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    Abstract

Neonatal mice resist the lethal effect of Waglerin-1. Because Waglerin-1 blocks the nicotinic acetylcholine receptor of mature end-plates, the appearance of lethality may result from the ε- for γ-subunit substitution. In support of this hypothesis, adult knockout (KO) mice lacking the gene coding for the ε-subunit resist the lethal effect of Waglerin-1. In contrast, heterozygous litter mates respond to Waglerin-1 like adult wild-type mice. In vitro application of 1 μM Waglerin-1 inhibited spontaneous miniature end-plate potentials and evoked end-plate potentials of adult wild-type and heterozygous KO mice. Both miniature end-plate potentials and end-plate potentials of neonatal wild-type and adult homozygous KO mice resisted Waglerin-1. Waglerin-1 decreased the end-plate response of adult wild-type mice to iontophoretically applied acetylcholine (ACh) with an IC50value of 50 nM; 1 μM Waglerin-1 decreased the ACh response to 4 ± 1% of control for adult heterozygous KO mice. In contrast, 1 μM Waglerin-1 decreased the ACh response to 73 ± 2% of control for wild-type mice less than 11 days old and had no effect on the ACh response of adult homozygous KO mice. Between 11 and 12 days after birth, the suppressant effect of Waglerin-1 on wild-type end-plate responses to ACh dramatically increased. Waglerin-1 reduced binding of α-bungarotoxin to end-plates of adult but not neonatal wild-type mice. These data demonstrate that Waglerin-1 selectively blocks the mouse muscle nicotinic acetylcholine receptor containing the ε-subunit.


Smith and Hindle (1931) as well as Minton (1968) suggested that the venom ofTrimeresurus wagleri (subgenus Tropidolaemus;Brattstrom, 1964), an arboreal pit viper indigenous to the islands and peninsulas of Southeast Asia, acted on the nervous system. However, Tan and Tan (1989) observed that this venom had no effect on the mechanical response of the chick biventer cervicis muscle to either nerve stimulation or bath application of acetylcholine (ACh). Thus, Tan and Tan suggested that the two lethal nonenzymatic toxins that they isolated from the crude venom were also not neurotoxins. In a further characterization of the venom of T. wagleri, Weinstein et al. (1991) purified two lethal peptides having the exact same amino acid sequence except for residue 10; this residue was histidine and tyrosine for peptide 1 and 2, respectively. These lethal peptides constituted less than 1% of the total protein in the venom of T. wagleri. Subsequently, Schmidt et al. (1992) isolated two additional lethal nonenzymatic peptides from crude venom. These peptides were equivalent to peptides 1 and 2 except for serine-leucine residues added to the amino terminus. Schmidt et al. (1992) pointed out that the four lethal peptides in T. wagleri venom were unique because of their amino acid sequence, high proline content, thermal stability (Minton, 1968; Weinstein et al., 1991), and single disulfide bond, which was essential for lethality. Furthermore, the lack of phospholipase A, proteolytic and hemolytic activity, as well as the apparent lack of neurotoxicity suggested that the toxins must also have a unique mechanism of action. Schmidt et al. (1992) named the family of peptides isolated from T. wagleri venom the “Waglerins”.
In contrast to the predictions deriving from Tan and Tan’s (1989)analysis of chick muscle, a study of adult rat fast twitch muscle revealed a neurotoxic action of Waglerin-1 (Aiken et al., 1992). This study suggested that Waglerin-1 was indeed functionally novel in that it appeared to act at both pre- and postsynaptic loci. Subsequent work of Tsai et al. (1995) supported this hypothesis. Because Waglerin-1 inhibited the response of motor end-plates in mature mouse muscle to iontophoretically applied ACh (Sellin et al., 1996), its lethal effect was due, in part at least, to the block of the nicotinic ACh receptor (nAChR).
Schmidt et al. (1992) reported that the i.p. LD50value of Waglerin-1 was 0.33 mg/kg for adult mice. Therefore, we routinely administered several times this dose to mice as a bioassay for peptide activity. This led to the interesting observation that neonatal mice do not respond to Waglerin-1. One explanation for this difference was that the embryonic form of the muscle nAChR (Mishina et al., 1986) does not interact with Waglerin-1. In support of this hypothesis, preliminary biochemical studies showed that Waglerin-1 protected the heterologously expressed mature but not the immature muscle type nAChR of mouse from binding α-bungarotoxin (Molles et al., 1997, 1998). To further test our hypothesis, we examined the in vitro effects of Waglerin-1 on nerve-muscle preparations isolated from adult and neonatal wild-type mice as well as knockout (KO) mice lacking the gene coding for the ε-subunit of the nAChR. Some of the results have appeared in abstract form (McArdle et al., 1995).

Materials and Methods




Animals and Waglerin-1.

The majority of the experiments were performed on wild-type mice. Breeding pairs of Swiss-Webster mice were obtained from Taconic Farms, Inc. (Germantown, NY) and housed in our Institutional Animal Care Facility. Their offspring were examined at various times after birth. Additional experiments were performed on 30- to 35-day-old homo- and heterozygous ε-subunit KO mice (Witzemann et al., 1996). Experimental protocols were approved by the Institutional Animal Care and Use Committee.

Mice were injected i.p. with 0.05 ml of a stock solution (dilute trifluoroacetic acid) containing 1 mg/ml of synthetic Waglerin-1 (Quality Controlled Biochemicals, Inc., Hopkinton, MA; mw, 2518). Because the LD50 value of Waglerin-1 is 0.33 mg/kg for adult wild-type mice (Schmidt et al., 1992), we injected a 20-g adult mouse with 7.5 times the LD50 value. A 10-day-old neonate (P10) weighing 10 g received 15 times the adult LD50 value. Because a lethal response to Waglerin-1 first appeared in a small percentage of P11 to P13 mice, the term “neonatal” as used herein refers to mice aged P11 or younger. The exact age is indicated in studies to determine the development of sensitivity to Waglerin-1.

It is important to note that adult wild-type mice died within 4 min after injecting Waglerin-1 (Schmidt et al., 1992). In contrast, neonatal wild-type mice exhibited no symptoms in response to Waglerin-1. Beginning at P11, Waglerin-1 altered the gait and righting reflex of some mice. These symptoms, suggestive of muscle paralysis, usually dissipated within 30 to 60 min after injecting Waglerin-1. Thus, Walgerin-1 has a short duration of action when injected i.p. into P11 mice. However, some P11 mice died within 60 min after Waglerin-1. With age, an increasing number of mice exhibited symptoms of muscle paralysis and died at shorter postinjection intervals. It was impossible to predict which Waglerin-1-affected mice would survive. Thus, we adopted 60 min as the time when all Waglerin-1-affected mice would be euthanized. However, all mice surviving 60 min had begun to recover and were completely normal within several hours. To minimize animal suffering, we did not examine the onset of Waglerin-1-induced lethality in detail.



In Vitro Electrophysiology.

Recordings (Axoclamp-2A; Axon Instruments, Foster City, CA) of synaptic potentials were made at 21–24°C with conventional sharp electrode techniques (McArdle and Albuquerque, 1973). Briefly, mice were anesthetized with diethyl ether. Either the soleus nerve-muscle preparation and/or theTriangularis sterni (TS) muscle was dissected and pinned to a Sylgard-lined Plexiglas chamber perfused with a standard physiological solution containing (mM): NaCl (135), KCl (5 or 2.5 for end-plate potential recording from crushed fiber preparations), MgCl2 (1), NaHCO3 (15), Na2HPO4 (1), CaCl2 (2), and d-glucose (11). This solution was bubbled with 95% O2/5% CO2 to maintain pH at 7.3 to 7.4. Miniature end-plate potentials (mepps) and end-plate potentials (epps) were recorded in the soleus muscle. Soleus fibers were crushed (McArdle, 1975) to allow stable recording of epps. The sensitivity of the motor end-plate to iontophoretically applied ACh was assayed in the TS muscle because of its favorable anatomy; end-plates in the TS muscle were visualized at 500X with Nomarski optics (McArdle et al., 1981). Iontophoretic pipettes had a resistance of approximately 200 Mohms when filled with 3 M ACh; a constant braking current of 10 to 30 nA prevented leakage of ACh from this pipette. Iontophoretically and neurally evoked synaptic potentials were recorded before, during, and after superfusion of the end-plate region with bath solution containing varying concentrations of Waglerin-1. Thus, each muscle fiber served as its own control. The experimental solution was locally applied to the end-plate region by manually opening and closing a valve regulating flow of the Waglerin-1 containing solution (Ye and McArdle, 1997); perfusion of the recording chamber with control bathing solution was maintained at a flow rate of 5 ml/min throughout an experiment. Muscle fibers whose resting membrane potential changed by more than 5 mV during an experiment were not analyzed. All potentials were acquired and analyzed with PCLAMP software (Axon Instruments). Further off-line statistical analyses and data plots were made with commercially available software (Excel, Microsoft Corp., Redmond WA; Sigmaplot, Jandel Scientific Software, San Rafael, CA). P values were calculated with two-sided Student’s t tests;p < .05 indicated a statistically significant difference.



Binding of α-Bungarotoxin.

TS muscles from P11 as well as adult wild-type mice were dissected and placed into two separate groups. Group 1 was exposed to the physiologic buffer described above containing Texas Red-labeled α-bungarotoxin (Molecular Probes, Eugene, OR; 1:1000, 1:2000). After a 1-h incubation (22–24°C), muscles were washed 4 times with PBS and fixed for 15 min with 4% paraformaldehyde in 120 mM phosphate buffer (4% sucrose, pH 7.3), washed 4 times with PBS, and mounted on glass slides with Fluorsave (Calbiochem, San Diego, CA). Group 2 was pretreated for 20 min with physiologic solution plus 5 μM Waglerin-1 and then exposed for an additional 1 h to 5 μM Waglerin-1 plus Texas Red-α-bungarotoxin before fixation and mounting on slides. Muscles were viewed and photographed on a Zeiss Axiophot immunofluorescence microscope.





Results

As described (Schmidt et al., 1992), i.p. injection of 6 to 8 times the LD50 value of Waglerin-1 caused tachypnea, tremors, loss of the righting reflex, myoclonus, and exophthalmus before death within 4 min for 100% of the adult wild-type mice examined. In contrast, P8 to P10 mice exhibited none of these symptoms when injected with the same amount of Waglerin-1. At P11 to P13, some mice transiently lost muscular coordination but retained the righting reflex; 5 of the 22 mice injected between P11 and P13 died within 1 h after Waglerin-1. The percentage of mice succumbing to Waglerin-1 increased with age so that by P20 100% died (Fig.1). In addition, the interval between the time of injection and death decreased as a function of age.
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Figure 1 
Neonatal mice are resistant to the lethal effect of Waglerin-1. Mice were administered an i.p. injection of 50 μg of Waglerin-1. The percentage of mice dying in response to such injections is plotted as a function of the days after birth. The number of mice injected was 23 at P8-P10, 22 at P11-P13, 13 at P14-P16, 14 at P17-P18, and 14 at P20 to Adult.





Because prior work (Aiken et al., 1992; Sellin et al., 1996) suggested that the lethal action of Waglerin-1 was due, at least in part, to inhibition of the nAChR, we hypothesized that lethality depended on the presence of the mature ε form of this receptor (Mishina et al., 1986;Witzemann et al., 1987; Missias et al., 1996; Villarroel and Sakmann, 1996). As an initial test of this hypothesis, we injected 30- to 35-day-old heterozygous and homozygous ε-subunit KO mice (Witzemann et al., 1996) with 50 μg of Waglerin-1. In accord with our hypothesis, the phenotypically wild-type heterozygous mouse died within 4 min of injection, whereas the homozygous KO mouse exhibited no response. Thus, the Waglerin-1 sensitivity of adult wild-type and heterozygous KO mice was identical but dramatically different from that of neonatal wild-type and adult homozygous KO mice. To further test our hypothesis, we compared the in vitro effect of Waglerin-1 on the response of motor end-plates in muscles from these animals to neurally and iontophoretically applied ACh. On the basis of the lethality study of Fig. 1, neonatal wild-type mice at P11 or younger were selected for these studies unless indicated otherwise.

Within 4 min of superfusing adult muscle with 1 μM Waglerin-1, mepps were lost in the baseline noise; this effect reversed slowly upon washout of Waglerin-1 (Fig. 2). In contrast, mepps were unaltered for neonatal muscles exposed to 1 μM Waglerin-1. For the neonatal end-plate presented in Fig. 2, mepp frequency was 0.2 s−1 both before and 5 min after 5 μM Waglerin-1; the corresponding mepp amplitudes were 1.5 ± 0.1 mV (n = 12) and 0.7 ± 0.1 mV (n = 10). Mepp amplitude in the neonatal muscle recovered to 1.2 ± 0.2 mV (n = 6) within 10 min of washout. Thus, a higher Waglerin-1 concentration reduced mepp amplitude without producing the complete block observed for muscles of adult mice. Muscle of adult heterozygous KO mice responded to Waglerin-1 similarly to adult wild-type muscle; 4 min of superfusion with 1 μM Waglerin-1 completely suppressed mepps, which slowly recovered with washout. On the other hand, muscle of homozygous KO mice responded to Waglerin-1 exactly as did wild-type neonatal mice because mepps remained unaltered at 4 min after 1 μM Waglerin-1.
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Figure 2 
Mepps in the soleus muscle of adult wild-type and heterozygous ε-subunit KO mice are more sensitive to Waglerin-1 block than are mepps of neonatal wild-type or adult homozygous KO mice. Mepps are abolished within 4 min after exposing adult wild-type muscle to 1 μM Waglerin-1. Small amplitude mepps reappeared 6 min after washout of Waglerin-1. In contrast, exposing neonatal muscle to 5 μM Waglerin-1 (WTX-1) for 5 min reduced mepp amplitude from 1.5 ± 0.1 mV (n = 12) to 0.7 ± 0.1 mV (n = 10), whereas mepp frequency remained unchanged (0.2 s−1); mepp amplitude recovered to 1.2 ± 0.2 mV (n = 6) 10 min after washout. As for the adult wild-type muscle, 1 μM Waglerin-1 reversibly blocked mepps of the adult heterozygous, but not the homozygous, ε subunit KO mouse. Each trace is the superposition of several 1-s episodes. The calibration at the lower right applies to all records and represents 0.4 mV and 35 ms.





The effect of Waglerin-1 on epps was qualitatively the same as for mepps (Fig. 3). That is, epps of the adult wild-type soleus muscle declined to 20% of control amplitude within 100 s of exposure to 1 μM Waglerin-1; this effect slowly reversed with washin of toxin-free solution. Waglerin-1 also decreased the epps of the heterozygous ε-subunit KO mouse to 20% of control. On the other hand, epps of soleus muscle from neonatal wild-type and adult homozygous KO mice remained stable at 80% of control amplitude at 100 s after 1 μM Waglerin-1. This 20% decline of epp amplitude for homozygous KO and neonatal mice was not studied further because Waglerin-1 may act presynaptically to alter quantal release of ACh (Aiken et al., 1992; Tsai et al., 1995). Thus, it was essential to explore the effect of Waglerin-1 on the response of the motor end-plate to iontophoretically applied ACh.
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Figure 3 
Epps in crushed fiber soleus muscle/nerve preparations of adult wild-type and heterozygous ε-subunit KO mice are more sensitive to Waglerin-1 block than epps of neonatal wild-type or adult homozygous KO mice. Top, average of five epps recorded before (largest trace), during (smallest trace), and after (middle trace) exposure to 1 μM Waglerin-1 for 1.5 min. The calibration (top, middle) is: 2 mV for all recordings, 2 ms for the adult wild-type and heterozygous KO preparations, 4 ms for the adult homozygous KO, and 6 ms for the wild-type neonatal muscle. Epps were evoked at 0.5 Hz with a supramaximal pulse of 0.1 ms duration. The graphs below the row of records summarize the time course of 1 μM Waglerin-1’s effect on epp amplitude: ▪, adult wild-type (6 fibers, 2 muscles, 2 mice) or heterozygous KO (6 fibers, 1 muscle) mice; ▴, neonatal wild-type (21 fibers, 3 muscles, 3 mice) or homozygous KO (11 fibers, 2 muscles, 1 mouse). Each data point is the mean ± S.E.M. of the epp amplitude in the presence of Waglerin-1 expressed as percentage of the control value. Asterisks indicate a significant (p < .05) difference between adult and neonatal wild-type preparations as well as between heterozygous and homozygous KO groups.





Waglerin-1 decreased the response to a constant iontophoretic pulse of ACh applied to end-plates in the TS muscle from adult wild-type mice in a concentration-dependent fashion. For example, whereas 5 nM had little effect, 0.5 μM Waglerin-1 produced almost complete inhibition. That is, the peak response to a constant pulse of ACh decreased to 5 ± 8% of control for 21 fibers in six separate TS muscles of six mice; this effect of Waglerin-1 always reversed, at least in part, within several minutes of wash with toxin-free extracellular solution. The concentration-response curve of Fig. 4suggests that Waglerin-1 inhibited the ACh response of the TS muscle of adult wild-type mice with an apparent IC50 value of 50 nM; the corresponding Hill coefficient was 1. In contrast, Waglerin-1 had much less effect on the ACh response of end-plates of neonatal muscle. For example, although 0.1 μM Waglerin-1 decreased the ACh response of adult TS muscle to 35 ± 3% (48 fibers, 12 muscles, 12 mice) of control, the response of the neonatal end-plate remained unaltered at 92 ± 3% (36 fibers, 5 muscles, 5 mice) of control. As summarized in the concentration-response curve of Fig. 4, 1 μM Waglerin-1 reduced the ACh response to 9 ± 2% (51 fibers, 16 muscles, 16 mice) and 4 ± 1% (six fibers, one muscle, one mouse) of control for the adult wild-type (▪) and heterozygous KO (●) mouse. In contrast, 1 μM Waglerin-1 had no effect on the end-plate response to ACh for the homozygous KO mouse (99 ± 2% of control; ♦, 9 fibers, 1 muscle, 1 mouse) and reduced it to 73 ± 2% of control (▴, 113 fibers, 16 muscles, 16 mice) for the neonatal group (P5-P11) of wild-type mice. Figure5 illustrates the differential effect of 1 μM Waglerin-1 on the end-plate response to ACh iontophoretically applied to the TS muscle of adult homozygous and heterozygous KO mice.
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Figure 4 
The end-plate response to iontophoretically applied ACh is more sensitive to block by Waglerin-1 for the adult than for the neonatal wild-type mouse. Left, representative records of the response of end-plates in adult and neonatal TS muscles to iontophoretically applied ACh. Each trace is the average of five responses to constant pulses of ACh applied before (largest trace), 1 min during (smallest trace), and after (middle trace) the application of 5 nM, 0.1 μM, 0.5 μM, or 1.0 μM Waglerin-1 for adult muscles; no ACh responses are shown after Waglerin-1 washout for the neonate. Pulse amplitude and duration were the same for each of the preceding conditions; the range was 10 to 70 nA and 1 to 2 ms for all of the end-plates examined. The calibration is 4 mV and 20 ms for all records except the neonatal response to 5 nM and 0.1 μM Waglerin-1 where the time calibration is 40 ms. Right, concentration-response relation for the effect of Waglerin-1 on the end-plate response to ACh for the adult wild-type muscle (▪). The solid line is a fit of the following form of the Hill equation to the experimental points: % control response = (1/(1 + ([WTX-1]/IC50)n)) × 100, where IC50 is the concentration of Waglerin-1 ([WTX-1]) producing 50% inhibition and n is the Hill coefficient. For the adult wild-type muscle, n and IC50 had values of 1 and 50 nM. Data points represent the following numbers of muscle fibers, muscles, and mice for the concentration of Waglerin-1 following in parentheses. Adult wild-type (▪): 17, 5, 5 (5 nM); 46, 8, 8 (10 nM); 38, 8, 8 (50 nM); 48, 12, 12 (0.1 μM); 21, 6, 6 (0.5 μM); 51, 16, 16 (1.0 μM); 11, 4, 4 (5 μM). Neonate (P5-P11; ▴): 113, 16, 16 (1.0 μM). Heterozygous KO (●): 6, 1, 1 (1.0 μM). Homozygous KO (♦): 9, 1, 1 (1.0 μM).





[image: Figure 5]
[image: Figure 5]


	Download figure
	Open in new tab
	Download powerpoint


Figure 5 
The end-plate response to iontophoretically applied ACh is blocked by 1 μM Waglerin-1 for the adult heterozygous but not the homozygous ε-subunit KO mouse. The heterozygous records represent: a, control; b, 10 s after application of Waglerin-1; c, 1 min after application of Waglerin-1; d, 4 min of washout. The records for the homozygous KO mouse were: a, control; b, 2 min of 1 μM Waglerin-1; c, 5 min of washout; 1 μM Waglerin-1 did not significantly alter the response to ACh.





Figure 6 presents representative responses to iontophoretically applied ACh recorded from the TS muscle of wild-type mice at varying times after birth. At the earliest time point examined, P5 (four fibers, one muscle, one mouse), 1 μM Waglerin-1 had no effect; the large mepps frequently observed at this stage of development were also unaltered. With age, there was a gradual increase in sensitivity to the inhibitory action of Waglerin-1. Figure7 summarizes the time course of this sensitivity change; the squares represent the mean ± S.E.M.; the smaller circles (·) represent individual data points. The greatest increase in Walgerin-1 sensitivity occurred between P11 and P12 (p < .05); 1 μM Waglerin-1 decreased the ACh response to 77 ± 8% (27 fibers, 3 muscles, 3 mice) and 37 ± 4% (54 fibers, 7 muscles, 7 mice), respectively. However, the scatter of individual data points reveals that end-plates with lower sensitivity to the effect of Waglerin-1 persisted for several days after P12. By P20, the distribution of data points was very close to that obtained from the adult wild-type muscle. During the transition period of Waglerin-1 sensitivity, we often noted that mepps persisted even when the response to iontophoretically applied ACh was markedly reduced.
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Figure 6 
The response to iontophoretic application of ACh becomes increasingly more sensitive to block by 1 μM Waglerin-1 during development. The records at P5, P7, P9, and P11 were obtained before and 1 min after exposure to 1 μM Waglerin-1. The mepps in the P5 records indicate their resistance to Waglerin-1. The records for P13 and P14 are: a, control; b, 1 min of 1 μM Waglerin-1; c, washout. The calibration is: 2 mV for P5 and P9, 4 mV for P7 and P11, and 3 mV for P13 and P14; 80 ms for P5 and 15 ms for all other records.
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Figure 7 
Appearance of sensitivity to the blocking action of 1 μM Waglerin-1 for the response to iontophoretically applied ACh for end-plates of wild-type mice at P5 to P20. The response to iontophoretically applied ACh, as percentage of the preWaglerin-1 control, is plotted as function of the days after birth. ▪, mean ± S.E.M., individual data points. A two-tailed Student’st test resulted in p < .05 for the difference in Waglerin-1 sensitivity at P11 and P12. In contrast, the difference between the P11 and P10 values was not significant (p > .05). Mean ± S.E.M. represent the following numbers of muscle fibers, muscles, and mice for the animal ages following in parentheses: 4, 1, 1 (P5); 6, 1, 1, (P7); 34, 4, 4 (P8); 19, 3, 3 (P9); 23, 4, 4 (P10); 27, 3, 3 (P11); 54, 7, 7 (P12); 41, 4, 4 (P13); 30, 3, 3 (P14); 28, 3, 3 (P15); 11, 1, 1 (P16); 23, 2, 2 (P18); and 51, 16, 16 (20-Adult).





End-plates in the TS muscle isolated from adult wild-type mice were labeled by Texas Red-α-bungarotoxin (Fig.8). These end-plates were located in a band across the muscle and showed characteristic morphology at high magnification. When TS muscles of adult mice were preincubated with 5 μM Waglerin-1 and incubated with 5 μM Waglerin-1 plus Texas Red-α-bungarotoxin, fluorescence of end-plates was greatly reduced. No reduction of fluorescence after incubation with 5 μM Waglerin-1 was observed in TS muscles of P11 mice (Fig.9). Similar results were obtained for five other pairs of control and Waglerin-1-preincubated TS muscles isolated from adult and P11 mice.
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Figure 8 
Waglerin-1 (5 μM) protects end-plates in the TS muscle of the adult wild-type mouse from binding α-bungarotoxin. The photomicrographs in the right column were made at a greater magnification than those to the left. The upper row control photomicrographs were obtained after incubating muscles in 1:2000 Texas Red-labeled α-bungarotoxin for 1 h. The lower row of records was obtained for muscle exposed to 5 μM Waglerin-1 for 20 min before incubation with 1:2000 α-bungarotoxin plus 5 μM Waglerin-1.
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Figure 9 
Waglerin-1 (5 μM) does not protect end-plates in the TS muscle of the neonatal wild-type mouse from binding α-bungarotoxin. The control and experimental treatments are as described in the legend to Fig. 8.







Discussion

This work provides both direct and indirect evidence in support of our hypothesis that Waglerin-1 selectively blocks the ε form of the muscle nAChR. Direct evidence is the lack of effect of Waglerin-1 on adult homozygous ε-subunit KO mice or nerve-muscle preparations isolated from them. In contrast, the response to Waglerin-1 of their heterozygous litter mates, as well as nerve-muscle preparations isolated from them, was equivalent to that observed for adult wild-type mice. Indirect evidence is Waglerin-1 protection of end-plates in the TS muscle of adult, but not neonatal, wild-type mice from α-bungarotoxin binding. Furthermore, the development of sensitivity to both the in vivo lethal and the in vitro neuromuscular blocking effect of Waglerin-1 for neonatal wild-type mice corresponds with the appearance of the high conductance form of this receptor (Villarroel and Sakmann, 1996) as the ε-subunit substitutes for the γ-subunit during synaptogenesis (Mishina et al., 1986; Witzemann et al., 1989,1991). Specifically, Villarroel and Sakmann (1996) reported that low conductance nAChR channels predominate at end-plates of the flexor digitorum brevis muscle of P9 rats. P9 mice are resistant to the lethal effect of Waglerin-1, and 1 μM Waglerin-1 had no effect on the end-plate response of their TS muscle to iontophoretically applied ACh. Villarroel and Sakmann found that by P14 approximately 50% of the end-plate channels activated by ACh were high in conductance; by P21, high conductance was characteristic of more than 90% of the single channel responses to ACh. Furthermore, Villarroel and Sakmann’s analysis of biionic reversal potentials of ensemble currents suggested that the appearance of high end-plate conductance to Ca2+ was completed at P15. Thus, the switch from the γ to the ε form of the nAChR is largely completed between P9 and P15 for the rat flexor digitorum brevis muscle. Between P11 and P12, the response of end-plates in the mouse TS muscle to iontophoretically applied ACh exhibited a significant increase in sensitivity to 1 μM Waglerin-1. Assuming that our hypothesis is correct, the preceding finding suggests that the ε form of the nAChR becomes dominant at end-plates of the mouse TS muscle between P11 and P12. However, mepps persist in the presence of 1 μM Waglerin-1 at a time during development when the response to iontophoretically applied ACh is maximally inhibited. This suggests that distinct populations of end-plate receptors mediating the response to neurally and exogenously applied ACh (Albuquerque and Gage, 1978; Argentieri et al., 1992) undergo the γ to ε shift at different times after birth. Furthermore, the distribution of sensitivities to Waglerin-1 block of iontophoretically evoked ACh responses also suggests that the conversion from the γ to ε nAChR is not uniform for all end-plates at a given postnatal time. Given the high safety factor for neuromuscular transmission, the persistence of a small population of muscle fibers with immature receptors may protect mice from the neuromuscular block underlying the lethal effect of Waglerin-1; the contribution of such immature receptors to neuromuscular transmission is negligible at P20 when all mice succumb to the lethal effect of Waglerin-1.

The resistance of the γ form of the nAChR to Waglerin-1 (Taylor et al., 1998) can explain the lack of neurotoxicity previously suggested. Specifically, Tan and Tan (1989) observed that 5 μg/ml of crudeT. wagleri venom did not alter the mechanical response of the biventer cervicis muscle isolated from 2- to 6-day-old chicks to nerve stimulation or bath application of ACh. Our present work suggests that the chick muscle of Tan and Tan’s study (1989) was exposed to a concentration of Waglerins that was below the threshold concentration needed to block the immature muscle nAChR. Like the immature receptors of our study, the nAChR of chick muscle might be responsive to higher concentrations of Waglerin-1. This is likely because Waglerin-1 inhibited synaptic phenomena in muscle isolated from adult rats (Aiken et al., 1992) even though rats are resistant to the lethal and in vitro paralytic effect of the peptide (Lin et al., 1995). Comparison of the present data from adult wild-type mice with that obtained previously from rat (Aiken et al., 1992) reveals that 1 μM Waglerin-1 reduced the epp amplitude of muscle from these two species by approximately 80% and 35%, respectively. Thus, it is likely that the α-ε subunit interface of the mature nAChR of mouse and rat muscle differs in affinity for Waglerin-1 (Molles et al., 1997). On the other hand, Tsai et al. (1995) suggested that Waglerin-1 is a potent blocker of Ca2+ channels controlling release of ACh from motor nerve terminals. Their suggestion was based on the observation that although 1.2 nM Waglerin-1 potentiates curare inhibition of epps, a 1000-fold higher concentration of Waglerin-1 is needed to block the contractile response of denervated mouse muscle to bath-applied ACh. Furthermore, Tsai et al. (1995) suggested that mepp frequency was reduced in the presence of Waglerin-1 concentrations having no detectable effect on mepp amplitude. Thus, Tsai et al. concluded “… that the presynaptic effect of the toxin is more potent than its postsynaptic effect”. However, Tsai et al. offered no explanation as to why a presynaptic locus might contribute to the greater Waglerin-1 sensitivity of mouse relative to rat. In contrast, our present work demonstrates that it is the ε form of the muscle nAChR that renders the adult mouse sensitive to the lethal and paralytic effects of Waglerin-1. Therefore, just as for chick muscle, the expression of immature γ-subunit nAChR (Witzemann et al., 1987) would render the denervated mouse muscle of Tsai et al.’s study relatively resistant to Waglerin-1.

Tsai et al.’s observation that 4 μM Waglerin-1 suppressed Ca2+ current of nerve terminals in the mouse TS muscle confirms earlier reports that μM concentrations of this peptide inhibit similar currents of nerve and myocardial muscle cells (McArdle et al., 1992; Ye and McArdle, 1993). In addition, μM Waglerin-1 interacts, in a developmentally determined fashion, with γ-aminobutyric acid type A receptors of hypothalamic neurons freshly isolated from mice (Ye and McArdle, 1997). Thus, actions on the central nervous system, as well as the heart and the neuromuscular junction, may contribute to the in vivo effects of Waglerin-1. However, the present study clearly demonstrates that the most sensitive in vitro locus of Waglerin-1 action is the nAChR of adult mouse muscle.

In conclusion, this study suggests that the site underlying the lethal action of Waglerin-1 is the ε subunit of the mature nAChR of mouse skeletal muscle. The apparent Hill coefficient of 1 suggests a simple bimolecular interaction of Waglerin-1 with the mature nAChR of mouse skeletal muscle. Thus, the Waglerins are novel tools for exploring new drug targets on nAChRs as well as the significance of the developmentally programmed shift of receptor subunit composition.


Footnotes
	
Send reprint requests to: Dr. Joseph J. McArdle, Department of Pharmacology & Physiology, New Jersey Medical School, University of Medicine and Dentistry of New Jersey, 185 S. Orange Ave., Newark, NJ 07103-2719. E-mail: mcardle{at}umdnj.edu


	
↵1 This work was supported by the Deutsche Forschungsgemeinschaft (V.W.) and National Institutes of Health Grants NS21896 (T.T.L.) and NS31040 (J.J.M.).


	
↵2 Current affiliation: Department of Cell Biology, Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06520-8002.


	
↵3 Current affiliation: Abteilung Zellphysiologie, Max Planck Institut für medizinische Forschung, 69120 Heidelberg, Germany.


	
↵4 Current affiliation: Flinders University School of Medicine, Bedford Park, Adelaide, South Australia.


	
↵5 Current affiliation: Toxinology Division, U.S. Army Medical Research Institute of Infectious Diseases, Fort Detrick, Frederick, MD 21702.


	Abbreviations:	ACh
	acetylcholine
	nAChR
	nicotinic acetylcholine receptor
	mepps
	miniature end-plate potentials
	epps
	end-plate potentials
	KO
	knockout
	TS muscle
	Triangularis sterni muscle


		Received September         15, 1998.
	Accepted November         23, 1998.




	The American Society for Pharmacology and Experimental Therapeutics

References
	↵
	Aiken  SP, 
	Sellin  LC, 
	Schmidt  JJ, 
	Weinstein  SA, 
	McArdle  JJ

 (1992) A novel peptide toxin from Trimeresurus wagleri acts pre- and post-synaptically to block transmission at the rat neuromuscular junction. Pharmacol Toxicol 70:459–462.
OpenUrlCrossRefPubMed



	↵
	Albuquerque  EX, 
	Gage  PW

 (1978) Differential effects of perhydrohistrionicotoxin on neurally and iontophoretically evoked endplate currents. Proc Natl Acad Sci USA 75:1595–1599.
OpenUrl



	↵
	Argentieri  TM, 
	Aiken  SP, 
	Laxminarayan  S, 
	McArdle  JJ

 (1992) Characteristics of synaptic transmission in reinnervating rat skeletal muscle. Pflügers Arch 421:256–261.
OpenUrlCrossRefPubMed



	↵
	Brattstrom  BH

 (1964) Evolution of the pit vipers. Trans S Diego Soc Nat Hist 13:185–268.




	↵
	Lin  WW, 
	Smith  LA, 
	Lee  CY

 (1995) A study on the cause of death due to waglerin-I, a toxin from Trimeresurus wagleri. Toxicon 33:111–114.
OpenUrlCrossRefPubMed



	↵
	McArdle  JJ

 (1975) Complex end-plate potentials at the regenerating neuromuscular junction of the rat. Exp Neurol 49:629–638.
OpenUrlCrossRefPubMed



	↵
	McArdle  JJ, 
	Albuquerque  EX

 (1973) A study of the reinnervation of fast and slow mammalian muscles. J Gen Physiol 61:1–23.
OpenUrlAbstract/FREE Full Text



	↵
	McArdle  JJ, 
	Angaut-Peti  D, 
	Mallart  A, 
	Bournaud  R, 
	Faille  L, 
	Brigant  JL

 (1981) Advantages of the Triangularis sterni muscle of the mouse for investigations of synaptic phenomena. J Neurosci Methods 4:109–115.
OpenUrlCrossRefPubMed



	↵
	McArdle  JJ, 
	Xiao  Y-F, 
	Aiken  SP, 
	Sellin  LC, 
	Schmidt  JJ, 
	Weinstein  SA

 (1992) A novel peptide neurotoxin selectively blocks myocardial l-type calcium current. Neurosci Soc 18:409.4.
OpenUrl



	↵
	McArdle  JJ, 
	Lentz  TL, 
	Ye  J-H, 
	Schmidt  JJ, 
	Weinstein  SA

 (1995) Development alters the sensitivity of the nAChR to Waglerin-1. Neurosci Soc 21:143.10.
OpenUrl



	↵
	Minton  SA

 (1968) Preliminary observations on the venom of Wagler’s pit viper (Trimeresurus wagleri). Toxicon 6:93–97.
OpenUrlPubMed



	↵
	Mishina  M, 
	Takai  T, 
	Imoto  K, 
	Noda  M, 
	Takahashi  T, 
	Numa  S, 
	Methfessel  C, 
	Sakmann  B

 (1986) Molecular distinction between fetal and adult forms of muscle acetylcholine receptor. Nature (London) 321:406–411.
OpenUrlCrossRefPubMed



	↵
	Missias  AC, 
	Chu  GC, 
	Klocke  B, 
	Sanes  JR, 
	Merlie  JP

 (1996) Maturation of the acetylcholine receptor in skeletal muscle: Regulation of the AChR γ-to-ε switch. Dev Biol 179:223–238.
OpenUrlCrossRefPubMed



	↵
	Molles  B, 
	McArdle  JJ, 
	Sine  SM, 
	Taylor  P

 (1997) Waglerin-1, a snake toxin selective for the α-ε interface of the muscle nicotinic receptor. Am Soc Pharmacol Exp Therap 39:184.
OpenUrl



	↵
	Molles  BE, 
	McArdle  JJ, 
	Schmidt  JJ, 
	Taylor  P

 (1998) Binding determinants for the interaction of waglerin with the muscle nicotinic receptor. FASEB J 12:2572.
OpenUrl



	↵
	Schmidt  JJ, 
	Weinstein  SA, 
	Smith  LA

 (1992) Molecular properties and structure-function relationships of lethal peptides from venom of wagler’s pit viper, Trimeresurus wagleri. Toxicon 30:1027–1036.
OpenUrlCrossRefPubMed



	↵
	Sellin  LC, 
	Mattila  K, 
	Annila  A, 
	Schmidt  JJ, 
	McArdle  JJ, 
	Hyvönen  M, 
	Rantala  TT, 
	Kivistö  T

 (1996) Conformational analysis of a toxic peptide from Trimeresurus wagleri which blocks the nicotinic acetylcholine receptor. Biophys J 70:3–13.
OpenUrlCrossRefPubMed



	↵
	Smith  MA, 
	Hindle  E

 (1931) Experiments with the venom of Laticauda, Pseudechis and Trimeresurus species. Trans Roy Soc Trop Med Hyg 25:115–120.
OpenUrlAbstract/FREE Full Text



	↵
	Tan  NH, 
	Tan  CS

 (1989) The enzymatic activities and lethal toxins of Trimeresurus wagleri (speckled pit viper) venom. Toxicon 27:349–357.
OpenUrlCrossRefPubMed



	↵
	Taylor  P, 
	Osaka  H, 
	Molles  BE, 
	Sugiyama  N, 
	Marchot  P, 
	Ackermann  EJ, 
	Malany  S, 
	McArdle  JJ, 
	Sine  SM, 
	Tsigelny  I

 (1998) Toxins selective for subunit interfaces as probes of nicotinic acetylcholine receptor structure. J Physiol (Paris) 92:79–83.
OpenUrlCrossRefPubMed



	↵
	Tsai  M-C, 
	Hsieh  WH, 
	Smith  LA, 
	Lee  CY

 (1995) Effects of waglerin-1 on neuromuscular transmission of mouse nerve-muscle preparations. Toxicon 33:363–371.
OpenUrlPubMed



	↵
	Villarroel  A, 
	Sakmann  B

 (1996) Calcium permeability increase of endplate channels in rat muscle during postnatal development. J Physiol (London) 496:331–338.
OpenUrlPubMed



	↵
	Weinstein  SA, 
	Schmidt  JJ, 
	Bernheimer  AW, 
	Smith  LA

 (1991) Characterization and amino acid sequences of two lethal peptides isolated from venom of wagler’s pit viper, Trimeresurus wagleri. Toxicon 29:227–236.
OpenUrlCrossRefPubMed



	↵
	Witzemann  V, 
	Barg  B, 
	Nishikawa  Y, 
	Sakmann  B, 
	Numa  S

 (1987) Differential regulation of muscle acetylcholine receptor γ- and ε-subunit mRNAs. FEBS Lett 223:104–112.
OpenUrlCrossRefPubMed



	↵
	Witzemann  V, 
	Barg  B, 
	Criado  M, 
	Stein  E, 
	Sakmann  B

 (1989) Developmental regulation of five subunit-specific mRNAs of the acetylcholine receptor in rat muscle. FEBS Lett 242:419–424.
OpenUrlCrossRefPubMed



	↵
	Witzemann  V, 
	Brenner  H-R, 
	Sakmann  B

 (1991) Neural factors regulate AchR subunit mRNAs at rat neuromuscular synapses. J Cell Biol 114:125–141.
OpenUrlAbstract/FREE Full Text



	↵
	Witzemann  V, 
	Schwarz  H, 
	Koenen  M, 
	Berberich  C, 
	Villarroel  A, 
	Wernig  A, 
	Brenner  HR, 
	Sakmann  B

 (1996) Acetylcholine receptor ε-subunit deletion causes muscle weakness and atrophy in juvenile and adult mice. Proc Nat Acad Sci USA 93:13286–13291.
OpenUrlAbstract/FREE Full Text



	↵
	Ye  J-H, 
	McArdle  JJ

 (1993) A novel peptide neurotoxin suppresses calcium current in neurons of the murine central nervous system. FASEB J 7:1076.
OpenUrl



	↵
	Ye  J-H, 
	McArdle  JJ

 (1997) Waglerin-1 modulates GABA activated current of murine hypothalamic neurons. J Pharmacol Exp Ther 282:74–80.
OpenUrlAbstract/FREE Full Text








  


  
  



  
      
  
  
    
	  
		
		
			
			  
  
      
  
  
    
  
      
  
    	
			JPET articles become freely available 12 months after publication, and remain freely available for 5 years. 


			Non-open access articles that fall outside this five year window are available only to institutional subscribers and current ASPET members, or through the article purchase feature at the bottom of the page. 


			 


				Click here for information on institutional subscriptions.
	Click here for information on individual ASPET membership.


			



 

  




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    Log in using your username and password

  Username *
 



  Password *
 





Forgot your user name or password?




Purchase access
You may purchase access to this article. This will require you to create an account if you don't already have one.

  


  
  



			

		

	
	
 	
	
	


  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Journal of Pharmacology and Experimental Therapeutics: 289 (1)]

  
  
      
      
          Journal of Pharmacology and Experimental Therapeutics      
      
        	Vol. 289, Issue 1 1 Apr 1999 


      
      
        		Table of Contents
	About the Cover
	Index by author




      




  


  
  



  



  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for sharing this Journal of Pharmacology and Experimental Therapeutics article.
NOTE: We request your email address only to inform the recipient that it was you who recommended this article, and that it is not junk mail. We do not retain these email addresses.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 Waglerin-1 Selectively Blocks the Epsilon Form of the Muscle Nicotinic Acetylcholine Receptor



  Message Subject 
 (Your Name) has forwarded a page to you from Journal of Pharmacology and Experimental Therapeutics



  Message Body 
 (Your Name) thought you would be interested in this article in Journal of Pharmacology and Experimental Therapeutics.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
      Research ArticleArticle

  
  
      Waglerin-1 Selectively Blocks the Epsilon Form of the Muscle Nicotinic Acetylcholine Receptor
  
    	 Joseph J. McArdle, Thomas L. Lentz, Veit Witzemann, Holger Schwarz, Scott A. Weinstein and James J. Schmidt


  
    	Journal of Pharmacology and Experimental Therapeutics April 1, 1999,  289 (1) 543-550; 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
      Research ArticleArticle

  
  
      Waglerin-1 Selectively Blocks the Epsilon Form of the Muscle Nicotinic Acetylcholine Receptor
  
    	 Joseph J. McArdle, Thomas L. Lentz, Veit Witzemann, Holger Schwarz, Scott A. Weinstein and James J. Schmidt


  
    	Journal of Pharmacology and Experimental Therapeutics April 1, 1999,  289 (1) 543-550; 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: Reddit logo] [image: Twitter logo] [image: Facebook logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Materials and Methods
	Results
	Discussion
	Footnotes
	References



	Figures & Data
	Info & Metrics
	eLetters
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...


 More in this TOC Section
	
  
  
  
  
      PST3093 Stimulates SERCA2a and Improves Cardiac Function  
  
  
  
  




	
  
  
  
  
      CRV431 Decreases Liver Fibrosis and Tumor Development  
  
  
  
  




	
  
  
  
  
      Is Hydroxylamine-Induced Cytotoxicity a Valid Marker for Hypersensitivity Reactions to Sulfamethoxazole in Human Immunodeficiency Virus-Infected Individuals?  
  
  
  
  






Show more Article

 Similar Articles






  



  


  
  



  
      
  
  
    
  


  
  



  
      
  
  
    
  
    
  
      
  
  
    Advertisement



  



  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    

	Home
	Alerts




Facebook   Twitter   LinkedIn   RSS
  




  


  
  



  

  
    
  
        Navigate

    
  
  
    	Current Issue
	Fast Forward by date
	Fast Forward by section
	Latest Articles
	Archive
	Search for Articles
	Feedback
	ASPET

  


  
  



  

  
    
  
        More Information

    
  
  
    	About JPET
	Editorial Board
	Instructions to Authors
	Submit a Manuscript
	Customized Alerts
	RSS Feeds
	Subscriptions
	Permissions
	Terms & Conditions of Use

  


  
  



  

  
    
  
        ASPET's Other Journals

    
  
  
    	Drug Metabolism and Disposition
	Molecular Pharmacology
	Pharmacological Reviews
	Pharmacology Research & Perspectives

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    ISSN 1521-0103 (Online)


Copyright © 2024 by the American Society for Pharmacology and Experimental Therapeutics

  




  


  
  



  



    

  


  


  

  
    
  
      









  