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Summary
AalT, an insect-selective neurotoxic polypeptide derived the thoracic and abdominal ganglia on neuronal cell
from scorpion venom, has recently been used to engineer bodies and axonal membranes. (iii) Ventral nerve cords
recombinant baculoviruses for insect pest control. dissected from silkworm larvae infected with the

Lepidopterous larvae infected with an AalT-expressing
baculovirus reveal symptoms of paralysis identical to
those induced by injection of the native toxin. However,
the paralyzed larvae treated by the recombinant virus
possess an approximately 50-fold lower hemolymph toxin
concentration than insects paralyzed by the native toxin.
The mechanism of this potentiation effect was studied
using immunocytochemistry, electrophysiology and
toxicity assays. (i) Light microscopy, using peroxidase-
conjugated antibodies, revealed the presence of toxin in
virus-susceptible tissues, including tracheal epithelia

recombinant baculovirus exhibited a high degree of

excitability, expressed as enhanced frequency and
bursting mode of their spontaneous activity, when

compared to nerve cords infected with the wild-type virus.

We conclude that the recombinant-virus-infected tracheal

epithelia, outbranching in the body of an infected insect,

(i) locally supply a continuous, freshly produced toxin to

its neuronal receptors and (ii) introduce the expressed
toxin to the insect central nervous system, thus providing
it with critical target sites that are inaccessible to the

native toxin.

located close to the central nervous system and beyond its
lamellar  enveloping sheath. (i) High-resolution
immunogold electron microscopical cytochemistry clearly
revealed the presence of recombinant AalT toxin inside

Key words: AalT, CNS targeting, recombinant

baculovirus, toxin potentiation.

cooperativity,

Introduction

Androctomus australimsect toxin (AalT) is a single-chain voltage-dependent sodium channel and modification of its
neurotoxic polypeptide derived from the venom of the Buthidgating mechanism (Gordon et al., 1992).
scorpion Androctonus australisHector (Zlotkin et al., Our purpose being strictly agrotechnical, a recombinant
1971b). Itis composed of 70 amino acid residues cross-linkdshculovirus encoding the AalT gene was constructed for use
by four disulfide bridges (Darbon et al., 1982). The stricin insect pest control. Lepidopterous larvae infected with an
selectivity of AalT for insects has been documented byAalT-expressing recombinant baculovirus (RV), when
toxicity, electrophysiological and ligand—receptor bindingcompared to a wild-type virus (WV), show a significant
assays (Zlotkin et al., 1995). The latter have shown thatduction of survival time and amount of host plant damage
various insect neuronal membranes posses a single class(Gbry et al., 1994; Maeda et al., 1991; McCutchen et al., 1991,
non-interacting AalT-binding sites of high affinity Stewart et al., 1991). The expressed toxin found in the
(Kp=1-3nmoltl) and low capacity (0.5-2.0pmolmyg hemolymph of the infected insect: (i) is chemically identical to
protein) (Gordon et al., 1984; Gordon et al., 1985). The faghe native toxin (McCutchen et al., 1991; Stewart et al., 1991),
excitatory paralysis induced by AalT is a result of the(ii) mimics the native toxin’s symptoms of paralysis
induction of repetitive firing in the terminal branches of the(McCutchen et al., 1991, Stewart et al., 1991), and (iii) requires
insect motor nerves, resulting in a massive and uncoordinatedmuch lower hemolymph titer then the injected native toxin
stimulation of the respective skeletal muscles (Walther et altp induce a similar paralysis (Maeda et al., 1991; McCutchen
1976; Fishman et al., 1991). The neuronal repetitive activitet al., 1991; Table 1). The latter phenomenon, the enhanced
is attributed to an exclusive and specific perturbation oéffectiveness of the expressed toxin, is referred to as toxin
sodium conductance (Pelhate and Zlotkin, 1981) as potentiation.
consequence of toxin binding to external loops of the insect Herrmann et al. (Herrmann et al., 1990; Herrmann et al.,
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Fig. 1. Similarity of symptoms induced by the native toxin and by recombinant virus infection to silkworm larvae. The recorithiant
mimics the native toxin by inducing spasmodic contractions, progressive reduction of mobility and, finally, a complete pamlysis
contracted, shortened body shape (A,C); (A) paralyzed larva 5h after injectipig 208 mglbody mass of AalT; (B) larva injected withub

of distilled water as a control; (C) paralyzed larva 50 h.p.i. withpXQu. of the recombinant baculovirus, BmAalT; (D) larva 50 h.p.i. with
10°p.f.u. of the wild-type BmM14 baculovirus. Scale bar, 1cm.

1995) showed that the paralyzing dogedgp) of injected AalT  polyhedrosis baculoviruses (BmNPV), kindly provided by Prof.
for lepidopterous species such as the Egyptian cotton leafworgh Maeda (Entomology, UC Davis, USA), were employed in
(Spodoptera littoralis and tobacco budworm Hegliothis  the present study. The first was the strain designated BmM14,
virescenywere 2.4 and 2j8g 100 mglbody mass, respectively. which is polyhedra deficient but mimics the pathology of WV
The onset of paralysis is indicated by spasmodic localhen injected to silkworm larvae. The second was the
contractions, which occur within 1 h of injection and progress teecombinant virus BmAalT (Maeda, 1989; Maeda et al., 1991).
contraction of the body wall, which causes the larvae to shorten,
and to complete immobility by 5-10h postinjection (h.p.i.). Of Experimental insects
special importance for the present study was the finding by Silkworm larvaeB. moriwere bred at 28 °C on artificial diet
McCutchen et al. (McCutchen et al., 1991) that if the toxin isaccording to the method of Marumoto et al. (Marumoto et al.,
delivered by oral infection with the recombinant baculovirus1987). Silkworm eggs were kindly provided by Katakura
paralysis is achieved while hemolymph concentrations are imdustries (Tokyo, Japan). Larvae of the blow8lgrcophaga
the range 1npl~1, as compared to a mean concentration ofalculatawere bred in the laboratory.
70ngul~1 at thePDso for the injected toxin (Herrmann et al.,
1995). As shown in Table 1, a similar potentiation was Toxicity assays
demonstrated in the present study in silkworm larvae infected In order to monitor the toxicity of native and newly formed
with the recombinanBombyx moriAalT-expressing virus recombinant AalT (Table 1), a sensitive assay that monitors a
(BmAalT). The present study examines the mechanism of thiast and transient paralysis (within seconds) of blowfly larvae,
potentiation. yielding the contraction paralysis unit (CPU) (Zlotkin et al.,
Preliminary observations revealed that infection with WV1971a), was used. The second assay was aimed at quantifying
does not significantly affect the insect’'s susceptibility tothe toxic potency of AalT to silkworm larvae, monitoring the
injected native toxin (data not shown). Therefore theelatively slow, progressive paralysis process of Lepidopterous
assumption that the above potentiation is a consequence ofaavae (inability to move when mechanically stimulated or
pharmacokinetic, targeting, cooperativity between the RV anthability to turn to a normal position when inverted; see Fig. 1)
its expressed toxin provides the working hypothesis of thgielding the paralytic unitfDsg) (Herrmann et al., 1990). Both
present study. assays are based on subcuticular injection {1 #80o the body
cavity) and the 50% end-point determination according to the
method of Reed and Muench (Reed and Muench, 1938). 25-30
test animals were used per single assay. The blowfly larvae
Toxin were observed for a response immediately following injection,
The insect selective excitatory neurotoxin, AalT, waswhile still mounted on the needle of the syringe (Hamilton,
isolated and purified from the venom of the North AfricanUSA). Complete immobility in a contracted form lasting for
scorpionAndroctonus australislector by molecular exclusion about 5s is considered as positive. The experimental silkworm
and ion-exchange chromatography, according to a publishédrvae were placed in the standard artificial diet (see above)
procedure (Zlotkin et al., 1971b). and observed for 24 h to determine the response.

Materials and methods

Baculovirus Antibody
Two kinds of genetically modifie@ombyx morinuclear Pre-immune serum was collected from rabbits and assayed
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by dot blotting against AalT, and gave a clear negativéuffered to pH 6.2. Extracellular recordings were made using
response. The rabbits were then immunized according to tfeflon pulled-suction electrodes from the connective between
method of Vaitukaitis (Vaitukaitis, 1981). AalT (90-18§) the 6"and the 1" abdominal ganglia. Spontaneous activity was

was suspended in the solution of complete adjuvant in 0.1 &mplified with an RC-coupled amplifier (Grass P-15). Data

SDS to a final volume of 2ml and injected subcutanously awvere displayed on a multiple trace storage oscilloscope and
15 points. Blood was collected after two applications. Thestored on a video recorder (Neurocorder, DR-886), with a
specificity of the serum was tested by immune and westefrequency response of 0-20 kHz. The data were later digitized
blots (data not shown) and with an assay of preincubation withnd analyzed on a 486 PC equipped with Computerscope

toxin (‘quenching’; see Fig. 2G). software (Computerscope, R.C. Electronics, Santa Barbara,
CA, USA) and then exported as spreadsheet files for further
Light microscopy analysis.

Fixation was performed by perfusion of 10ml of fixative
solution (0.5% glutaraldehyde, 4% paraformaldehyde, 5%
sucrose, 1% picric acid, 0.05% Ca® 0.1 mol 1 cacodylate Res‘_’lts_
buffer, pH 7.4) through the body cavity of decapitated animals. Potentiation
This was followed by a dorsal cut through the insect’s cuticle The increased effectivity of the virally expressed
and fixation for 1h at room temperature (22-25°C). Theecombinant AalT when compared to injected native toxin in
ventral nerve cord (VNC) and fat body tissues were thetobacco budworm larvae (McCutchen et al., 1991; Herrmann
dissected and exposed for an additional fixation in the coldt al., 1995; see Introduction) was reexamined in the present
(4°C) for 24 h. At this stage fixative was supplemented wittstudy using silkworm larvae infected by recombinant virus
one drop of 30% bD, per 10ml. Tissues were dehydrated inBmAalT or injected with the native toxin (Table 1). The results
a series of ascending concentrations of ethanol and a final stepow that the comparison of recombinant and native toxin
of xylene and then embedded in Paraplast. Sectiopgnl10 titers in the hemolymph of the paralyzed larvae (both assessed
thick from fat body, thoracic and abdominal ganglia were cuby an identical bioassay, based on the contraction paralysis of
and mounted on gelatin-coated glass slides. Sections webwfly larvae; see Materials and methods and Zlotkin et al.,
subjected for immunocytochemistry using the VectaStain ABA971a) reveals a 35-fold potentiation. A possible effect of
kit (Vector laboratories, Inc. Burlingame, CA, USA) with the hemolymph medium on toxin activity was excluded
avidin-conjugated secondary antibody and biotinylatecdby confirming that incubation of the toxin in silkworm
horseradish peroxidase according to an attached protocol (Heemolymph rather than saline did not affect the toxin (data not
et al., 1981). Visualization of bound anitbody was achievedhown). Identical information was previously obtained with
by incubation in 5mgmf diaminobenzidine solution Spodopterenemolymph (Herrmann et al., 1990).
supplemented with 0.1 % J».

Histopathology
Electron microscopy The histology of tracheal epithelium and fat body from

VNCs for electron microscopy were processed as describedsects infected with the RV BmAalT was compared to those
for light microscopy, with the addition of a postfixation stepof WV and mock-infected insects. The infected insects have a
using 1% Os® for 45min in the dark. Following the post- characteristic histopathology of hypertrophied cells with
fixation step, VNCs were dehydrated in a series of ascendir
concentrations of ethanol and embedded in Epon resin block a6 1 Hemolymph concentration of recombinant or native
Ultra-thln sectlons (0.am) obtained from th_oraC|c and AalT toxin in paralyzed silkworm larvae
abdominal ganglia were collected on nickel grids. The post——— .
embedding immunogold-labeling method was employed on th  'niection of Infection by

sections (using 12 nm diameter particles) (Castel et al., 199: ?:tivle_galT amAl"’fll')F POI((:;:;?“C’”
Following labeling, sections were stained with uranyl acetat gH oH
and lead citrate and viewed using a Joel CX100 electro 456.75 1.30.26 35

microscope. . L
BmAalT, Bombyx moriAalT-expressing virus.

Electrical recording Samples of hemolymph were collected from several parmlyze

. . . larvae by cutting an abdominal leg. Hemolymph was diluted in saline
Dlssgctlon and .processmg of VNCs were pel’formEd(OBS%) and th@&Dsg value of the diluted hemolymph was measure

essentially, according to the method of Weeks and Trumépy the contraction paralysis assay on Sarcophaga larvae (see

(Weeks and Truman, 1984). Briefly, silkworm larvae werématerials and methods; Zlotkin et al., 1971a) and translated to toxin

immobilized by cooling, opened along the dorsal midline animass on the basis of its preliminary calibration in the presehce o

pinned upright on a wax block. The gut, fat body and entirsilkworm hemolymph (see text).

body wall were removed. The intact VNC was bathed witt !Fourth-instar larvae were infected by injection of Haque-

saline consisting of (in mmof): NaCl 6.5, KCI 33.5, MgGl ~ forming units of BmAalT virus.

16.2, CaCl13.6, dextrose 166.5, KHGQ.25, KHPQs 1.25, Values are meanss., N=3.
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Fig. 2. Healthy and baculovirus-infected tracheal epithelium and fat body of silkworm larvae. Fourth instar silkworm lariafectentewith
10Pp.f.u. of RV or WV, or were mock-infected £8 injection). At 50 h.p.i., when RV-infected insects were fully paralyzed, insect tissues were
processed for immunocytochemistry as described in Material and methods. (A) Typical trachea (T) from mock-infected lad/adtistaine
Hematoxylin and Eosin. (B) Typical trachea from mock-infected larvae stained with the AalT-specific immunoperoxidase (sé= dvidteria
methods). (C) Trachea from WV (BmM14)-infected larvae 50 h.p.i. Notice the hypertrophied tracheal epithelium (TE) (compAraddvah

(D) Trachea from RV (BmAalT)-infected and paralyzed larvae expressing AalT at 50h.p.i. The expressed toxin, indicated lkn the bro
pigmentation, is shown in the cytoplasm of tracheal epithelial cells. The swollen nuclei (TN) are devoid of the toxin. ¢By B&atVisV
(BmM14)-infected larvae. Notice the swollen nuclei of the fat body cells (Fbc). (F) Fat body from non-infected larva parahjyeetibn (1.619

100 mg?) of AalT. (G) Fat body from larva 50 h.p.i. by the RV, which was incubated with a serum that was quenchedgvial30for 2 h and

is devoid of the AalT-specific antibodies. (H, I) Fat body from RV (BmAalT)-infected and paralyzed larvae expressing AahEddspat

50 h.p.i. Notice the swollen fat body nuclei (FN) that are devoid of toxin staining. Scale joar (26D) and 5um (E-I).

swollen nuclei (Fig. 2C-E). Immunocytochemistry confirmedfor its systemic distribution in the body and its mass

the expression of AalT in RV-infected cells (Fig. 2D,H,l). production.

These findings are in accordance with early histopathology

examinations of lepidopterous larvae infected by baculoviruses Recombinant toxin in the CNS

(Harpaz and Zlotkin, 1965; Tanada and Kaya, 1993) showing Fig. 3 provides microscopical evidence for the presence of
that hemocytes, tracheal epithelium, epidermis and fat bodje recombinant toxin in the CNS of the infected insect. The
comprise the virus-susceptible tissues, which are responsibeotective neural sheath of the VNC is composed of two layers,
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Fig. 3. Recombinant AalT in clo
vicinity to the CNS. Fourth inst
silkworm larvae infected with #@.f.u.
of the RV (fully paralyzed; A,B) or W'
(F) were processed as described
Materials and methods at 50h.
(A) Section through an abdomir
ganglion of RV-infected and paralyz
larvae showing the different regions
the ganglion, including the protecti
sheath composed of the neural lam
(NL) and the perineurium (PR) and
inner part, the neuropile (NP). Note
large trachea (T), which is an intec
part of the neural lamella, and
epithelial cells (TE), filled with th
recombinant toxin. (B) Small trachea
embedded within the neural lamella
the ganglion. The trachea is locatec
the site where the connective
attaches to the ganglion. Arrowhe
indicate  tracheal epithelial ce
embedded in the neural lamella i
show the presence of a recombir
AalT. (C) An abdominal ganglion from
healthy larva fixed after being paraly:
by an injection of 3ig100mg?
body mass of AalT. The dissected C
was processed for immunohistoctemi:
(see E). The ganglion is devoid of ¢
immunochemically detectable Aal
(D) A ganglion derived from a larva tt
was orally infected by the wild-ty)
virus BmNPYV (1000 PBIs) and paralyz
by injection of 2ug 100 mglbody mas
of AalT 48h.p.i. The larva was fix
6h after injection, at a stage
advanced paralysis, and its C
dissected and processed for
immunohistochemistry (see Materi
and methods). 10m thick sections wel
incubated with the AalT antiboc
(E) An inset from the peripheral segm
of the ganglion boxed in D, close
the connective (C) branching si
The ganglion is devoid of al
immunochemically detectable traces
AalT. Peripheral tracheae (T) are surrounded by viral inclusion bodies (polh), indicating an advanced stage of infectjeateth®xin was
not detected. (F) Transverse section through an abdominal ganglion of a WV-infected insect at 50 h.p.i. Similar to A anfb&icthdoy
WYV reveals the location of small trachea (T) surrounded by the typically swollen epithelial cells (TE). G, inner partraflibie. Ggcale bar,
40um (A,C,D,F); 2Qum (B) and 2%m (C).

the acellular, collagenous neural lamella and the cellulaFig. 3 suggests that the recombinant baculovirus provides the
perineurium, composed substantially of gleal cells (Laneexpressed toxin to the ventral nerve cord (VNC) by simply
1974). Both layers are heavily tracheolated (Lane, 1974nfecting the tracheal system located in the protective neural
Rothschild et al., 1986). Thus, the tracheal system surroundirgipeath. However, since the insect respiratory system is based
the VNC is an integral part of the neural protective sheath. Thisn a separate supply of tracheae to individual cells, including
aspect is demonstrated in Fig. 3B, which shows that theentrally allocated neurons, the entire CNS is readily
acellular neural lamella is enveloping the tracheae. Thus theccessible to the recombinant toxin, as exemplified in Fig. 4,
anatomical and immunocytochemical information presented ishowing the presence of the recombinant toxin in the various
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Fig. 4. Recombinant toxin inside an abdominal ganglion of the ventral nerve cord of silkworm larvae. The recombinant togiizésl\hy

the immunogold method. (A) Tracheal epithelial cell (TE) in the ganglion beyond the neural lamella. (B) Magnification of tleedzoied
showing the massive expression of the toxin (arrowheads) in the epithelial cell in close vicinity to the nucleus (N).vivatedntcles (V)
within the nucleus. (C) The toxin in the neuropile region of an abdominal ganglion (arrowheads). The presence of the ®xRrooalth
membrane (am) in the neuropile is obvious. (D) Section from a ganglion in close vicinity to a tracheal cell at the pegiwufedmea
healthy silkworm larva paralyzed by injection of an overdosey (@0 mglbody mass) of AalT and visualised with immunogold labeling (see
Materials and methods). (E) High magnification of the boxed area in D, where the injected AalT was undetectable (compgraxonB).
am, axonal membrane; m, mitochondria; N, nucleus; s, synapse; TE, tracheal epithelium; V, viral particle; NL, neural &argkéd;lacunar
system. Scale bar@n (A), 0.35um (B,E), 0.25m (C) and 1.5m (D).

cellular elements of the CNS ganglia beyond the neurdlhis aspect has in fact been demonstrated in a series of control
lamella, including a tracheal cell (Fig. 4A,B) and axonalexperiments, nhamely (i) demonstration of the specificity of the
membranes in the neuropile region (Fig. 4C). primary antibody (see Fig. 2G); (ii) absence of the injected AalT

Since the focus of this study was to define the differenci either peripheral (Fig. 2F) or CNS-allocated tissues (Fig. 3C—-E
between injected and virally produced AalT it is essential t@nd Fig. 4D,E) in healthy larvae (Fig. 3C, Fig. 4D,E) as well as
demonstrate that the injected toxin is not accessible to the CN&.larvae infected by the wild-type virus (Fig. 3D,E).



Neurotoxin baculovirus cooperativit2643

Fig. 5. Spontaneous electri A
activity in the VNCs of virus

infected silkworm larvae. Tt 40-45h.p.i. 45-2 h.p.i.
insects were infected  wi 12001 rv 1 RV

10°Pp.f.u. and, at the indicat 10001 .

times post-infection, we 800+

dissected to yield intact VN( 2 5 O3tLems

and bathed in saline. The R g 600

infected larvae revealed eithe qg 4001

partial paralysis (slow mobilit 5 200

spasmodic local contractions ‘ED 0

the integument at 40-45h.p.i.) > WV WV

full paralysis (in contracte 4001 1

body shape, as in Fig. 1, at 45- 2001 . y 112+2.6 ms 1 , 12.7x35ms
h.p.i.). Extracellular recordir 0 L—,__,
was performed using a suct 0O 10 20 30 40 50 O 10 20 30 40 50
electrode between theth6anc Inter-pike interval(ms)

7t abdominal ganglion ar

data were collected durii B
5min of continuous recordin
(A) Frequency analyses in t
form of inter-spike interval (IS
distribution  histograms  f
individual insects were averac
and median ISl values we
calculated (arrows). The to
number of spikes recorded frt 500mV|1.2_mS
the RV-infected VNC whe

compared to the WV we

9888+1646 N=5) and 5141

855 (N=6), respectively, at 40—

h.p.i. and 11485+1075NE7) anc . At S . . , . , 0
5112+633 =3), respectively, ¢ M| UL AL WL Gl A il
45-52h.p.i. (B) A representati

spontaneous electrical activ. 250mv|1.2ms

recorded from an RV- (upp -

trace) or WV-infected (lower trace) VNC. Notice the occurrence of bursts (underlined) in the recording from RV-infecteda@g)pesects at
50h.p.i. when compared to the homogeneous-scattered pattern of activity recorded from WV-infected insects at 50 h.pacejovir tr
technical reasons the amplitudes in such extracellular recordings are of no functional significance.

Increased excitability of the CNS electrical activity (see Materials and methods) was recorded
The endogenous (spontaneous) electrical activity of afrom the VNC of each experimental insect continuously for
isolated VNC has been used in the past for behavioral (Roedgmin and analyzed by monitoring firstly, the inter-spike
et al., 1960) and pharmacological (Neri et al., 1965) studies. interval (ISI) (Fig. 5A) and secondly, the pattern of neuronal
the present work we took advantage of the availability andctivity (namely the bursting characteristics) (Fig. 5B,
technical simplicity of the above preparation. Our approacfiiable 2). The RV has two main effects on the spontaneous
was based on the expectation that the presence of tleéectrical activity of the VNC. First there is an increase in the
recombinant toxin in the insect CNS should augment it$otal number of the recorded electrical events (which was
excitability revealed by the increase of the extracellularlypositively correlated to the degree of paralysis, Fig. 5A) and
recorded spontaneous electrical activity. As shown below, thithe reduction of the ISI median value, indicating an increase
expectation was verified. in the average frequency. Secondly, by changing the pattern of
In these assays, four experimental groups of silkworm larvathe electrical activity, from a random mode (as revealed by the
each infected with Fplaque-forming units (p.f.u.) were used: WV infected VNC, Fig. 5B, lower trace) to a bursting mode in
WYV infected, which were examined at 40—45 and 45-52 h posthe RV infected insects (Table 2; Fig. 5B, upper trace). The
infection (h.p.i.), both demonstrating normal mobility; and RVbursting pattern has obtained two forms: more frequent bursts
infected, examined at 40-45 h.p.i., revealing a slow motion andf short duration in the partially paralyzed insects and a low
local spasmodic tremors, and at 45-52 h.p.i., when larvae werate of bursts of longer duration, in the fully paralyzed insects
fully paralyzed in a contracted form (Fig. 1). The spontaneougTable 2). In other words about 30 % of the recording time the
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Table 2.The bursting nature of the spontaneous electrical problems and lability of the toxin-receptor complex (see
activity recorded from VNCs derived from baculovirus  Introduction), may be countered by a continuous supply of
infected silkworm larvae newly produced toxin in close proximity to its target sites. The

present study reveals that the recombinant baculovirus serves

Burst Burst Calculated ) . .
Treatment duration frequency duration of @S @local supplier of AalT at a cellular distance from its natural
and time (ms) (burstsmi#)  bursting activity ~ target sites. o o
(h.p.i.) (mean 4sp.) (Mean #s.D.) (% of time) The second role that the RV fulfills in potentiating its
WV 40-52 N=9) 272453 1.66+2.06 0.8 expressed toxin is by providing the toxin with new critical,
RV 40-45 [=5) 308+131 54549 06 125 CNS-localized, target sites (Fig.3, Fig.4), which are
RV 45-52 N=7) 2838+2500 5.6+3.43 26.0 inaccessible to the toxin through the natural route of scorpion

envenomation. The functional significance of the virus-
Bursts were counted manually based on visual (using amediated presence of the recombinant toxin in the insects CNS

oscilloscope with slow time base) and audio monitoring. was provided by the data in Fig. 5 and Table 2. These results
Burst duration is the average of at least three bursts from W\indicate firstly, an increase in the spontaneous electrical
treated VNCs and ten bursts from RV-treated VNCs. activity (Fig. 5A) and secondly, its shift from a random mode

Burst frgquepcy is thg total number of bursts counted, div?geq Psuch as occurs in the WV-infected VNC, to a bursting mode
the recording time (5min). Duration was calculated by multiglyin ¢ gjecrical activity occurring in the RV-infected VNCs.
the average l_:)urst frequen_cy with the average burst duratlonabllwd?_'owever, since there is a small bursting component in the
by the recording time (5 min) and normalized to percentage. ST .

spontaneous activity in control animals (Table 2) the above
stated homogeneous-scattered form should rather be termed
VNC of RV infected, fully paralyzed, larvae is under a burstingpseudorandom’. Both phenomena (the increase in frequency
mode of activity when compared to 1% of bursting activity inand the bursting) are correlated with the degree of paralysis
non-paralyzed, freely mobile, WV-infected insect (Table 2). (Table 2). We assume that the increased excitability of the
infected VNCs is a reflection of the well-known action of AalT
on the voltage-gated sodium conductance (Pelhate and Zlotkin,
Discussion 1981; Pelhate and Zlotkin, 1982; Walther et al., 1976).

The choice of experimental approach for clarification of the The similarity in the symptoms of paralysis revealed by
RV-mediated potentiation phenomenon was directed by twtoxin-injected and RV-infected larvae (Fig. 1) follows from a
pieces of previous information concerning the mechanism giresynaptic activation of skeletal muscles induced by AalT
AalT-induced insect paralysis and AalT-directed insec{Walther et al.,, 1976). Thus, one can expect the same
tolerance. symptoms of paralysis regardless of whether the motor nerve

In the past a combination of electrophysiology (Walther et alis activated at its ganglionic segment or at the terminal
1976) and microscopic autoradiography (Fishman et al., 199branches. It is also noteworthy that the mechanism, which
showed that the excitatory paralysis induced by AalT is &nables the recombinant toxin to affect the CNS, should
consequence of a peripheral presynaptic effect on th&milarly amplify its peripheral action.
neuromuscular junction. By the same methods it was shown The next question refers to the manner by which the RV
that the VNC of cockroaches (D’Ajello et al., 1972; Fishmantranslocates its expressed toxin. This question is related to the
et al.,, 1991) and lepidopterous larvae (Herrmann et al., 199@yocess of systemic host infection produced by the budded
are impermeable to AalT. However, once accessibility igorm of a baculovirus. Engelhard et al. (Engelhard et al.,
experimentally provided by mechanical desheathing, AalT i4994), employing Autographa californicamultiple nuclear
able to specifically bind to its receptors in the CNS (Fishman gtolyhedrosis virus (AcCMNPV) containinglacZ reporter gene,
al., 1991; Gordon et al., 1984; Gordon et al., 1985) and inducevealed that the major conduit for viral systemic infection,
its typical repetitive firing (Pelhate and Zlotkin, 1981; Pelhateenabling its rapid spreading throughout the host insect, is
and Zlotkin, 1982). It was previously shown that the relativesupplied not by the hemocytes, but rather by the tracheal system,
tolerance of lepidopterous larvae to AalT is based on which is also accessible to external infection (Kirkpatrick et al.,
combination of two separate factors. Firstly, there are difficultied994). The latter conclusion was supported by a more recent
of accessibility and availability (‘pharmacokinetic’), due to study using a recombinant baculovirus expressing the green
impermeability of the terminal motor branches and itsfluorescence protein (Barrett et al., 1998). The suitability of the
degradation and elimination processes (Herrmann et al., 199@®acheal system to guide the recombinant virus and its expressed
Secondly, the lepidopteran receptor for AalT binds the toximeurotoxin follows from the fact that: (i) the tracheal system is
more weakly, with a dissociation constant of the order oflistributed among the various tissues, is intimately associated
seconds, than that of highly susceptible insects such as thdéh individual cells and is flexibly expanding and adapting itself
blowfly, which has a dissociation constant of the order ofo the growing organism by the aid of the tracheoblasts; (ii) the
minutes (Fishman et al., 1997). tracheoblasts cross the tissue-protective extracellular matrices

This tolerance mechanism, based on a combination dbasal lamina), allowing the infecting virions to circumvent these
factors including metabolic inactivation, accessibility barriers (Engelhard et al., 1994); (iii) the tracheal epidermis




Neurotoxin baculovirus cooperativit2645

forms a kind of syncytial continuity, enabling the virus to spread lepidopterous larvae to an insect selective neurotémgect Biochem20,

rapidly (Engelhard et al., 1994). 625-637.
The d d in Fia. 3 and Fia. 4 sh h le th hHerrmann, R., Moskowitz, H., Zlotkin, E. and Hammock, B. D.(1995).
e data presented in Fig. 3 an I9. 4 show the role that t Cpositive cooperativity among insecticidal scorpion neurotosiogicon33,

infected tracheal system fulfills in distributing the recombinant 1099-1102.

toxin. This is revealed by the massive presence of the toxin f#sU: S: M., Raine, L. and Fanger, H(1981). A comparative study of the
d d the infected tracheal epithelial cells in th rioh peroxidase-antiperoxidase method and an avidin-biotin complex method for
and aroun € Intecte acheal epithelial cells € perip erystudying polypeptide hormones with radioimmunoassay antiboélies.J.

and inside the VNC. Thus the presence of the recombinant toxinclin. Pathol.75, 734-738.

in the neuropilar part of the ganglia (Fig. 4C) can be similarly<irkpatrick, B. A., Washburn, J. O., Engelhard, E. K. and Volkman, L.
ibuted to tracheal ramification of the CNS E. (1994). Primary infection of insect tracheae Awtographa californica
attributed to tracheal ra caton or the : M nuclear polyhedrosis viru¥irology 203 184-186.

To summarize, the potentiation of the recombinant toxin isane, N. J. (1974). The organization of insect nervous systemingect
a consequence of its gene translocation and spreading in théleurobiology vol. 35 (ed. J. E. Treherne), pp. 1-71. Amsterdam: North-

. . . : . Holland Publishing Company.
bOdy of the baculovirus-infected insect. The spreadlng Iﬁ/laleda, S.(1989). Expression of foreign genes in insects using baculovirus

performed through (i) the infection of existing tracheal vectors.Ann. Rev. Entomo84, 351-372.
epithelia, (i) the branching of newly formed trachea fromMaeda, S., Volrath, S. L., Hanzlik, T. N., Harper, S. A, Majima, K.,

inf d heobl d (i) the | | rel f th . Maddox, D. W., Hammock, B. D. and Fowler, E(1991). Insecticidal
Infected tracheoblasts, an (Ill)t e local release ot the toxin effects of an insect-specific neurotoxin expressed by a recombinant

from infected tracheal epithelia to their close surroundings in baculovirus.Virology 184, 777-780.
either the peripheral or the central nervous system. Marumoto, Y., Sato, ¥., Fujiwara, H., Sakano, K., Saeki, Y., Agata, M.,
Furusawa, M. and Maeda, S(1987). Hyperproduction of polyhedrin-IGF
. li'fusion protein in silkworm larvae infected with recombinBotbyx mori
We are grateful to the late Professor S. Maeda for providing nuclear polyhedrosis virug. Gen. Virol.68, 2599-2606.
the silkworm viruses and Mrs N. Feinstein and Dr L. FishmaMcCutchen, B. F., Choudary, P. V., Crenshaw, R., Maddox, D., Kamita,
f hnical . he EM di Thi K S. G., Palekar, N., Volrath, S., Fowler, E., Hammock, B. D. and Maeda,
or technical support In the studies. IS WOrk was S.(1991). Development of a recombinant baculovirus expressing an insect-
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Neri, L., Bettini, S. and Frank, M. (1965). The effect dfatrodectus mactans
tredecimguttatusvenom on the endogenous activity @feriplaneta
americananerve cordToxicon3, 95-99.
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