release
and is modulation by endogenous and exogenous toxic agents. This
information will be useful in the development of new therapeutic

agents effectfve against presynaptic neurotoxins.




Results from the Principal lnvestigator’s [aboratory Quring the Contract

Period

The primary goal during the contract period has been to develop cultured
neuronal! cell systems which would allow for a detailed examination of the mode
of action of tetanus toxin. At the time this work was initiated there were
virtually no cell sy;tems available that were appropriate for the blochemical
approaches that we h&d proposed. As mentioned fn the previous section, most
cell. Yines of neuronal4or|gin do not synthesize complex gangliosides nor do
they have the capacity to bind tetanus toxlﬁ. However, the principa’ inves-
tigator’s laboratory was able to identify a ﬁeuroblastoma hybrid: cell line,

ula-RE-IOS. that has a'ganglioslde composition simflar to that found in brain.
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FIGURE 1. TLC chromatogram showing the ganglfoside pattern found
for two neuroblastoma cell lines conpared to mamamalian brain.

As shown in Figure |, NI8-RE-105 cells contain material that co-chromatographs
with normal Gle and Gdlb‘ The gang!fosides have veen purified from the N18-
RE-105 cells and their structures were verified by partial hydrolysis studies
performed by the principal inves'tig.ator in coliaboration with others during

the past year' ( see Staub et al., 1986 for detalls).'

Conststent with the hypothesis that ganéllostdes are toxin receptors,




the NI8-RE-l0§ cells have & high capacity to bind tetanus toxin. The binding

properties of these receptors were nearly identical to those found in brain.
‘First. the bind}hg was sensitive to pH, fonic strength, and temperatur; in
an identical menner compared to rat brain memtranes (Staub et al., 1986).
' Seqondly. bioassays andlSDS gel analyses of the bound toxir revealed that the
cells were binding authentic tetanus toxin. Finally, the specificity of th?
receptor was consistent with a biologically relevanf binding determfnant

(Table 1).

Table 1.. Specificity of '™ 1-tetanus torin binding to N18-RE-10% cells

Total '**l-1etanus

) toxin bound -
Compound added (B B) (™)
Control : ) 100

-+ Unlabeled tetanus toxin (10 usn) : 0
Unlabeled tetanus toxun (10 nwm) bX)
Tetanus torord (10 uw) ' 90
Tetanus antitoxn (2 units) ' ' )
Miaed ganghiomides (20 us) 25

The binding 1Is fnhibited by tetanus toxin and gangl ‘osides but nct by the
biologically fnactive toxnid.
Tetanus toxin binding parameters were characterized in conpet!ﬁfon.

binding studies as shown in Figure 2.
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FIGURE 2. Competition binding of 125]-tetanus toxin with unlabeled

tetanus toxin to membranes from rat bsaln( @), NI8-RE-105 cells( W),

and. intact N18-RE-105 cells (A) at 0°C.
125]-Tetanus toxin binding to membranes prepared from NI8-RE-105 cells was
saturable and of 'Mgh affinity, and dlsplayed nearly the same. pbtenc? when
compared to rat brain membranes (Figure 2). The binding parameters were
calculated from a Scatchard analysis of the displacement curves (lnset)' and
were: KD- 0.62 £ 0.05 nM, Bm“- 196 + 45 pmol/ mg profeln. With intact cells
- at 0°C. the binding was more cavpléx ('Flaure 2) and Scatchard curves
generated from threse data were no'lﬂlnear. The difference was even more
striking with intact cells at'37°C where the binding was nonsaturable and no
displacement was seen with ! uM unlabeled tpxln. Control exb.eriments revealed '.
that no 12Sj-tetanus toxin metabol{sm occured during  the course of thé
experiment that could ﬁccount for the lack of saturable binding at 37°C.

These ‘result_s are analogous to earlier‘rep‘,rts with primary neurbna!'
cells fin culture (Yavin et al., 1981) and suggested thst te‘tanus toxin was

being internalized by NIS8-RE-105 cells in a temperature-dependent manner, To

explore this possibility 'in detail, we deveioped an asszy that would

effectively distingufsh surface bound from internalized toxin. We reasoned




that 12s]-tetanus toxin that had been transferred from the cell surface to
another cellular compartment should become resistant to proteolysls. In the
next series of experiments, we found that pronase could dejrade all .6f the
lzsl-tétanus toxin that was bound to membranes at 0°C or 37°C or that was

bound to intact cells at OOC ( Table 2).

Table 2. Quantitation of releasable '*]-tetanws toxin bound to
membranes and N13-RE-108 cells

Concentration Incubation  '*J-tetanus
of pronase temperature tonin re-

Preparation (ug ' M) ) jeased (%)
Microsomes 5 0 65
. o » 7
Microsomes 20 0 98
3 9
N15-RE-10S cells . 5 0 ] 49 .
. » 34
NIS-RE-105 cells 20 0 94
: 37 L1

However, ur.der the same conuitions with intact cells at 37°C. about 50% of the’
bound toxin was resistsht to proteolysis, We operationally defined this

pronase-resistant fraction as "1nterqalizedf toxin.




The rate of formation of the protease resistant toxin was characterized

- 8% shown in Flgure 3, § 4
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FIGURE 3, Characterizatjon of 1251-tet‘angs toxin intsrnalizatfon
with NIB-RE-105 cells incubated &t either 0°C (O)or 37C (@).

Within '5 min, a significant fraction of nonreleasiple lﬂsl-tetanu‘s toxin was
detected when incubations were done at 37°C. in comparison to controls that
were at 0°C. After IS min, about 45% of the total cell associated xzsl_.,
tetanus toxin was resistant to pronase.

Temperature pulse studies were performed to distinguish the
internalization step from the binding step. In these experiments the cells
were fncubsted with 125]-tetanus toxin at 0°C to label the su'r;Face with toxfn,
the unbound 1fgand was removed, and the cells were warmed to 37°C. The results

are shown in Figure 4.
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FIGURE 4. Kinetics of 125]1-tetanus toxin 1ntern3lization. After
preincubating the Ni8-RE-105 8ells with toxin at 0°C, Bhe jabeled
cells were either warmed to 37°C (@) or maintained at 0°C (0).
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As expected, in the control experiments when the lZéI-tetanus toxin surface-
lgbeled cells were maintained at.OOC. ‘most of the toxin was ‘degraded..» In
contrast, when the cells were warmed, 125]-tetanus toxin rapidly ﬁisappeared
from the cell surface and within 10 min about 70% of the bound 125I-tetanus
toxin was pronase-resistant (Staub et al., 1986).

Recent experiments have focused on characterizing the Internalization
procéss using fhe N18-RE-105 cells.and the internal{zation assay. Apparently
1251-tetanus toxin is not rapidly delivered to lysosomes since: (1) all of
the internalized radiocactivity can be precipitated by acidieven after 4 hr ot
37°C; and (2) internalized 125]-tetanus toxin migrates with authentic toxip on
SDS gels ( Staub et al., 1986). This is éonsIStent with recent repérts that
tetanus toxin f; stable in primary cultured neurons for many hours (Critchley
et al., 1985).

In order to characterize the uptake'system In more detall, compounds have

been tested that might inhibit the process. Toxin internalization is

dependent on metabolic energy as shown in Figure 5.
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FIGURE 5. Effect of metabolic inhibitors on 125]-tetanus toxin

Iaternaliution. Progase resistant toxin was monitored in cells at

0°¢c (0), éelgs at 37°C (® ), or cells pretreated with oligomycin-

. rotenone at 37°C ().

when the cells were pretreated with oligomycin-rotenone, under condftions that
reduced AT# levels b& 90%, most of the internalization was f{nhibited. In
preliminary resulits, we have {dentified another compound that lnhjblts uptake.
As shown In Figure 6, cytochalasin B, which Is known to diérupt microfi lament

structure (Tanenbaum, 1978), does inhibit uptake of i25[-tetanus toxin,

%PROTEASE RESISTANT 1251-TOXIN®

A
Log [CYTOCHALASIN B)

FIGURE 6. Effects of cytochalasin B pretreatement on tetanus toxin
uptake into N18-RE-105 cells. S

Interpretations of these results should be made with caution since more

poﬂtrols are needed to verify that microfilaments are directly {nvolved. The

)




exper imental strategy for these eiﬁerlments Is descflbed in the next section.
It Is clear that more stud!?s are needed to further characterize this
internalization ﬁrocess and to determine the fete of tetanus toxin after it
has been translocated from the cell surface. This fs an fmportant goal qu
‘the im‘ﬁedfate fut;:re.

It has not been pbsslblg.to directly study the effec&s of tetanus toxin

on NIB-RE~}05 cells since thé neurotransmitter characteristics of the hybr!d

cell line have eluded identification (Malouf and Schnaar, 1984). Therefore it

would be ve}y useful'to have a cell line th&t binds tetanus toxin and has a
well defined neurotransmitter release system. For this cruclal reason rec;nt
efforts in the laboratory hevé been devoted to develop such a svstem. We have
found that 125]-tetanus toxin binds to & pheochromocytoma cell line, PCl2,
with high affinity ( Sandberg and Rogers, 1985).  Further, these cells are |

known to be very responsive to nerve growth factor and other stimuli that

"promote differentiation. We  have found that differentiation can have a

profound effect of the expression of tetanus toxin receptors,

T " A | T
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FIGURE 7. Effects of differentiation on tetanus toxin binding to
PC12 cells. PC12 cells were grown under a variety of distinct
culturing condftions as {ndicated in the figure, Tetanus toxin
binding was analyzed by the use of Scatchard plots.




It f{s clear from these results that treatment of the cells with NGF results

fn & 5-fold Increase in tetanus toxin receptor number compared to cells grown
under sparse conditions. This fincrease in binding is consistent wfth the
effect of NGF on the phenoptypic properties of PCi2 cells, f.e. they become
more "neuron-1ike". These preliminary results are very encourablng since
these cells have a ;ell characterized neurotransmitter release system (Greene
and 'Tlschlef. 1952) and have been extensively used as 8 model system irn
neurobfology. A major goal for future work will be to explolt this promising
system to study the actions of tetanus foxin at the molecular. level. The
results to date suggest that it should be possible to correlate biochemical

changes with functional responses in the PC12 celi line.
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fonclusions and Recommendations
The major thrust of the research.program sponsored under this contract
was to develop an In vitro model system té study the mechanism of action of
tetanus toxin. We decided that a powerful! approach would be to use cultured
cell Jlines of neural or(gin. They had élear advantages for biochgmical
stucies comparedlto previously used systems sueh as’synaptosomes or primary
cultured néurons. | We have obtained a number of important resuits durfﬁg the
course of our studies that indicate that our approach is a valid one. We have
identified two cell lines, NI8 REI0S and PC12, that bind tetanus toxin in &
manner fdentical to that'séen in normal neural tissue. Further, these intact
cell systems have.proved to be a powerful tool in elucidafing a specific high
_affinity Optake mechanism for the toxin, | |
| It is lmportanf to know if this ihternalfzatibn process is related to
the toxic mechanism of tetanus toxin in blologica] target tissues, The higi,
,affinit} binding-internalization reaction of tetanus toxin with N!8-RE-105
cells isv compl imentary to and expands upon the previous results from other
‘analoéous systems. Severai reports ﬁave provided aual{fatiVe evidence that
primary cultured neurons appear to internalize tetanus toxin in a teﬁpertau?e
dependent manner (.Yaviﬁ et al, 1981). Scnﬁltt-et al. (1961) have bostu!ated
a temperature medisted lnternaiizatfon step preceedes tetanus toxin {nduced
blockade of neurotransmission In neuromuscular  junctions. A rapid
internalization, on the order of minutes, of tetanus toxin f{into primary
cultured neurons has been reported ( Crltchle} et al,, !985}." Botul inum
toxin becomes fnaccessible to anti-toxin with & half time of 5 min ( Simpson,
1980). Finally, Dolly et al. (1984) used butoradiégraphic‘methods to show
qualitative}y that metabolic: inhibitors prevented the uptake of botulinum
neurotoxin into neuromuscular anct!on;. Taken together, these results docu-

ment the biological relevence’ of the toxin entry process that we have




functional responses of the cells.

cultured cell approach that we have initiated.

The specific recommendations for the future are sumnarized below.

'

(1). The finternalization' process should be further char-
acterized by ldentifying specific fnhibitors of tetanus
toxin uptake into NI8-RE-105 cells. Further studies wiil
examine the specificity of the cytochalasin {nhibitory
effects. . . :

(2). Internalization should also be studied by tmmunocyto-
‘chemical techniques. it should be possible to identify the
subcellular location of tetanus toxin at the light micro-
scopic level.,

(3). A major effort should be devoted to examining the
effects of tetanus toxin on the release of neurotransmitter
from PCl2 cells. The preliminary results that we have
obtained indicate that this cell system should become a very
valuable system in both the study of the mechanism of
action of the toxin as well as provide a convenient and
sensitive bfoassay for ali of the Clostridial neurotoxins.

fdentified on NIB-RE~105 cells. This provides further support for the

A

major focus should be to attempt to correlate biochmeica! mechanisms with
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